
Principles of 

Naval Architecture 

Second Revision 

Volume II Resistance, Propulsion 
and Vibration 

Edward V. Lewis, Editor 

Published by 
The Society of Naval Architects and Marine Engineers 

601 Pavonia Avenue 
Jersey City, N J  



Copyright @ 1988 by The Society of Naval Architects and Marine Engineers. 

It is understood and agreed that nothing expressed herein is intended or shall be construed to 
give any person, firm, or corporation any right, remedy, or claim against SNAME or any of its 
officers or members. 

Library of Congress Catalog Card No. 8860829 

Printed in the United States of America 
First Printing, November, 1988 

ISBN NO. 0-939773-01-5 

ii 



Preface 
The aim of this second revision (third edition) of the Society’s successful PrincipZes 

of Naval Architecture was to bring the subject matter up-to-date through revising 
or rewriting areas of greatest recent technical advances, which meant that some 
chapters would require many more changes than others. The basic objective of the 
book, however, remained unchanged: to provide a timely survey of the basic prin- 
ciples in the field of naval architecture for the use of both students and active 
professionals, making clear that research and engineering are continuing in almost 
all branches of the subject. References are to be included to available sources of 
additional details and to ongoing work to be followed in the future. 

The preparation of this third edition was simplified by an earlier decision to 
incorporate a number of sections into the companion SNAME publication, Ship 
Design and Construction, which was revised in 1980. The topics of Load Lines, 
Tonnage Admeasurement and Launching seemed to be more appropriate for the 
latter book, and so Chapters V, VI, and XI became IV, V and XVII respectively, 
in Ship Design and Construction. This left eight chapters, instead of 11, for the 
revised Principles of Naval Architecture, which has since become nine in three 
volumes. 

At the outset of work on the revision, the Control Committee decided that the 
increasing importance of high-speed computers demanded that their use be dis- 
cussed in the individual chapters instead of in a separate appendix as before. It 
was also decided that throughout the book more attention should be given to the 
rapidly developing advanced marine vehicles. 

In regard to units of measure, it was decided that the basic policy would be to 
use the International System of Units (S.I.). Since this is a transition period, 
conventional U.S. (or “English”) units would be given in parentheses, where prac- 
tical, throughout the book. This follows the practice adopted for the Society’s 
companion volume, Ship Design and Construction. The U.S. Metric Conversion Act 
of 1975 (P.L. 94-168) declared a national policy of increasing the use of metric 
systems of measurement and established the U.S. Metric Board to coordinate 
voluntary conversion to S.I. The Maritime Administration, assisted by a SNAME 
ad hoc task group, developed a Metric Practice Guide to “help obtain uniform 
metric practice in the marine industry,” and this guide was used here as a basic 
reference. Following this guide, ship displacement in metric tons (1000 kg) rep- 
resents mass rather than weight, (In this book the familiar symbol, A ,  is reserved 
for the displacement mass). When forces are considered, the corresponding unit is 
the kilonewton (kN), which applies, for example, to resistance and to displacement 
weight (symbol W, where W = phg) or to buoyancy forces. When conventional or 
English units are used, displacement weight is in the familiar long ton unit (2240 

(Con tin ued) 
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lb), which numerically is 1.015 x metric ton. Power is usually in kilowatts (1 kW 
= 1.34 hp). A conversion table also is included in the Nomenclature at the end of 
each volume 

The first volume of the third edition of Principles of  Naval Architecture, com- 
prising Chapters I through IV, covers almost the same subject matter as the first 
four chapters of the preceding edition. Thus, it deals with the essentially static 
principles of naval architecture, leaving dynamic aspects to the remaining volumes. 
Chapter I deals with the graphical and numerical description of hull forms and 
the calculations needed to deal with problems of flotation and stability that follow. 
Chapter I1 considers stability in normal intact conditions, while Chapter I11 dis- 
cusses flotation and stability in damaged conditions. Finally, Chapter IV deals 
with principles of hull structural design, first under static calm water conditions, 
and then introducing the effect of waves which also are covered more fully in 
Volume I11 Chapter VIII, Motions in Waves. 

For Volume I1 it seemed desirable, on the basis of subject matter and space 
requirements, to include Chapter V, Resistance, Chapter VI, Propulsion and Chap- 
ter VII, Vibration. The first two of these were covered in a single chapter in the 
preceding edition. The new chapters have been extensively revised, with consid- 
erable new material, particularly dealing with high performance craft and new 
propulsion devices. Chapter VII, Vibration, which is the third in Volume 11, has 
been almost completely rewritten to take advantage of new developments in the 
field. 

May 1988 EDWARD V. LEWIS 
Editor 
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C H A P T E R  V 

I Resistance J. D. van Manen 
P. van Oosranen 

Section 1 
Introduction 

1.1 The Problem. A ship differs from any other 
large engineering structure in that-in addition to all 
its other functions-it must be designed to move ef- 
ficiently through the water with a minimun of external 
assistance. In Chapters 1-111 of Vol. I it has been shown 
how the naval architect can ensure adequate buoyancy 
and stability for a ship, even if damaged by collision, 
grounding, or other cause. In Chapter IV the problem 
of providing adequate structure for the support of the 
ship and its contents, both in calm water and rough 
seas, was discussed. 

In this chapter we are concerned with how to make 
it possible for a structure displacing up to 500,000 
tonnes or more to move efficiently across any of the 
world’s oceans in both good and bad weather. The 
problem of moving the ship involves the proportions 
and shape-or form-of the hull, the size and type of 
propulsion plant to provide motive power, and the de- 
vice or system to transform the power into effective 
thrust. The design of power plants is beyond the scope 
of this’ book (see Marine  Engineering, by R.L. Har- 
rington, Ed., SNAME 1971). The nine sections of this 
chapter will deal in some detail with the relationship 
between hull form and resistance to forward motion 
(or drag). Chapter VI discusses propulsion devices and 
their interaction with flow around the hull. 

The task of the naval architect is to ensure that, 
within the limits of other design requirements, the hull 
form and propulsion arrangement will be the most 
efficient in the hydrodynamic sense. The ultimate test 
is that the ship shall perform at the required speed 
with the minimum of shaft power, and the problem is 
to attain the best combination of low resistance and 
high propulsive efficiency. In general this can only be 
attained by a proper matching of hull and propeller. 

Another factor that influences the hydrodynamic de- 
sign of a ship is the need to ensure not only good 

’ Complete references are listed a t  end of chapter. 

smooth-water performance but also that under aver- 
age service conditions at sea the ship shall not suffer 
from excessive motions, wetness of decks, or lose more 
speed than necessary in bad weather. The assumption 
that a hull form that is optimum in calm water will 
also be optimum in rough seas is not necessarily valid. 
Recent research progress in oceanography and the 
seakeeping qualities of ships has made it possible to 
predict the relative performance of designs of varying 
hull proportions and form under different realistic sea 
conditions, using both model test and computing tech- 
niques. The problem of ship motions, attainable speed 
and added power requirements in waves are discussed 
in Chapter VIII, Vol. 111. This chapter is concerned 
essentially with designing for good smooth-water per- 
formance. 

Another consideration in powering is the effect of 
deterioration in hull surface condition in service as the 
result of fouling and corrosion and of propeller rough- 
ness on resistance and propulsion. This subject is dis- 
cussed in this chapter. 

As in the case of stability, subdivision, and structure, 
criteria are needed in design for determining accept- 
able levels of powering. In general, the basic contrac- 
tual obligation laid on the shipbuilder is that the ship 
shall Bchieve a certain speed with a specified power in 
good weather on trial, and for this reason smooth- 
water performance is of great importance. As previ- 
ously noted, good sea performance, particularly the 
maintenance of sea speed, is often a more important 
requirement, but one that is much more difficult to 
define. The effect of sea condition is customarily al- 
lowed for by the provision of a service power margin 
above the power required in smooth water, an allow- 
ance which depends on the type of ship and the average 
weather on the sea routes on which the ship is designed 
to operate. The determination of this service allowance 
depends on the accumulation of sea-performance data 
on similar ships in similar trades. Powering criteria in 
the form of conventional service allowances for both 
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sea conditions and surface deterioration are considered 
in this chapter. 

The problem of controlling and maneuvering the 
ship will be covered in Chapter IX, Vol. 111. 

1.2 Types of Resistance. The resistance of a ship 
a t  a given speed is the force required to tow the ship 
at that speed in smooth water, assuming no interfer- 
ence from the towing ship. If the hull has no appen- 
dages, this is called the bare-hull resistance. The power 
necessary to overcome this resistance is called the tow- 
rope or effective power and is given by 

PE = RTV (14 
where PE = effective power in kWatt (kW) 

R, = total resistance in kNewton (kN) 
V = speed in mlsec 

or ehp = R, V, 1326 (1b) 
where ehp = effective power in English horsepower 

RT = total resistance in lb 
V, = speed in knots 

To convert from horsepower to S.I. units there is 
only a slight difference between English and metric 
horsepower: 

hp (English) 
hp (metric) 
Speed in knots x 0.5144 = mlsec 

x 0.746 = kW 
x 0.735 = kW 

This total resistance is made up of a number of 
different components, which are caused by a variety 
of factors and which interact one with the other in an 
extremely complicated way. In order to deal with the 
question more simply, it is usual to consider the total 
calm water resistance as being made up of four main 
components. . 

(a) The frictional resistance, due to the motion of 
the hull through a viscous fluid. 

(b) The wave-making resistance, due to the energy 
that must be supplied continuously by the ship to the 
wave system created on the surface of the water. 

(c) Eddy resistance, due to the energy carried away 
by eddies shed from the hull or appendages. Local 
eddying will occur behind appendages such as boss- 
ings, shafts and shaft struts, and from stern frames 
and rudders if these items are not properly streamlined 
and aligned with the flow. Also, if the after end of the 
ship is too blunt, the water may be unable to follow 
the curvature and will break away from the hull, again 
giving rise to eddies and separation resistance. 

(d) Air resistance experienced by the above-water 
part of the main hull and the superstructures due to 
the motion of the ship through the air. 

The resistances under (71) and (G) are commonly 
taken together under the name residuary resistance. 
Further analysis of the resistance has led to the iden- 
tification of other sub-components, as discussed sub- 
sequently. 

The importance of the different components depends 
upon the particular conditions of a design, and much 
of the skill of naval architects lies in their ability to 
choose the shape and proportions of hull which will 
result in a combination leading to the minimum total 
power, compatible with other design constraints. 

In this task, knowledge derived from resistance and 
propulsion tests on small-scale models in a model basin 
or towing tank will be used. The details of such tests, 
and the way the results are applied to the ship will be 
described in a later section. Much of our knowledge 
of ship resistance has been learned from such tests, 
and it is virtually impossible to discuss the various 
types of ship resistance without reference to model 
work. 

1.3 Submerged Bodies. A streamlined body moving 
in a straight horizontal line a t  constant speed, deeply 
immersed in an unlimited ocean, presents the simplest 
case of resistance. Since there is no free surface, there 
is no wave formation and therefore no wave-making 
resistance. If in addition the fluid is assumed to be 
without viscosity (a “perfect” fluid), there will be no 
frictional or eddymaking resistance. The pressure dis- 
tribution around such a body can be determined the- 
oretically from considerations of the potential flow and 
has the general characteristics shown in Fig. l(a). 

Near the nose, the pressure is increased above the 
hydrostatic pressure, along the middle of the body the 
pressure is decreased below it and a t  the stern it is 
again increased. The velocity distribution past the hull, 
by Bernoulli’s Law, will be the inverse of the pressure 
distribution-along the midportion it will be greater 
than the speed of advance V and in the region of bow 
and stern it will be less. 

Since the fluid has been assumed to be without vis- 
cosity, the pressure forces will everywhere be normal 
to the hull (Fig. l (b)) .  Over the forward part of the 
hull, these will have components acting towards the 
stern and therefore resisting the motion. Over the 
after part, the reverse is the case, and these compo- 
nents are assisting the motion. I t  can be shown that 
the resultant total forces on the fore and after bodies 
are equal, and the body therefore experiences no re- 
sistance.‘ 

In a real fluid the boundary layer alters the virtual 
shape and length of the stern, the pressure distribution 
there is changed and its forward component is reduced. 
The pressure distribution over the forward portion is 
but little changed from that in a perfect fluid. There 
is therefore a net force on the body acting against the 
motion, giving rise to a resistance which is variously 
referred to as form drag or viscous pressure drag. 

In a real fluid, too, the body experiences frictional 
resistance and perhaps eddy resistance also. The fluid 
immediately in contact with the surface of the body is 

* This was first noted by the French mathematician d’Alembert in 
1744, and is known as d’alembert’s paradox. 
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carried along with the surface, and that in the close 
vicinity is set in motion in the same direction as that 
in which the body is moving. This results in a layer of 
water, which gets gradually thicker from the bow to 
the stern, and in which the velocity varies from that 
of the body at its surface to that appropriate to the 
potential flow pattern (almost zero for a slender body) 
at the outer edge of the layer (Fig. l(c)). This layer is 
called the boundary layer, and the momentum supplied 
to the water in it by the hull is a measure of the 
frictional resistance. Since the body leaves behind it a 
frictional wake moving in the same direction as the 
body (which can be detected far astern) and is contin- 

ually entering undisturbed water and accelerating it 
to maintain the boundary layer, this represents a con- 
tinual drain of energy. Indeed, in wind-tunnel work 
the measurement of the velocities of the fluid behind 
a streamlined model is a common means of measuring 
the frictional drag. 

If the body is rather blunt a t  the after end, the flow 
may leave the form a t  some point-called a separation 
point-thus reducing the total pressure on the af- 
terbody and adding to the resistance. This separation 
resistance is evidenced by a pattern of eddies which 
is a drain of energy (Fig. l(d)). 

A ship moving on the surface of 
the sea experiences frictional resistance and eddy- 
making, separation, and viscous pressure drag in the 
same way as does the submerged body. However, the 
presence of the free surface adds a further component. 
The movement of the hull through the water creates 
a pressure distribution similar to that around the sub- 
merged body; i.e., areas of increased pressure at bow 
and stern and of decreased pressure over the middle 
part of the length. 

But there are important differences in the pressure 
distribution over the hull of a surface ship because of 
the surface wave disturbance created by the ship’s 
forward motion. There is a greater pressure acting 
over the bow, as indicated by the usually prominent 
bow wave build-up, and the pressure increase at the 
stern, in and just below the free surface, is always 
less than around a submerged body. The resulting 
added resistance corresponds to the drain of energy 
into the wave system, which spreads out astern of the 
ship and has to be continuously recreated. (See Section 
4.3). Hence, it has been called wave-making resistance. 
The result of the interference of the wave systems 
originating at bow, shoulders (if any) and stern is to 
produce a series of divergent waves spreading out- 
wards from the ship at a relatively sharp angle to the 
centerline and a series of transverse waves along the 
hull on each side and behind in the wake (Fig. 7). 

The presence of the wave systems modifies the skin 
friction and other resistances, and there is a very com- 
plicated interaction among all the different compo- 
nents. 

1.4 Surface Ships. 

2.1 General. Dimensional analysis is essentially a 
means of utilizing a partial knowledge of a problem 
when the details are too obscure to permit an exact 
analysis. See Taylor, E. S. (1974). I t  has the enormous 
advantage of requiring for its application a knowledge 
only of the variables which govern the result. To apply 
it to the flow around ships and the corresponding re- 

Section 2 
Dimensional Analysis 

sistance, it is necessary to know only upon what var- 
iables the latter depends. This makes it a powerful 
tool, because the correctness of a dimensional solution 
does not depend upon the soundness of detailed anal- 
yses, but only upon the choice of the basic variables. 
Dimensional solutions do not yield numerical answers, 
but they provide the form of the answer so that every 
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experiment can be used to the fullest advantage in 
determining a general empirical solution. 

2.2 Dimensional Homogeneity. Dimensional anal- 
ysis rests on the basic principle that every equation 
which expresses a physical relationship must be di- 
mensionally homogeneous. There are three basic quan- 
tities in mechanics-mass, length and time-which are 
represented by the symbols M, L, and T. Other quan- 
tities, such as force, density, and pressure, have di- 
mensions made up from these three basic ones. 

Velocity is found by dividing a length or distance 
by a time, and so has the dimensions L/T. Acceleration, 
which is the change in velocity in a certain time, thus 
has dimensions of (L/T)IT, or L/T2. 

Force, which is the product of mass and acceleration, 
has dimensions of M x L/T2 or ML/T2. 

As a simple case to illustrate the principle of di- 
mensional analysis, suppose we wish to determine an 
expression for the time of swing of a simple pendulum. 

If T is the period of such a pendulum in vacuo (so 
that there is no frictional damping), it could depend 
upon certain physical quantities such as the mass of 
the pendulum bob, m, the length of the cord, I, (sup- 
posed to be weightless) and the arc of swing, s. The 
force which operates to restore the pendulum to its 
original position when it is disturbed is its weight, mg, 
and so the acceleration due to gravity, g, must be 
involved in the problem. 

We can write this in symbols as 

T = f (m, 1, s, 9) 
wherefis a symbol meaning "is some function of." 
If we assume that this function takes the form of 

a power law, then 
T = ma lb sc gd 

If this equation is to fulfill the principle of dimen- 
sional homogeneity, then the dimensions on each side 
must be the same. Since the left-hand side has the 
dimension of time only, so must the right-hand side. 

Writing the variables in terms of the fundamental 
units, we have 

T' = MaLbL" (L/T2)d 
Equating the exponents of each unit from each side 

of the equation, we have 
a = O  

b + c + d = O  
-2d = 1 

Hence 
d = -112 
a = O  

b + c = 1/2  
The expression for the period of oscillation T seconds 
is therefore 

T = constant x l ' / ~ - ~  x sc x g-'/2 

= constant x ,,@ x (S/Z)C 

The solution indicates that the period does not de- 
pend on the mass of the bob, but only on the length, 
the acceleration due to gravity, and the ratio of length 
of arc to length of pendulum. The principle of dimen- 
sions does not supply the constant of proportionality, 
which must be determined experimentally. 

The term (s/l) is a mere number, each quantity being 
of dimension L, and dimensionally there is no restric- 
tion on the value of c. We can therefore write 

T = constant x ,@ x f ( s / l )  (2) 
Although the form of the functionfis undetermined, 

it is explicitly indicated by this equation that it is not 
the arc s itself which is important, but its ratio to I: 
i.e., the maximum angle of swing, s/l radians. 

The function f can be found by experiment, and must 
approach the value unity for small swings, so as to 
lead to the usual formula for a simple pendulum under 
such conditions: 

T = constant x a 
The most important question regarding any dimen- 

sional solution is whether or not physical reasoning 
has led to a proper selection of the variables which 
govern the result. 

Applying dimensional analysis to the ship resistance 
problem, the resistance R could depend upon the fol- 
lowing: 

(a) Speed, K 
(b) Size of body, which may be represented by the 

(c) Mass density of fluid, p (mass per unit volume) 
(d) Viscosity of fluid, p 
(e)  Acceleration due to gravity, g 
(f) Pressure per unit area in fluid, p 
It is assumed that the resistance R can now be writ- 

linear dimension, L. 

ten in terms of unknown powers of these variables: 

R c paPCpdgcpf (3) 
Since R is a force, or a product of mass times ac- 

celeration, its dimensions are ML/T2. 
The density p is expressed as mass per unit volume, 

or M/L3. 
In a viscous fluid in motion the force between ad- 

jacent layers depends upon the area A in contact, the 
coefficient of viscosity of the liquid and upon the rate 
at which one layer of fluid is moving relative to the 
next one. If u is the velocity at a distance y from the 
boundary of the fluid, this rate or velocity gradient is 
given by the expression du/dy.  

The total force is thus 

F = pAdu /dy  

d d d y  being a velocity divided by a distance has di- 
mensions of (L/T)/L,  or 1/T, and the dimensional 
equation becomes 
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M L / F  = pL2 x 11T 
or 

p = M/LT 
p is a force per unit area, and its dimensions are 

UVL/T2~lL2,  or M/LT2. . .  
The ratio plp is called the kinematic viscosity of the 

liquid, v, and has dimensions given by 
v = PIP = (M/LT)- (L3/M)  = L2/T 

Introducing these dimensional quantities into Equa- 
tion (3), we have 
ML/T2 = (M/L3)" (L/T)* (L)" (M/LT)d 

whence 
x (L/T2)" (M/LT2)f  (4) 

I a + d + f = l  
-3a + b + c - d + e - f = 1 

b + d + 2e + 2 f  = 2 
or 

I a = l - d - f  
b = 2 - d - 2e - 2 f  

and 
c = 1 + 3a - b + d - e + f 

= 1 + 3 - 3d - 3f - 2 + d + 2e + 2 f +  d - e + f 
= 2 - d + e  

Then from Equation (3) 

All three expressions within the brackets are non- 
dimensional, and are similar in this respect to the s/Z 
term in Equation (2). There is therefore no restriction 
dimensionally on the exponents d, e, and$ The form 
of the function f must be found by experiment, and 
may be different for each of the three terms. 

Writing v for p l p  and remembering that for similar 
shapes the wetted surface S is proportional to L2, 
Equation (5) may be written 

where the left-hand side of the equation is a non- 
dimensional resistance coefficient. Generally in this 
chapter R will be given in kN and p in kg/L (or t/m3), 
although N and kg/m3 are often used (as here) in the 
cases of model resistance and ship airlwind resistance. 

A term first suggested by Dr. E.V. Telfer. 

Equation (6) states in effect that if all the parameters 
on the right-hand side have the same values for two 
geometrically similar but different sized bodies, the 
flow patterns will be similar and the value of 
R/X pSV2 will be the same for each. 

2.3 Corresponding Speeds. Equation (6) showed 
how the total resistance of a ship depends upon the 
various physical quantities involved, and that these are 
associated in three groups, VL/v, g L / V 2  and p/pV2.  

Considering first the case of a nonviscous liquid in 
which there is no frictional or other viscous drag, and 
neglecting for the moment the last group, there is left 
the parameter gL/V2  controlling the surface wave sys- 
tem, which depends on gravity. Writing the wave-mak- 
ing or residuary resistance as R R  and the cor- 
responding coefficient as CR, CR can be expressed as 

This means that geosims3 (geometrically similar bod- 
ies) of different sizes will have the same specific re- 
siduary resistance coefficient C, if they are moving at 
the same value of the parameter V'lgL. 

According to Froude's Law of Comparison4: "The 
(residuary) resistance of geometrically similar ships is 
in the ratio of the cube of their linear dimensions if 
their speeds are in the ratio of the square roots of 
their linear dimensions." Such speeds he called cor- 
responding ~ p e e d s . ~  It will be noted that these cor- 
responding speeds require V/& to be the same for 
model and ship, which is the same condition as ex- 
pressed in Equation (7). The ratio VK/&, commonly 
with V, in knots and L in feet, is called the speed- 
length ratio. This ratio is often used in presenting 
resistance data because of the ease of evaluating it 
arithmetically, but it has the drawback of not being 
nondimensional. The value of V/m, on the other 
hand, is nondimensional and has the same numerical 
value in any consistent system of units. Because of 
Froude's close association with the concept of speed- 
length ratio, the parameter V/m is called the Froude 
number, with the symbol Fn. 

When vk is expressed in knots L in feet, and g in 
ft/sec2, the relation between V/& and Froude number 
is 

Fn = 0.298 vk/& 

or 
Vk/& = 3.355Fn 

Stated in 1868 by William Froude (1955) who first recognized 
the practical necessity of separating the total resistance into com- 
ponents, based on the general law of mechanical similitude, from 
observations of the wave patterns of models of the same form but 
of different sizes. 
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The residuary resistances of ship (RRJ and of model 
(RRM) from Equation (7) will be in the ratio 

where subscripts sand   refer to ship and model, re- 
spectively. 

If both model and ship are run in water of the same 
density and at the same value of V2/gL, as required 
by Equation (7), i.e. 

( vS)'/SLS = ( VM)'/gLM 
then CR will be the same for each, and 

= (L$/(LM)~ = AJAM (8) 
where As and A M  are the displacements of ship and 
model, respectively. 

This is in agreement with Froude's law of compar- 
ison. 

I t  should be noted from Equation (8) that a t  corre- 
sponding speeds, i.e., at the same value of V / 

RRs/As = RRM/AM (9) 
i.e., the residuary resistance per unit of displacement 
is the same for model and ship. Taylor made use of 
this in presenting his contours of residuary resistance 
in terms of pounds resistance per long ton of displace- 
ment (Section 8.6). 

If the linear scale ratio of ship to model is A, then 
the following relations hold: 

Ls/LM = A 
v S / v M  = &s /&M = fi = A'" (10) 

The "corresponding speed" for a small model is much 
lower than that of the parent ship. In the case of a 5 
m model of a 125 m ship (linear scale ratio A = 25), 
the model speed corresponding to 25 knots for the ship 
is 25/A'/2, or 2 5 / $ 6 ,  or 5 knots. This is a singularly 
fortunate circumstance, since it enables ship models 
to be built to reasonable scales and run at speeds which 
are easily attainable in the basin. 

Returning to Equation (6), consider the last term, 
p/pV'. If the atmospheric pressure above the water 
surface is ignored and p refers only to the water head, 
then for corresponding points in model and ship p will 
vary directly with the linear scale ratio A. At corre- 
sponding speeds V 2  varies with A in the same way so 
that p/pV' will be the same for model and ship. Since 

RRs/RRM = (Ls)~I(L,J = As1 A M  = A3 

This same law had previously been put forward by the French 
Naval Constructor Reech in 1832, but he had not pursued it or 
demonstrated how it could be applied to the practical problem of 
predicting ship resistance (Reech, 1852). 

the atmospheric pressure is usually the same in model 
and ship, when it is included in p,  so that the latter is 
the total pressure at a given point, the value of 
p/pV' will be much greater for model than for ship. 
Fortunately, most of the hydrodynamic forces arise 
from differences in local pressures, and these are pro- 
portional to V, so that the forces are not affected by 
the atmospheric pressure so long as the fluid remains 
in contact with the model and ship surfaces. When the 
pressure approaches very low values, however, the 
water is unable to follow surfaces where there is some 
curvature and cavities form in the water, giving rise 
to cavitation. The similarity conditions are then no 
longer fulfilled. Since the absolute or total pressure is 
greater in the model than in the ship, the former gives 
no warning of such behavior. For tests in which this 
danger is known to be present, special facilities have 
been devised, such as variable-pressure water tunnels, 
channels or towing basins, where the correctly scaled- 
down total pressure can be attained a t  the same time 
that the Froude condition is met. 

In the case of a deeply submerged body, where there 
is no wavemaking, the first term in Equation (6) gov- 
erns the frictional resistance, R,. The frictional re- 
sistance coefficient. is then 

and C, will be the same for model and ship provided 
that the parameter VL/w is the same. This follows 
essentially from the work of Osborne Reynolds (1883), 
for which reason the product VL/w is known as Rey- 
nolds number, with the symbol Rn. 

If both model and ship are run in water at the same 
density and temperature, so that w has the same value, 
it follows from (11) that Vs Ls = V, LM. This condition 
is quite different from the requirement for wave-mak- 
ing resistance similarity. As the model is made smaller, 
the speed of test must increase. In the case already 
used as an illustration, the 5-m model of a 125-m, 25- 
knot ship would have to be run at a speed of 625 knots. 

The conditions of mechanical similitude for both fric- 
tion and wave-making cannot be satisfied in a single 
test. I t  might be possible to overcome this difficulty 
by running the model in some other fluid than water, 
so that the change in value of w would take account 
of the differences in the VL product. In the foregoing 
example, in order to run the model a t  the correct wave- 
making corresponding speed, and yet keep the value 
of VL/w the same for both model and ship, a fluid 
would have to be found for use with the model which 
had a kinematic viscosity coefficient only 11125 that of 
water. No such fluid is known. In wind-tunnel work, 
similitude can be attained by using compressed air in 
the model tests, so decreasing w and increasing VL/w 
to the required value. 

The practical method of overcoming this fundamen- 
tal difficulty in the use of ship models is to deal with 
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the frictional and the wave-making resistances sepa- 
rately, by writing 

c, = C R  + C F  (12) 
This is equivalent to expressing Equation (6) in the 

form 

Froude recognized this necessity, and so made ship- 
model testing a practical tool. He realized that the 
frictional and residuary resistances do not obey the 
same law, although he was unaware of the relationship 
expressed by Equation (11). 

2.4 Extension of Model Results to Ship. To extend 
the model results to the ship, Froude proposed the 
following method, which is based on Equation (12). 
Since the method is fundamental to the use of models 
for predicting ship resistance, it must be stated at 
length: 

culated, assuming the resistance to be the same as 
that of a smooth flat plank of the same length and 
surface as the model. 

(d) The residuary resistance of the model R R M  is 
found by subtraction: 

(e)  The residuary resistance of the ship R R s ,  is cal- 
culated by the law of comparison, Equation (10): 

R R s  = R R M  x A3 

This applies to the ship at the corresponding speed 
given by the expression 

v, = V M  x A’’‘ 
(f) The frictional resistance of the ship R F S  is cal- 

culated on the same assumption as in footnote (4), 
using a frictional coefficient appropriate to the ship 
length. 

(g) The total ship resistance (smooth hull) R T S  is then 
given by - 

Froude noted: 
(a) The model is made to a linear scale ratio of A RTS = RFS RRS 

and run over a range of “corresponding” speeds such This principle of extrapolation from model to ship is 
that V, /Cs = V, / cM still used in all towing tanks, with certain refinements 

(b)  The total model resistance is measured, equal to to be discussed subsequently. 
R T M .  Each component of resistance will now be dealt with 

(c) The frictional resistance of the model R F M  is cal- in greater detail. 

Section 3 
Frictional Resistance 

3.1 General One has only to look down from the could only be solved by dividing the resistance into 
deck of a ship a t  sea and observe the turbulent motion two components, undertook a basic investigation into 
in the water near the hull, increasing in extent from the frictional resistance of smooth planks in his tank 
bow to stern, to realize that energy is being absorbed a t  Torquay, England, the results of which he gave to 
in frictional resistance. Experiments have shown that the British Association (Froude, W., 1872, 1874). 
even in smooth, new ships it accounts for 80 to 85 The planks varied in lengths from 0.61 m (2 ft) to 
percent of the total resistance in slow-speed ships and 15.2 m (50 ft) and the speed range covered was from 
as much as 50 percent in high-speed ships. Any rough- 0.5 m/sec (1.67 fps) to 4.1 m/sec (13.3 fps), the max- 
ness of the surface will increase the frictional resist- imum for the 15.2 m plank being 3.3 m/sec (10.8 fps). 
ance appreciably over that of a smooth surface, and Froude found that at any given speed the specific re- 
with subsequent corrosion and fouling still greater sistance per unit of surface area was less for a long 
increases will occur. Not only does the nature of the plank than for a shorter one, which he attributed to 
surface affect the drag, but the wake and propulsive the fact that towards the after end of the long plank 
performance are also changed. Frictional resistance is the water had acquired a forward motion and so had 
thus the largest single component of the total resist- a lower relative velocity. 
ance of a ship, and this accounts for the theoretical He gave an empirical formula for the resistance in 
and experimental research that has been devoted to it the form 
over the years. The calculation of wetted surface area 
which is required for the calculation of the frictional 
resistance, Equation (ll), is discussed in Chapter I. 

Froude, know- 
ing the law governing residuary resistance and having 
concluded that the model-ship extrapolation problem 

R = f S V n  (14) 
where 

3.2 Froude’s Experiments on Friction. R = resistance, kN or lb 
S = total area of surface, m2 or f t2  
V = speed, mlsec or ftlsec 
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Table l-Froude’s Skin-Friction Coefficients” 

R = resistance, lb R = f .S*Vn S = area of plank, sq f t  V = speed, fps 
Length of surface, or distance from cutwater, f t  

Nature of 2 8 20 50 
surface f n k f n  k f n k f n  k 

Varnish ........... 0.00410 2.00 0.00390 0.00460 1.88 0.00374 0.00390 1.85 0.00337 0.00370 1.83 0.00335 
Paraffin ........... 0.00425 1.95 0.00414 0.00360 1.94 0.00300 0.00318 1.93 0.00280 - - - 
Calico ............. 0.01000 1.93 0.00830 0.00750 1.92 0.00600 0.00680 1.89 0.00570 0.00640 1.87 0.00570 
Fine sand ......... 0.00800 2.00 0.00690 0.00580 2.00 0.00450 0.00480 2.00 0.00384 0.00400 2.06 0.00330 
Medium sand ...... 0.00900 2.00 0.00730 0.00630 2.00 0.00490 0.00530 2.00 0.00460 0.00490 2.00 0.00460 
Coarse sand ....... 0.01000 2.00 0.00880 0.00710 2.00 0.00520 0.00590 2.00 0.00490 - - - 

a W. Froude’s results for planks in fresh water at Torquay (British Association 1872 and 1874). 
NOTE: The values of k represent thef-values for the last square foot of a surface whose length is equal to that given 

at the head of the column. 

f and n depended upon length and nature of surface, 
and are given in Table 1. 

For the smooth varnished surface, the value of the 
exponent n decreased from 2.0 for the short plank to 
1.83 for the 15.2 m (50 ft) plank. For the planks rough- 
ened by sand, the exponent had a constant value of 
2.0. 

For a given type of surface, thef-value decreased 
with increasing length, and for a given length it in- 
creased with surface roughness. 

In order to apply the results to ships, the derived 
skin-friction coefficients had to be extrapolated to much 
greater lengths and speeds. W. Froude did not give 
these extrapolated figures in his reports, but sug- 
gested two methods which might be used for their 
derivation. In his own words, “it is a t  once seen that, 
a t  a length of 50 feet, the decrease, with increasing 
length, of the friction per square foot of every addi- 
tional length is so small that it will make no very great 
difference in our estimate of the total resistance of a 
surface 300 f t  long whether we assume such decrease 
to continue a t  the same rate throughout the last 250 
feet of the surface, or to cease entirely after 50 feet; 
while it is perfectly certain that the truth must lie 
somewhere between these assumptions.” Payne, 
(1936) has reproduced the curve Froude used a t  Tor- 
quay in 1876 for ships up to 152.4 m (500 ft) in length. 
This curve is almost an arithmetic mean between those 
which would be obtained by the two methods sug- 
gested. W. Froude (1874) also obtained some full-scale 
information in an attempt to confirm his law of com- 
parison and to assist in the extrapolation of the fric- 

Table 2-Results of Towing Trials on HMS Greyhound 

Speed V ,  fpm ....................... 600 800 1000 1200 
Resistance Rs, lb, from ship.. ...... 3100 5400 9900 19100 
Ru, lb, predicted from model.. . . . . .  2300 4500 8750 17500 
Percent difference .................. 35 20 13 9 

Difference in (R/T“) x l o2 . .  ....... 0.22 0.14 0.12 0.11 

(R,/T“ x 10’ for ship ............. 0.86 0.84 0.99 1.33 
(&/ v2’ ) x ,lo2, model prediction ... 0.64 0.70 0.87 1.22 

tional coefficients to ship lengths by carrying out 
towing tests on the sloop HMS Greyhound, a wooden 
ship 52.58 m (172 f t  6 in.) in length, with copper 
sheathing over the bottom. The results of the towing 
tests and the predictions made from the model are 
given in Table 2. 

The actual ship resistance was everywhere higher 
than that predicted from the model, the percentage 
increase becoming less with increasing speed. The dif- 
ference in R/V2, however, is almost the same at all 
speeds, except the lowest, and decreases only slowly 
with increasing speed, as might occur if this additional 
resistance were of viscous type and varying at some 
power less than the second. Froude pointed out that 
the additional resistance could be accounted for by 
assuming that the copper-sheathed hull was equivalent 
to smooth varnish over 2/3 of the wetted surface and 
to calico over the rest. This he considered reasonable, 
and the two resistance curves were then almost iden- 
tical, which he took as a visible demonstration of the 
correctness of his law of comparison. 

In his paper on the Greyhound trials, Froude states 
quite clearly how he applied his idea of the “equivalent 
plank” resistance: “For this calculation the immersed 
skin was carefully measured, and the resistance due 
to it determined upon the hypothesis that it is equiv- 
alent to that of a rectangular surface of equal area, 
and of length (in the line of motion) equal to that of 
the model, moving at the same speed.” 

The 1876 values of frictional coefficients were stated 
to apply to new, clean, freshly painted steel surfaces, 
but they lie considerably above those now generally 
accepted for smooth surfaces. The original curves have 
been modified and extended from time to time by R.E. 
Froude, up to a length of 366 m (1200 ft), but these 
extended curves had no experimental basis beyond the 
15.2 m (50 ft) plank tests made in 1872, (Froude, R. E. 
1888). Nevertheless, they are still used today in some 
towing tanks. 

3.3 Two-dimensional Frictional Resistance Formula- 
tions. In the experiments referred to in Section 2.3, 
Osborne Reynolds made water flow through a glass 
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tube, introducing a thin stream of dye on the centerline 
a t  the entrance to the tube. When the velocity was 
small, the dye remained as a straight filament parallel 
to the axis of the tube. At a certain velocity, which 
Reynolds called the critical velocity V,, the filament 
began to waver, became sinuous and finally lost all 
definiteness of outline, the dye filling the whole tube. 
The resistance experienced by the fluid over a given 
length of pipe was measured by finding the loss of 
pressure head. Various diameters of the tube, D, were 
used, and the kinematic viscosity was varied by heating 
the water. Reynolds found that the laws of resistance 
exactly corresponded for velocities in the ratio v/D, 
and when the results were plotted logarithmically 

V, = ZOOOu/D 
Below the critical velocity the resistance to flow in 

the pipe varied directly as the speed, while for higher 
velocities it varied a t  a power of the speed somewhat 
less than 2. 

When the foregoing relationship is written in the 
form 

V,Dlv = 2000 
the resemblance to Equation (11) is obvious. 

Stanton, et  al. (1952) showed that Reynolds’ findings 
applied to both water and air flowing in pipes, and also 
that the resistance coefficients for models of an airship 
on different scales were sensibly the same at the same 

value of VL/u. Baker (1915) plotted the results of much 
of the available data on planks in the form of the 
resistance coefficient 

to a base of VL/v, and found that a mean curve could 
be drawn passing closely through Froude’s results ex- 
cept at low values of V L h .  

Experiments such as those performed by Reynolds 
suggested that there were two separate flow regimes 
possible, each associated with a different resistance 
law. At low values of V D h ,  when the dye filament 
retained its own identity, the fluid was evidently flow- 
ing in layers which did not mix transversely but slid 
over one another at relative speeds which varied across 
the pipe section. Such flow was called laminar and was 
associated with a relatively low resistance. When the 
Reynolds number VD/v increased, either by increasing 
VD or by decreasing v ,  the laminar flow broke down, 
the fluid mixed transversely in eddying motion, and 
the resistance increased. This flow is called turbulent. 

In modern skin-friction formulations the specific fric- 
tional resistance coefficient C, is assumed to be a func- 
tion of the Reynolds number Rn or VL/v. As early as 
1904 Blasius had noted that at low Reynolds numbers 
the flow pattern in the boundary layer of a plank was 
laminar (Blasius, 1908). He succeeded in calculating 

0.009 
I I I I I I l l 1  I I I I I I l l )  I 1 I / / l l l J  
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the total resistance of a plank in laminar flow by in- 
tegrating across the boundary layer to find the mo- 
mentum transferred to the water, and gave the 
formula for C, in laminar flow in terms of Rn: 

This line is plotted in Fig. 2. Blasius found good agree- 
ment between his calculated resistances and direct ex- 
periment, but found that the laminar flow became 
unstable a t  Reynolds numbers of the order of 4.5 x 
lo5, beyond which the resistance coefficients increased 
rapidly above those calculated from his equation. 

Prandtl and von Karman (1921) separately published 
the equation 

for turbulent flow, which is also shown in Fig. 2. This 
equation was based on an analytical and experimental 
investigation of the characteristics of the boundary 
layer, as well as on the available measurements of 
overall plank resistance, principally those of Froude 
and further experiments run by Gebers in the Vienna 
tank (Gebers, 1919). 

At low values of Reynolds number, and with quiet 
water, the resistance of a smooth plank closely follows 
the Blasius line, the flow being laminar, and from 
Equation (15) it is seen that the resistance R varies as 

For turbulent flow, the value of the resistance coef- 
ficient is considerably higher than for laminar flow, 
and varies as a higher power of the speed; according 
to Equation (16) as Vl.’. 

The transition from laminar flow to turbulent flow 
does not occur simultaneously over the whole plank. 
Transition begins when the Reynolds number reaches 
a critical value R,. As the velocity Vincreases beyond 
this value, the transition point moves forward so that 
the local value of the Reynolds number, Vx/ v,  remains 
equal to the critical value, x being the distance of the 
transition point from the leading edge of the plank. 
This is called the “local Reynolds number,” and for 
the constant value of this local Rn at which transition 
takes place, x will decrease as V increases, and more 
and more of the plank surface will be in turbulent flow 
and so experience a higher resistance. The value of C, 
will thus increase along a transition line of the type 
shown in Fig. 2, and finally approach the turbulent line 
asymptotically. It should be noted that there is no 
unique transition line, the actual one followed in a 
given case depending upon the initial state of turbu- 
lence in the fluid, the character of the plank surface, 
the shape of the leading edge, and the aspect ratio. 

These transition lines for smooth planks occur at 
values of Reynolds number within the range over 

V1.5 

which most plank-friction tests have been run, and if 
such plank results are to be used to predict the values 
of C, at Reynolds numbers appropriate to a ship-100 
times or so larger than the highest plank values-only 
those results for fully turbulent flow can properly be 
used. 

3.4 Development of Frictional Resistance Formulations 
in the United States. With the completion of the Ex- 
perimental Model Basin (EMB) in Washington in 1900, 
new experiments were made on planks and new model 
coefficients were derived from these tests. For the ship 
coefficients, those published by Tideman (1876) were 
adopted. These did not represent any new experiments, 
being simply a re-analysis of Froude’s results by a 
Dutch naval constructor. This combination of friction 
coefficients-EMB plank results for model, Tideman’s 
coefficients for ship-was in use at EMB from 1901 to 
1923 (Taylor, D. W., 1943). 

By this time the dependence of frictional resistance 
on Reynolds number was well established, and a for- 
mulation was desired which was in accord with known 
physical laws, In 1923, therefore, EMB changed to the 
use of frictional coefficients given by Gebers for both 
the model and ship range of Reynolds number (Gebers, 
1919). This practice continued at that establishment 
and at the new David Taylor Model Basin (DTMB) until 
1947 (now DTRC, David Taylor Research Center). 

Schoenherr (1932) collected most of the results of 
plank tests then available, and plotted them as ordi- 
nates of C, to a base of Rn as is shown in Fig. 3. He 
included the results of experiments on 6.1 m (20 ft) 
and 9.1 m (30 ft) planks towed at Washington, and at 
the lower Reynolds numbers some original work on 
1.8 m (6 ft) catamarans with artificially-induced tur- 
bulent flow. At the higher Reynolds numbers he was 
guided largely by the results given by Kempf (1929) 
for smooth varnished plates. Kempf‘s measurements 
were made on small plates inserted at intervals along 
a 76.8 m (252 ft) pontoon, towed in the Hamburg tank. 
The local specific resistances so measured were inte- 
grated by Schoenherr to obtain the total resistance for 
surfaces of different lengths. In order to present these 
data in conformity with rational physical principles, 
Schoenherr examined his results in the light of the 
theoretical formula of Prandtl and von Karman, which 
was of the form 

A I J - F  = log,, (Rn C F )  + M 
He found he could get a good fit to the experimental 

data by making M zero and A equal to 0.242, so arriving 
at the well-known Schoenherr formulation 

0.242 / flF = log,, (Rn CF) (17) 

The Schoenherr coefficients as extended by this for- 
mula to the ship range of Reynolds numbers apply to 
a perfectly smooth hull surface. For actual ship hulls 
with structural roughnesses such as plate seams, 
welds or rivets, and paint roughness, some allowance, 
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the magnitude of which is discussed later, is necessary 
to give a realistic prediction. 

The 
International Conference of Ship Tank Superintend- 
ents (ICSTS) was a European organization founded in 
1932 to provide a meeting place for towing-tank staffs 
to discuss problems peculiar to their field. In 1935, the 
ICSTS agreed to adopt the Froude method of model 
extrapolation, among the decisions recorded being the 
following: 

“V-on the determination of length and wetted sur- 
face: 

(a) For every kind of vessel, the length on the 
water line should be used. 

(6) The mean girth multiplied by the length is 
adopted as the wetted surface.‘ 

VI-Froude’s method of calculation: 
(a) The Committee adheres to the skin friction de- 

duced from Froude’s 0 v a l u e ~ , ~  and takes these to be 
represented by the formula below, since this gives the 
same values of friction for model and ship within the 
limits of experimental errors: 

3.5 The Work of the lowing Tank Conferences. 

(18) 
0.000418 + 0.00254 

RF = [ 8.8 + 3.281L 

where 
R, = resistance in kNewton; 
L = length in meters; 
S = wetted surface in square meters; 
V, = speed in knots. 

(6) All model results should be corrected to a stan- 
dard temperature of 15 deg C (= 59 deg F) by a 
correction of -0.43 percent of the frictional resistance 
per + 1 deg C or -0.24 percent per + 1 deg F.” 

In 1946 the American Towing Tank Conference 
(ATTC) began considering the establishment of a uni- 
form practice for the calculation of skin friction and 
the expansion of model data to full size. In 1947 the 
following two resolutions were adopted (SNAME, 
1948): 

“1. Analysis of model tests will be based on the 
Schoenherr mean line. Any correction allowances ap- 
plied to the Schoenherr mean line are to be clearly 
stated in the report.” 

That is, no “obliquity” correction. 
These were the Froude frictional coefficients presented in a par- 

ticular notation-see Froude (1888). 

* As pointed out by Nordstrom (ITTC Proceedings, Washington, 
1951) this formula applies to salt water. For fresh water the cor- 
responding formula is 

RF = [0.000407 + 0.00248/(8.8 + 3.281L)]S.V2825 
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“2. Ship effective power calculations will be based 
on the Schoenherr mean line with an allowance that 
is ordinarily to be +0.0004 for clean, new vessels, to 
be modified as desired for special cases and in any 
event to be clearly stated in the report.” 

No decision was made as regards a standard tem- 
perature for ship predictions, but this has subse- 
quently been taken as 15 deg C (59 deg F) in conformity 
with the ICSTS figure (ATTC, 1953). I t  was also agreed 
that the Schoenherr line shall be known as the “1947 
ATTC line” (ATTC, 1956). This line, both with and 
without the 0.0004 allowance, is shown in Fig. 4. The 
method of applying the coefficients has been described 
in detail by Gertler (1947). He also gave tables of their 
values for a wide range of Reynolds numbers, together 
with values of p and w for fresh and salt water. 

New values of w were adopted by the ITTC’ (1963) 
at the 10th Conference in London in 1963. These are 
also reproduced together with the C, coefficients in a 
SNAME Bulletin (1976). 

The allowance referred to in the second resolution 
of the ATTC was originally considered necessary be- 
cause of the effect of hull roughness upon resistance. 
However, the difference between the ship resistance 
as deduced from full-scale trials and that predicted 
from the model depends upon other factors also, as is 
discussed in Section 6.4 and a t  the ITTC meeting in 
1963 it was agreed to refer to it as a “model-ship 
correlation allowance” and to give it the symbol C, 
(ITTC, 1963). 

The 5th Conference of the ICSTS was held in London 
in 1948, and was attended for the first time by dele- 
gates from the United States and Canada. There was 
much discussion on the model-extrapolation problem, 
and unanimous agreement was reached “in favor of 
departing from Froude’s coefficients and selecting a 
substitute in line with modern concepts of skin fric- 
tion.” However, the delegates were unable to agree 
upon any such alternative, largely because it was felt 
that the progress in knowledge might in the near fu- 
ture demand a further change. The Conference there- 
fore agreed that in published work either the Froude 
or Schoenherr coefficients could be used, and a t  the 
same time set up a Skin Friction Committee to rec- 
ommend further research to establish a minimum tur- 
bulent-friction line for both model and ship use. 

The Committee was instructed that any proposed 
friction formulation should be in keeping with modern 
concepts of physics, and the coefficient C, should be 
a function of Reynolds number Rn. The Schoenherr 
(ATTC) line already fulfilled this requirement, but the 
slope was not considered sufficiently steep a t  the low 
Reynolds numbers appropriate to small models, so that 

it did not give good correlation between the results of 
small and large models. With the introduction of weld- 
ing, ships’ hulls had become much ‘smoother and for 
long, all-welded ships the correlation allowance C, nec- 
essary to reconcile the ship resistance with the pre- 
diction from the model using the ATTC line was 
sometimes zero or negative. Also, Schoenherr had used 
data from many sources, and the planks were in no 
sense geosims, so that the experimental figures in- 
cluded aspect ratio or edge effects (the same applied 
to Froude’s results). Telfer (1927, 1950, 1951, 1952) 
suggested methods for taking edge effects into ac- 
count and developed an “extrapolator” for predicting 
ship resistance from model results which was an in- 
verse function of Reynolds number. Hughes (1952), 
(1954) carried out many resistance experiments on 
planks and pontoons, in the latter case up to 77.7 m 
(255 ft) in length, and so attained Reynolds numbers 
as high as 3 x 10’. These plane surfaces covered a 
wide range of aspect ratios, and Hughes extrapolated 
the resistance coefficients to infinite aspect ratio, ob- 
taining what he considered to be a curve of minimum 
turbulent resistance for plane, smooth surfaces in two- 
dimensional flow. This curve had the equation 

CFo = 0.066/(log,,Rn - 2.03)‘ (19) 
and is shown in Fig. 4. CFo denotes the frictional re- 
sistance coefficient in two-dimensional flow.” 

The ITTC Friction Committee, with the knowledge 
of so much new work in progress, did not feel able in 
1957 to recommend a final solution to the problem of 
predicting ship resistance from model results. Instead, 
it proposed two alternative single-line, interim engi- 
neering solutions. One was to use the ATTC line for 
values of Rn above lo7, and below this to use a new 
line which was steeper than the ATTC line. The latter 
would, in the Committee’s opinion, help to reconcile 
the results between large and small models, while us- 
ing the ATTC line above Rn = lo7 would make no 
difference in ship predictions from large models. The 
second proposal was to use an entirely new line, cross- 
ing the ATTC line a t  about Rn = lo7, and being slightly 
steeper throughout. This would result in lower ship 
predictions, and so would tend to increase the corre- 
lation allowance C, and avoid negative allowances for 
long ships. 

The Conference in Madrid in 1957 adopted a slight 
variation of the second proposal, and agreed to 

C, = 0.075/(log,,Rn - 2)’ (20) 
This line is also shown in Fig. 4. 

The Conference adopted this as the “ITTC 1957 
model-ship correlation line,” and was careful to label 

The International Conference of Ship Tank Superintendents 
(ICSTS) became the International Towing Tank Conference (ITTC) 
in 1957. 

lo I’R’C Presentation Committee Report, Ottawa 1975. Also pub- 
lished by the British Ship Research Association, now British Mari- 
time Technology (BMT), as Technical Memorandum No. 500. 
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Fig. 5 Extrapolation of model results to ship using the form factor method 

it as “only an interim solution to this problem for 
practical engineering purposes,)) (ITTC 1957). Equa- 
tion (20) was called a model-ship correlation line, and 
not a frictional resistance line; it was not meant to 
represent the frictional resistance of plane or curved 
surfaces, nor was it intended to be used for such a 
purpose. 

The Hughes proposal in Equation (19) is of the same 
general type as the ITTC line but gives much lower 
values of C, than either the ITTC 1957 formulation or 
the ATTC 1947 line. On the other hand, the Hughes 
line does claim to be a true friction line for smooth 
plates in fully turbulent, two-dimensional flow, but its 
low values have been criticized by many other workers 
in this field. The 1957 ITTC line, in fact, gives numerical 
values of C, which are almost the same as those of 
the Hughes line with a constant addition of 12 percent. 

Granville (1977) showed that the 1957 ITTC model- 
ship correlation line can also be considered as a tur- 
bulent flat plate (two-dimensional) frictional resistance 
line. From fundamental considerations involving the 
velocity distribution in the boundary layer, he derived 
the general formula 

(21) C,, = a/(log,,Rn - b ) 2  + c l R n  

with a = 0.0776, b = 1.88 and c = 60. This formula 
is a generalization of the form of the 1957 ITTC line 
as given by Equation (20)) with a = 0.075, b = 2 and 

c = 0. Good agreement of Equation (21) with the 1957 
ITTC line is obtained for values of Rn less than 5 x 
lo5. At values of Rn above 1 x lo8, the 1957 ITTC, 
the 1947 ATTC, and the Granville lines are all in good 
agreement, as shown in Fig. 4. 

3.6 Three-Dimensional Viscous Resistance Formula- 
tions. In association with his two-dimensional line, 
Hughes proposed a new method of extrapolation from 
model to ship. He assumed that the total model re- 
sistance coefficient C,, could be divided into two parts, 
C,, and CwM, representing the viscous and wavemak- 
ing resistance, respectively. At low Froude numbers, 
C,, will become very small, and at a point where 
wavemaking can be neglected, the curve of CTM will 
become approximately parallel to the two-dimensional 
friction line. Hughes called this point the run-in point. 
The value of C,, a t  this point can then be identified 
with the total viscous resistance coefficient C,, at the 
same point Rn,. 

The form resistance coefficient, due at least in part 
to the curvature of the hull (see Fig. 5), is defined by 

CTLU(~~O) l + k =  
C*o(Rn,) 

The three-dimensional model viscous resistance for ar- 
bitrary Rn can now be written as c,, = (1 + k )  CFo 
(Rn) where C,, is the equivalent flat-plate resistance 
coefficient. The factor k accounts for the three-dimen- 
sional form, and is appropriately termed the form fac- 
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tor. The form factor (1 + k) is assumed to be invariant 
with Rn and the line (1 + k) C,, is now taken as the 
extrapolator for the hull form concerned, and the ship 
curve of CTs can be drawn above the (1 + k )  CFo curve 
at the appropriate values of the Reynolds number. In 
the Froude method the whole of the model residuary- 
resistance coefficient C, is transferred to the ship un- 
changed, while in the form factor method only that 
part of C, attributed to viscous effects ( CFORMM in Fig. 
5) is reduced in the transfer. Accordingly, the three- 
dimensional method gives substantially lower ship pre- 
dictions and so calls for larger values of the correlation 
allowance C,. This procedure avoids the negative al- 
lowances sometimes found when using the Froude 
method. I t  should also be noted that in the case of the 
Froude method only the slope of the two-dimensional 
friction line matters while in the case of the form factor 
approach the vertical position of the line also affects 
the ship prediction. The choice of the basic line becomes 
an essential factor in the case of the three-dimensional 
approach. 

The study carried out by the ITTC Performance 
Committee has shown that the introduction of the form 
factor philosophy has led to significant improvements 
in model-ship correlation (ITTC, 1978). The ITTC has 
recommended that for all practical purposes, for con- 
ventional ship forms, a form factor determined on an 
experimental basis, similar to Prohaska’s method, is 

advisable; i.e., 

where n is some power of Fn, 4 5 n 5 6, and c and 
k are coefficients, chosen so as to fit the measured C,,, 
Fn data points as well as possible (Prohaska, 1966). (A 
numerical example of how Prohaska’s method is used 
is given in Section 6.4). This requires that the resist- 
ance of the model be measured at very low speeds, 
generally at Fn I 0.1. This is a drawback because 
unwanted Reynolds scale effects are then often intro- 
duced. For this reason sometimes empirically-derived 
form factors values are adopted. However, no satis- 
factory method to derive appropriate values of ‘such 
form factors has as yet been found. The ITTC Per- 
formance Committee, which reviews, collates and tests 
the various proposed methods, states in its 1978 report: 
“With regard to the influence of form on the various 
components of the viscous resistance no clear conclu- 
sion can be drawn. Results reported by Tagano (1973) 
and Wieghardt (1976) show that the form mainly in- 
fluences the viscous pressure drag, while Dyne (1977) 
stated that the pressure drag is low and its influence 
on k is practically negligible. Furthermore, the inter- 
action between different resistance components is hin- 
dering the isolation of a single significant factor.” 

Section 4 
Wave-Making Resistance 

4.1 General. The wave-making resistance of a ship 
is the net fore-and-aft force upon the ship due to the 
fluid pressures acting normally on all parts of the hull, 
just as the frictional resistance is the result of the 
tangential fluid forces. In the case of a deeply sub- 
merged body, travelling horizontally at‘a steady speed 
far below the surface, no waves are formed, but the 
normal pressures will vary along the length. In a non- 
viscous fluid the net fore-and-aft force due to this var- 
iation would be zero, as previously noted. 

If the body is travelling on or near the surface, 
however, this variation in pressure causes waves which 
alter the distribution of pressure over the hull, and the 
resultant net fore-and-aft force is the wave-making 
resistance. Over some parts of the hull the changes in 
pressure will increase the net sternward force, in oth- 
ers decrease it, but the overall effect must be a re- 
sistance of such magnitude that the energy expended 
in moving the body against it is equal to the energy 
necessary to maintain the wave system. The wave- 
making resistance depends in large measure on the 
shapes adopted for the area curve, waterlines and 
transverse sections, and its determination and the 

methods by which it can be reduced are among the 
main goals of the study of ships’ resistance. Two paths 
have been followed in this study-experiments with 
models in towing tanks and theoretical research into 
wave-making phenomena. Neither has yet led to a com- 
plete solution, but both have contributed greatly to a 
better understanding of what is a very complicated 
problem. At present, model tests remain the most im- 
portant tool available for reducing the resistance of 
specific ship designs, but theory lends invaluable help 
in interpreting model results and in guiding model 
research. 

4.2 Ship Wave Systems. The earliest account of the 
way in which ship waves are formed is believed to be 
that due to Lord Kelvin (1887, 1904). He considered a 
single pressure point travelling in a straight line over 
the surface of the water, sending out waves which 
combine to form a characteristic pattern. This consists 
of a system of transverse waves following behind the 
point, together with a series of divergent waves ra- 
diating from the point, the whole pattern being con- 
tained within two straight lines starting from the 
pressure point and making angles of 19 deg 28 min 
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on each side of the line of motion, Fig. 6 .  The heights 
of successive transverse-wave crests along the middle 
line behind the pressure point diminish going aft. The 
waves are curved back some distance out from the 
centerline and meet the diverging waves in cusps, 
which are the highest points in the system. The heights 
of these cusps decrease less rapidly with distance from 
the point than do those of the transverse waves, so 
that eventually well astern of the point the divergent 

waves become the more prominent (see Fig. 7). 
The Kelvin wave pattern illustrates and explains 

many of the features of the ship-wave system. Near 
the bow of a ship the most noticeable waves are a 
series of divergent waves, starting with a large wave 
a t  the bow, followed by others arranged on each side 
along a diagonal line in such a way that each wave is 
stepped back behind the one in front in echelon (Fig. 
8) and is of quite short length along its crest line. 
Between the divergent waves on each side of the ship, 
transverse waves are formed having their crest lines 
normal to the direction of motion near the hull, bending 
back as they approach the divergent-system waves and 
finally coalescing with them. These transverse waves 
are most easily seen along the middle portion of a ship 
or model with parallel body or just behind a ship run- 
ning at high speed. I t  is easy to see the general Kelvin 
pattern in such a bow system. 

Similar wave systems are formed a t  the shoulders, 
if any, and a t  the stern, with separate divergent and 
transverse patterns, but these are not always so 
clearly distinguishable because of the general distur- 
bance already present from the bow system. 

Since the wave pattern as a whole moves with the 
ship, the transverse waves are moving in the same 
direction as the ship at the same speed V,  and might 

Fig. 7(a) Pattern of diverging waves 

5- 
Fig. 7(b) Typical ship wove pattern 
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Section 1 
Introduction 

1.1 The Problem. A ship differs from any other 
large engineering structure in that-in addition to all 
its other functions-it must be designed to move ef- 
ficiently through the water with a minimun of external 
assistance. In Chapters 1-111 of Vol. I it has been shown 
how the naval architect can ensure adequate buoyancy 
and stability for a ship, even if damaged by collision, 
grounding, or other cause. In Chapter IV the problem 
of providing adequate structure for the support of the 
ship and its contents, both in calm water and rough 
seas, was discussed. 

In this chapter we are concerned with how to make 
it possible for a structure displacing up to 500,000 
tonnes or more to move efficiently across any of the 
world’s oceans in both good and bad weather. The 
problem of moving the ship involves the proportions 
and shape-or form-of the hull, the size and type of 
propulsion plant to provide motive power, and the de- 
vice or system to transform the power into effective 
thrust. The design of power plants is beyond the scope 
of this’ book (see Marine  Engineering, by R.L. Har- 
rington, Ed., SNAME 1971). The nine sections of this 
chapter will deal in some detail with the relationship 
between hull form and resistance to forward motion 
(or drag). Chapter VI discusses propulsion devices and 
their interaction with flow around the hull. 

The task of the naval architect is to ensure that, 
within the limits of other design requirements, the hull 
form and propulsion arrangement will be the most 
efficient in the hydrodynamic sense. The ultimate test 
is that the ship shall perform at the required speed 
with the minimum of shaft power, and the problem is 
to attain the best combination of low resistance and 
high propulsive efficiency. In general this can only be 
attained by a proper matching of hull and propeller. 

Another factor that influences the hydrodynamic de- 
sign of a ship is the need to ensure not only good 

’ Complete references are listed a t  end of chapter. 

smooth-water performance but also that under aver- 
age service conditions at sea the ship shall not suffer 
from excessive motions, wetness of decks, or lose more 
speed than necessary in bad weather. The assumption 
that a hull form that is optimum in calm water will 
also be optimum in rough seas is not necessarily valid. 
Recent research progress in oceanography and the 
seakeeping qualities of ships has made it possible to 
predict the relative performance of designs of varying 
hull proportions and form under different realistic sea 
conditions, using both model test and computing tech- 
niques. The problem of ship motions, attainable speed 
and added power requirements in waves are discussed 
in Chapter VIII, Vol. 111. This chapter is concerned 
essentially with designing for good smooth-water per- 
formance. 

Another consideration in powering is the effect of 
deterioration in hull surface condition in service as the 
result of fouling and corrosion and of propeller rough- 
ness on resistance and propulsion. This subject is dis- 
cussed in this chapter. 

As in the case of stability, subdivision, and structure, 
criteria are needed in design for determining accept- 
able levels of powering. In general, the basic contrac- 
tual obligation laid on the shipbuilder is that the ship 
shall Bchieve a certain speed with a specified power in 
good weather on trial, and for this reason smooth- 
water performance is of great importance. As previ- 
ously noted, good sea performance, particularly the 
maintenance of sea speed, is often a more important 
requirement, but one that is much more difficult to 
define. The effect of sea condition is customarily al- 
lowed for by the provision of a service power margin 
above the power required in smooth water, an allow- 
ance which depends on the type of ship and the average 
weather on the sea routes on which the ship is designed 
to operate. The determination of this service allowance 
depends on the accumulation of sea-performance data 
on similar ships in similar trades. Powering criteria in 
the form of conventional service allowances for both 
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sea conditions and surface deterioration are considered 
in this chapter. 

The problem of controlling and maneuvering the 
ship will be covered in Chapter IX, Vol. 111. 

1.2 Types of Resistance. The resistance of a ship 
a t  a given speed is the force required to tow the ship 
at that speed in smooth water, assuming no interfer- 
ence from the towing ship. If the hull has no appen- 
dages, this is called the bare-hull resistance. The power 
necessary to overcome this resistance is called the tow- 
rope or effective power and is given by 

PE = RTV (14 
where PE = effective power in kWatt (kW) 

R, = total resistance in kNewton (kN) 
V = speed in mlsec 

or ehp = R, V, 1326 (1b) 
where ehp = effective power in English horsepower 

RT = total resistance in lb 
V, = speed in knots 

To convert from horsepower to S.I. units there is 
only a slight difference between English and metric 
horsepower: 

hp (English) 
hp (metric) 
Speed in knots x 0.5144 = mlsec 

x 0.746 = kW 
x 0.735 = kW 

This total resistance is made up of a number of 
different components, which are caused by a variety 
of factors and which interact one with the other in an 
extremely complicated way. In order to deal with the 
question more simply, it is usual to consider the total 
calm water resistance as being made up of four main 
components. . 

(a) The frictional resistance, due to the motion of 
the hull through a viscous fluid. 

(b) The wave-making resistance, due to the energy 
that must be supplied continuously by the ship to the 
wave system created on the surface of the water. 

(c) Eddy resistance, due to the energy carried away 
by eddies shed from the hull or appendages. Local 
eddying will occur behind appendages such as boss- 
ings, shafts and shaft struts, and from stern frames 
and rudders if these items are not properly streamlined 
and aligned with the flow. Also, if the after end of the 
ship is too blunt, the water may be unable to follow 
the curvature and will break away from the hull, again 
giving rise to eddies and separation resistance. 

(d) Air resistance experienced by the above-water 
part of the main hull and the superstructures due to 
the motion of the ship through the air. 

The resistances under (71) and (G) are commonly 
taken together under the name residuary resistance. 
Further analysis of the resistance has led to the iden- 
tification of other sub-components, as discussed sub- 
sequently. 

The importance of the different components depends 
upon the particular conditions of a design, and much 
of the skill of naval architects lies in their ability to 
choose the shape and proportions of hull which will 
result in a combination leading to the minimum total 
power, compatible with other design constraints. 

In this task, knowledge derived from resistance and 
propulsion tests on small-scale models in a model basin 
or towing tank will be used. The details of such tests, 
and the way the results are applied to the ship will be 
described in a later section. Much of our knowledge 
of ship resistance has been learned from such tests, 
and it is virtually impossible to discuss the various 
types of ship resistance without reference to model 
work. 

1.3 Submerged Bodies. A streamlined body moving 
in a straight horizontal line a t  constant speed, deeply 
immersed in an unlimited ocean, presents the simplest 
case of resistance. Since there is no free surface, there 
is no wave formation and therefore no wave-making 
resistance. If in addition the fluid is assumed to be 
without viscosity (a “perfect” fluid), there will be no 
frictional or eddymaking resistance. The pressure dis- 
tribution around such a body can be determined the- 
oretically from considerations of the potential flow and 
has the general characteristics shown in Fig. l(a). 

Near the nose, the pressure is increased above the 
hydrostatic pressure, along the middle of the body the 
pressure is decreased below it and a t  the stern it is 
again increased. The velocity distribution past the hull, 
by Bernoulli’s Law, will be the inverse of the pressure 
distribution-along the midportion it will be greater 
than the speed of advance V and in the region of bow 
and stern it will be less. 

Since the fluid has been assumed to be without vis- 
cosity, the pressure forces will everywhere be normal 
to the hull (Fig. l (b)) .  Over the forward part of the 
hull, these will have components acting towards the 
stern and therefore resisting the motion. Over the 
after part, the reverse is the case, and these compo- 
nents are assisting the motion. I t  can be shown that 
the resultant total forces on the fore and after bodies 
are equal, and the body therefore experiences no re- 
sistance.‘ 

In a real fluid the boundary layer alters the virtual 
shape and length of the stern, the pressure distribution 
there is changed and its forward component is reduced. 
The pressure distribution over the forward portion is 
but little changed from that in a perfect fluid. There 
is therefore a net force on the body acting against the 
motion, giving rise to a resistance which is variously 
referred to as form drag or viscous pressure drag. 

In a real fluid, too, the body experiences frictional 
resistance and perhaps eddy resistance also. The fluid 
immediately in contact with the surface of the body is 

* This was first noted by the French mathematician d’Alembert in 
1744, and is known as d’alembert’s paradox. 
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carried along with the surface, and that in the close 
vicinity is set in motion in the same direction as that 
in which the body is moving. This results in a layer of 
water, which gets gradually thicker from the bow to 
the stern, and in which the velocity varies from that 
of the body at its surface to that appropriate to the 
potential flow pattern (almost zero for a slender body) 
at the outer edge of the layer (Fig. l(c)). This layer is 
called the boundary layer, and the momentum supplied 
to the water in it by the hull is a measure of the 
frictional resistance. Since the body leaves behind it a 
frictional wake moving in the same direction as the 
body (which can be detected far astern) and is contin- 

ually entering undisturbed water and accelerating it 
to maintain the boundary layer, this represents a con- 
tinual drain of energy. Indeed, in wind-tunnel work 
the measurement of the velocities of the fluid behind 
a streamlined model is a common means of measuring 
the frictional drag. 

If the body is rather blunt a t  the after end, the flow 
may leave the form a t  some point-called a separation 
point-thus reducing the total pressure on the af- 
terbody and adding to the resistance. This separation 
resistance is evidenced by a pattern of eddies which 
is a drain of energy (Fig. l(d)). 

A ship moving on the surface of 
the sea experiences frictional resistance and eddy- 
making, separation, and viscous pressure drag in the 
same way as does the submerged body. However, the 
presence of the free surface adds a further component. 
The movement of the hull through the water creates 
a pressure distribution similar to that around the sub- 
merged body; i.e., areas of increased pressure at bow 
and stern and of decreased pressure over the middle 
part of the length. 

But there are important differences in the pressure 
distribution over the hull of a surface ship because of 
the surface wave disturbance created by the ship’s 
forward motion. There is a greater pressure acting 
over the bow, as indicated by the usually prominent 
bow wave build-up, and the pressure increase at the 
stern, in and just below the free surface, is always 
less than around a submerged body. The resulting 
added resistance corresponds to the drain of energy 
into the wave system, which spreads out astern of the 
ship and has to be continuously recreated. (See Section 
4.3). Hence, it has been called wave-making resistance. 
The result of the interference of the wave systems 
originating at bow, shoulders (if any) and stern is to 
produce a series of divergent waves spreading out- 
wards from the ship at a relatively sharp angle to the 
centerline and a series of transverse waves along the 
hull on each side and behind in the wake (Fig. 7). 

The presence of the wave systems modifies the skin 
friction and other resistances, and there is a very com- 
plicated interaction among all the different compo- 
nents. 

1.4 Surface Ships. 

2.1 General. Dimensional analysis is essentially a 
means of utilizing a partial knowledge of a problem 
when the details are too obscure to permit an exact 
analysis. See Taylor, E. S. (1974). I t  has the enormous 
advantage of requiring for its application a knowledge 
only of the variables which govern the result. To apply 
it to the flow around ships and the corresponding re- 

Section 2 
Dimensional Analysis 

sistance, it is necessary to know only upon what var- 
iables the latter depends. This makes it a powerful 
tool, because the correctness of a dimensional solution 
does not depend upon the soundness of detailed anal- 
yses, but only upon the choice of the basic variables. 
Dimensional solutions do not yield numerical answers, 
but they provide the form of the answer so that every 
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experiment can be used to the fullest advantage in 
determining a general empirical solution. 

2.2 Dimensional Homogeneity. Dimensional anal- 
ysis rests on the basic principle that every equation 
which expresses a physical relationship must be di- 
mensionally homogeneous. There are three basic quan- 
tities in mechanics-mass, length and time-which are 
represented by the symbols M, L, and T. Other quan- 
tities, such as force, density, and pressure, have di- 
mensions made up from these three basic ones. 

Velocity is found by dividing a length or distance 
by a time, and so has the dimensions L/T. Acceleration, 
which is the change in velocity in a certain time, thus 
has dimensions of (L/T)IT, or L/T2. 

Force, which is the product of mass and acceleration, 
has dimensions of M x L/T2 or ML/T2. 

As a simple case to illustrate the principle of di- 
mensional analysis, suppose we wish to determine an 
expression for the time of swing of a simple pendulum. 

If T is the period of such a pendulum in vacuo (so 
that there is no frictional damping), it could depend 
upon certain physical quantities such as the mass of 
the pendulum bob, m, the length of the cord, I, (sup- 
posed to be weightless) and the arc of swing, s. The 
force which operates to restore the pendulum to its 
original position when it is disturbed is its weight, mg, 
and so the acceleration due to gravity, g, must be 
involved in the problem. 

We can write this in symbols as 

T = f (m, 1, s, 9) 
wherefis a symbol meaning "is some function of." 
If we assume that this function takes the form of 

a power law, then 
T = ma lb sc gd 

If this equation is to fulfill the principle of dimen- 
sional homogeneity, then the dimensions on each side 
must be the same. Since the left-hand side has the 
dimension of time only, so must the right-hand side. 

Writing the variables in terms of the fundamental 
units, we have 

T' = MaLbL" (L/T2)d 
Equating the exponents of each unit from each side 

of the equation, we have 
a = O  

b + c + d = O  
-2d = 1 

Hence 
d = -112 
a = O  

b + c = 1/2  
The expression for the period of oscillation T seconds 
is therefore 

T = constant x l ' / ~ - ~  x sc x g-'/2 

= constant x ,,@ x (S/Z)C 

The solution indicates that the period does not de- 
pend on the mass of the bob, but only on the length, 
the acceleration due to gravity, and the ratio of length 
of arc to length of pendulum. The principle of dimen- 
sions does not supply the constant of proportionality, 
which must be determined experimentally. 

The term (s/l) is a mere number, each quantity being 
of dimension L, and dimensionally there is no restric- 
tion on the value of c. We can therefore write 

T = constant x ,@ x f ( s / l )  (2) 
Although the form of the functionfis undetermined, 

it is explicitly indicated by this equation that it is not 
the arc s itself which is important, but its ratio to I: 
i.e., the maximum angle of swing, s/l radians. 

The function f can be found by experiment, and must 
approach the value unity for small swings, so as to 
lead to the usual formula for a simple pendulum under 
such conditions: 

T = constant x a 
The most important question regarding any dimen- 

sional solution is whether or not physical reasoning 
has led to a proper selection of the variables which 
govern the result. 

Applying dimensional analysis to the ship resistance 
problem, the resistance R could depend upon the fol- 
lowing: 

(a) Speed, K 
(b) Size of body, which may be represented by the 

(c) Mass density of fluid, p (mass per unit volume) 
(d) Viscosity of fluid, p 
(e)  Acceleration due to gravity, g 
(f) Pressure per unit area in fluid, p 
It is assumed that the resistance R can now be writ- 

linear dimension, L. 

ten in terms of unknown powers of these variables: 

R c paPCpdgcpf (3) 
Since R is a force, or a product of mass times ac- 

celeration, its dimensions are ML/T2. 
The density p is expressed as mass per unit volume, 

or M/L3. 
In a viscous fluid in motion the force between ad- 

jacent layers depends upon the area A in contact, the 
coefficient of viscosity of the liquid and upon the rate 
at which one layer of fluid is moving relative to the 
next one. If u is the velocity at a distance y from the 
boundary of the fluid, this rate or velocity gradient is 
given by the expression du/dy.  

The total force is thus 

F = pAdu /dy  

d d d y  being a velocity divided by a distance has di- 
mensions of (L/T)/L,  or 1/T, and the dimensional 
equation becomes 
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M L / F  = pL2 x 11T 
or 

p = M/LT 
p is a force per unit area, and its dimensions are 

UVL/T2~lL2,  or M/LT2. . .  
The ratio plp is called the kinematic viscosity of the 

liquid, v, and has dimensions given by 
v = PIP = (M/LT)- (L3/M)  = L2/T 

Introducing these dimensional quantities into Equa- 
tion (3), we have 
ML/T2 = (M/L3)" (L/T)* (L)" (M/LT)d 

whence 
x (L/T2)" (M/LT2)f  (4) 

I a + d + f = l  
-3a + b + c - d + e - f = 1 

b + d + 2e + 2 f  = 2 
or 

I a = l - d - f  
b = 2 - d - 2e - 2 f  

and 
c = 1 + 3a - b + d - e + f 

= 1 + 3 - 3d - 3f - 2 + d + 2e + 2 f +  d - e + f 
= 2 - d + e  

Then from Equation (3) 

All three expressions within the brackets are non- 
dimensional, and are similar in this respect to the s/Z 
term in Equation (2). There is therefore no restriction 
dimensionally on the exponents d, e, and$ The form 
of the function f must be found by experiment, and 
may be different for each of the three terms. 

Writing v for p l p  and remembering that for similar 
shapes the wetted surface S is proportional to L2, 
Equation (5) may be written 

where the left-hand side of the equation is a non- 
dimensional resistance coefficient. Generally in this 
chapter R will be given in kN and p in kg/L (or t/m3), 
although N and kg/m3 are often used (as here) in the 
cases of model resistance and ship airlwind resistance. 

A term first suggested by Dr. E.V. Telfer. 

Equation (6) states in effect that if all the parameters 
on the right-hand side have the same values for two 
geometrically similar but different sized bodies, the 
flow patterns will be similar and the value of 
R/X pSV2 will be the same for each. 

2.3 Corresponding Speeds. Equation (6) showed 
how the total resistance of a ship depends upon the 
various physical quantities involved, and that these are 
associated in three groups, VL/v, g L / V 2  and p/pV2.  

Considering first the case of a nonviscous liquid in 
which there is no frictional or other viscous drag, and 
neglecting for the moment the last group, there is left 
the parameter gL/V2  controlling the surface wave sys- 
tem, which depends on gravity. Writing the wave-mak- 
ing or residuary resistance as R R  and the cor- 
responding coefficient as CR, CR can be expressed as 

This means that geosims3 (geometrically similar bod- 
ies) of different sizes will have the same specific re- 
siduary resistance coefficient C, if they are moving at 
the same value of the parameter V'lgL. 

According to Froude's Law of Comparison4: "The 
(residuary) resistance of geometrically similar ships is 
in the ratio of the cube of their linear dimensions if 
their speeds are in the ratio of the square roots of 
their linear dimensions." Such speeds he called cor- 
responding ~ p e e d s . ~  It will be noted that these cor- 
responding speeds require V/& to be the same for 
model and ship, which is the same condition as ex- 
pressed in Equation (7). The ratio VK/&, commonly 
with V, in knots and L in feet, is called the speed- 
length ratio. This ratio is often used in presenting 
resistance data because of the ease of evaluating it 
arithmetically, but it has the drawback of not being 
nondimensional. The value of V/m, on the other 
hand, is nondimensional and has the same numerical 
value in any consistent system of units. Because of 
Froude's close association with the concept of speed- 
length ratio, the parameter V/m is called the Froude 
number, with the symbol Fn. 

When vk is expressed in knots L in feet, and g in 
ft/sec2, the relation between V/& and Froude number 
is 

Fn = 0.298 vk/& 

or 
Vk/& = 3.355Fn 

Stated in 1868 by William Froude (1955) who first recognized 
the practical necessity of separating the total resistance into com- 
ponents, based on the general law of mechanical similitude, from 
observations of the wave patterns of models of the same form but 
of different sizes. 
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The residuary resistances of ship (RRJ and of model 
(RRM) from Equation (7) will be in the ratio 

where subscripts sand   refer to ship and model, re- 
spectively. 

If both model and ship are run in water of the same 
density and at the same value of V2/gL, as required 
by Equation (7), i.e. 

( vS)'/SLS = ( VM)'/gLM 
then CR will be the same for each, and 

= (L$/(LM)~ = AJAM (8) 
where As and A M  are the displacements of ship and 
model, respectively. 

This is in agreement with Froude's law of compar- 
ison. 

I t  should be noted from Equation (8) that a t  corre- 
sponding speeds, i.e., at the same value of V / 

RRs/As = RRM/AM (9) 
i.e., the residuary resistance per unit of displacement 
is the same for model and ship. Taylor made use of 
this in presenting his contours of residuary resistance 
in terms of pounds resistance per long ton of displace- 
ment (Section 8.6). 

If the linear scale ratio of ship to model is A, then 
the following relations hold: 

Ls/LM = A 
v S / v M  = &s /&M = fi = A'" (10) 

The "corresponding speed" for a small model is much 
lower than that of the parent ship. In the case of a 5 
m model of a 125 m ship (linear scale ratio A = 25), 
the model speed corresponding to 25 knots for the ship 
is 25/A'/2, or 2 5 / $ 6 ,  or 5 knots. This is a singularly 
fortunate circumstance, since it enables ship models 
to be built to reasonable scales and run at speeds which 
are easily attainable in the basin. 

Returning to Equation (6), consider the last term, 
p/pV'. If the atmospheric pressure above the water 
surface is ignored and p refers only to the water head, 
then for corresponding points in model and ship p will 
vary directly with the linear scale ratio A. At corre- 
sponding speeds V 2  varies with A in the same way so 
that p/pV' will be the same for model and ship. Since 

RRs/RRM = (Ls)~I(L,J = As1 A M  = A3 

This same law had previously been put forward by the French 
Naval Constructor Reech in 1832, but he had not pursued it or 
demonstrated how it could be applied to the practical problem of 
predicting ship resistance (Reech, 1852). 

the atmospheric pressure is usually the same in model 
and ship, when it is included in p,  so that the latter is 
the total pressure at a given point, the value of 
p/pV' will be much greater for model than for ship. 
Fortunately, most of the hydrodynamic forces arise 
from differences in local pressures, and these are pro- 
portional to V, so that the forces are not affected by 
the atmospheric pressure so long as the fluid remains 
in contact with the model and ship surfaces. When the 
pressure approaches very low values, however, the 
water is unable to follow surfaces where there is some 
curvature and cavities form in the water, giving rise 
to cavitation. The similarity conditions are then no 
longer fulfilled. Since the absolute or total pressure is 
greater in the model than in the ship, the former gives 
no warning of such behavior. For tests in which this 
danger is known to be present, special facilities have 
been devised, such as variable-pressure water tunnels, 
channels or towing basins, where the correctly scaled- 
down total pressure can be attained a t  the same time 
that the Froude condition is met. 

In the case of a deeply submerged body, where there 
is no wavemaking, the first term in Equation (6) gov- 
erns the frictional resistance, R,. The frictional re- 
sistance coefficient. is then 

and C, will be the same for model and ship provided 
that the parameter VL/w is the same. This follows 
essentially from the work of Osborne Reynolds (1883), 
for which reason the product VL/w is known as Rey- 
nolds number, with the symbol Rn. 

If both model and ship are run in water at the same 
density and temperature, so that w has the same value, 
it follows from (11) that Vs Ls = V, LM. This condition 
is quite different from the requirement for wave-mak- 
ing resistance similarity. As the model is made smaller, 
the speed of test must increase. In the case already 
used as an illustration, the 5-m model of a 125-m, 25- 
knot ship would have to be run at a speed of 625 knots. 

The conditions of mechanical similitude for both fric- 
tion and wave-making cannot be satisfied in a single 
test. I t  might be possible to overcome this difficulty 
by running the model in some other fluid than water, 
so that the change in value of w would take account 
of the differences in the VL product. In the foregoing 
example, in order to run the model a t  the correct wave- 
making corresponding speed, and yet keep the value 
of VL/w the same for both model and ship, a fluid 
would have to be found for use with the model which 
had a kinematic viscosity coefficient only 11125 that of 
water. No such fluid is known. In wind-tunnel work, 
similitude can be attained by using compressed air in 
the model tests, so decreasing w and increasing VL/w 
to the required value. 

The practical method of overcoming this fundamen- 
tal difficulty in the use of ship models is to deal with 
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the frictional and the wave-making resistances sepa- 
rately, by writing 

c, = C R  + C F  (12) 
This is equivalent to expressing Equation (6) in the 

form 

Froude recognized this necessity, and so made ship- 
model testing a practical tool. He realized that the 
frictional and residuary resistances do not obey the 
same law, although he was unaware of the relationship 
expressed by Equation (11). 

2.4 Extension of Model Results to Ship. To extend 
the model results to the ship, Froude proposed the 
following method, which is based on Equation (12). 
Since the method is fundamental to the use of models 
for predicting ship resistance, it must be stated at 
length: 

culated, assuming the resistance to be the same as 
that of a smooth flat plank of the same length and 
surface as the model. 

(d) The residuary resistance of the model R R M  is 
found by subtraction: 

(e)  The residuary resistance of the ship R R s ,  is cal- 
culated by the law of comparison, Equation (10): 

R R s  = R R M  x A3 

This applies to the ship at the corresponding speed 
given by the expression 

v, = V M  x A’’‘ 
(f) The frictional resistance of the ship R F S  is cal- 

culated on the same assumption as in footnote (4), 
using a frictional coefficient appropriate to the ship 
length. 

(g) The total ship resistance (smooth hull) R T S  is then 
given by - 

Froude noted: 
(a) The model is made to a linear scale ratio of A RTS = RFS RRS 

and run over a range of “corresponding” speeds such This principle of extrapolation from model to ship is 
that V, /Cs = V, / cM still used in all towing tanks, with certain refinements 

(b)  The total model resistance is measured, equal to to be discussed subsequently. 
R T M .  Each component of resistance will now be dealt with 

(c) The frictional resistance of the model R F M  is cal- in greater detail. 

Section 3 
Frictional Resistance 

3.1 General One has only to look down from the could only be solved by dividing the resistance into 
deck of a ship a t  sea and observe the turbulent motion two components, undertook a basic investigation into 
in the water near the hull, increasing in extent from the frictional resistance of smooth planks in his tank 
bow to stern, to realize that energy is being absorbed a t  Torquay, England, the results of which he gave to 
in frictional resistance. Experiments have shown that the British Association (Froude, W., 1872, 1874). 
even in smooth, new ships it accounts for 80 to 85 The planks varied in lengths from 0.61 m (2 ft) to 
percent of the total resistance in slow-speed ships and 15.2 m (50 ft) and the speed range covered was from 
as much as 50 percent in high-speed ships. Any rough- 0.5 m/sec (1.67 fps) to 4.1 m/sec (13.3 fps), the max- 
ness of the surface will increase the frictional resist- imum for the 15.2 m plank being 3.3 m/sec (10.8 fps). 
ance appreciably over that of a smooth surface, and Froude found that at any given speed the specific re- 
with subsequent corrosion and fouling still greater sistance per unit of surface area was less for a long 
increases will occur. Not only does the nature of the plank than for a shorter one, which he attributed to 
surface affect the drag, but the wake and propulsive the fact that towards the after end of the long plank 
performance are also changed. Frictional resistance is the water had acquired a forward motion and so had 
thus the largest single component of the total resist- a lower relative velocity. 
ance of a ship, and this accounts for the theoretical He gave an empirical formula for the resistance in 
and experimental research that has been devoted to it the form 
over the years. The calculation of wetted surface area 
which is required for the calculation of the frictional 
resistance, Equation (ll), is discussed in Chapter I. 

Froude, know- 
ing the law governing residuary resistance and having 
concluded that the model-ship extrapolation problem 

R = f S V n  (14) 
where 

3.2 Froude’s Experiments on Friction. R = resistance, kN or lb 
S = total area of surface, m2 or f t2  
V = speed, mlsec or ftlsec 
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Table l-Froude’s Skin-Friction Coefficients” 

R = resistance, lb R = f .S*Vn S = area of plank, sq f t  V = speed, fps 
Length of surface, or distance from cutwater, f t  

Nature of 2 8 20 50 
surface f n k f n  k f n k f n  k 

Varnish ........... 0.00410 2.00 0.00390 0.00460 1.88 0.00374 0.00390 1.85 0.00337 0.00370 1.83 0.00335 
Paraffin ........... 0.00425 1.95 0.00414 0.00360 1.94 0.00300 0.00318 1.93 0.00280 - - - 
Calico ............. 0.01000 1.93 0.00830 0.00750 1.92 0.00600 0.00680 1.89 0.00570 0.00640 1.87 0.00570 
Fine sand ......... 0.00800 2.00 0.00690 0.00580 2.00 0.00450 0.00480 2.00 0.00384 0.00400 2.06 0.00330 
Medium sand ...... 0.00900 2.00 0.00730 0.00630 2.00 0.00490 0.00530 2.00 0.00460 0.00490 2.00 0.00460 
Coarse sand ....... 0.01000 2.00 0.00880 0.00710 2.00 0.00520 0.00590 2.00 0.00490 - - - 

a W. Froude’s results for planks in fresh water at Torquay (British Association 1872 and 1874). 
NOTE: The values of k represent thef-values for the last square foot of a surface whose length is equal to that given 

at the head of the column. 

f and n depended upon length and nature of surface, 
and are given in Table 1. 

For the smooth varnished surface, the value of the 
exponent n decreased from 2.0 for the short plank to 
1.83 for the 15.2 m (50 ft) plank. For the planks rough- 
ened by sand, the exponent had a constant value of 
2.0. 

For a given type of surface, thef-value decreased 
with increasing length, and for a given length it in- 
creased with surface roughness. 

In order to apply the results to ships, the derived 
skin-friction coefficients had to be extrapolated to much 
greater lengths and speeds. W. Froude did not give 
these extrapolated figures in his reports, but sug- 
gested two methods which might be used for their 
derivation. In his own words, “it is a t  once seen that, 
a t  a length of 50 feet, the decrease, with increasing 
length, of the friction per square foot of every addi- 
tional length is so small that it will make no very great 
difference in our estimate of the total resistance of a 
surface 300 f t  long whether we assume such decrease 
to continue a t  the same rate throughout the last 250 
feet of the surface, or to cease entirely after 50 feet; 
while it is perfectly certain that the truth must lie 
somewhere between these assumptions.” Payne, 
(1936) has reproduced the curve Froude used a t  Tor- 
quay in 1876 for ships up to 152.4 m (500 ft) in length. 
This curve is almost an arithmetic mean between those 
which would be obtained by the two methods sug- 
gested. W. Froude (1874) also obtained some full-scale 
information in an attempt to confirm his law of com- 
parison and to assist in the extrapolation of the fric- 

Table 2-Results of Towing Trials on HMS Greyhound 

Speed V ,  fpm ....................... 600 800 1000 1200 
Resistance Rs, lb, from ship.. ...... 3100 5400 9900 19100 
Ru, lb, predicted from model.. . . . . .  2300 4500 8750 17500 
Percent difference .................. 35 20 13 9 

Difference in (R/T“) x l o2 . .  ....... 0.22 0.14 0.12 0.11 

(R,/T“ x 10’ for ship ............. 0.86 0.84 0.99 1.33 
(&/ v2’ ) x ,lo2, model prediction ... 0.64 0.70 0.87 1.22 

tional coefficients to ship lengths by carrying out 
towing tests on the sloop HMS Greyhound, a wooden 
ship 52.58 m (172 f t  6 in.) in length, with copper 
sheathing over the bottom. The results of the towing 
tests and the predictions made from the model are 
given in Table 2. 

The actual ship resistance was everywhere higher 
than that predicted from the model, the percentage 
increase becoming less with increasing speed. The dif- 
ference in R/V2, however, is almost the same at all 
speeds, except the lowest, and decreases only slowly 
with increasing speed, as might occur if this additional 
resistance were of viscous type and varying at some 
power less than the second. Froude pointed out that 
the additional resistance could be accounted for by 
assuming that the copper-sheathed hull was equivalent 
to smooth varnish over 2/3 of the wetted surface and 
to calico over the rest. This he considered reasonable, 
and the two resistance curves were then almost iden- 
tical, which he took as a visible demonstration of the 
correctness of his law of comparison. 

In his paper on the Greyhound trials, Froude states 
quite clearly how he applied his idea of the “equivalent 
plank” resistance: “For this calculation the immersed 
skin was carefully measured, and the resistance due 
to it determined upon the hypothesis that it is equiv- 
alent to that of a rectangular surface of equal area, 
and of length (in the line of motion) equal to that of 
the model, moving at the same speed.” 

The 1876 values of frictional coefficients were stated 
to apply to new, clean, freshly painted steel surfaces, 
but they lie considerably above those now generally 
accepted for smooth surfaces. The original curves have 
been modified and extended from time to time by R.E. 
Froude, up to a length of 366 m (1200 ft), but these 
extended curves had no experimental basis beyond the 
15.2 m (50 ft) plank tests made in 1872, (Froude, R. E. 
1888). Nevertheless, they are still used today in some 
towing tanks. 

3.3 Two-dimensional Frictional Resistance Formula- 
tions. In the experiments referred to in Section 2.3, 
Osborne Reynolds made water flow through a glass 
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tube, introducing a thin stream of dye on the centerline 
a t  the entrance to the tube. When the velocity was 
small, the dye remained as a straight filament parallel 
to the axis of the tube. At a certain velocity, which 
Reynolds called the critical velocity V,, the filament 
began to waver, became sinuous and finally lost all 
definiteness of outline, the dye filling the whole tube. 
The resistance experienced by the fluid over a given 
length of pipe was measured by finding the loss of 
pressure head. Various diameters of the tube, D, were 
used, and the kinematic viscosity was varied by heating 
the water. Reynolds found that the laws of resistance 
exactly corresponded for velocities in the ratio v/D, 
and when the results were plotted logarithmically 

V, = ZOOOu/D 
Below the critical velocity the resistance to flow in 

the pipe varied directly as the speed, while for higher 
velocities it varied a t  a power of the speed somewhat 
less than 2. 

When the foregoing relationship is written in the 
form 

V,Dlv = 2000 
the resemblance to Equation (11) is obvious. 

Stanton, et  al. (1952) showed that Reynolds’ findings 
applied to both water and air flowing in pipes, and also 
that the resistance coefficients for models of an airship 
on different scales were sensibly the same at the same 

value of VL/u. Baker (1915) plotted the results of much 
of the available data on planks in the form of the 
resistance coefficient 

to a base of VL/v, and found that a mean curve could 
be drawn passing closely through Froude’s results ex- 
cept at low values of V L h .  

Experiments such as those performed by Reynolds 
suggested that there were two separate flow regimes 
possible, each associated with a different resistance 
law. At low values of V D h ,  when the dye filament 
retained its own identity, the fluid was evidently flow- 
ing in layers which did not mix transversely but slid 
over one another at relative speeds which varied across 
the pipe section. Such flow was called laminar and was 
associated with a relatively low resistance. When the 
Reynolds number VD/v increased, either by increasing 
VD or by decreasing v ,  the laminar flow broke down, 
the fluid mixed transversely in eddying motion, and 
the resistance increased. This flow is called turbulent. 

In modern skin-friction formulations the specific fric- 
tional resistance coefficient C, is assumed to be a func- 
tion of the Reynolds number Rn or VL/v. As early as 
1904 Blasius had noted that at low Reynolds numbers 
the flow pattern in the boundary layer of a plank was 
laminar (Blasius, 1908). He succeeded in calculating 

0.009 
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the total resistance of a plank in laminar flow by in- 
tegrating across the boundary layer to find the mo- 
mentum transferred to the water, and gave the 
formula for C, in laminar flow in terms of Rn: 

This line is plotted in Fig. 2. Blasius found good agree- 
ment between his calculated resistances and direct ex- 
periment, but found that the laminar flow became 
unstable a t  Reynolds numbers of the order of 4.5 x 
lo5, beyond which the resistance coefficients increased 
rapidly above those calculated from his equation. 

Prandtl and von Karman (1921) separately published 
the equation 

for turbulent flow, which is also shown in Fig. 2. This 
equation was based on an analytical and experimental 
investigation of the characteristics of the boundary 
layer, as well as on the available measurements of 
overall plank resistance, principally those of Froude 
and further experiments run by Gebers in the Vienna 
tank (Gebers, 1919). 

At low values of Reynolds number, and with quiet 
water, the resistance of a smooth plank closely follows 
the Blasius line, the flow being laminar, and from 
Equation (15) it is seen that the resistance R varies as 

For turbulent flow, the value of the resistance coef- 
ficient is considerably higher than for laminar flow, 
and varies as a higher power of the speed; according 
to Equation (16) as Vl.’. 

The transition from laminar flow to turbulent flow 
does not occur simultaneously over the whole plank. 
Transition begins when the Reynolds number reaches 
a critical value R,. As the velocity Vincreases beyond 
this value, the transition point moves forward so that 
the local value of the Reynolds number, Vx/ v,  remains 
equal to the critical value, x being the distance of the 
transition point from the leading edge of the plank. 
This is called the “local Reynolds number,” and for 
the constant value of this local Rn at which transition 
takes place, x will decrease as V increases, and more 
and more of the plank surface will be in turbulent flow 
and so experience a higher resistance. The value of C, 
will thus increase along a transition line of the type 
shown in Fig. 2, and finally approach the turbulent line 
asymptotically. It should be noted that there is no 
unique transition line, the actual one followed in a 
given case depending upon the initial state of turbu- 
lence in the fluid, the character of the plank surface, 
the shape of the leading edge, and the aspect ratio. 

These transition lines for smooth planks occur at 
values of Reynolds number within the range over 

V1.5 

which most plank-friction tests have been run, and if 
such plank results are to be used to predict the values 
of C, at Reynolds numbers appropriate to a ship-100 
times or so larger than the highest plank values-only 
those results for fully turbulent flow can properly be 
used. 

3.4 Development of Frictional Resistance Formulations 
in the United States. With the completion of the Ex- 
perimental Model Basin (EMB) in Washington in 1900, 
new experiments were made on planks and new model 
coefficients were derived from these tests. For the ship 
coefficients, those published by Tideman (1876) were 
adopted. These did not represent any new experiments, 
being simply a re-analysis of Froude’s results by a 
Dutch naval constructor. This combination of friction 
coefficients-EMB plank results for model, Tideman’s 
coefficients for ship-was in use at EMB from 1901 to 
1923 (Taylor, D. W., 1943). 

By this time the dependence of frictional resistance 
on Reynolds number was well established, and a for- 
mulation was desired which was in accord with known 
physical laws, In 1923, therefore, EMB changed to the 
use of frictional coefficients given by Gebers for both 
the model and ship range of Reynolds number (Gebers, 
1919). This practice continued at that establishment 
and at the new David Taylor Model Basin (DTMB) until 
1947 (now DTRC, David Taylor Research Center). 

Schoenherr (1932) collected most of the results of 
plank tests then available, and plotted them as ordi- 
nates of C, to a base of Rn as is shown in Fig. 3. He 
included the results of experiments on 6.1 m (20 ft) 
and 9.1 m (30 ft) planks towed at Washington, and at 
the lower Reynolds numbers some original work on 
1.8 m (6 ft) catamarans with artificially-induced tur- 
bulent flow. At the higher Reynolds numbers he was 
guided largely by the results given by Kempf (1929) 
for smooth varnished plates. Kempf‘s measurements 
were made on small plates inserted at intervals along 
a 76.8 m (252 ft) pontoon, towed in the Hamburg tank. 
The local specific resistances so measured were inte- 
grated by Schoenherr to obtain the total resistance for 
surfaces of different lengths. In order to present these 
data in conformity with rational physical principles, 
Schoenherr examined his results in the light of the 
theoretical formula of Prandtl and von Karman, which 
was of the form 

A I J - F  = log,, (Rn C F )  + M 
He found he could get a good fit to the experimental 

data by making M zero and A equal to 0.242, so arriving 
at the well-known Schoenherr formulation 

0.242 / flF = log,, (Rn CF) (17) 

The Schoenherr coefficients as extended by this for- 
mula to the ship range of Reynolds numbers apply to 
a perfectly smooth hull surface. For actual ship hulls 
with structural roughnesses such as plate seams, 
welds or rivets, and paint roughness, some allowance, 
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the magnitude of which is discussed later, is necessary 
to give a realistic prediction. 

The 
International Conference of Ship Tank Superintend- 
ents (ICSTS) was a European organization founded in 
1932 to provide a meeting place for towing-tank staffs 
to discuss problems peculiar to their field. In 1935, the 
ICSTS agreed to adopt the Froude method of model 
extrapolation, among the decisions recorded being the 
following: 

“V-on the determination of length and wetted sur- 
face: 

(a) For every kind of vessel, the length on the 
water line should be used. 

(6) The mean girth multiplied by the length is 
adopted as the wetted surface.‘ 

VI-Froude’s method of calculation: 
(a) The Committee adheres to the skin friction de- 

duced from Froude’s 0 v a l u e ~ , ~  and takes these to be 
represented by the formula below, since this gives the 
same values of friction for model and ship within the 
limits of experimental errors: 

3.5 The Work of the lowing Tank Conferences. 

(18) 
0.000418 + 0.00254 

RF = [ 8.8 + 3.281L 

where 
R, = resistance in kNewton; 
L = length in meters; 
S = wetted surface in square meters; 
V, = speed in knots. 

(6) All model results should be corrected to a stan- 
dard temperature of 15 deg C (= 59 deg F) by a 
correction of -0.43 percent of the frictional resistance 
per + 1 deg C or -0.24 percent per + 1 deg F.” 

In 1946 the American Towing Tank Conference 
(ATTC) began considering the establishment of a uni- 
form practice for the calculation of skin friction and 
the expansion of model data to full size. In 1947 the 
following two resolutions were adopted (SNAME, 
1948): 

“1. Analysis of model tests will be based on the 
Schoenherr mean line. Any correction allowances ap- 
plied to the Schoenherr mean line are to be clearly 
stated in the report.” 

That is, no “obliquity” correction. 
These were the Froude frictional coefficients presented in a par- 

ticular notation-see Froude (1888). 

* As pointed out by Nordstrom (ITTC Proceedings, Washington, 
1951) this formula applies to salt water. For fresh water the cor- 
responding formula is 

RF = [0.000407 + 0.00248/(8.8 + 3.281L)]S.V2825 
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“2. Ship effective power calculations will be based 
on the Schoenherr mean line with an allowance that 
is ordinarily to be +0.0004 for clean, new vessels, to 
be modified as desired for special cases and in any 
event to be clearly stated in the report.” 

No decision was made as regards a standard tem- 
perature for ship predictions, but this has subse- 
quently been taken as 15 deg C (59 deg F) in conformity 
with the ICSTS figure (ATTC, 1953). I t  was also agreed 
that the Schoenherr line shall be known as the “1947 
ATTC line” (ATTC, 1956). This line, both with and 
without the 0.0004 allowance, is shown in Fig. 4. The 
method of applying the coefficients has been described 
in detail by Gertler (1947). He also gave tables of their 
values for a wide range of Reynolds numbers, together 
with values of p and w for fresh and salt water. 

New values of w were adopted by the ITTC’ (1963) 
at the 10th Conference in London in 1963. These are 
also reproduced together with the C, coefficients in a 
SNAME Bulletin (1976). 

The allowance referred to in the second resolution 
of the ATTC was originally considered necessary be- 
cause of the effect of hull roughness upon resistance. 
However, the difference between the ship resistance 
as deduced from full-scale trials and that predicted 
from the model depends upon other factors also, as is 
discussed in Section 6.4 and a t  the ITTC meeting in 
1963 it was agreed to refer to it as a “model-ship 
correlation allowance” and to give it the symbol C, 
(ITTC, 1963). 

The 5th Conference of the ICSTS was held in London 
in 1948, and was attended for the first time by dele- 
gates from the United States and Canada. There was 
much discussion on the model-extrapolation problem, 
and unanimous agreement was reached “in favor of 
departing from Froude’s coefficients and selecting a 
substitute in line with modern concepts of skin fric- 
tion.” However, the delegates were unable to agree 
upon any such alternative, largely because it was felt 
that the progress in knowledge might in the near fu- 
ture demand a further change. The Conference there- 
fore agreed that in published work either the Froude 
or Schoenherr coefficients could be used, and a t  the 
same time set up a Skin Friction Committee to rec- 
ommend further research to establish a minimum tur- 
bulent-friction line for both model and ship use. 

The Committee was instructed that any proposed 
friction formulation should be in keeping with modern 
concepts of physics, and the coefficient C, should be 
a function of Reynolds number Rn. The Schoenherr 
(ATTC) line already fulfilled this requirement, but the 
slope was not considered sufficiently steep a t  the low 
Reynolds numbers appropriate to small models, so that 

it did not give good correlation between the results of 
small and large models. With the introduction of weld- 
ing, ships’ hulls had become much ‘smoother and for 
long, all-welded ships the correlation allowance C, nec- 
essary to reconcile the ship resistance with the pre- 
diction from the model using the ATTC line was 
sometimes zero or negative. Also, Schoenherr had used 
data from many sources, and the planks were in no 
sense geosims, so that the experimental figures in- 
cluded aspect ratio or edge effects (the same applied 
to Froude’s results). Telfer (1927, 1950, 1951, 1952) 
suggested methods for taking edge effects into ac- 
count and developed an “extrapolator” for predicting 
ship resistance from model results which was an in- 
verse function of Reynolds number. Hughes (1952), 
(1954) carried out many resistance experiments on 
planks and pontoons, in the latter case up to 77.7 m 
(255 ft) in length, and so attained Reynolds numbers 
as high as 3 x 10’. These plane surfaces covered a 
wide range of aspect ratios, and Hughes extrapolated 
the resistance coefficients to infinite aspect ratio, ob- 
taining what he considered to be a curve of minimum 
turbulent resistance for plane, smooth surfaces in two- 
dimensional flow. This curve had the equation 

CFo = 0.066/(log,,Rn - 2.03)‘ (19) 
and is shown in Fig. 4. CFo denotes the frictional re- 
sistance coefficient in two-dimensional flow.” 

The ITTC Friction Committee, with the knowledge 
of so much new work in progress, did not feel able in 
1957 to recommend a final solution to the problem of 
predicting ship resistance from model results. Instead, 
it proposed two alternative single-line, interim engi- 
neering solutions. One was to use the ATTC line for 
values of Rn above lo7, and below this to use a new 
line which was steeper than the ATTC line. The latter 
would, in the Committee’s opinion, help to reconcile 
the results between large and small models, while us- 
ing the ATTC line above Rn = lo7 would make no 
difference in ship predictions from large models. The 
second proposal was to use an entirely new line, cross- 
ing the ATTC line a t  about Rn = lo7, and being slightly 
steeper throughout. This would result in lower ship 
predictions, and so would tend to increase the corre- 
lation allowance C, and avoid negative allowances for 
long ships. 

The Conference in Madrid in 1957 adopted a slight 
variation of the second proposal, and agreed to 

C, = 0.075/(log,,Rn - 2)’ (20) 
This line is also shown in Fig. 4. 

The Conference adopted this as the “ITTC 1957 
model-ship correlation line,” and was careful to label 

The International Conference of Ship Tank Superintendents 
(ICSTS) became the International Towing Tank Conference (ITTC) 
in 1957. 

lo I’R’C Presentation Committee Report, Ottawa 1975. Also pub- 
lished by the British Ship Research Association, now British Mari- 
time Technology (BMT), as Technical Memorandum No. 500. 
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Fig. 5 Extrapolation of model results to ship using the form factor method 

it as “only an interim solution to this problem for 
practical engineering purposes,)) (ITTC 1957). Equa- 
tion (20) was called a model-ship correlation line, and 
not a frictional resistance line; it was not meant to 
represent the frictional resistance of plane or curved 
surfaces, nor was it intended to be used for such a 
purpose. 

The Hughes proposal in Equation (19) is of the same 
general type as the ITTC line but gives much lower 
values of C, than either the ITTC 1957 formulation or 
the ATTC 1947 line. On the other hand, the Hughes 
line does claim to be a true friction line for smooth 
plates in fully turbulent, two-dimensional flow, but its 
low values have been criticized by many other workers 
in this field. The 1957 ITTC line, in fact, gives numerical 
values of C, which are almost the same as those of 
the Hughes line with a constant addition of 12 percent. 

Granville (1977) showed that the 1957 ITTC model- 
ship correlation line can also be considered as a tur- 
bulent flat plate (two-dimensional) frictional resistance 
line. From fundamental considerations involving the 
velocity distribution in the boundary layer, he derived 
the general formula 

(21) C,, = a/(log,,Rn - b ) 2  + c l R n  

with a = 0.0776, b = 1.88 and c = 60. This formula 
is a generalization of the form of the 1957 ITTC line 
as given by Equation (20)) with a = 0.075, b = 2 and 

c = 0. Good agreement of Equation (21) with the 1957 
ITTC line is obtained for values of Rn less than 5 x 
lo5. At values of Rn above 1 x lo8, the 1957 ITTC, 
the 1947 ATTC, and the Granville lines are all in good 
agreement, as shown in Fig. 4. 

3.6 Three-Dimensional Viscous Resistance Formula- 
tions. In association with his two-dimensional line, 
Hughes proposed a new method of extrapolation from 
model to ship. He assumed that the total model re- 
sistance coefficient C,, could be divided into two parts, 
C,, and CwM, representing the viscous and wavemak- 
ing resistance, respectively. At low Froude numbers, 
C,, will become very small, and at a point where 
wavemaking can be neglected, the curve of CTM will 
become approximately parallel to the two-dimensional 
friction line. Hughes called this point the run-in point. 
The value of C,, a t  this point can then be identified 
with the total viscous resistance coefficient C,, at the 
same point Rn,. 

The form resistance coefficient, due at least in part 
to the curvature of the hull (see Fig. 5), is defined by 

CTLU(~~O) l + k =  
C*o(Rn,) 

The three-dimensional model viscous resistance for ar- 
bitrary Rn can now be written as c,, = (1 + k )  CFo 
(Rn) where C,, is the equivalent flat-plate resistance 
coefficient. The factor k accounts for the three-dimen- 
sional form, and is appropriately termed the form fac- 
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tor. The form factor (1 + k) is assumed to be invariant 
with Rn and the line (1 + k) C,, is now taken as the 
extrapolator for the hull form concerned, and the ship 
curve of CTs can be drawn above the (1 + k )  CFo curve 
at the appropriate values of the Reynolds number. In 
the Froude method the whole of the model residuary- 
resistance coefficient C, is transferred to the ship un- 
changed, while in the form factor method only that 
part of C, attributed to viscous effects ( CFORMM in Fig. 
5) is reduced in the transfer. Accordingly, the three- 
dimensional method gives substantially lower ship pre- 
dictions and so calls for larger values of the correlation 
allowance C,. This procedure avoids the negative al- 
lowances sometimes found when using the Froude 
method. I t  should also be noted that in the case of the 
Froude method only the slope of the two-dimensional 
friction line matters while in the case of the form factor 
approach the vertical position of the line also affects 
the ship prediction. The choice of the basic line becomes 
an essential factor in the case of the three-dimensional 
approach. 

The study carried out by the ITTC Performance 
Committee has shown that the introduction of the form 
factor philosophy has led to significant improvements 
in model-ship correlation (ITTC, 1978). The ITTC has 
recommended that for all practical purposes, for con- 
ventional ship forms, a form factor determined on an 
experimental basis, similar to Prohaska’s method, is 

advisable; i.e., 

where n is some power of Fn, 4 5 n 5 6, and c and 
k are coefficients, chosen so as to fit the measured C,,, 
Fn data points as well as possible (Prohaska, 1966). (A 
numerical example of how Prohaska’s method is used 
is given in Section 6.4). This requires that the resist- 
ance of the model be measured at very low speeds, 
generally at Fn I 0.1. This is a drawback because 
unwanted Reynolds scale effects are then often intro- 
duced. For this reason sometimes empirically-derived 
form factors values are adopted. However, no satis- 
factory method to derive appropriate values of ‘such 
form factors has as yet been found. The ITTC Per- 
formance Committee, which reviews, collates and tests 
the various proposed methods, states in its 1978 report: 
“With regard to the influence of form on the various 
components of the viscous resistance no clear conclu- 
sion can be drawn. Results reported by Tagano (1973) 
and Wieghardt (1976) show that the form mainly in- 
fluences the viscous pressure drag, while Dyne (1977) 
stated that the pressure drag is low and its influence 
on k is practically negligible. Furthermore, the inter- 
action between different resistance components is hin- 
dering the isolation of a single significant factor.” 

Section 4 
Wave-Making Resistance 

4.1 General. The wave-making resistance of a ship 
is the net fore-and-aft force upon the ship due to the 
fluid pressures acting normally on all parts of the hull, 
just as the frictional resistance is the result of the 
tangential fluid forces. In the case of a deeply sub- 
merged body, travelling horizontally at‘a steady speed 
far below the surface, no waves are formed, but the 
normal pressures will vary along the length. In a non- 
viscous fluid the net fore-and-aft force due to this var- 
iation would be zero, as previously noted. 

If the body is travelling on or near the surface, 
however, this variation in pressure causes waves which 
alter the distribution of pressure over the hull, and the 
resultant net fore-and-aft force is the wave-making 
resistance. Over some parts of the hull the changes in 
pressure will increase the net sternward force, in oth- 
ers decrease it, but the overall effect must be a re- 
sistance of such magnitude that the energy expended 
in moving the body against it is equal to the energy 
necessary to maintain the wave system. The wave- 
making resistance depends in large measure on the 
shapes adopted for the area curve, waterlines and 
transverse sections, and its determination and the 

methods by which it can be reduced are among the 
main goals of the study of ships’ resistance. Two paths 
have been followed in this study-experiments with 
models in towing tanks and theoretical research into 
wave-making phenomena. Neither has yet led to a com- 
plete solution, but both have contributed greatly to a 
better understanding of what is a very complicated 
problem. At present, model tests remain the most im- 
portant tool available for reducing the resistance of 
specific ship designs, but theory lends invaluable help 
in interpreting model results and in guiding model 
research. 

4.2 Ship Wave Systems. The earliest account of the 
way in which ship waves are formed is believed to be 
that due to Lord Kelvin (1887, 1904). He considered a 
single pressure point travelling in a straight line over 
the surface of the water, sending out waves which 
combine to form a characteristic pattern. This consists 
of a system of transverse waves following behind the 
point, together with a series of divergent waves ra- 
diating from the point, the whole pattern being con- 
tained within two straight lines starting from the 
pressure point and making angles of 19 deg 28 min 
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Fig. 6 Kelvin wave pattern 

on each side of the line of motion, Fig. 6 .  The heights 
of successive transverse-wave crests along the middle 
line behind the pressure point diminish going aft. The 
waves are curved back some distance out from the 
centerline and meet the diverging waves in cusps, 
which are the highest points in the system. The heights 
of these cusps decrease less rapidly with distance from 
the point than do those of the transverse waves, so 
that eventually well astern of the point the divergent 

waves become the more prominent (see Fig. 7). 
The Kelvin wave pattern illustrates and explains 

many of the features of the ship-wave system. Near 
the bow of a ship the most noticeable waves are a 
series of divergent waves, starting with a large wave 
a t  the bow, followed by others arranged on each side 
along a diagonal line in such a way that each wave is 
stepped back behind the one in front in echelon (Fig. 
8) and is of quite short length along its crest line. 
Between the divergent waves on each side of the ship, 
transverse waves are formed having their crest lines 
normal to the direction of motion near the hull, bending 
back as they approach the divergent-system waves and 
finally coalescing with them. These transverse waves 
are most easily seen along the middle portion of a ship 
or model with parallel body or just behind a ship run- 
ning at high speed. I t  is easy to see the general Kelvin 
pattern in such a bow system. 

Similar wave systems are formed a t  the shoulders, 
if any, and a t  the stern, with separate divergent and 
transverse patterns, but these are not always so 
clearly distinguishable because of the general distur- 
bance already present from the bow system. 

Since the wave pattern as a whole moves with the 
ship, the transverse waves are moving in the same 
direction as the ship at the same speed V,  and might 

Fig. 7(a) Pattern of diverging waves 

5- 
Fig. 7(b) Typical ship wove pattern 
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C H A P T E R  V 

I Resistance J. D. van Manen 
P. van Oosranen 

Section 1 
Introduction 

1.1 The Problem. A ship differs from any other 
large engineering structure in that-in addition to all 
its other functions-it must be designed to move ef- 
ficiently through the water with a minimun of external 
assistance. In Chapters 1-111 of Vol. I it has been shown 
how the naval architect can ensure adequate buoyancy 
and stability for a ship, even if damaged by collision, 
grounding, or other cause. In Chapter IV the problem 
of providing adequate structure for the support of the 
ship and its contents, both in calm water and rough 
seas, was discussed. 

In this chapter we are concerned with how to make 
it possible for a structure displacing up to 500,000 
tonnes or more to move efficiently across any of the 
world’s oceans in both good and bad weather. The 
problem of moving the ship involves the proportions 
and shape-or form-of the hull, the size and type of 
propulsion plant to provide motive power, and the de- 
vice or system to transform the power into effective 
thrust. The design of power plants is beyond the scope 
of this’ book (see Marine  Engineering, by R.L. Har- 
rington, Ed., SNAME 1971). The nine sections of this 
chapter will deal in some detail with the relationship 
between hull form and resistance to forward motion 
(or drag). Chapter VI discusses propulsion devices and 
their interaction with flow around the hull. 

The task of the naval architect is to ensure that, 
within the limits of other design requirements, the hull 
form and propulsion arrangement will be the most 
efficient in the hydrodynamic sense. The ultimate test 
is that the ship shall perform at the required speed 
with the minimum of shaft power, and the problem is 
to attain the best combination of low resistance and 
high propulsive efficiency. In general this can only be 
attained by a proper matching of hull and propeller. 

Another factor that influences the hydrodynamic de- 
sign of a ship is the need to ensure not only good 

’ Complete references are listed a t  end of chapter. 

smooth-water performance but also that under aver- 
age service conditions at sea the ship shall not suffer 
from excessive motions, wetness of decks, or lose more 
speed than necessary in bad weather. The assumption 
that a hull form that is optimum in calm water will 
also be optimum in rough seas is not necessarily valid. 
Recent research progress in oceanography and the 
seakeeping qualities of ships has made it possible to 
predict the relative performance of designs of varying 
hull proportions and form under different realistic sea 
conditions, using both model test and computing tech- 
niques. The problem of ship motions, attainable speed 
and added power requirements in waves are discussed 
in Chapter VIII, Vol. 111. This chapter is concerned 
essentially with designing for good smooth-water per- 
formance. 

Another consideration in powering is the effect of 
deterioration in hull surface condition in service as the 
result of fouling and corrosion and of propeller rough- 
ness on resistance and propulsion. This subject is dis- 
cussed in this chapter. 

As in the case of stability, subdivision, and structure, 
criteria are needed in design for determining accept- 
able levels of powering. In general, the basic contrac- 
tual obligation laid on the shipbuilder is that the ship 
shall Bchieve a certain speed with a specified power in 
good weather on trial, and for this reason smooth- 
water performance is of great importance. As previ- 
ously noted, good sea performance, particularly the 
maintenance of sea speed, is often a more important 
requirement, but one that is much more difficult to 
define. The effect of sea condition is customarily al- 
lowed for by the provision of a service power margin 
above the power required in smooth water, an allow- 
ance which depends on the type of ship and the average 
weather on the sea routes on which the ship is designed 
to operate. The determination of this service allowance 
depends on the accumulation of sea-performance data 
on similar ships in similar trades. Powering criteria in 
the form of conventional service allowances for both 
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sea conditions and surface deterioration are considered 
in this chapter. 

The problem of controlling and maneuvering the 
ship will be covered in Chapter IX, Vol. 111. 

1.2 Types of Resistance. The resistance of a ship 
a t  a given speed is the force required to tow the ship 
at that speed in smooth water, assuming no interfer- 
ence from the towing ship. If the hull has no appen- 
dages, this is called the bare-hull resistance. The power 
necessary to overcome this resistance is called the tow- 
rope or effective power and is given by 

PE = RTV (14 
where PE = effective power in kWatt (kW) 

R, = total resistance in kNewton (kN) 
V = speed in mlsec 

or ehp = R, V, 1326 (1b) 
where ehp = effective power in English horsepower 

RT = total resistance in lb 
V, = speed in knots 

To convert from horsepower to S.I. units there is 
only a slight difference between English and metric 
horsepower: 

hp (English) 
hp (metric) 
Speed in knots x 0.5144 = mlsec 

x 0.746 = kW 
x 0.735 = kW 

This total resistance is made up of a number of 
different components, which are caused by a variety 
of factors and which interact one with the other in an 
extremely complicated way. In order to deal with the 
question more simply, it is usual to consider the total 
calm water resistance as being made up of four main 
components. . 

(a) The frictional resistance, due to the motion of 
the hull through a viscous fluid. 

(b) The wave-making resistance, due to the energy 
that must be supplied continuously by the ship to the 
wave system created on the surface of the water. 

(c) Eddy resistance, due to the energy carried away 
by eddies shed from the hull or appendages. Local 
eddying will occur behind appendages such as boss- 
ings, shafts and shaft struts, and from stern frames 
and rudders if these items are not properly streamlined 
and aligned with the flow. Also, if the after end of the 
ship is too blunt, the water may be unable to follow 
the curvature and will break away from the hull, again 
giving rise to eddies and separation resistance. 

(d) Air resistance experienced by the above-water 
part of the main hull and the superstructures due to 
the motion of the ship through the air. 

The resistances under (71) and (G) are commonly 
taken together under the name residuary resistance. 
Further analysis of the resistance has led to the iden- 
tification of other sub-components, as discussed sub- 
sequently. 

The importance of the different components depends 
upon the particular conditions of a design, and much 
of the skill of naval architects lies in their ability to 
choose the shape and proportions of hull which will 
result in a combination leading to the minimum total 
power, compatible with other design constraints. 

In this task, knowledge derived from resistance and 
propulsion tests on small-scale models in a model basin 
or towing tank will be used. The details of such tests, 
and the way the results are applied to the ship will be 
described in a later section. Much of our knowledge 
of ship resistance has been learned from such tests, 
and it is virtually impossible to discuss the various 
types of ship resistance without reference to model 
work. 

1.3 Submerged Bodies. A streamlined body moving 
in a straight horizontal line a t  constant speed, deeply 
immersed in an unlimited ocean, presents the simplest 
case of resistance. Since there is no free surface, there 
is no wave formation and therefore no wave-making 
resistance. If in addition the fluid is assumed to be 
without viscosity (a “perfect” fluid), there will be no 
frictional or eddymaking resistance. The pressure dis- 
tribution around such a body can be determined the- 
oretically from considerations of the potential flow and 
has the general characteristics shown in Fig. l(a). 

Near the nose, the pressure is increased above the 
hydrostatic pressure, along the middle of the body the 
pressure is decreased below it and a t  the stern it is 
again increased. The velocity distribution past the hull, 
by Bernoulli’s Law, will be the inverse of the pressure 
distribution-along the midportion it will be greater 
than the speed of advance V and in the region of bow 
and stern it will be less. 

Since the fluid has been assumed to be without vis- 
cosity, the pressure forces will everywhere be normal 
to the hull (Fig. l (b)) .  Over the forward part of the 
hull, these will have components acting towards the 
stern and therefore resisting the motion. Over the 
after part, the reverse is the case, and these compo- 
nents are assisting the motion. I t  can be shown that 
the resultant total forces on the fore and after bodies 
are equal, and the body therefore experiences no re- 
sistance.‘ 

In a real fluid the boundary layer alters the virtual 
shape and length of the stern, the pressure distribution 
there is changed and its forward component is reduced. 
The pressure distribution over the forward portion is 
but little changed from that in a perfect fluid. There 
is therefore a net force on the body acting against the 
motion, giving rise to a resistance which is variously 
referred to as form drag or viscous pressure drag. 

In a real fluid, too, the body experiences frictional 
resistance and perhaps eddy resistance also. The fluid 
immediately in contact with the surface of the body is 

* This was first noted by the French mathematician d’Alembert in 
1744, and is known as d’alembert’s paradox. 
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carried along with the surface, and that in the close 
vicinity is set in motion in the same direction as that 
in which the body is moving. This results in a layer of 
water, which gets gradually thicker from the bow to 
the stern, and in which the velocity varies from that 
of the body at its surface to that appropriate to the 
potential flow pattern (almost zero for a slender body) 
at the outer edge of the layer (Fig. l(c)). This layer is 
called the boundary layer, and the momentum supplied 
to the water in it by the hull is a measure of the 
frictional resistance. Since the body leaves behind it a 
frictional wake moving in the same direction as the 
body (which can be detected far astern) and is contin- 

ually entering undisturbed water and accelerating it 
to maintain the boundary layer, this represents a con- 
tinual drain of energy. Indeed, in wind-tunnel work 
the measurement of the velocities of the fluid behind 
a streamlined model is a common means of measuring 
the frictional drag. 

If the body is rather blunt a t  the after end, the flow 
may leave the form a t  some point-called a separation 
point-thus reducing the total pressure on the af- 
terbody and adding to the resistance. This separation 
resistance is evidenced by a pattern of eddies which 
is a drain of energy (Fig. l(d)). 

A ship moving on the surface of 
the sea experiences frictional resistance and eddy- 
making, separation, and viscous pressure drag in the 
same way as does the submerged body. However, the 
presence of the free surface adds a further component. 
The movement of the hull through the water creates 
a pressure distribution similar to that around the sub- 
merged body; i.e., areas of increased pressure at bow 
and stern and of decreased pressure over the middle 
part of the length. 

But there are important differences in the pressure 
distribution over the hull of a surface ship because of 
the surface wave disturbance created by the ship’s 
forward motion. There is a greater pressure acting 
over the bow, as indicated by the usually prominent 
bow wave build-up, and the pressure increase at the 
stern, in and just below the free surface, is always 
less than around a submerged body. The resulting 
added resistance corresponds to the drain of energy 
into the wave system, which spreads out astern of the 
ship and has to be continuously recreated. (See Section 
4.3). Hence, it has been called wave-making resistance. 
The result of the interference of the wave systems 
originating at bow, shoulders (if any) and stern is to 
produce a series of divergent waves spreading out- 
wards from the ship at a relatively sharp angle to the 
centerline and a series of transverse waves along the 
hull on each side and behind in the wake (Fig. 7). 

The presence of the wave systems modifies the skin 
friction and other resistances, and there is a very com- 
plicated interaction among all the different compo- 
nents. 

1.4 Surface Ships. 

2.1 General. Dimensional analysis is essentially a 
means of utilizing a partial knowledge of a problem 
when the details are too obscure to permit an exact 
analysis. See Taylor, E. S. (1974). I t  has the enormous 
advantage of requiring for its application a knowledge 
only of the variables which govern the result. To apply 
it to the flow around ships and the corresponding re- 

Section 2 
Dimensional Analysis 

sistance, it is necessary to know only upon what var- 
iables the latter depends. This makes it a powerful 
tool, because the correctness of a dimensional solution 
does not depend upon the soundness of detailed anal- 
yses, but only upon the choice of the basic variables. 
Dimensional solutions do not yield numerical answers, 
but they provide the form of the answer so that every 
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experiment can be used to the fullest advantage in 
determining a general empirical solution. 

2.2 Dimensional Homogeneity. Dimensional anal- 
ysis rests on the basic principle that every equation 
which expresses a physical relationship must be di- 
mensionally homogeneous. There are three basic quan- 
tities in mechanics-mass, length and time-which are 
represented by the symbols M, L, and T. Other quan- 
tities, such as force, density, and pressure, have di- 
mensions made up from these three basic ones. 

Velocity is found by dividing a length or distance 
by a time, and so has the dimensions L/T. Acceleration, 
which is the change in velocity in a certain time, thus 
has dimensions of (L/T)IT, or L/T2. 

Force, which is the product of mass and acceleration, 
has dimensions of M x L/T2 or ML/T2. 

As a simple case to illustrate the principle of di- 
mensional analysis, suppose we wish to determine an 
expression for the time of swing of a simple pendulum. 

If T is the period of such a pendulum in vacuo (so 
that there is no frictional damping), it could depend 
upon certain physical quantities such as the mass of 
the pendulum bob, m, the length of the cord, I, (sup- 
posed to be weightless) and the arc of swing, s. The 
force which operates to restore the pendulum to its 
original position when it is disturbed is its weight, mg, 
and so the acceleration due to gravity, g, must be 
involved in the problem. 

We can write this in symbols as 

T = f (m, 1, s, 9) 
wherefis a symbol meaning "is some function of." 
If we assume that this function takes the form of 

a power law, then 
T = ma lb sc gd 

If this equation is to fulfill the principle of dimen- 
sional homogeneity, then the dimensions on each side 
must be the same. Since the left-hand side has the 
dimension of time only, so must the right-hand side. 

Writing the variables in terms of the fundamental 
units, we have 

T' = MaLbL" (L/T2)d 
Equating the exponents of each unit from each side 

of the equation, we have 
a = O  

b + c + d = O  
-2d = 1 

Hence 
d = -112 
a = O  

b + c = 1/2  
The expression for the period of oscillation T seconds 
is therefore 

T = constant x l ' / ~ - ~  x sc x g-'/2 

= constant x ,,@ x (S/Z)C 

The solution indicates that the period does not de- 
pend on the mass of the bob, but only on the length, 
the acceleration due to gravity, and the ratio of length 
of arc to length of pendulum. The principle of dimen- 
sions does not supply the constant of proportionality, 
which must be determined experimentally. 

The term (s/l) is a mere number, each quantity being 
of dimension L, and dimensionally there is no restric- 
tion on the value of c. We can therefore write 

T = constant x ,@ x f ( s / l )  (2) 
Although the form of the functionfis undetermined, 

it is explicitly indicated by this equation that it is not 
the arc s itself which is important, but its ratio to I: 
i.e., the maximum angle of swing, s/l radians. 

The function f can be found by experiment, and must 
approach the value unity for small swings, so as to 
lead to the usual formula for a simple pendulum under 
such conditions: 

T = constant x a 
The most important question regarding any dimen- 

sional solution is whether or not physical reasoning 
has led to a proper selection of the variables which 
govern the result. 

Applying dimensional analysis to the ship resistance 
problem, the resistance R could depend upon the fol- 
lowing: 

(a) Speed, K 
(b) Size of body, which may be represented by the 

(c) Mass density of fluid, p (mass per unit volume) 
(d) Viscosity of fluid, p 
(e)  Acceleration due to gravity, g 
(f) Pressure per unit area in fluid, p 
It is assumed that the resistance R can now be writ- 

linear dimension, L. 

ten in terms of unknown powers of these variables: 

R c paPCpdgcpf (3) 
Since R is a force, or a product of mass times ac- 

celeration, its dimensions are ML/T2. 
The density p is expressed as mass per unit volume, 

or M/L3. 
In a viscous fluid in motion the force between ad- 

jacent layers depends upon the area A in contact, the 
coefficient of viscosity of the liquid and upon the rate 
at which one layer of fluid is moving relative to the 
next one. If u is the velocity at a distance y from the 
boundary of the fluid, this rate or velocity gradient is 
given by the expression du/dy.  

The total force is thus 

F = pAdu /dy  

d d d y  being a velocity divided by a distance has di- 
mensions of (L/T)/L,  or 1/T, and the dimensional 
equation becomes 
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M L / F  = pL2 x 11T 
or 

p = M/LT 
p is a force per unit area, and its dimensions are 

UVL/T2~lL2,  or M/LT2. . .  
The ratio plp is called the kinematic viscosity of the 

liquid, v, and has dimensions given by 
v = PIP = (M/LT)- (L3/M)  = L2/T 

Introducing these dimensional quantities into Equa- 
tion (3), we have 
ML/T2 = (M/L3)" (L/T)* (L)" (M/LT)d 

whence 
x (L/T2)" (M/LT2)f  (4) 

I a + d + f = l  
-3a + b + c - d + e - f = 1 

b + d + 2e + 2 f  = 2 
or 

I a = l - d - f  
b = 2 - d - 2e - 2 f  

and 
c = 1 + 3a - b + d - e + f 

= 1 + 3 - 3d - 3f - 2 + d + 2e + 2 f +  d - e + f 
= 2 - d + e  

Then from Equation (3) 

All three expressions within the brackets are non- 
dimensional, and are similar in this respect to the s/Z 
term in Equation (2). There is therefore no restriction 
dimensionally on the exponents d, e, and$ The form 
of the function f must be found by experiment, and 
may be different for each of the three terms. 

Writing v for p l p  and remembering that for similar 
shapes the wetted surface S is proportional to L2, 
Equation (5) may be written 

where the left-hand side of the equation is a non- 
dimensional resistance coefficient. Generally in this 
chapter R will be given in kN and p in kg/L (or t/m3), 
although N and kg/m3 are often used (as here) in the 
cases of model resistance and ship airlwind resistance. 

A term first suggested by Dr. E.V. Telfer. 

Equation (6) states in effect that if all the parameters 
on the right-hand side have the same values for two 
geometrically similar but different sized bodies, the 
flow patterns will be similar and the value of 
R/X pSV2 will be the same for each. 

2.3 Corresponding Speeds. Equation (6) showed 
how the total resistance of a ship depends upon the 
various physical quantities involved, and that these are 
associated in three groups, VL/v, g L / V 2  and p/pV2.  

Considering first the case of a nonviscous liquid in 
which there is no frictional or other viscous drag, and 
neglecting for the moment the last group, there is left 
the parameter gL/V2  controlling the surface wave sys- 
tem, which depends on gravity. Writing the wave-mak- 
ing or residuary resistance as R R  and the cor- 
responding coefficient as CR, CR can be expressed as 

This means that geosims3 (geometrically similar bod- 
ies) of different sizes will have the same specific re- 
siduary resistance coefficient C, if they are moving at 
the same value of the parameter V'lgL. 

According to Froude's Law of Comparison4: "The 
(residuary) resistance of geometrically similar ships is 
in the ratio of the cube of their linear dimensions if 
their speeds are in the ratio of the square roots of 
their linear dimensions." Such speeds he called cor- 
responding ~ p e e d s . ~  It will be noted that these cor- 
responding speeds require V/& to be the same for 
model and ship, which is the same condition as ex- 
pressed in Equation (7). The ratio VK/&, commonly 
with V, in knots and L in feet, is called the speed- 
length ratio. This ratio is often used in presenting 
resistance data because of the ease of evaluating it 
arithmetically, but it has the drawback of not being 
nondimensional. The value of V/m, on the other 
hand, is nondimensional and has the same numerical 
value in any consistent system of units. Because of 
Froude's close association with the concept of speed- 
length ratio, the parameter V/m is called the Froude 
number, with the symbol Fn. 

When vk is expressed in knots L in feet, and g in 
ft/sec2, the relation between V/& and Froude number 
is 

Fn = 0.298 vk/& 

or 
Vk/& = 3.355Fn 

Stated in 1868 by William Froude (1955) who first recognized 
the practical necessity of separating the total resistance into com- 
ponents, based on the general law of mechanical similitude, from 
observations of the wave patterns of models of the same form but 
of different sizes. 
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The residuary resistances of ship (RRJ and of model 
(RRM) from Equation (7) will be in the ratio 

where subscripts sand   refer to ship and model, re- 
spectively. 

If both model and ship are run in water of the same 
density and at the same value of V2/gL, as required 
by Equation (7), i.e. 

( vS)'/SLS = ( VM)'/gLM 
then CR will be the same for each, and 

= (L$/(LM)~ = AJAM (8) 
where As and A M  are the displacements of ship and 
model, respectively. 

This is in agreement with Froude's law of compar- 
ison. 

I t  should be noted from Equation (8) that a t  corre- 
sponding speeds, i.e., at the same value of V / 

RRs/As = RRM/AM (9) 
i.e., the residuary resistance per unit of displacement 
is the same for model and ship. Taylor made use of 
this in presenting his contours of residuary resistance 
in terms of pounds resistance per long ton of displace- 
ment (Section 8.6). 

If the linear scale ratio of ship to model is A, then 
the following relations hold: 

Ls/LM = A 
v S / v M  = &s /&M = fi = A'" (10) 

The "corresponding speed" for a small model is much 
lower than that of the parent ship. In the case of a 5 
m model of a 125 m ship (linear scale ratio A = 25), 
the model speed corresponding to 25 knots for the ship 
is 25/A'/2, or 2 5 / $ 6 ,  or 5 knots. This is a singularly 
fortunate circumstance, since it enables ship models 
to be built to reasonable scales and run at speeds which 
are easily attainable in the basin. 

Returning to Equation (6), consider the last term, 
p/pV'. If the atmospheric pressure above the water 
surface is ignored and p refers only to the water head, 
then for corresponding points in model and ship p will 
vary directly with the linear scale ratio A. At corre- 
sponding speeds V 2  varies with A in the same way so 
that p/pV' will be the same for model and ship. Since 

RRs/RRM = (Ls)~I(L,J = As1 A M  = A3 

This same law had previously been put forward by the French 
Naval Constructor Reech in 1832, but he had not pursued it or 
demonstrated how it could be applied to the practical problem of 
predicting ship resistance (Reech, 1852). 

the atmospheric pressure is usually the same in model 
and ship, when it is included in p,  so that the latter is 
the total pressure at a given point, the value of 
p/pV' will be much greater for model than for ship. 
Fortunately, most of the hydrodynamic forces arise 
from differences in local pressures, and these are pro- 
portional to V, so that the forces are not affected by 
the atmospheric pressure so long as the fluid remains 
in contact with the model and ship surfaces. When the 
pressure approaches very low values, however, the 
water is unable to follow surfaces where there is some 
curvature and cavities form in the water, giving rise 
to cavitation. The similarity conditions are then no 
longer fulfilled. Since the absolute or total pressure is 
greater in the model than in the ship, the former gives 
no warning of such behavior. For tests in which this 
danger is known to be present, special facilities have 
been devised, such as variable-pressure water tunnels, 
channels or towing basins, where the correctly scaled- 
down total pressure can be attained a t  the same time 
that the Froude condition is met. 

In the case of a deeply submerged body, where there 
is no wavemaking, the first term in Equation (6) gov- 
erns the frictional resistance, R,. The frictional re- 
sistance coefficient. is then 

and C, will be the same for model and ship provided 
that the parameter VL/w is the same. This follows 
essentially from the work of Osborne Reynolds (1883), 
for which reason the product VL/w is known as Rey- 
nolds number, with the symbol Rn. 

If both model and ship are run in water at the same 
density and temperature, so that w has the same value, 
it follows from (11) that Vs Ls = V, LM. This condition 
is quite different from the requirement for wave-mak- 
ing resistance similarity. As the model is made smaller, 
the speed of test must increase. In the case already 
used as an illustration, the 5-m model of a 125-m, 25- 
knot ship would have to be run at a speed of 625 knots. 

The conditions of mechanical similitude for both fric- 
tion and wave-making cannot be satisfied in a single 
test. I t  might be possible to overcome this difficulty 
by running the model in some other fluid than water, 
so that the change in value of w would take account 
of the differences in the VL product. In the foregoing 
example, in order to run the model a t  the correct wave- 
making corresponding speed, and yet keep the value 
of VL/w the same for both model and ship, a fluid 
would have to be found for use with the model which 
had a kinematic viscosity coefficient only 11125 that of 
water. No such fluid is known. In wind-tunnel work, 
similitude can be attained by using compressed air in 
the model tests, so decreasing w and increasing VL/w 
to the required value. 

The practical method of overcoming this fundamen- 
tal difficulty in the use of ship models is to deal with 
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the frictional and the wave-making resistances sepa- 
rately, by writing 

c, = C R  + C F  (12) 
This is equivalent to expressing Equation (6) in the 

form 

Froude recognized this necessity, and so made ship- 
model testing a practical tool. He realized that the 
frictional and residuary resistances do not obey the 
same law, although he was unaware of the relationship 
expressed by Equation (11). 

2.4 Extension of Model Results to Ship. To extend 
the model results to the ship, Froude proposed the 
following method, which is based on Equation (12). 
Since the method is fundamental to the use of models 
for predicting ship resistance, it must be stated at 
length: 

culated, assuming the resistance to be the same as 
that of a smooth flat plank of the same length and 
surface as the model. 

(d) The residuary resistance of the model R R M  is 
found by subtraction: 

(e)  The residuary resistance of the ship R R s ,  is cal- 
culated by the law of comparison, Equation (10): 

R R s  = R R M  x A3 

This applies to the ship at the corresponding speed 
given by the expression 

v, = V M  x A’’‘ 
(f) The frictional resistance of the ship R F S  is cal- 

culated on the same assumption as in footnote (4), 
using a frictional coefficient appropriate to the ship 
length. 

(g) The total ship resistance (smooth hull) R T S  is then 
given by - 

Froude noted: 
(a) The model is made to a linear scale ratio of A RTS = RFS RRS 

and run over a range of “corresponding” speeds such This principle of extrapolation from model to ship is 
that V, /Cs = V, / cM still used in all towing tanks, with certain refinements 

(b)  The total model resistance is measured, equal to to be discussed subsequently. 
R T M .  Each component of resistance will now be dealt with 

(c) The frictional resistance of the model R F M  is cal- in greater detail. 

Section 3 
Frictional Resistance 

3.1 General One has only to look down from the could only be solved by dividing the resistance into 
deck of a ship a t  sea and observe the turbulent motion two components, undertook a basic investigation into 
in the water near the hull, increasing in extent from the frictional resistance of smooth planks in his tank 
bow to stern, to realize that energy is being absorbed a t  Torquay, England, the results of which he gave to 
in frictional resistance. Experiments have shown that the British Association (Froude, W., 1872, 1874). 
even in smooth, new ships it accounts for 80 to 85 The planks varied in lengths from 0.61 m (2 ft) to 
percent of the total resistance in slow-speed ships and 15.2 m (50 ft) and the speed range covered was from 
as much as 50 percent in high-speed ships. Any rough- 0.5 m/sec (1.67 fps) to 4.1 m/sec (13.3 fps), the max- 
ness of the surface will increase the frictional resist- imum for the 15.2 m plank being 3.3 m/sec (10.8 fps). 
ance appreciably over that of a smooth surface, and Froude found that at any given speed the specific re- 
with subsequent corrosion and fouling still greater sistance per unit of surface area was less for a long 
increases will occur. Not only does the nature of the plank than for a shorter one, which he attributed to 
surface affect the drag, but the wake and propulsive the fact that towards the after end of the long plank 
performance are also changed. Frictional resistance is the water had acquired a forward motion and so had 
thus the largest single component of the total resist- a lower relative velocity. 
ance of a ship, and this accounts for the theoretical He gave an empirical formula for the resistance in 
and experimental research that has been devoted to it the form 
over the years. The calculation of wetted surface area 
which is required for the calculation of the frictional 
resistance, Equation (ll), is discussed in Chapter I. 

Froude, know- 
ing the law governing residuary resistance and having 
concluded that the model-ship extrapolation problem 

R = f S V n  (14) 
where 

3.2 Froude’s Experiments on Friction. R = resistance, kN or lb 
S = total area of surface, m2 or f t2  
V = speed, mlsec or ftlsec 
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Table l-Froude’s Skin-Friction Coefficients” 

R = resistance, lb R = f .S*Vn S = area of plank, sq f t  V = speed, fps 
Length of surface, or distance from cutwater, f t  

Nature of 2 8 20 50 
surface f n k f n  k f n k f n  k 

Varnish ........... 0.00410 2.00 0.00390 0.00460 1.88 0.00374 0.00390 1.85 0.00337 0.00370 1.83 0.00335 
Paraffin ........... 0.00425 1.95 0.00414 0.00360 1.94 0.00300 0.00318 1.93 0.00280 - - - 
Calico ............. 0.01000 1.93 0.00830 0.00750 1.92 0.00600 0.00680 1.89 0.00570 0.00640 1.87 0.00570 
Fine sand ......... 0.00800 2.00 0.00690 0.00580 2.00 0.00450 0.00480 2.00 0.00384 0.00400 2.06 0.00330 
Medium sand ...... 0.00900 2.00 0.00730 0.00630 2.00 0.00490 0.00530 2.00 0.00460 0.00490 2.00 0.00460 
Coarse sand ....... 0.01000 2.00 0.00880 0.00710 2.00 0.00520 0.00590 2.00 0.00490 - - - 

a W. Froude’s results for planks in fresh water at Torquay (British Association 1872 and 1874). 
NOTE: The values of k represent thef-values for the last square foot of a surface whose length is equal to that given 

at the head of the column. 

f and n depended upon length and nature of surface, 
and are given in Table 1. 

For the smooth varnished surface, the value of the 
exponent n decreased from 2.0 for the short plank to 
1.83 for the 15.2 m (50 ft) plank. For the planks rough- 
ened by sand, the exponent had a constant value of 
2.0. 

For a given type of surface, thef-value decreased 
with increasing length, and for a given length it in- 
creased with surface roughness. 

In order to apply the results to ships, the derived 
skin-friction coefficients had to be extrapolated to much 
greater lengths and speeds. W. Froude did not give 
these extrapolated figures in his reports, but sug- 
gested two methods which might be used for their 
derivation. In his own words, “it is a t  once seen that, 
a t  a length of 50 feet, the decrease, with increasing 
length, of the friction per square foot of every addi- 
tional length is so small that it will make no very great 
difference in our estimate of the total resistance of a 
surface 300 f t  long whether we assume such decrease 
to continue a t  the same rate throughout the last 250 
feet of the surface, or to cease entirely after 50 feet; 
while it is perfectly certain that the truth must lie 
somewhere between these assumptions.” Payne, 
(1936) has reproduced the curve Froude used a t  Tor- 
quay in 1876 for ships up to 152.4 m (500 ft) in length. 
This curve is almost an arithmetic mean between those 
which would be obtained by the two methods sug- 
gested. W. Froude (1874) also obtained some full-scale 
information in an attempt to confirm his law of com- 
parison and to assist in the extrapolation of the fric- 

Table 2-Results of Towing Trials on HMS Greyhound 

Speed V ,  fpm ....................... 600 800 1000 1200 
Resistance Rs, lb, from ship.. ...... 3100 5400 9900 19100 
Ru, lb, predicted from model.. . . . . .  2300 4500 8750 17500 
Percent difference .................. 35 20 13 9 

Difference in (R/T“) x l o2 . .  ....... 0.22 0.14 0.12 0.11 

(R,/T“ x 10’ for ship ............. 0.86 0.84 0.99 1.33 
(&/ v2’ ) x ,lo2, model prediction ... 0.64 0.70 0.87 1.22 

tional coefficients to ship lengths by carrying out 
towing tests on the sloop HMS Greyhound, a wooden 
ship 52.58 m (172 f t  6 in.) in length, with copper 
sheathing over the bottom. The results of the towing 
tests and the predictions made from the model are 
given in Table 2. 

The actual ship resistance was everywhere higher 
than that predicted from the model, the percentage 
increase becoming less with increasing speed. The dif- 
ference in R/V2, however, is almost the same at all 
speeds, except the lowest, and decreases only slowly 
with increasing speed, as might occur if this additional 
resistance were of viscous type and varying at some 
power less than the second. Froude pointed out that 
the additional resistance could be accounted for by 
assuming that the copper-sheathed hull was equivalent 
to smooth varnish over 2/3 of the wetted surface and 
to calico over the rest. This he considered reasonable, 
and the two resistance curves were then almost iden- 
tical, which he took as a visible demonstration of the 
correctness of his law of comparison. 

In his paper on the Greyhound trials, Froude states 
quite clearly how he applied his idea of the “equivalent 
plank” resistance: “For this calculation the immersed 
skin was carefully measured, and the resistance due 
to it determined upon the hypothesis that it is equiv- 
alent to that of a rectangular surface of equal area, 
and of length (in the line of motion) equal to that of 
the model, moving at the same speed.” 

The 1876 values of frictional coefficients were stated 
to apply to new, clean, freshly painted steel surfaces, 
but they lie considerably above those now generally 
accepted for smooth surfaces. The original curves have 
been modified and extended from time to time by R.E. 
Froude, up to a length of 366 m (1200 ft), but these 
extended curves had no experimental basis beyond the 
15.2 m (50 ft) plank tests made in 1872, (Froude, R. E. 
1888). Nevertheless, they are still used today in some 
towing tanks. 

3.3 Two-dimensional Frictional Resistance Formula- 
tions. In the experiments referred to in Section 2.3, 
Osborne Reynolds made water flow through a glass 
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tube, introducing a thin stream of dye on the centerline 
a t  the entrance to the tube. When the velocity was 
small, the dye remained as a straight filament parallel 
to the axis of the tube. At a certain velocity, which 
Reynolds called the critical velocity V,, the filament 
began to waver, became sinuous and finally lost all 
definiteness of outline, the dye filling the whole tube. 
The resistance experienced by the fluid over a given 
length of pipe was measured by finding the loss of 
pressure head. Various diameters of the tube, D, were 
used, and the kinematic viscosity was varied by heating 
the water. Reynolds found that the laws of resistance 
exactly corresponded for velocities in the ratio v/D, 
and when the results were plotted logarithmically 

V, = ZOOOu/D 
Below the critical velocity the resistance to flow in 

the pipe varied directly as the speed, while for higher 
velocities it varied a t  a power of the speed somewhat 
less than 2. 

When the foregoing relationship is written in the 
form 

V,Dlv = 2000 
the resemblance to Equation (11) is obvious. 

Stanton, et  al. (1952) showed that Reynolds’ findings 
applied to both water and air flowing in pipes, and also 
that the resistance coefficients for models of an airship 
on different scales were sensibly the same at the same 

value of VL/u. Baker (1915) plotted the results of much 
of the available data on planks in the form of the 
resistance coefficient 

to a base of VL/v, and found that a mean curve could 
be drawn passing closely through Froude’s results ex- 
cept at low values of V L h .  

Experiments such as those performed by Reynolds 
suggested that there were two separate flow regimes 
possible, each associated with a different resistance 
law. At low values of V D h ,  when the dye filament 
retained its own identity, the fluid was evidently flow- 
ing in layers which did not mix transversely but slid 
over one another at relative speeds which varied across 
the pipe section. Such flow was called laminar and was 
associated with a relatively low resistance. When the 
Reynolds number VD/v increased, either by increasing 
VD or by decreasing v ,  the laminar flow broke down, 
the fluid mixed transversely in eddying motion, and 
the resistance increased. This flow is called turbulent. 

In modern skin-friction formulations the specific fric- 
tional resistance coefficient C, is assumed to be a func- 
tion of the Reynolds number Rn or VL/v. As early as 
1904 Blasius had noted that at low Reynolds numbers 
the flow pattern in the boundary layer of a plank was 
laminar (Blasius, 1908). He succeeded in calculating 

0.009 
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the total resistance of a plank in laminar flow by in- 
tegrating across the boundary layer to find the mo- 
mentum transferred to the water, and gave the 
formula for C, in laminar flow in terms of Rn: 

This line is plotted in Fig. 2. Blasius found good agree- 
ment between his calculated resistances and direct ex- 
periment, but found that the laminar flow became 
unstable a t  Reynolds numbers of the order of 4.5 x 
lo5, beyond which the resistance coefficients increased 
rapidly above those calculated from his equation. 

Prandtl and von Karman (1921) separately published 
the equation 

for turbulent flow, which is also shown in Fig. 2. This 
equation was based on an analytical and experimental 
investigation of the characteristics of the boundary 
layer, as well as on the available measurements of 
overall plank resistance, principally those of Froude 
and further experiments run by Gebers in the Vienna 
tank (Gebers, 1919). 

At low values of Reynolds number, and with quiet 
water, the resistance of a smooth plank closely follows 
the Blasius line, the flow being laminar, and from 
Equation (15) it is seen that the resistance R varies as 

For turbulent flow, the value of the resistance coef- 
ficient is considerably higher than for laminar flow, 
and varies as a higher power of the speed; according 
to Equation (16) as Vl.’. 

The transition from laminar flow to turbulent flow 
does not occur simultaneously over the whole plank. 
Transition begins when the Reynolds number reaches 
a critical value R,. As the velocity Vincreases beyond 
this value, the transition point moves forward so that 
the local value of the Reynolds number, Vx/ v,  remains 
equal to the critical value, x being the distance of the 
transition point from the leading edge of the plank. 
This is called the “local Reynolds number,” and for 
the constant value of this local Rn at which transition 
takes place, x will decrease as V increases, and more 
and more of the plank surface will be in turbulent flow 
and so experience a higher resistance. The value of C, 
will thus increase along a transition line of the type 
shown in Fig. 2, and finally approach the turbulent line 
asymptotically. It should be noted that there is no 
unique transition line, the actual one followed in a 
given case depending upon the initial state of turbu- 
lence in the fluid, the character of the plank surface, 
the shape of the leading edge, and the aspect ratio. 

These transition lines for smooth planks occur at 
values of Reynolds number within the range over 

V1.5 

which most plank-friction tests have been run, and if 
such plank results are to be used to predict the values 
of C, at Reynolds numbers appropriate to a ship-100 
times or so larger than the highest plank values-only 
those results for fully turbulent flow can properly be 
used. 

3.4 Development of Frictional Resistance Formulations 
in the United States. With the completion of the Ex- 
perimental Model Basin (EMB) in Washington in 1900, 
new experiments were made on planks and new model 
coefficients were derived from these tests. For the ship 
coefficients, those published by Tideman (1876) were 
adopted. These did not represent any new experiments, 
being simply a re-analysis of Froude’s results by a 
Dutch naval constructor. This combination of friction 
coefficients-EMB plank results for model, Tideman’s 
coefficients for ship-was in use at EMB from 1901 to 
1923 (Taylor, D. W., 1943). 

By this time the dependence of frictional resistance 
on Reynolds number was well established, and a for- 
mulation was desired which was in accord with known 
physical laws, In 1923, therefore, EMB changed to the 
use of frictional coefficients given by Gebers for both 
the model and ship range of Reynolds number (Gebers, 
1919). This practice continued at that establishment 
and at the new David Taylor Model Basin (DTMB) until 
1947 (now DTRC, David Taylor Research Center). 

Schoenherr (1932) collected most of the results of 
plank tests then available, and plotted them as ordi- 
nates of C, to a base of Rn as is shown in Fig. 3. He 
included the results of experiments on 6.1 m (20 ft) 
and 9.1 m (30 ft) planks towed at Washington, and at 
the lower Reynolds numbers some original work on 
1.8 m (6 ft) catamarans with artificially-induced tur- 
bulent flow. At the higher Reynolds numbers he was 
guided largely by the results given by Kempf (1929) 
for smooth varnished plates. Kempf‘s measurements 
were made on small plates inserted at intervals along 
a 76.8 m (252 ft) pontoon, towed in the Hamburg tank. 
The local specific resistances so measured were inte- 
grated by Schoenherr to obtain the total resistance for 
surfaces of different lengths. In order to present these 
data in conformity with rational physical principles, 
Schoenherr examined his results in the light of the 
theoretical formula of Prandtl and von Karman, which 
was of the form 

A I J - F  = log,, (Rn C F )  + M 
He found he could get a good fit to the experimental 

data by making M zero and A equal to 0.242, so arriving 
at the well-known Schoenherr formulation 

0.242 / flF = log,, (Rn CF) (17) 

The Schoenherr coefficients as extended by this for- 
mula to the ship range of Reynolds numbers apply to 
a perfectly smooth hull surface. For actual ship hulls 
with structural roughnesses such as plate seams, 
welds or rivets, and paint roughness, some allowance, 
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the magnitude of which is discussed later, is necessary 
to give a realistic prediction. 

The 
International Conference of Ship Tank Superintend- 
ents (ICSTS) was a European organization founded in 
1932 to provide a meeting place for towing-tank staffs 
to discuss problems peculiar to their field. In 1935, the 
ICSTS agreed to adopt the Froude method of model 
extrapolation, among the decisions recorded being the 
following: 

“V-on the determination of length and wetted sur- 
face: 

(a) For every kind of vessel, the length on the 
water line should be used. 

(6) The mean girth multiplied by the length is 
adopted as the wetted surface.‘ 

VI-Froude’s method of calculation: 
(a) The Committee adheres to the skin friction de- 

duced from Froude’s 0 v a l u e ~ , ~  and takes these to be 
represented by the formula below, since this gives the 
same values of friction for model and ship within the 
limits of experimental errors: 

3.5 The Work of the lowing Tank Conferences. 

(18) 
0.000418 + 0.00254 

RF = [ 8.8 + 3.281L 

where 
R, = resistance in kNewton; 
L = length in meters; 
S = wetted surface in square meters; 
V, = speed in knots. 

(6) All model results should be corrected to a stan- 
dard temperature of 15 deg C (= 59 deg F) by a 
correction of -0.43 percent of the frictional resistance 
per + 1 deg C or -0.24 percent per + 1 deg F.” 

In 1946 the American Towing Tank Conference 
(ATTC) began considering the establishment of a uni- 
form practice for the calculation of skin friction and 
the expansion of model data to full size. In 1947 the 
following two resolutions were adopted (SNAME, 
1948): 

“1. Analysis of model tests will be based on the 
Schoenherr mean line. Any correction allowances ap- 
plied to the Schoenherr mean line are to be clearly 
stated in the report.” 

That is, no “obliquity” correction. 
These were the Froude frictional coefficients presented in a par- 

ticular notation-see Froude (1888). 

* As pointed out by Nordstrom (ITTC Proceedings, Washington, 
1951) this formula applies to salt water. For fresh water the cor- 
responding formula is 

RF = [0.000407 + 0.00248/(8.8 + 3.281L)]S.V2825 
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“2. Ship effective power calculations will be based 
on the Schoenherr mean line with an allowance that 
is ordinarily to be +0.0004 for clean, new vessels, to 
be modified as desired for special cases and in any 
event to be clearly stated in the report.” 

No decision was made as regards a standard tem- 
perature for ship predictions, but this has subse- 
quently been taken as 15 deg C (59 deg F) in conformity 
with the ICSTS figure (ATTC, 1953). I t  was also agreed 
that the Schoenherr line shall be known as the “1947 
ATTC line” (ATTC, 1956). This line, both with and 
without the 0.0004 allowance, is shown in Fig. 4. The 
method of applying the coefficients has been described 
in detail by Gertler (1947). He also gave tables of their 
values for a wide range of Reynolds numbers, together 
with values of p and w for fresh and salt water. 

New values of w were adopted by the ITTC’ (1963) 
at the 10th Conference in London in 1963. These are 
also reproduced together with the C, coefficients in a 
SNAME Bulletin (1976). 

The allowance referred to in the second resolution 
of the ATTC was originally considered necessary be- 
cause of the effect of hull roughness upon resistance. 
However, the difference between the ship resistance 
as deduced from full-scale trials and that predicted 
from the model depends upon other factors also, as is 
discussed in Section 6.4 and a t  the ITTC meeting in 
1963 it was agreed to refer to it as a “model-ship 
correlation allowance” and to give it the symbol C, 
(ITTC, 1963). 

The 5th Conference of the ICSTS was held in London 
in 1948, and was attended for the first time by dele- 
gates from the United States and Canada. There was 
much discussion on the model-extrapolation problem, 
and unanimous agreement was reached “in favor of 
departing from Froude’s coefficients and selecting a 
substitute in line with modern concepts of skin fric- 
tion.” However, the delegates were unable to agree 
upon any such alternative, largely because it was felt 
that the progress in knowledge might in the near fu- 
ture demand a further change. The Conference there- 
fore agreed that in published work either the Froude 
or Schoenherr coefficients could be used, and a t  the 
same time set up a Skin Friction Committee to rec- 
ommend further research to establish a minimum tur- 
bulent-friction line for both model and ship use. 

The Committee was instructed that any proposed 
friction formulation should be in keeping with modern 
concepts of physics, and the coefficient C, should be 
a function of Reynolds number Rn. The Schoenherr 
(ATTC) line already fulfilled this requirement, but the 
slope was not considered sufficiently steep a t  the low 
Reynolds numbers appropriate to small models, so that 

it did not give good correlation between the results of 
small and large models. With the introduction of weld- 
ing, ships’ hulls had become much ‘smoother and for 
long, all-welded ships the correlation allowance C, nec- 
essary to reconcile the ship resistance with the pre- 
diction from the model using the ATTC line was 
sometimes zero or negative. Also, Schoenherr had used 
data from many sources, and the planks were in no 
sense geosims, so that the experimental figures in- 
cluded aspect ratio or edge effects (the same applied 
to Froude’s results). Telfer (1927, 1950, 1951, 1952) 
suggested methods for taking edge effects into ac- 
count and developed an “extrapolator” for predicting 
ship resistance from model results which was an in- 
verse function of Reynolds number. Hughes (1952), 
(1954) carried out many resistance experiments on 
planks and pontoons, in the latter case up to 77.7 m 
(255 ft) in length, and so attained Reynolds numbers 
as high as 3 x 10’. These plane surfaces covered a 
wide range of aspect ratios, and Hughes extrapolated 
the resistance coefficients to infinite aspect ratio, ob- 
taining what he considered to be a curve of minimum 
turbulent resistance for plane, smooth surfaces in two- 
dimensional flow. This curve had the equation 

CFo = 0.066/(log,,Rn - 2.03)‘ (19) 
and is shown in Fig. 4. CFo denotes the frictional re- 
sistance coefficient in two-dimensional flow.” 

The ITTC Friction Committee, with the knowledge 
of so much new work in progress, did not feel able in 
1957 to recommend a final solution to the problem of 
predicting ship resistance from model results. Instead, 
it proposed two alternative single-line, interim engi- 
neering solutions. One was to use the ATTC line for 
values of Rn above lo7, and below this to use a new 
line which was steeper than the ATTC line. The latter 
would, in the Committee’s opinion, help to reconcile 
the results between large and small models, while us- 
ing the ATTC line above Rn = lo7 would make no 
difference in ship predictions from large models. The 
second proposal was to use an entirely new line, cross- 
ing the ATTC line a t  about Rn = lo7, and being slightly 
steeper throughout. This would result in lower ship 
predictions, and so would tend to increase the corre- 
lation allowance C, and avoid negative allowances for 
long ships. 

The Conference in Madrid in 1957 adopted a slight 
variation of the second proposal, and agreed to 

C, = 0.075/(log,,Rn - 2)’ (20) 
This line is also shown in Fig. 4. 

The Conference adopted this as the “ITTC 1957 
model-ship correlation line,” and was careful to label 

The International Conference of Ship Tank Superintendents 
(ICSTS) became the International Towing Tank Conference (ITTC) 
in 1957. 

lo I’R’C Presentation Committee Report, Ottawa 1975. Also pub- 
lished by the British Ship Research Association, now British Mari- 
time Technology (BMT), as Technical Memorandum No. 500. 
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Fig. 5 Extrapolation of model results to ship using the form factor method 

it as “only an interim solution to this problem for 
practical engineering purposes,)) (ITTC 1957). Equa- 
tion (20) was called a model-ship correlation line, and 
not a frictional resistance line; it was not meant to 
represent the frictional resistance of plane or curved 
surfaces, nor was it intended to be used for such a 
purpose. 

The Hughes proposal in Equation (19) is of the same 
general type as the ITTC line but gives much lower 
values of C, than either the ITTC 1957 formulation or 
the ATTC 1947 line. On the other hand, the Hughes 
line does claim to be a true friction line for smooth 
plates in fully turbulent, two-dimensional flow, but its 
low values have been criticized by many other workers 
in this field. The 1957 ITTC line, in fact, gives numerical 
values of C, which are almost the same as those of 
the Hughes line with a constant addition of 12 percent. 

Granville (1977) showed that the 1957 ITTC model- 
ship correlation line can also be considered as a tur- 
bulent flat plate (two-dimensional) frictional resistance 
line. From fundamental considerations involving the 
velocity distribution in the boundary layer, he derived 
the general formula 

(21) C,, = a/(log,,Rn - b ) 2  + c l R n  

with a = 0.0776, b = 1.88 and c = 60. This formula 
is a generalization of the form of the 1957 ITTC line 
as given by Equation (20)) with a = 0.075, b = 2 and 

c = 0. Good agreement of Equation (21) with the 1957 
ITTC line is obtained for values of Rn less than 5 x 
lo5. At values of Rn above 1 x lo8, the 1957 ITTC, 
the 1947 ATTC, and the Granville lines are all in good 
agreement, as shown in Fig. 4. 

3.6 Three-Dimensional Viscous Resistance Formula- 
tions. In association with his two-dimensional line, 
Hughes proposed a new method of extrapolation from 
model to ship. He assumed that the total model re- 
sistance coefficient C,, could be divided into two parts, 
C,, and CwM, representing the viscous and wavemak- 
ing resistance, respectively. At low Froude numbers, 
C,, will become very small, and at a point where 
wavemaking can be neglected, the curve of CTM will 
become approximately parallel to the two-dimensional 
friction line. Hughes called this point the run-in point. 
The value of C,, a t  this point can then be identified 
with the total viscous resistance coefficient C,, at the 
same point Rn,. 

The form resistance coefficient, due at least in part 
to the curvature of the hull (see Fig. 5), is defined by 

CTLU(~~O) l + k =  
C*o(Rn,) 

The three-dimensional model viscous resistance for ar- 
bitrary Rn can now be written as c,, = (1 + k )  CFo 
(Rn) where C,, is the equivalent flat-plate resistance 
coefficient. The factor k accounts for the three-dimen- 
sional form, and is appropriately termed the form fac- 
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tor. The form factor (1 + k) is assumed to be invariant 
with Rn and the line (1 + k) C,, is now taken as the 
extrapolator for the hull form concerned, and the ship 
curve of CTs can be drawn above the (1 + k )  CFo curve 
at the appropriate values of the Reynolds number. In 
the Froude method the whole of the model residuary- 
resistance coefficient C, is transferred to the ship un- 
changed, while in the form factor method only that 
part of C, attributed to viscous effects ( CFORMM in Fig. 
5) is reduced in the transfer. Accordingly, the three- 
dimensional method gives substantially lower ship pre- 
dictions and so calls for larger values of the correlation 
allowance C,. This procedure avoids the negative al- 
lowances sometimes found when using the Froude 
method. I t  should also be noted that in the case of the 
Froude method only the slope of the two-dimensional 
friction line matters while in the case of the form factor 
approach the vertical position of the line also affects 
the ship prediction. The choice of the basic line becomes 
an essential factor in the case of the three-dimensional 
approach. 

The study carried out by the ITTC Performance 
Committee has shown that the introduction of the form 
factor philosophy has led to significant improvements 
in model-ship correlation (ITTC, 1978). The ITTC has 
recommended that for all practical purposes, for con- 
ventional ship forms, a form factor determined on an 
experimental basis, similar to Prohaska’s method, is 

advisable; i.e., 

where n is some power of Fn, 4 5 n 5 6, and c and 
k are coefficients, chosen so as to fit the measured C,,, 
Fn data points as well as possible (Prohaska, 1966). (A 
numerical example of how Prohaska’s method is used 
is given in Section 6.4). This requires that the resist- 
ance of the model be measured at very low speeds, 
generally at Fn I 0.1. This is a drawback because 
unwanted Reynolds scale effects are then often intro- 
duced. For this reason sometimes empirically-derived 
form factors values are adopted. However, no satis- 
factory method to derive appropriate values of ‘such 
form factors has as yet been found. The ITTC Per- 
formance Committee, which reviews, collates and tests 
the various proposed methods, states in its 1978 report: 
“With regard to the influence of form on the various 
components of the viscous resistance no clear conclu- 
sion can be drawn. Results reported by Tagano (1973) 
and Wieghardt (1976) show that the form mainly in- 
fluences the viscous pressure drag, while Dyne (1977) 
stated that the pressure drag is low and its influence 
on k is practically negligible. Furthermore, the inter- 
action between different resistance components is hin- 
dering the isolation of a single significant factor.” 

Section 4 
Wave-Making Resistance 

4.1 General. The wave-making resistance of a ship 
is the net fore-and-aft force upon the ship due to the 
fluid pressures acting normally on all parts of the hull, 
just as the frictional resistance is the result of the 
tangential fluid forces. In the case of a deeply sub- 
merged body, travelling horizontally at‘a steady speed 
far below the surface, no waves are formed, but the 
normal pressures will vary along the length. In a non- 
viscous fluid the net fore-and-aft force due to this var- 
iation would be zero, as previously noted. 

If the body is travelling on or near the surface, 
however, this variation in pressure causes waves which 
alter the distribution of pressure over the hull, and the 
resultant net fore-and-aft force is the wave-making 
resistance. Over some parts of the hull the changes in 
pressure will increase the net sternward force, in oth- 
ers decrease it, but the overall effect must be a re- 
sistance of such magnitude that the energy expended 
in moving the body against it is equal to the energy 
necessary to maintain the wave system. The wave- 
making resistance depends in large measure on the 
shapes adopted for the area curve, waterlines and 
transverse sections, and its determination and the 

methods by which it can be reduced are among the 
main goals of the study of ships’ resistance. Two paths 
have been followed in this study-experiments with 
models in towing tanks and theoretical research into 
wave-making phenomena. Neither has yet led to a com- 
plete solution, but both have contributed greatly to a 
better understanding of what is a very complicated 
problem. At present, model tests remain the most im- 
portant tool available for reducing the resistance of 
specific ship designs, but theory lends invaluable help 
in interpreting model results and in guiding model 
research. 

4.2 Ship Wave Systems. The earliest account of the 
way in which ship waves are formed is believed to be 
that due to Lord Kelvin (1887, 1904). He considered a 
single pressure point travelling in a straight line over 
the surface of the water, sending out waves which 
combine to form a characteristic pattern. This consists 
of a system of transverse waves following behind the 
point, together with a series of divergent waves ra- 
diating from the point, the whole pattern being con- 
tained within two straight lines starting from the 
pressure point and making angles of 19 deg 28 min 
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Fig. 6 Kelvin wave pattern 

on each side of the line of motion, Fig. 6 .  The heights 
of successive transverse-wave crests along the middle 
line behind the pressure point diminish going aft. The 
waves are curved back some distance out from the 
centerline and meet the diverging waves in cusps, 
which are the highest points in the system. The heights 
of these cusps decrease less rapidly with distance from 
the point than do those of the transverse waves, so 
that eventually well astern of the point the divergent 

waves become the more prominent (see Fig. 7). 
The Kelvin wave pattern illustrates and explains 

many of the features of the ship-wave system. Near 
the bow of a ship the most noticeable waves are a 
series of divergent waves, starting with a large wave 
a t  the bow, followed by others arranged on each side 
along a diagonal line in such a way that each wave is 
stepped back behind the one in front in echelon (Fig. 
8) and is of quite short length along its crest line. 
Between the divergent waves on each side of the ship, 
transverse waves are formed having their crest lines 
normal to the direction of motion near the hull, bending 
back as they approach the divergent-system waves and 
finally coalescing with them. These transverse waves 
are most easily seen along the middle portion of a ship 
or model with parallel body or just behind a ship run- 
ning at high speed. I t  is easy to see the general Kelvin 
pattern in such a bow system. 

Similar wave systems are formed a t  the shoulders, 
if any, and a t  the stern, with separate divergent and 
transverse patterns, but these are not always so 
clearly distinguishable because of the general distur- 
bance already present from the bow system. 

Since the wave pattern as a whole moves with the 
ship, the transverse waves are moving in the same 
direction as the ship at the same speed V,  and might 

Fig. 7(a) Pattern of diverging waves 

5- 
Fig. 7(b) Typical ship wove pattern 
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C H A P T E R  V 

I Resistance J. D. van Manen 
P. van Oosranen 

Section 1 
Introduction 

1.1 The Problem. A ship differs from any other 
large engineering structure in that-in addition to all 
its other functions-it must be designed to move ef- 
ficiently through the water with a minimun of external 
assistance. In Chapters 1-111 of Vol. I it has been shown 
how the naval architect can ensure adequate buoyancy 
and stability for a ship, even if damaged by collision, 
grounding, or other cause. In Chapter IV the problem 
of providing adequate structure for the support of the 
ship and its contents, both in calm water and rough 
seas, was discussed. 

In this chapter we are concerned with how to make 
it possible for a structure displacing up to 500,000 
tonnes or more to move efficiently across any of the 
world’s oceans in both good and bad weather. The 
problem of moving the ship involves the proportions 
and shape-or form-of the hull, the size and type of 
propulsion plant to provide motive power, and the de- 
vice or system to transform the power into effective 
thrust. The design of power plants is beyond the scope 
of this’ book (see Marine  Engineering, by R.L. Har- 
rington, Ed., SNAME 1971). The nine sections of this 
chapter will deal in some detail with the relationship 
between hull form and resistance to forward motion 
(or drag). Chapter VI discusses propulsion devices and 
their interaction with flow around the hull. 

The task of the naval architect is to ensure that, 
within the limits of other design requirements, the hull 
form and propulsion arrangement will be the most 
efficient in the hydrodynamic sense. The ultimate test 
is that the ship shall perform at the required speed 
with the minimum of shaft power, and the problem is 
to attain the best combination of low resistance and 
high propulsive efficiency. In general this can only be 
attained by a proper matching of hull and propeller. 

Another factor that influences the hydrodynamic de- 
sign of a ship is the need to ensure not only good 

’ Complete references are listed a t  end of chapter. 

smooth-water performance but also that under aver- 
age service conditions at sea the ship shall not suffer 
from excessive motions, wetness of decks, or lose more 
speed than necessary in bad weather. The assumption 
that a hull form that is optimum in calm water will 
also be optimum in rough seas is not necessarily valid. 
Recent research progress in oceanography and the 
seakeeping qualities of ships has made it possible to 
predict the relative performance of designs of varying 
hull proportions and form under different realistic sea 
conditions, using both model test and computing tech- 
niques. The problem of ship motions, attainable speed 
and added power requirements in waves are discussed 
in Chapter VIII, Vol. 111. This chapter is concerned 
essentially with designing for good smooth-water per- 
formance. 

Another consideration in powering is the effect of 
deterioration in hull surface condition in service as the 
result of fouling and corrosion and of propeller rough- 
ness on resistance and propulsion. This subject is dis- 
cussed in this chapter. 

As in the case of stability, subdivision, and structure, 
criteria are needed in design for determining accept- 
able levels of powering. In general, the basic contrac- 
tual obligation laid on the shipbuilder is that the ship 
shall Bchieve a certain speed with a specified power in 
good weather on trial, and for this reason smooth- 
water performance is of great importance. As previ- 
ously noted, good sea performance, particularly the 
maintenance of sea speed, is often a more important 
requirement, but one that is much more difficult to 
define. The effect of sea condition is customarily al- 
lowed for by the provision of a service power margin 
above the power required in smooth water, an allow- 
ance which depends on the type of ship and the average 
weather on the sea routes on which the ship is designed 
to operate. The determination of this service allowance 
depends on the accumulation of sea-performance data 
on similar ships in similar trades. Powering criteria in 
the form of conventional service allowances for both 
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sea conditions and surface deterioration are considered 
in this chapter. 

The problem of controlling and maneuvering the 
ship will be covered in Chapter IX, Vol. 111. 

1.2 Types of Resistance. The resistance of a ship 
a t  a given speed is the force required to tow the ship 
at that speed in smooth water, assuming no interfer- 
ence from the towing ship. If the hull has no appen- 
dages, this is called the bare-hull resistance. The power 
necessary to overcome this resistance is called the tow- 
rope or effective power and is given by 

PE = RTV (14 
where PE = effective power in kWatt (kW) 

R, = total resistance in kNewton (kN) 
V = speed in mlsec 

or ehp = R, V, 1326 (1b) 
where ehp = effective power in English horsepower 

RT = total resistance in lb 
V, = speed in knots 

To convert from horsepower to S.I. units there is 
only a slight difference between English and metric 
horsepower: 

hp (English) 
hp (metric) 
Speed in knots x 0.5144 = mlsec 

x 0.746 = kW 
x 0.735 = kW 

This total resistance is made up of a number of 
different components, which are caused by a variety 
of factors and which interact one with the other in an 
extremely complicated way. In order to deal with the 
question more simply, it is usual to consider the total 
calm water resistance as being made up of four main 
components. . 

(a) The frictional resistance, due to the motion of 
the hull through a viscous fluid. 

(b) The wave-making resistance, due to the energy 
that must be supplied continuously by the ship to the 
wave system created on the surface of the water. 

(c) Eddy resistance, due to the energy carried away 
by eddies shed from the hull or appendages. Local 
eddying will occur behind appendages such as boss- 
ings, shafts and shaft struts, and from stern frames 
and rudders if these items are not properly streamlined 
and aligned with the flow. Also, if the after end of the 
ship is too blunt, the water may be unable to follow 
the curvature and will break away from the hull, again 
giving rise to eddies and separation resistance. 

(d) Air resistance experienced by the above-water 
part of the main hull and the superstructures due to 
the motion of the ship through the air. 

The resistances under (71) and (G) are commonly 
taken together under the name residuary resistance. 
Further analysis of the resistance has led to the iden- 
tification of other sub-components, as discussed sub- 
sequently. 

The importance of the different components depends 
upon the particular conditions of a design, and much 
of the skill of naval architects lies in their ability to 
choose the shape and proportions of hull which will 
result in a combination leading to the minimum total 
power, compatible with other design constraints. 

In this task, knowledge derived from resistance and 
propulsion tests on small-scale models in a model basin 
or towing tank will be used. The details of such tests, 
and the way the results are applied to the ship will be 
described in a later section. Much of our knowledge 
of ship resistance has been learned from such tests, 
and it is virtually impossible to discuss the various 
types of ship resistance without reference to model 
work. 

1.3 Submerged Bodies. A streamlined body moving 
in a straight horizontal line a t  constant speed, deeply 
immersed in an unlimited ocean, presents the simplest 
case of resistance. Since there is no free surface, there 
is no wave formation and therefore no wave-making 
resistance. If in addition the fluid is assumed to be 
without viscosity (a “perfect” fluid), there will be no 
frictional or eddymaking resistance. The pressure dis- 
tribution around such a body can be determined the- 
oretically from considerations of the potential flow and 
has the general characteristics shown in Fig. l(a). 

Near the nose, the pressure is increased above the 
hydrostatic pressure, along the middle of the body the 
pressure is decreased below it and a t  the stern it is 
again increased. The velocity distribution past the hull, 
by Bernoulli’s Law, will be the inverse of the pressure 
distribution-along the midportion it will be greater 
than the speed of advance V and in the region of bow 
and stern it will be less. 

Since the fluid has been assumed to be without vis- 
cosity, the pressure forces will everywhere be normal 
to the hull (Fig. l (b)) .  Over the forward part of the 
hull, these will have components acting towards the 
stern and therefore resisting the motion. Over the 
after part, the reverse is the case, and these compo- 
nents are assisting the motion. I t  can be shown that 
the resultant total forces on the fore and after bodies 
are equal, and the body therefore experiences no re- 
sistance.‘ 

In a real fluid the boundary layer alters the virtual 
shape and length of the stern, the pressure distribution 
there is changed and its forward component is reduced. 
The pressure distribution over the forward portion is 
but little changed from that in a perfect fluid. There 
is therefore a net force on the body acting against the 
motion, giving rise to a resistance which is variously 
referred to as form drag or viscous pressure drag. 

In a real fluid, too, the body experiences frictional 
resistance and perhaps eddy resistance also. The fluid 
immediately in contact with the surface of the body is 

* This was first noted by the French mathematician d’Alembert in 
1744, and is known as d’alembert’s paradox. 
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carried along with the surface, and that in the close 
vicinity is set in motion in the same direction as that 
in which the body is moving. This results in a layer of 
water, which gets gradually thicker from the bow to 
the stern, and in which the velocity varies from that 
of the body at its surface to that appropriate to the 
potential flow pattern (almost zero for a slender body) 
at the outer edge of the layer (Fig. l(c)). This layer is 
called the boundary layer, and the momentum supplied 
to the water in it by the hull is a measure of the 
frictional resistance. Since the body leaves behind it a 
frictional wake moving in the same direction as the 
body (which can be detected far astern) and is contin- 

ually entering undisturbed water and accelerating it 
to maintain the boundary layer, this represents a con- 
tinual drain of energy. Indeed, in wind-tunnel work 
the measurement of the velocities of the fluid behind 
a streamlined model is a common means of measuring 
the frictional drag. 

If the body is rather blunt a t  the after end, the flow 
may leave the form a t  some point-called a separation 
point-thus reducing the total pressure on the af- 
terbody and adding to the resistance. This separation 
resistance is evidenced by a pattern of eddies which 
is a drain of energy (Fig. l(d)). 

A ship moving on the surface of 
the sea experiences frictional resistance and eddy- 
making, separation, and viscous pressure drag in the 
same way as does the submerged body. However, the 
presence of the free surface adds a further component. 
The movement of the hull through the water creates 
a pressure distribution similar to that around the sub- 
merged body; i.e., areas of increased pressure at bow 
and stern and of decreased pressure over the middle 
part of the length. 

But there are important differences in the pressure 
distribution over the hull of a surface ship because of 
the surface wave disturbance created by the ship’s 
forward motion. There is a greater pressure acting 
over the bow, as indicated by the usually prominent 
bow wave build-up, and the pressure increase at the 
stern, in and just below the free surface, is always 
less than around a submerged body. The resulting 
added resistance corresponds to the drain of energy 
into the wave system, which spreads out astern of the 
ship and has to be continuously recreated. (See Section 
4.3). Hence, it has been called wave-making resistance. 
The result of the interference of the wave systems 
originating at bow, shoulders (if any) and stern is to 
produce a series of divergent waves spreading out- 
wards from the ship at a relatively sharp angle to the 
centerline and a series of transverse waves along the 
hull on each side and behind in the wake (Fig. 7). 

The presence of the wave systems modifies the skin 
friction and other resistances, and there is a very com- 
plicated interaction among all the different compo- 
nents. 

1.4 Surface Ships. 

2.1 General. Dimensional analysis is essentially a 
means of utilizing a partial knowledge of a problem 
when the details are too obscure to permit an exact 
analysis. See Taylor, E. S. (1974). I t  has the enormous 
advantage of requiring for its application a knowledge 
only of the variables which govern the result. To apply 
it to the flow around ships and the corresponding re- 

Section 2 
Dimensional Analysis 

sistance, it is necessary to know only upon what var- 
iables the latter depends. This makes it a powerful 
tool, because the correctness of a dimensional solution 
does not depend upon the soundness of detailed anal- 
yses, but only upon the choice of the basic variables. 
Dimensional solutions do not yield numerical answers, 
but they provide the form of the answer so that every 
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experiment can be used to the fullest advantage in 
determining a general empirical solution. 

2.2 Dimensional Homogeneity. Dimensional anal- 
ysis rests on the basic principle that every equation 
which expresses a physical relationship must be di- 
mensionally homogeneous. There are three basic quan- 
tities in mechanics-mass, length and time-which are 
represented by the symbols M, L, and T. Other quan- 
tities, such as force, density, and pressure, have di- 
mensions made up from these three basic ones. 

Velocity is found by dividing a length or distance 
by a time, and so has the dimensions L/T. Acceleration, 
which is the change in velocity in a certain time, thus 
has dimensions of (L/T)IT, or L/T2. 

Force, which is the product of mass and acceleration, 
has dimensions of M x L/T2 or ML/T2. 

As a simple case to illustrate the principle of di- 
mensional analysis, suppose we wish to determine an 
expression for the time of swing of a simple pendulum. 

If T is the period of such a pendulum in vacuo (so 
that there is no frictional damping), it could depend 
upon certain physical quantities such as the mass of 
the pendulum bob, m, the length of the cord, I, (sup- 
posed to be weightless) and the arc of swing, s. The 
force which operates to restore the pendulum to its 
original position when it is disturbed is its weight, mg, 
and so the acceleration due to gravity, g, must be 
involved in the problem. 

We can write this in symbols as 

T = f (m, 1, s, 9) 
wherefis a symbol meaning "is some function of." 
If we assume that this function takes the form of 

a power law, then 
T = ma lb sc gd 

If this equation is to fulfill the principle of dimen- 
sional homogeneity, then the dimensions on each side 
must be the same. Since the left-hand side has the 
dimension of time only, so must the right-hand side. 

Writing the variables in terms of the fundamental 
units, we have 

T' = MaLbL" (L/T2)d 
Equating the exponents of each unit from each side 

of the equation, we have 
a = O  

b + c + d = O  
-2d = 1 

Hence 
d = -112 
a = O  

b + c = 1/2  
The expression for the period of oscillation T seconds 
is therefore 

T = constant x l ' / ~ - ~  x sc x g-'/2 

= constant x ,,@ x (S/Z)C 

The solution indicates that the period does not de- 
pend on the mass of the bob, but only on the length, 
the acceleration due to gravity, and the ratio of length 
of arc to length of pendulum. The principle of dimen- 
sions does not supply the constant of proportionality, 
which must be determined experimentally. 

The term (s/l) is a mere number, each quantity being 
of dimension L, and dimensionally there is no restric- 
tion on the value of c. We can therefore write 

T = constant x ,@ x f ( s / l )  (2) 
Although the form of the functionfis undetermined, 

it is explicitly indicated by this equation that it is not 
the arc s itself which is important, but its ratio to I: 
i.e., the maximum angle of swing, s/l radians. 

The function f can be found by experiment, and must 
approach the value unity for small swings, so as to 
lead to the usual formula for a simple pendulum under 
such conditions: 

T = constant x a 
The most important question regarding any dimen- 

sional solution is whether or not physical reasoning 
has led to a proper selection of the variables which 
govern the result. 

Applying dimensional analysis to the ship resistance 
problem, the resistance R could depend upon the fol- 
lowing: 

(a) Speed, K 
(b) Size of body, which may be represented by the 

(c) Mass density of fluid, p (mass per unit volume) 
(d) Viscosity of fluid, p 
(e)  Acceleration due to gravity, g 
(f) Pressure per unit area in fluid, p 
It is assumed that the resistance R can now be writ- 

linear dimension, L. 

ten in terms of unknown powers of these variables: 

R c paPCpdgcpf (3) 
Since R is a force, or a product of mass times ac- 

celeration, its dimensions are ML/T2. 
The density p is expressed as mass per unit volume, 

or M/L3. 
In a viscous fluid in motion the force between ad- 

jacent layers depends upon the area A in contact, the 
coefficient of viscosity of the liquid and upon the rate 
at which one layer of fluid is moving relative to the 
next one. If u is the velocity at a distance y from the 
boundary of the fluid, this rate or velocity gradient is 
given by the expression du/dy.  

The total force is thus 

F = pAdu /dy  

d d d y  being a velocity divided by a distance has di- 
mensions of (L/T)/L,  or 1/T, and the dimensional 
equation becomes 
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M L / F  = pL2 x 11T 
or 

p = M/LT 
p is a force per unit area, and its dimensions are 

UVL/T2~lL2,  or M/LT2. . .  
The ratio plp is called the kinematic viscosity of the 

liquid, v, and has dimensions given by 
v = PIP = (M/LT)- (L3/M)  = L2/T 

Introducing these dimensional quantities into Equa- 
tion (3), we have 
ML/T2 = (M/L3)" (L/T)* (L)" (M/LT)d 

whence 
x (L/T2)" (M/LT2)f  (4) 

I a + d + f = l  
-3a + b + c - d + e - f = 1 

b + d + 2e + 2 f  = 2 
or 

I a = l - d - f  
b = 2 - d - 2e - 2 f  

and 
c = 1 + 3a - b + d - e + f 

= 1 + 3 - 3d - 3f - 2 + d + 2e + 2 f +  d - e + f 
= 2 - d + e  

Then from Equation (3) 

All three expressions within the brackets are non- 
dimensional, and are similar in this respect to the s/Z 
term in Equation (2). There is therefore no restriction 
dimensionally on the exponents d, e, and$ The form 
of the function f must be found by experiment, and 
may be different for each of the three terms. 

Writing v for p l p  and remembering that for similar 
shapes the wetted surface S is proportional to L2, 
Equation (5) may be written 

where the left-hand side of the equation is a non- 
dimensional resistance coefficient. Generally in this 
chapter R will be given in kN and p in kg/L (or t/m3), 
although N and kg/m3 are often used (as here) in the 
cases of model resistance and ship airlwind resistance. 

A term first suggested by Dr. E.V. Telfer. 

Equation (6) states in effect that if all the parameters 
on the right-hand side have the same values for two 
geometrically similar but different sized bodies, the 
flow patterns will be similar and the value of 
R/X pSV2 will be the same for each. 

2.3 Corresponding Speeds. Equation (6) showed 
how the total resistance of a ship depends upon the 
various physical quantities involved, and that these are 
associated in three groups, VL/v, g L / V 2  and p/pV2.  

Considering first the case of a nonviscous liquid in 
which there is no frictional or other viscous drag, and 
neglecting for the moment the last group, there is left 
the parameter gL/V2  controlling the surface wave sys- 
tem, which depends on gravity. Writing the wave-mak- 
ing or residuary resistance as R R  and the cor- 
responding coefficient as CR, CR can be expressed as 

This means that geosims3 (geometrically similar bod- 
ies) of different sizes will have the same specific re- 
siduary resistance coefficient C, if they are moving at 
the same value of the parameter V'lgL. 

According to Froude's Law of Comparison4: "The 
(residuary) resistance of geometrically similar ships is 
in the ratio of the cube of their linear dimensions if 
their speeds are in the ratio of the square roots of 
their linear dimensions." Such speeds he called cor- 
responding ~ p e e d s . ~  It will be noted that these cor- 
responding speeds require V/& to be the same for 
model and ship, which is the same condition as ex- 
pressed in Equation (7). The ratio VK/&, commonly 
with V, in knots and L in feet, is called the speed- 
length ratio. This ratio is often used in presenting 
resistance data because of the ease of evaluating it 
arithmetically, but it has the drawback of not being 
nondimensional. The value of V/m, on the other 
hand, is nondimensional and has the same numerical 
value in any consistent system of units. Because of 
Froude's close association with the concept of speed- 
length ratio, the parameter V/m is called the Froude 
number, with the symbol Fn. 

When vk is expressed in knots L in feet, and g in 
ft/sec2, the relation between V/& and Froude number 
is 

Fn = 0.298 vk/& 

or 
Vk/& = 3.355Fn 

Stated in 1868 by William Froude (1955) who first recognized 
the practical necessity of separating the total resistance into com- 
ponents, based on the general law of mechanical similitude, from 
observations of the wave patterns of models of the same form but 
of different sizes. 
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The residuary resistances of ship (RRJ and of model 
(RRM) from Equation (7) will be in the ratio 

where subscripts sand   refer to ship and model, re- 
spectively. 

If both model and ship are run in water of the same 
density and at the same value of V2/gL, as required 
by Equation (7), i.e. 

( vS)'/SLS = ( VM)'/gLM 
then CR will be the same for each, and 

= (L$/(LM)~ = AJAM (8) 
where As and A M  are the displacements of ship and 
model, respectively. 

This is in agreement with Froude's law of compar- 
ison. 

I t  should be noted from Equation (8) that a t  corre- 
sponding speeds, i.e., at the same value of V / 

RRs/As = RRM/AM (9) 
i.e., the residuary resistance per unit of displacement 
is the same for model and ship. Taylor made use of 
this in presenting his contours of residuary resistance 
in terms of pounds resistance per long ton of displace- 
ment (Section 8.6). 

If the linear scale ratio of ship to model is A, then 
the following relations hold: 

Ls/LM = A 
v S / v M  = &s /&M = fi = A'" (10) 

The "corresponding speed" for a small model is much 
lower than that of the parent ship. In the case of a 5 
m model of a 125 m ship (linear scale ratio A = 25), 
the model speed corresponding to 25 knots for the ship 
is 25/A'/2, or 2 5 / $ 6 ,  or 5 knots. This is a singularly 
fortunate circumstance, since it enables ship models 
to be built to reasonable scales and run at speeds which 
are easily attainable in the basin. 

Returning to Equation (6), consider the last term, 
p/pV'. If the atmospheric pressure above the water 
surface is ignored and p refers only to the water head, 
then for corresponding points in model and ship p will 
vary directly with the linear scale ratio A. At corre- 
sponding speeds V 2  varies with A in the same way so 
that p/pV' will be the same for model and ship. Since 

RRs/RRM = (Ls)~I(L,J = As1 A M  = A3 

This same law had previously been put forward by the French 
Naval Constructor Reech in 1832, but he had not pursued it or 
demonstrated how it could be applied to the practical problem of 
predicting ship resistance (Reech, 1852). 

the atmospheric pressure is usually the same in model 
and ship, when it is included in p,  so that the latter is 
the total pressure at a given point, the value of 
p/pV' will be much greater for model than for ship. 
Fortunately, most of the hydrodynamic forces arise 
from differences in local pressures, and these are pro- 
portional to V, so that the forces are not affected by 
the atmospheric pressure so long as the fluid remains 
in contact with the model and ship surfaces. When the 
pressure approaches very low values, however, the 
water is unable to follow surfaces where there is some 
curvature and cavities form in the water, giving rise 
to cavitation. The similarity conditions are then no 
longer fulfilled. Since the absolute or total pressure is 
greater in the model than in the ship, the former gives 
no warning of such behavior. For tests in which this 
danger is known to be present, special facilities have 
been devised, such as variable-pressure water tunnels, 
channels or towing basins, where the correctly scaled- 
down total pressure can be attained a t  the same time 
that the Froude condition is met. 

In the case of a deeply submerged body, where there 
is no wavemaking, the first term in Equation (6) gov- 
erns the frictional resistance, R,. The frictional re- 
sistance coefficient. is then 

and C, will be the same for model and ship provided 
that the parameter VL/w is the same. This follows 
essentially from the work of Osborne Reynolds (1883), 
for which reason the product VL/w is known as Rey- 
nolds number, with the symbol Rn. 

If both model and ship are run in water at the same 
density and temperature, so that w has the same value, 
it follows from (11) that Vs Ls = V, LM. This condition 
is quite different from the requirement for wave-mak- 
ing resistance similarity. As the model is made smaller, 
the speed of test must increase. In the case already 
used as an illustration, the 5-m model of a 125-m, 25- 
knot ship would have to be run at a speed of 625 knots. 

The conditions of mechanical similitude for both fric- 
tion and wave-making cannot be satisfied in a single 
test. I t  might be possible to overcome this difficulty 
by running the model in some other fluid than water, 
so that the change in value of w would take account 
of the differences in the VL product. In the foregoing 
example, in order to run the model a t  the correct wave- 
making corresponding speed, and yet keep the value 
of VL/w the same for both model and ship, a fluid 
would have to be found for use with the model which 
had a kinematic viscosity coefficient only 11125 that of 
water. No such fluid is known. In wind-tunnel work, 
similitude can be attained by using compressed air in 
the model tests, so decreasing w and increasing VL/w 
to the required value. 

The practical method of overcoming this fundamen- 
tal difficulty in the use of ship models is to deal with 
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the frictional and the wave-making resistances sepa- 
rately, by writing 

c, = C R  + C F  (12) 
This is equivalent to expressing Equation (6) in the 

form 

Froude recognized this necessity, and so made ship- 
model testing a practical tool. He realized that the 
frictional and residuary resistances do not obey the 
same law, although he was unaware of the relationship 
expressed by Equation (11). 

2.4 Extension of Model Results to Ship. To extend 
the model results to the ship, Froude proposed the 
following method, which is based on Equation (12). 
Since the method is fundamental to the use of models 
for predicting ship resistance, it must be stated at 
length: 

culated, assuming the resistance to be the same as 
that of a smooth flat plank of the same length and 
surface as the model. 

(d) The residuary resistance of the model R R M  is 
found by subtraction: 

(e)  The residuary resistance of the ship R R s ,  is cal- 
culated by the law of comparison, Equation (10): 

R R s  = R R M  x A3 

This applies to the ship at the corresponding speed 
given by the expression 

v, = V M  x A’’‘ 
(f) The frictional resistance of the ship R F S  is cal- 

culated on the same assumption as in footnote (4), 
using a frictional coefficient appropriate to the ship 
length. 

(g) The total ship resistance (smooth hull) R T S  is then 
given by - 

Froude noted: 
(a) The model is made to a linear scale ratio of A RTS = RFS RRS 

and run over a range of “corresponding” speeds such This principle of extrapolation from model to ship is 
that V, /Cs = V, / cM still used in all towing tanks, with certain refinements 

(b)  The total model resistance is measured, equal to to be discussed subsequently. 
R T M .  Each component of resistance will now be dealt with 

(c) The frictional resistance of the model R F M  is cal- in greater detail. 

Section 3 
Frictional Resistance 

3.1 General One has only to look down from the could only be solved by dividing the resistance into 
deck of a ship a t  sea and observe the turbulent motion two components, undertook a basic investigation into 
in the water near the hull, increasing in extent from the frictional resistance of smooth planks in his tank 
bow to stern, to realize that energy is being absorbed a t  Torquay, England, the results of which he gave to 
in frictional resistance. Experiments have shown that the British Association (Froude, W., 1872, 1874). 
even in smooth, new ships it accounts for 80 to 85 The planks varied in lengths from 0.61 m (2 ft) to 
percent of the total resistance in slow-speed ships and 15.2 m (50 ft) and the speed range covered was from 
as much as 50 percent in high-speed ships. Any rough- 0.5 m/sec (1.67 fps) to 4.1 m/sec (13.3 fps), the max- 
ness of the surface will increase the frictional resist- imum for the 15.2 m plank being 3.3 m/sec (10.8 fps). 
ance appreciably over that of a smooth surface, and Froude found that at any given speed the specific re- 
with subsequent corrosion and fouling still greater sistance per unit of surface area was less for a long 
increases will occur. Not only does the nature of the plank than for a shorter one, which he attributed to 
surface affect the drag, but the wake and propulsive the fact that towards the after end of the long plank 
performance are also changed. Frictional resistance is the water had acquired a forward motion and so had 
thus the largest single component of the total resist- a lower relative velocity. 
ance of a ship, and this accounts for the theoretical He gave an empirical formula for the resistance in 
and experimental research that has been devoted to it the form 
over the years. The calculation of wetted surface area 
which is required for the calculation of the frictional 
resistance, Equation (ll), is discussed in Chapter I. 

Froude, know- 
ing the law governing residuary resistance and having 
concluded that the model-ship extrapolation problem 

R = f S V n  (14) 
where 

3.2 Froude’s Experiments on Friction. R = resistance, kN or lb 
S = total area of surface, m2 or f t2  
V = speed, mlsec or ftlsec 



8 PRINCIPLES OF NAVAL ARCHITECTURE 

Table l-Froude’s Skin-Friction Coefficients” 

R = resistance, lb R = f .S*Vn S = area of plank, sq f t  V = speed, fps 
Length of surface, or distance from cutwater, f t  

Nature of 2 8 20 50 
surface f n k f n  k f n k f n  k 

Varnish ........... 0.00410 2.00 0.00390 0.00460 1.88 0.00374 0.00390 1.85 0.00337 0.00370 1.83 0.00335 
Paraffin ........... 0.00425 1.95 0.00414 0.00360 1.94 0.00300 0.00318 1.93 0.00280 - - - 
Calico ............. 0.01000 1.93 0.00830 0.00750 1.92 0.00600 0.00680 1.89 0.00570 0.00640 1.87 0.00570 
Fine sand ......... 0.00800 2.00 0.00690 0.00580 2.00 0.00450 0.00480 2.00 0.00384 0.00400 2.06 0.00330 
Medium sand ...... 0.00900 2.00 0.00730 0.00630 2.00 0.00490 0.00530 2.00 0.00460 0.00490 2.00 0.00460 
Coarse sand ....... 0.01000 2.00 0.00880 0.00710 2.00 0.00520 0.00590 2.00 0.00490 - - - 

a W. Froude’s results for planks in fresh water at Torquay (British Association 1872 and 1874). 
NOTE: The values of k represent thef-values for the last square foot of a surface whose length is equal to that given 

at the head of the column. 

f and n depended upon length and nature of surface, 
and are given in Table 1. 

For the smooth varnished surface, the value of the 
exponent n decreased from 2.0 for the short plank to 
1.83 for the 15.2 m (50 ft) plank. For the planks rough- 
ened by sand, the exponent had a constant value of 
2.0. 

For a given type of surface, thef-value decreased 
with increasing length, and for a given length it in- 
creased with surface roughness. 

In order to apply the results to ships, the derived 
skin-friction coefficients had to be extrapolated to much 
greater lengths and speeds. W. Froude did not give 
these extrapolated figures in his reports, but sug- 
gested two methods which might be used for their 
derivation. In his own words, “it is a t  once seen that, 
a t  a length of 50 feet, the decrease, with increasing 
length, of the friction per square foot of every addi- 
tional length is so small that it will make no very great 
difference in our estimate of the total resistance of a 
surface 300 f t  long whether we assume such decrease 
to continue a t  the same rate throughout the last 250 
feet of the surface, or to cease entirely after 50 feet; 
while it is perfectly certain that the truth must lie 
somewhere between these assumptions.” Payne, 
(1936) has reproduced the curve Froude used a t  Tor- 
quay in 1876 for ships up to 152.4 m (500 ft) in length. 
This curve is almost an arithmetic mean between those 
which would be obtained by the two methods sug- 
gested. W. Froude (1874) also obtained some full-scale 
information in an attempt to confirm his law of com- 
parison and to assist in the extrapolation of the fric- 

Table 2-Results of Towing Trials on HMS Greyhound 

Speed V ,  fpm ....................... 600 800 1000 1200 
Resistance Rs, lb, from ship.. ...... 3100 5400 9900 19100 
Ru, lb, predicted from model.. . . . . .  2300 4500 8750 17500 
Percent difference .................. 35 20 13 9 

Difference in (R/T“) x l o2 . .  ....... 0.22 0.14 0.12 0.11 

(R,/T“ x 10’ for ship ............. 0.86 0.84 0.99 1.33 
(&/ v2’ ) x ,lo2, model prediction ... 0.64 0.70 0.87 1.22 

tional coefficients to ship lengths by carrying out 
towing tests on the sloop HMS Greyhound, a wooden 
ship 52.58 m (172 f t  6 in.) in length, with copper 
sheathing over the bottom. The results of the towing 
tests and the predictions made from the model are 
given in Table 2. 

The actual ship resistance was everywhere higher 
than that predicted from the model, the percentage 
increase becoming less with increasing speed. The dif- 
ference in R/V2, however, is almost the same at all 
speeds, except the lowest, and decreases only slowly 
with increasing speed, as might occur if this additional 
resistance were of viscous type and varying at some 
power less than the second. Froude pointed out that 
the additional resistance could be accounted for by 
assuming that the copper-sheathed hull was equivalent 
to smooth varnish over 2/3 of the wetted surface and 
to calico over the rest. This he considered reasonable, 
and the two resistance curves were then almost iden- 
tical, which he took as a visible demonstration of the 
correctness of his law of comparison. 

In his paper on the Greyhound trials, Froude states 
quite clearly how he applied his idea of the “equivalent 
plank” resistance: “For this calculation the immersed 
skin was carefully measured, and the resistance due 
to it determined upon the hypothesis that it is equiv- 
alent to that of a rectangular surface of equal area, 
and of length (in the line of motion) equal to that of 
the model, moving at the same speed.” 

The 1876 values of frictional coefficients were stated 
to apply to new, clean, freshly painted steel surfaces, 
but they lie considerably above those now generally 
accepted for smooth surfaces. The original curves have 
been modified and extended from time to time by R.E. 
Froude, up to a length of 366 m (1200 ft), but these 
extended curves had no experimental basis beyond the 
15.2 m (50 ft) plank tests made in 1872, (Froude, R. E. 
1888). Nevertheless, they are still used today in some 
towing tanks. 

3.3 Two-dimensional Frictional Resistance Formula- 
tions. In the experiments referred to in Section 2.3, 
Osborne Reynolds made water flow through a glass 
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tube, introducing a thin stream of dye on the centerline 
a t  the entrance to the tube. When the velocity was 
small, the dye remained as a straight filament parallel 
to the axis of the tube. At a certain velocity, which 
Reynolds called the critical velocity V,, the filament 
began to waver, became sinuous and finally lost all 
definiteness of outline, the dye filling the whole tube. 
The resistance experienced by the fluid over a given 
length of pipe was measured by finding the loss of 
pressure head. Various diameters of the tube, D, were 
used, and the kinematic viscosity was varied by heating 
the water. Reynolds found that the laws of resistance 
exactly corresponded for velocities in the ratio v/D, 
and when the results were plotted logarithmically 

V, = ZOOOu/D 
Below the critical velocity the resistance to flow in 

the pipe varied directly as the speed, while for higher 
velocities it varied a t  a power of the speed somewhat 
less than 2. 

When the foregoing relationship is written in the 
form 

V,Dlv = 2000 
the resemblance to Equation (11) is obvious. 

Stanton, et  al. (1952) showed that Reynolds’ findings 
applied to both water and air flowing in pipes, and also 
that the resistance coefficients for models of an airship 
on different scales were sensibly the same at the same 

value of VL/u. Baker (1915) plotted the results of much 
of the available data on planks in the form of the 
resistance coefficient 

to a base of VL/v, and found that a mean curve could 
be drawn passing closely through Froude’s results ex- 
cept at low values of V L h .  

Experiments such as those performed by Reynolds 
suggested that there were two separate flow regimes 
possible, each associated with a different resistance 
law. At low values of V D h ,  when the dye filament 
retained its own identity, the fluid was evidently flow- 
ing in layers which did not mix transversely but slid 
over one another at relative speeds which varied across 
the pipe section. Such flow was called laminar and was 
associated with a relatively low resistance. When the 
Reynolds number VD/v increased, either by increasing 
VD or by decreasing v ,  the laminar flow broke down, 
the fluid mixed transversely in eddying motion, and 
the resistance increased. This flow is called turbulent. 

In modern skin-friction formulations the specific fric- 
tional resistance coefficient C, is assumed to be a func- 
tion of the Reynolds number Rn or VL/v. As early as 
1904 Blasius had noted that at low Reynolds numbers 
the flow pattern in the boundary layer of a plank was 
laminar (Blasius, 1908). He succeeded in calculating 

0.009 
I I I I I I l l 1  I I I I I I l l )  I 1 I / / l l l J  
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the total resistance of a plank in laminar flow by in- 
tegrating across the boundary layer to find the mo- 
mentum transferred to the water, and gave the 
formula for C, in laminar flow in terms of Rn: 

This line is plotted in Fig. 2. Blasius found good agree- 
ment between his calculated resistances and direct ex- 
periment, but found that the laminar flow became 
unstable a t  Reynolds numbers of the order of 4.5 x 
lo5, beyond which the resistance coefficients increased 
rapidly above those calculated from his equation. 

Prandtl and von Karman (1921) separately published 
the equation 

for turbulent flow, which is also shown in Fig. 2. This 
equation was based on an analytical and experimental 
investigation of the characteristics of the boundary 
layer, as well as on the available measurements of 
overall plank resistance, principally those of Froude 
and further experiments run by Gebers in the Vienna 
tank (Gebers, 1919). 

At low values of Reynolds number, and with quiet 
water, the resistance of a smooth plank closely follows 
the Blasius line, the flow being laminar, and from 
Equation (15) it is seen that the resistance R varies as 

For turbulent flow, the value of the resistance coef- 
ficient is considerably higher than for laminar flow, 
and varies as a higher power of the speed; according 
to Equation (16) as Vl.’. 

The transition from laminar flow to turbulent flow 
does not occur simultaneously over the whole plank. 
Transition begins when the Reynolds number reaches 
a critical value R,. As the velocity Vincreases beyond 
this value, the transition point moves forward so that 
the local value of the Reynolds number, Vx/ v,  remains 
equal to the critical value, x being the distance of the 
transition point from the leading edge of the plank. 
This is called the “local Reynolds number,” and for 
the constant value of this local Rn at which transition 
takes place, x will decrease as V increases, and more 
and more of the plank surface will be in turbulent flow 
and so experience a higher resistance. The value of C, 
will thus increase along a transition line of the type 
shown in Fig. 2, and finally approach the turbulent line 
asymptotically. It should be noted that there is no 
unique transition line, the actual one followed in a 
given case depending upon the initial state of turbu- 
lence in the fluid, the character of the plank surface, 
the shape of the leading edge, and the aspect ratio. 

These transition lines for smooth planks occur at 
values of Reynolds number within the range over 

V1.5 

which most plank-friction tests have been run, and if 
such plank results are to be used to predict the values 
of C, at Reynolds numbers appropriate to a ship-100 
times or so larger than the highest plank values-only 
those results for fully turbulent flow can properly be 
used. 

3.4 Development of Frictional Resistance Formulations 
in the United States. With the completion of the Ex- 
perimental Model Basin (EMB) in Washington in 1900, 
new experiments were made on planks and new model 
coefficients were derived from these tests. For the ship 
coefficients, those published by Tideman (1876) were 
adopted. These did not represent any new experiments, 
being simply a re-analysis of Froude’s results by a 
Dutch naval constructor. This combination of friction 
coefficients-EMB plank results for model, Tideman’s 
coefficients for ship-was in use at EMB from 1901 to 
1923 (Taylor, D. W., 1943). 

By this time the dependence of frictional resistance 
on Reynolds number was well established, and a for- 
mulation was desired which was in accord with known 
physical laws, In 1923, therefore, EMB changed to the 
use of frictional coefficients given by Gebers for both 
the model and ship range of Reynolds number (Gebers, 
1919). This practice continued at that establishment 
and at the new David Taylor Model Basin (DTMB) until 
1947 (now DTRC, David Taylor Research Center). 

Schoenherr (1932) collected most of the results of 
plank tests then available, and plotted them as ordi- 
nates of C, to a base of Rn as is shown in Fig. 3. He 
included the results of experiments on 6.1 m (20 ft) 
and 9.1 m (30 ft) planks towed at Washington, and at 
the lower Reynolds numbers some original work on 
1.8 m (6 ft) catamarans with artificially-induced tur- 
bulent flow. At the higher Reynolds numbers he was 
guided largely by the results given by Kempf (1929) 
for smooth varnished plates. Kempf‘s measurements 
were made on small plates inserted at intervals along 
a 76.8 m (252 ft) pontoon, towed in the Hamburg tank. 
The local specific resistances so measured were inte- 
grated by Schoenherr to obtain the total resistance for 
surfaces of different lengths. In order to present these 
data in conformity with rational physical principles, 
Schoenherr examined his results in the light of the 
theoretical formula of Prandtl and von Karman, which 
was of the form 

A I J - F  = log,, (Rn C F )  + M 
He found he could get a good fit to the experimental 

data by making M zero and A equal to 0.242, so arriving 
at the well-known Schoenherr formulation 

0.242 / flF = log,, (Rn CF) (17) 

The Schoenherr coefficients as extended by this for- 
mula to the ship range of Reynolds numbers apply to 
a perfectly smooth hull surface. For actual ship hulls 
with structural roughnesses such as plate seams, 
welds or rivets, and paint roughness, some allowance, 



e- Zahm-Z'Plonk and 16'PaperPlane in air  
+ - W Froudt-Notional Tonk-3:8:16°Planks 

B - GebersUebigau-60,160,360,460,652 cm.Planks 
0.007 

0.006 

0.005 % 0.004 

5 0.003 
U z 

c 
.- - 
0' 
0 0.002 
C 0 
c .- 
.- 
I Y 

aooi 
2 3 4 

0 - U.S.E.M.8.-70:50:40:b0'Plonks 
r - U.S.E.n.8.-3:3Plonks,rmooth 
0 - U.S.C.M.B.-3:6'Plankr forced tubulence 

7 a 9  

0 - Gebers Vienna -I25.250.500.75O,l000cm.Planks - Kempf - 50.75 cm. Planks 
A - Froude - 16: 25: SO'Plonks 

----+-- 

I 
2 

VL 
Reynolds Number - 

C 

-- 
4 5 6 7  

I 1  
3 J 

9 10' 2 

I * 
Z 
2 

A - Gibbons- 9 ~ 6 1 0 s ~  Plates in air 
0 - Wiewlrkrger- 50.100.150,700 cm.Varniskd Cloth Planes in air  
o - KemV Measured Lao1 Resistance Integrated (waxed surface, 

Reynolds Number V l  - 
Y 

Fig. 3 Schoenherr's log-log chort for friction formulation 

i 

1 4 



12 PRINCIPLES OF N A V A L  ARCHITECTURE 

0 

I 1 - I.T.T.C. LINE CF= 0’075 
0.008 ( LOG10Rn-2I2 

1 I 1 1 I I l l  1 1 1 I I I l l  I I 1 I I I l l  I I I I 1 1 1 1  I I I I I l l 1  

0. 
---- A.T.T.C. LINE LOGtO ( R n x  CF) 

G - 
0.066 ---- HUGHES LINE CFO= 

( LOG10 R n - 2.03 )2  
60 - +- 0.0776 - -- GRANVILLE CFO 

e n r  . I \ , , ,  I c I a l l ?  
LOG10 Rn - 1.88)2 Rn 

the magnitude of which is discussed later, is necessary 
to give a realistic prediction. 

The 
International Conference of Ship Tank Superintend- 
ents (ICSTS) was a European organization founded in 
1932 to provide a meeting place for towing-tank staffs 
to discuss problems peculiar to their field. In 1935, the 
ICSTS agreed to adopt the Froude method of model 
extrapolation, among the decisions recorded being the 
following: 

“V-on the determination of length and wetted sur- 
face: 

(a) For every kind of vessel, the length on the 
water line should be used. 

(6) The mean girth multiplied by the length is 
adopted as the wetted surface.‘ 

VI-Froude’s method of calculation: 
(a) The Committee adheres to the skin friction de- 

duced from Froude’s 0 v a l u e ~ , ~  and takes these to be 
represented by the formula below, since this gives the 
same values of friction for model and ship within the 
limits of experimental errors: 

3.5 The Work of the lowing Tank Conferences. 

(18) 
0.000418 + 0.00254 

RF = [ 8.8 + 3.281L 

where 
R, = resistance in kNewton; 
L = length in meters; 
S = wetted surface in square meters; 
V, = speed in knots. 

(6) All model results should be corrected to a stan- 
dard temperature of 15 deg C (= 59 deg F) by a 
correction of -0.43 percent of the frictional resistance 
per + 1 deg C or -0.24 percent per + 1 deg F.” 

In 1946 the American Towing Tank Conference 
(ATTC) began considering the establishment of a uni- 
form practice for the calculation of skin friction and 
the expansion of model data to full size. In 1947 the 
following two resolutions were adopted (SNAME, 
1948): 

“1. Analysis of model tests will be based on the 
Schoenherr mean line. Any correction allowances ap- 
plied to the Schoenherr mean line are to be clearly 
stated in the report.” 

That is, no “obliquity” correction. 
These were the Froude frictional coefficients presented in a par- 

ticular notation-see Froude (1888). 

* As pointed out by Nordstrom (ITTC Proceedings, Washington, 
1951) this formula applies to salt water. For fresh water the cor- 
responding formula is 

RF = [0.000407 + 0.00248/(8.8 + 3.281L)]S.V2825 
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“2. Ship effective power calculations will be based 
on the Schoenherr mean line with an allowance that 
is ordinarily to be +0.0004 for clean, new vessels, to 
be modified as desired for special cases and in any 
event to be clearly stated in the report.” 

No decision was made as regards a standard tem- 
perature for ship predictions, but this has subse- 
quently been taken as 15 deg C (59 deg F) in conformity 
with the ICSTS figure (ATTC, 1953). I t  was also agreed 
that the Schoenherr line shall be known as the “1947 
ATTC line” (ATTC, 1956). This line, both with and 
without the 0.0004 allowance, is shown in Fig. 4. The 
method of applying the coefficients has been described 
in detail by Gertler (1947). He also gave tables of their 
values for a wide range of Reynolds numbers, together 
with values of p and w for fresh and salt water. 

New values of w were adopted by the ITTC’ (1963) 
at the 10th Conference in London in 1963. These are 
also reproduced together with the C, coefficients in a 
SNAME Bulletin (1976). 

The allowance referred to in the second resolution 
of the ATTC was originally considered necessary be- 
cause of the effect of hull roughness upon resistance. 
However, the difference between the ship resistance 
as deduced from full-scale trials and that predicted 
from the model depends upon other factors also, as is 
discussed in Section 6.4 and a t  the ITTC meeting in 
1963 it was agreed to refer to it as a “model-ship 
correlation allowance” and to give it the symbol C, 
(ITTC, 1963). 

The 5th Conference of the ICSTS was held in London 
in 1948, and was attended for the first time by dele- 
gates from the United States and Canada. There was 
much discussion on the model-extrapolation problem, 
and unanimous agreement was reached “in favor of 
departing from Froude’s coefficients and selecting a 
substitute in line with modern concepts of skin fric- 
tion.” However, the delegates were unable to agree 
upon any such alternative, largely because it was felt 
that the progress in knowledge might in the near fu- 
ture demand a further change. The Conference there- 
fore agreed that in published work either the Froude 
or Schoenherr coefficients could be used, and a t  the 
same time set up a Skin Friction Committee to rec- 
ommend further research to establish a minimum tur- 
bulent-friction line for both model and ship use. 

The Committee was instructed that any proposed 
friction formulation should be in keeping with modern 
concepts of physics, and the coefficient C, should be 
a function of Reynolds number Rn. The Schoenherr 
(ATTC) line already fulfilled this requirement, but the 
slope was not considered sufficiently steep a t  the low 
Reynolds numbers appropriate to small models, so that 

it did not give good correlation between the results of 
small and large models. With the introduction of weld- 
ing, ships’ hulls had become much ‘smoother and for 
long, all-welded ships the correlation allowance C, nec- 
essary to reconcile the ship resistance with the pre- 
diction from the model using the ATTC line was 
sometimes zero or negative. Also, Schoenherr had used 
data from many sources, and the planks were in no 
sense geosims, so that the experimental figures in- 
cluded aspect ratio or edge effects (the same applied 
to Froude’s results). Telfer (1927, 1950, 1951, 1952) 
suggested methods for taking edge effects into ac- 
count and developed an “extrapolator” for predicting 
ship resistance from model results which was an in- 
verse function of Reynolds number. Hughes (1952), 
(1954) carried out many resistance experiments on 
planks and pontoons, in the latter case up to 77.7 m 
(255 ft) in length, and so attained Reynolds numbers 
as high as 3 x 10’. These plane surfaces covered a 
wide range of aspect ratios, and Hughes extrapolated 
the resistance coefficients to infinite aspect ratio, ob- 
taining what he considered to be a curve of minimum 
turbulent resistance for plane, smooth surfaces in two- 
dimensional flow. This curve had the equation 

CFo = 0.066/(log,,Rn - 2.03)‘ (19) 
and is shown in Fig. 4. CFo denotes the frictional re- 
sistance coefficient in two-dimensional flow.” 

The ITTC Friction Committee, with the knowledge 
of so much new work in progress, did not feel able in 
1957 to recommend a final solution to the problem of 
predicting ship resistance from model results. Instead, 
it proposed two alternative single-line, interim engi- 
neering solutions. One was to use the ATTC line for 
values of Rn above lo7, and below this to use a new 
line which was steeper than the ATTC line. The latter 
would, in the Committee’s opinion, help to reconcile 
the results between large and small models, while us- 
ing the ATTC line above Rn = lo7 would make no 
difference in ship predictions from large models. The 
second proposal was to use an entirely new line, cross- 
ing the ATTC line a t  about Rn = lo7, and being slightly 
steeper throughout. This would result in lower ship 
predictions, and so would tend to increase the corre- 
lation allowance C, and avoid negative allowances for 
long ships. 

The Conference in Madrid in 1957 adopted a slight 
variation of the second proposal, and agreed to 

C, = 0.075/(log,,Rn - 2)’ (20) 
This line is also shown in Fig. 4. 

The Conference adopted this as the “ITTC 1957 
model-ship correlation line,” and was careful to label 

The International Conference of Ship Tank Superintendents 
(ICSTS) became the International Towing Tank Conference (ITTC) 
in 1957. 

lo I’R’C Presentation Committee Report, Ottawa 1975. Also pub- 
lished by the British Ship Research Association, now British Mari- 
time Technology (BMT), as Technical Memorandum No. 500. 
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Fig. 5 Extrapolation of model results to ship using the form factor method 

it as “only an interim solution to this problem for 
practical engineering purposes,)) (ITTC 1957). Equa- 
tion (20) was called a model-ship correlation line, and 
not a frictional resistance line; it was not meant to 
represent the frictional resistance of plane or curved 
surfaces, nor was it intended to be used for such a 
purpose. 

The Hughes proposal in Equation (19) is of the same 
general type as the ITTC line but gives much lower 
values of C, than either the ITTC 1957 formulation or 
the ATTC 1947 line. On the other hand, the Hughes 
line does claim to be a true friction line for smooth 
plates in fully turbulent, two-dimensional flow, but its 
low values have been criticized by many other workers 
in this field. The 1957 ITTC line, in fact, gives numerical 
values of C, which are almost the same as those of 
the Hughes line with a constant addition of 12 percent. 

Granville (1977) showed that the 1957 ITTC model- 
ship correlation line can also be considered as a tur- 
bulent flat plate (two-dimensional) frictional resistance 
line. From fundamental considerations involving the 
velocity distribution in the boundary layer, he derived 
the general formula 

(21) C,, = a/(log,,Rn - b ) 2  + c l R n  

with a = 0.0776, b = 1.88 and c = 60. This formula 
is a generalization of the form of the 1957 ITTC line 
as given by Equation (20)) with a = 0.075, b = 2 and 

c = 0. Good agreement of Equation (21) with the 1957 
ITTC line is obtained for values of Rn less than 5 x 
lo5. At values of Rn above 1 x lo8, the 1957 ITTC, 
the 1947 ATTC, and the Granville lines are all in good 
agreement, as shown in Fig. 4. 

3.6 Three-Dimensional Viscous Resistance Formula- 
tions. In association with his two-dimensional line, 
Hughes proposed a new method of extrapolation from 
model to ship. He assumed that the total model re- 
sistance coefficient C,, could be divided into two parts, 
C,, and CwM, representing the viscous and wavemak- 
ing resistance, respectively. At low Froude numbers, 
C,, will become very small, and at a point where 
wavemaking can be neglected, the curve of CTM will 
become approximately parallel to the two-dimensional 
friction line. Hughes called this point the run-in point. 
The value of C,, a t  this point can then be identified 
with the total viscous resistance coefficient C,, at the 
same point Rn,. 

The form resistance coefficient, due at least in part 
to the curvature of the hull (see Fig. 5), is defined by 

CTLU(~~O) l + k =  
C*o(Rn,) 

The three-dimensional model viscous resistance for ar- 
bitrary Rn can now be written as c,, = (1 + k )  CFo 
(Rn) where C,, is the equivalent flat-plate resistance 
coefficient. The factor k accounts for the three-dimen- 
sional form, and is appropriately termed the form fac- 
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tor. The form factor (1 + k) is assumed to be invariant 
with Rn and the line (1 + k) C,, is now taken as the 
extrapolator for the hull form concerned, and the ship 
curve of CTs can be drawn above the (1 + k )  CFo curve 
at the appropriate values of the Reynolds number. In 
the Froude method the whole of the model residuary- 
resistance coefficient C, is transferred to the ship un- 
changed, while in the form factor method only that 
part of C, attributed to viscous effects ( CFORMM in Fig. 
5) is reduced in the transfer. Accordingly, the three- 
dimensional method gives substantially lower ship pre- 
dictions and so calls for larger values of the correlation 
allowance C,. This procedure avoids the negative al- 
lowances sometimes found when using the Froude 
method. I t  should also be noted that in the case of the 
Froude method only the slope of the two-dimensional 
friction line matters while in the case of the form factor 
approach the vertical position of the line also affects 
the ship prediction. The choice of the basic line becomes 
an essential factor in the case of the three-dimensional 
approach. 

The study carried out by the ITTC Performance 
Committee has shown that the introduction of the form 
factor philosophy has led to significant improvements 
in model-ship correlation (ITTC, 1978). The ITTC has 
recommended that for all practical purposes, for con- 
ventional ship forms, a form factor determined on an 
experimental basis, similar to Prohaska’s method, is 

advisable; i.e., 

where n is some power of Fn, 4 5 n 5 6, and c and 
k are coefficients, chosen so as to fit the measured C,,, 
Fn data points as well as possible (Prohaska, 1966). (A 
numerical example of how Prohaska’s method is used 
is given in Section 6.4). This requires that the resist- 
ance of the model be measured at very low speeds, 
generally at Fn I 0.1. This is a drawback because 
unwanted Reynolds scale effects are then often intro- 
duced. For this reason sometimes empirically-derived 
form factors values are adopted. However, no satis- 
factory method to derive appropriate values of ‘such 
form factors has as yet been found. The ITTC Per- 
formance Committee, which reviews, collates and tests 
the various proposed methods, states in its 1978 report: 
“With regard to the influence of form on the various 
components of the viscous resistance no clear conclu- 
sion can be drawn. Results reported by Tagano (1973) 
and Wieghardt (1976) show that the form mainly in- 
fluences the viscous pressure drag, while Dyne (1977) 
stated that the pressure drag is low and its influence 
on k is practically negligible. Furthermore, the inter- 
action between different resistance components is hin- 
dering the isolation of a single significant factor.” 

Section 4 
Wave-Making Resistance 

4.1 General. The wave-making resistance of a ship 
is the net fore-and-aft force upon the ship due to the 
fluid pressures acting normally on all parts of the hull, 
just as the frictional resistance is the result of the 
tangential fluid forces. In the case of a deeply sub- 
merged body, travelling horizontally at‘a steady speed 
far below the surface, no waves are formed, but the 
normal pressures will vary along the length. In a non- 
viscous fluid the net fore-and-aft force due to this var- 
iation would be zero, as previously noted. 

If the body is travelling on or near the surface, 
however, this variation in pressure causes waves which 
alter the distribution of pressure over the hull, and the 
resultant net fore-and-aft force is the wave-making 
resistance. Over some parts of the hull the changes in 
pressure will increase the net sternward force, in oth- 
ers decrease it, but the overall effect must be a re- 
sistance of such magnitude that the energy expended 
in moving the body against it is equal to the energy 
necessary to maintain the wave system. The wave- 
making resistance depends in large measure on the 
shapes adopted for the area curve, waterlines and 
transverse sections, and its determination and the 

methods by which it can be reduced are among the 
main goals of the study of ships’ resistance. Two paths 
have been followed in this study-experiments with 
models in towing tanks and theoretical research into 
wave-making phenomena. Neither has yet led to a com- 
plete solution, but both have contributed greatly to a 
better understanding of what is a very complicated 
problem. At present, model tests remain the most im- 
portant tool available for reducing the resistance of 
specific ship designs, but theory lends invaluable help 
in interpreting model results and in guiding model 
research. 

4.2 Ship Wave Systems. The earliest account of the 
way in which ship waves are formed is believed to be 
that due to Lord Kelvin (1887, 1904). He considered a 
single pressure point travelling in a straight line over 
the surface of the water, sending out waves which 
combine to form a characteristic pattern. This consists 
of a system of transverse waves following behind the 
point, together with a series of divergent waves ra- 
diating from the point, the whole pattern being con- 
tained within two straight lines starting from the 
pressure point and making angles of 19 deg 28 min 
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Fig. 6 Kelvin wave pattern 

on each side of the line of motion, Fig. 6 .  The heights 
of successive transverse-wave crests along the middle 
line behind the pressure point diminish going aft. The 
waves are curved back some distance out from the 
centerline and meet the diverging waves in cusps, 
which are the highest points in the system. The heights 
of these cusps decrease less rapidly with distance from 
the point than do those of the transverse waves, so 
that eventually well astern of the point the divergent 

waves become the more prominent (see Fig. 7). 
The Kelvin wave pattern illustrates and explains 

many of the features of the ship-wave system. Near 
the bow of a ship the most noticeable waves are a 
series of divergent waves, starting with a large wave 
a t  the bow, followed by others arranged on each side 
along a diagonal line in such a way that each wave is 
stepped back behind the one in front in echelon (Fig. 
8) and is of quite short length along its crest line. 
Between the divergent waves on each side of the ship, 
transverse waves are formed having their crest lines 
normal to the direction of motion near the hull, bending 
back as they approach the divergent-system waves and 
finally coalescing with them. These transverse waves 
are most easily seen along the middle portion of a ship 
or model with parallel body or just behind a ship run- 
ning at high speed. I t  is easy to see the general Kelvin 
pattern in such a bow system. 

Similar wave systems are formed a t  the shoulders, 
if any, and a t  the stern, with separate divergent and 
transverse patterns, but these are not always so 
clearly distinguishable because of the general distur- 
bance already present from the bow system. 

Since the wave pattern as a whole moves with the 
ship, the transverse waves are moving in the same 
direction as the ship at the same speed V,  and might 

Fig. 7(a) Pattern of diverging waves 

5- 
Fig. 7(b) Typical ship wove pattern 
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Section 1 
Introduction 

1.1 The Problem. A ship differs from any other 
large engineering structure in that-in addition to all 
its other functions-it must be designed to move ef- 
ficiently through the water with a minimun of external 
assistance. In Chapters 1-111 of Vol. I it has been shown 
how the naval architect can ensure adequate buoyancy 
and stability for a ship, even if damaged by collision, 
grounding, or other cause. In Chapter IV the problem 
of providing adequate structure for the support of the 
ship and its contents, both in calm water and rough 
seas, was discussed. 

In this chapter we are concerned with how to make 
it possible for a structure displacing up to 500,000 
tonnes or more to move efficiently across any of the 
world’s oceans in both good and bad weather. The 
problem of moving the ship involves the proportions 
and shape-or form-of the hull, the size and type of 
propulsion plant to provide motive power, and the de- 
vice or system to transform the power into effective 
thrust. The design of power plants is beyond the scope 
of this’ book (see Marine  Engineering, by R.L. Har- 
rington, Ed., SNAME 1971). The nine sections of this 
chapter will deal in some detail with the relationship 
between hull form and resistance to forward motion 
(or drag). Chapter VI discusses propulsion devices and 
their interaction with flow around the hull. 

The task of the naval architect is to ensure that, 
within the limits of other design requirements, the hull 
form and propulsion arrangement will be the most 
efficient in the hydrodynamic sense. The ultimate test 
is that the ship shall perform at the required speed 
with the minimum of shaft power, and the problem is 
to attain the best combination of low resistance and 
high propulsive efficiency. In general this can only be 
attained by a proper matching of hull and propeller. 

Another factor that influences the hydrodynamic de- 
sign of a ship is the need to ensure not only good 

’ Complete references are listed a t  end of chapter. 

smooth-water performance but also that under aver- 
age service conditions at sea the ship shall not suffer 
from excessive motions, wetness of decks, or lose more 
speed than necessary in bad weather. The assumption 
that a hull form that is optimum in calm water will 
also be optimum in rough seas is not necessarily valid. 
Recent research progress in oceanography and the 
seakeeping qualities of ships has made it possible to 
predict the relative performance of designs of varying 
hull proportions and form under different realistic sea 
conditions, using both model test and computing tech- 
niques. The problem of ship motions, attainable speed 
and added power requirements in waves are discussed 
in Chapter VIII, Vol. 111. This chapter is concerned 
essentially with designing for good smooth-water per- 
formance. 

Another consideration in powering is the effect of 
deterioration in hull surface condition in service as the 
result of fouling and corrosion and of propeller rough- 
ness on resistance and propulsion. This subject is dis- 
cussed in this chapter. 

As in the case of stability, subdivision, and structure, 
criteria are needed in design for determining accept- 
able levels of powering. In general, the basic contrac- 
tual obligation laid on the shipbuilder is that the ship 
shall Bchieve a certain speed with a specified power in 
good weather on trial, and for this reason smooth- 
water performance is of great importance. As previ- 
ously noted, good sea performance, particularly the 
maintenance of sea speed, is often a more important 
requirement, but one that is much more difficult to 
define. The effect of sea condition is customarily al- 
lowed for by the provision of a service power margin 
above the power required in smooth water, an allow- 
ance which depends on the type of ship and the average 
weather on the sea routes on which the ship is designed 
to operate. The determination of this service allowance 
depends on the accumulation of sea-performance data 
on similar ships in similar trades. Powering criteria in 
the form of conventional service allowances for both 
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sea conditions and surface deterioration are considered 
in this chapter. 

The problem of controlling and maneuvering the 
ship will be covered in Chapter IX, Vol. 111. 

1.2 Types of Resistance. The resistance of a ship 
a t  a given speed is the force required to tow the ship 
at that speed in smooth water, assuming no interfer- 
ence from the towing ship. If the hull has no appen- 
dages, this is called the bare-hull resistance. The power 
necessary to overcome this resistance is called the tow- 
rope or effective power and is given by 

PE = RTV (14 
where PE = effective power in kWatt (kW) 

R, = total resistance in kNewton (kN) 
V = speed in mlsec 

or ehp = R, V, 1326 (1b) 
where ehp = effective power in English horsepower 

RT = total resistance in lb 
V, = speed in knots 

To convert from horsepower to S.I. units there is 
only a slight difference between English and metric 
horsepower: 

hp (English) 
hp (metric) 
Speed in knots x 0.5144 = mlsec 

x 0.746 = kW 
x 0.735 = kW 

This total resistance is made up of a number of 
different components, which are caused by a variety 
of factors and which interact one with the other in an 
extremely complicated way. In order to deal with the 
question more simply, it is usual to consider the total 
calm water resistance as being made up of four main 
components. . 

(a) The frictional resistance, due to the motion of 
the hull through a viscous fluid. 

(b) The wave-making resistance, due to the energy 
that must be supplied continuously by the ship to the 
wave system created on the surface of the water. 

(c) Eddy resistance, due to the energy carried away 
by eddies shed from the hull or appendages. Local 
eddying will occur behind appendages such as boss- 
ings, shafts and shaft struts, and from stern frames 
and rudders if these items are not properly streamlined 
and aligned with the flow. Also, if the after end of the 
ship is too blunt, the water may be unable to follow 
the curvature and will break away from the hull, again 
giving rise to eddies and separation resistance. 

(d) Air resistance experienced by the above-water 
part of the main hull and the superstructures due to 
the motion of the ship through the air. 

The resistances under (71) and (G) are commonly 
taken together under the name residuary resistance. 
Further analysis of the resistance has led to the iden- 
tification of other sub-components, as discussed sub- 
sequently. 

The importance of the different components depends 
upon the particular conditions of a design, and much 
of the skill of naval architects lies in their ability to 
choose the shape and proportions of hull which will 
result in a combination leading to the minimum total 
power, compatible with other design constraints. 

In this task, knowledge derived from resistance and 
propulsion tests on small-scale models in a model basin 
or towing tank will be used. The details of such tests, 
and the way the results are applied to the ship will be 
described in a later section. Much of our knowledge 
of ship resistance has been learned from such tests, 
and it is virtually impossible to discuss the various 
types of ship resistance without reference to model 
work. 

1.3 Submerged Bodies. A streamlined body moving 
in a straight horizontal line a t  constant speed, deeply 
immersed in an unlimited ocean, presents the simplest 
case of resistance. Since there is no free surface, there 
is no wave formation and therefore no wave-making 
resistance. If in addition the fluid is assumed to be 
without viscosity (a “perfect” fluid), there will be no 
frictional or eddymaking resistance. The pressure dis- 
tribution around such a body can be determined the- 
oretically from considerations of the potential flow and 
has the general characteristics shown in Fig. l(a). 

Near the nose, the pressure is increased above the 
hydrostatic pressure, along the middle of the body the 
pressure is decreased below it and a t  the stern it is 
again increased. The velocity distribution past the hull, 
by Bernoulli’s Law, will be the inverse of the pressure 
distribution-along the midportion it will be greater 
than the speed of advance V and in the region of bow 
and stern it will be less. 

Since the fluid has been assumed to be without vis- 
cosity, the pressure forces will everywhere be normal 
to the hull (Fig. l (b)) .  Over the forward part of the 
hull, these will have components acting towards the 
stern and therefore resisting the motion. Over the 
after part, the reverse is the case, and these compo- 
nents are assisting the motion. I t  can be shown that 
the resultant total forces on the fore and after bodies 
are equal, and the body therefore experiences no re- 
sistance.‘ 

In a real fluid the boundary layer alters the virtual 
shape and length of the stern, the pressure distribution 
there is changed and its forward component is reduced. 
The pressure distribution over the forward portion is 
but little changed from that in a perfect fluid. There 
is therefore a net force on the body acting against the 
motion, giving rise to a resistance which is variously 
referred to as form drag or viscous pressure drag. 

In a real fluid, too, the body experiences frictional 
resistance and perhaps eddy resistance also. The fluid 
immediately in contact with the surface of the body is 

* This was first noted by the French mathematician d’Alembert in 
1744, and is known as d’alembert’s paradox. 
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carried along with the surface, and that in the close 
vicinity is set in motion in the same direction as that 
in which the body is moving. This results in a layer of 
water, which gets gradually thicker from the bow to 
the stern, and in which the velocity varies from that 
of the body at its surface to that appropriate to the 
potential flow pattern (almost zero for a slender body) 
at the outer edge of the layer (Fig. l(c)). This layer is 
called the boundary layer, and the momentum supplied 
to the water in it by the hull is a measure of the 
frictional resistance. Since the body leaves behind it a 
frictional wake moving in the same direction as the 
body (which can be detected far astern) and is contin- 

ually entering undisturbed water and accelerating it 
to maintain the boundary layer, this represents a con- 
tinual drain of energy. Indeed, in wind-tunnel work 
the measurement of the velocities of the fluid behind 
a streamlined model is a common means of measuring 
the frictional drag. 

If the body is rather blunt a t  the after end, the flow 
may leave the form a t  some point-called a separation 
point-thus reducing the total pressure on the af- 
terbody and adding to the resistance. This separation 
resistance is evidenced by a pattern of eddies which 
is a drain of energy (Fig. l(d)). 

A ship moving on the surface of 
the sea experiences frictional resistance and eddy- 
making, separation, and viscous pressure drag in the 
same way as does the submerged body. However, the 
presence of the free surface adds a further component. 
The movement of the hull through the water creates 
a pressure distribution similar to that around the sub- 
merged body; i.e., areas of increased pressure at bow 
and stern and of decreased pressure over the middle 
part of the length. 

But there are important differences in the pressure 
distribution over the hull of a surface ship because of 
the surface wave disturbance created by the ship’s 
forward motion. There is a greater pressure acting 
over the bow, as indicated by the usually prominent 
bow wave build-up, and the pressure increase at the 
stern, in and just below the free surface, is always 
less than around a submerged body. The resulting 
added resistance corresponds to the drain of energy 
into the wave system, which spreads out astern of the 
ship and has to be continuously recreated. (See Section 
4.3). Hence, it has been called wave-making resistance. 
The result of the interference of the wave systems 
originating at bow, shoulders (if any) and stern is to 
produce a series of divergent waves spreading out- 
wards from the ship at a relatively sharp angle to the 
centerline and a series of transverse waves along the 
hull on each side and behind in the wake (Fig. 7). 

The presence of the wave systems modifies the skin 
friction and other resistances, and there is a very com- 
plicated interaction among all the different compo- 
nents. 

1.4 Surface Ships. 

2.1 General. Dimensional analysis is essentially a 
means of utilizing a partial knowledge of a problem 
when the details are too obscure to permit an exact 
analysis. See Taylor, E. S. (1974). I t  has the enormous 
advantage of requiring for its application a knowledge 
only of the variables which govern the result. To apply 
it to the flow around ships and the corresponding re- 

Section 2 
Dimensional Analysis 

sistance, it is necessary to know only upon what var- 
iables the latter depends. This makes it a powerful 
tool, because the correctness of a dimensional solution 
does not depend upon the soundness of detailed anal- 
yses, but only upon the choice of the basic variables. 
Dimensional solutions do not yield numerical answers, 
but they provide the form of the answer so that every 
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experiment can be used to the fullest advantage in 
determining a general empirical solution. 

2.2 Dimensional Homogeneity. Dimensional anal- 
ysis rests on the basic principle that every equation 
which expresses a physical relationship must be di- 
mensionally homogeneous. There are three basic quan- 
tities in mechanics-mass, length and time-which are 
represented by the symbols M, L, and T. Other quan- 
tities, such as force, density, and pressure, have di- 
mensions made up from these three basic ones. 

Velocity is found by dividing a length or distance 
by a time, and so has the dimensions L/T. Acceleration, 
which is the change in velocity in a certain time, thus 
has dimensions of (L/T)IT, or L/T2. 

Force, which is the product of mass and acceleration, 
has dimensions of M x L/T2 or ML/T2. 

As a simple case to illustrate the principle of di- 
mensional analysis, suppose we wish to determine an 
expression for the time of swing of a simple pendulum. 

If T is the period of such a pendulum in vacuo (so 
that there is no frictional damping), it could depend 
upon certain physical quantities such as the mass of 
the pendulum bob, m, the length of the cord, I, (sup- 
posed to be weightless) and the arc of swing, s. The 
force which operates to restore the pendulum to its 
original position when it is disturbed is its weight, mg, 
and so the acceleration due to gravity, g, must be 
involved in the problem. 

We can write this in symbols as 

T = f (m, 1, s, 9) 
wherefis a symbol meaning "is some function of." 
If we assume that this function takes the form of 

a power law, then 
T = ma lb sc gd 

If this equation is to fulfill the principle of dimen- 
sional homogeneity, then the dimensions on each side 
must be the same. Since the left-hand side has the 
dimension of time only, so must the right-hand side. 

Writing the variables in terms of the fundamental 
units, we have 

T' = MaLbL" (L/T2)d 
Equating the exponents of each unit from each side 

of the equation, we have 
a = O  

b + c + d = O  
-2d = 1 

Hence 
d = -112 
a = O  

b + c = 1/2  
The expression for the period of oscillation T seconds 
is therefore 

T = constant x l ' / ~ - ~  x sc x g-'/2 

= constant x ,,@ x (S/Z)C 

The solution indicates that the period does not de- 
pend on the mass of the bob, but only on the length, 
the acceleration due to gravity, and the ratio of length 
of arc to length of pendulum. The principle of dimen- 
sions does not supply the constant of proportionality, 
which must be determined experimentally. 

The term (s/l) is a mere number, each quantity being 
of dimension L, and dimensionally there is no restric- 
tion on the value of c. We can therefore write 

T = constant x ,@ x f ( s / l )  (2) 
Although the form of the functionfis undetermined, 

it is explicitly indicated by this equation that it is not 
the arc s itself which is important, but its ratio to I: 
i.e., the maximum angle of swing, s/l radians. 

The function f can be found by experiment, and must 
approach the value unity for small swings, so as to 
lead to the usual formula for a simple pendulum under 
such conditions: 

T = constant x a 
The most important question regarding any dimen- 

sional solution is whether or not physical reasoning 
has led to a proper selection of the variables which 
govern the result. 

Applying dimensional analysis to the ship resistance 
problem, the resistance R could depend upon the fol- 
lowing: 

(a) Speed, K 
(b) Size of body, which may be represented by the 

(c) Mass density of fluid, p (mass per unit volume) 
(d) Viscosity of fluid, p 
(e)  Acceleration due to gravity, g 
(f) Pressure per unit area in fluid, p 
It is assumed that the resistance R can now be writ- 

linear dimension, L. 

ten in terms of unknown powers of these variables: 

R c paPCpdgcpf (3) 
Since R is a force, or a product of mass times ac- 

celeration, its dimensions are ML/T2. 
The density p is expressed as mass per unit volume, 

or M/L3. 
In a viscous fluid in motion the force between ad- 

jacent layers depends upon the area A in contact, the 
coefficient of viscosity of the liquid and upon the rate 
at which one layer of fluid is moving relative to the 
next one. If u is the velocity at a distance y from the 
boundary of the fluid, this rate or velocity gradient is 
given by the expression du/dy.  

The total force is thus 

F = pAdu /dy  

d d d y  being a velocity divided by a distance has di- 
mensions of (L/T)/L,  or 1/T, and the dimensional 
equation becomes 
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M L / F  = pL2 x 11T 
or 

p = M/LT 
p is a force per unit area, and its dimensions are 

UVL/T2~lL2,  or M/LT2. . .  
The ratio plp is called the kinematic viscosity of the 

liquid, v, and has dimensions given by 
v = PIP = (M/LT)- (L3/M)  = L2/T 

Introducing these dimensional quantities into Equa- 
tion (3), we have 
ML/T2 = (M/L3)" (L/T)* (L)" (M/LT)d 

whence 
x (L/T2)" (M/LT2)f  (4) 

I a + d + f = l  
-3a + b + c - d + e - f = 1 

b + d + 2e + 2 f  = 2 
or 

I a = l - d - f  
b = 2 - d - 2e - 2 f  

and 
c = 1 + 3a - b + d - e + f 

= 1 + 3 - 3d - 3f - 2 + d + 2e + 2 f +  d - e + f 
= 2 - d + e  

Then from Equation (3) 

All three expressions within the brackets are non- 
dimensional, and are similar in this respect to the s/Z 
term in Equation (2). There is therefore no restriction 
dimensionally on the exponents d, e, and$ The form 
of the function f must be found by experiment, and 
may be different for each of the three terms. 

Writing v for p l p  and remembering that for similar 
shapes the wetted surface S is proportional to L2, 
Equation (5) may be written 

where the left-hand side of the equation is a non- 
dimensional resistance coefficient. Generally in this 
chapter R will be given in kN and p in kg/L (or t/m3), 
although N and kg/m3 are often used (as here) in the 
cases of model resistance and ship airlwind resistance. 

A term first suggested by Dr. E.V. Telfer. 

Equation (6) states in effect that if all the parameters 
on the right-hand side have the same values for two 
geometrically similar but different sized bodies, the 
flow patterns will be similar and the value of 
R/X pSV2 will be the same for each. 

2.3 Corresponding Speeds. Equation (6) showed 
how the total resistance of a ship depends upon the 
various physical quantities involved, and that these are 
associated in three groups, VL/v, g L / V 2  and p/pV2.  

Considering first the case of a nonviscous liquid in 
which there is no frictional or other viscous drag, and 
neglecting for the moment the last group, there is left 
the parameter gL/V2  controlling the surface wave sys- 
tem, which depends on gravity. Writing the wave-mak- 
ing or residuary resistance as R R  and the cor- 
responding coefficient as CR, CR can be expressed as 

This means that geosims3 (geometrically similar bod- 
ies) of different sizes will have the same specific re- 
siduary resistance coefficient C, if they are moving at 
the same value of the parameter V'lgL. 

According to Froude's Law of Comparison4: "The 
(residuary) resistance of geometrically similar ships is 
in the ratio of the cube of their linear dimensions if 
their speeds are in the ratio of the square roots of 
their linear dimensions." Such speeds he called cor- 
responding ~ p e e d s . ~  It will be noted that these cor- 
responding speeds require V/& to be the same for 
model and ship, which is the same condition as ex- 
pressed in Equation (7). The ratio VK/&, commonly 
with V, in knots and L in feet, is called the speed- 
length ratio. This ratio is often used in presenting 
resistance data because of the ease of evaluating it 
arithmetically, but it has the drawback of not being 
nondimensional. The value of V/m, on the other 
hand, is nondimensional and has the same numerical 
value in any consistent system of units. Because of 
Froude's close association with the concept of speed- 
length ratio, the parameter V/m is called the Froude 
number, with the symbol Fn. 

When vk is expressed in knots L in feet, and g in 
ft/sec2, the relation between V/& and Froude number 
is 

Fn = 0.298 vk/& 

or 
Vk/& = 3.355Fn 

Stated in 1868 by William Froude (1955) who first recognized 
the practical necessity of separating the total resistance into com- 
ponents, based on the general law of mechanical similitude, from 
observations of the wave patterns of models of the same form but 
of different sizes. 
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The residuary resistances of ship (RRJ and of model 
(RRM) from Equation (7) will be in the ratio 

where subscripts sand   refer to ship and model, re- 
spectively. 

If both model and ship are run in water of the same 
density and at the same value of V2/gL, as required 
by Equation (7), i.e. 

( vS)'/SLS = ( VM)'/gLM 
then CR will be the same for each, and 

= (L$/(LM)~ = AJAM (8) 
where As and A M  are the displacements of ship and 
model, respectively. 

This is in agreement with Froude's law of compar- 
ison. 

I t  should be noted from Equation (8) that a t  corre- 
sponding speeds, i.e., at the same value of V / 

RRs/As = RRM/AM (9) 
i.e., the residuary resistance per unit of displacement 
is the same for model and ship. Taylor made use of 
this in presenting his contours of residuary resistance 
in terms of pounds resistance per long ton of displace- 
ment (Section 8.6). 

If the linear scale ratio of ship to model is A, then 
the following relations hold: 

Ls/LM = A 
v S / v M  = &s /&M = fi = A'" (10) 

The "corresponding speed" for a small model is much 
lower than that of the parent ship. In the case of a 5 
m model of a 125 m ship (linear scale ratio A = 25), 
the model speed corresponding to 25 knots for the ship 
is 25/A'/2, or 2 5 / $ 6 ,  or 5 knots. This is a singularly 
fortunate circumstance, since it enables ship models 
to be built to reasonable scales and run at speeds which 
are easily attainable in the basin. 

Returning to Equation (6), consider the last term, 
p/pV'. If the atmospheric pressure above the water 
surface is ignored and p refers only to the water head, 
then for corresponding points in model and ship p will 
vary directly with the linear scale ratio A. At corre- 
sponding speeds V 2  varies with A in the same way so 
that p/pV' will be the same for model and ship. Since 

RRs/RRM = (Ls)~I(L,J = As1 A M  = A3 

This same law had previously been put forward by the French 
Naval Constructor Reech in 1832, but he had not pursued it or 
demonstrated how it could be applied to the practical problem of 
predicting ship resistance (Reech, 1852). 

the atmospheric pressure is usually the same in model 
and ship, when it is included in p,  so that the latter is 
the total pressure at a given point, the value of 
p/pV' will be much greater for model than for ship. 
Fortunately, most of the hydrodynamic forces arise 
from differences in local pressures, and these are pro- 
portional to V, so that the forces are not affected by 
the atmospheric pressure so long as the fluid remains 
in contact with the model and ship surfaces. When the 
pressure approaches very low values, however, the 
water is unable to follow surfaces where there is some 
curvature and cavities form in the water, giving rise 
to cavitation. The similarity conditions are then no 
longer fulfilled. Since the absolute or total pressure is 
greater in the model than in the ship, the former gives 
no warning of such behavior. For tests in which this 
danger is known to be present, special facilities have 
been devised, such as variable-pressure water tunnels, 
channels or towing basins, where the correctly scaled- 
down total pressure can be attained a t  the same time 
that the Froude condition is met. 

In the case of a deeply submerged body, where there 
is no wavemaking, the first term in Equation (6) gov- 
erns the frictional resistance, R,. The frictional re- 
sistance coefficient. is then 

and C, will be the same for model and ship provided 
that the parameter VL/w is the same. This follows 
essentially from the work of Osborne Reynolds (1883), 
for which reason the product VL/w is known as Rey- 
nolds number, with the symbol Rn. 

If both model and ship are run in water at the same 
density and temperature, so that w has the same value, 
it follows from (11) that Vs Ls = V, LM. This condition 
is quite different from the requirement for wave-mak- 
ing resistance similarity. As the model is made smaller, 
the speed of test must increase. In the case already 
used as an illustration, the 5-m model of a 125-m, 25- 
knot ship would have to be run at a speed of 625 knots. 

The conditions of mechanical similitude for both fric- 
tion and wave-making cannot be satisfied in a single 
test. I t  might be possible to overcome this difficulty 
by running the model in some other fluid than water, 
so that the change in value of w would take account 
of the differences in the VL product. In the foregoing 
example, in order to run the model a t  the correct wave- 
making corresponding speed, and yet keep the value 
of VL/w the same for both model and ship, a fluid 
would have to be found for use with the model which 
had a kinematic viscosity coefficient only 11125 that of 
water. No such fluid is known. In wind-tunnel work, 
similitude can be attained by using compressed air in 
the model tests, so decreasing w and increasing VL/w 
to the required value. 

The practical method of overcoming this fundamen- 
tal difficulty in the use of ship models is to deal with 
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the frictional and the wave-making resistances sepa- 
rately, by writing 

c, = C R  + C F  (12) 
This is equivalent to expressing Equation (6) in the 

form 

Froude recognized this necessity, and so made ship- 
model testing a practical tool. He realized that the 
frictional and residuary resistances do not obey the 
same law, although he was unaware of the relationship 
expressed by Equation (11). 

2.4 Extension of Model Results to Ship. To extend 
the model results to the ship, Froude proposed the 
following method, which is based on Equation (12). 
Since the method is fundamental to the use of models 
for predicting ship resistance, it must be stated at 
length: 

culated, assuming the resistance to be the same as 
that of a smooth flat plank of the same length and 
surface as the model. 

(d) The residuary resistance of the model R R M  is 
found by subtraction: 

(e)  The residuary resistance of the ship R R s ,  is cal- 
culated by the law of comparison, Equation (10): 

R R s  = R R M  x A3 

This applies to the ship at the corresponding speed 
given by the expression 

v, = V M  x A’’‘ 
(f) The frictional resistance of the ship R F S  is cal- 

culated on the same assumption as in footnote (4), 
using a frictional coefficient appropriate to the ship 
length. 

(g) The total ship resistance (smooth hull) R T S  is then 
given by - 

Froude noted: 
(a) The model is made to a linear scale ratio of A RTS = RFS RRS 

and run over a range of “corresponding” speeds such This principle of extrapolation from model to ship is 
that V, /Cs = V, / cM still used in all towing tanks, with certain refinements 

(b)  The total model resistance is measured, equal to to be discussed subsequently. 
R T M .  Each component of resistance will now be dealt with 

(c) The frictional resistance of the model R F M  is cal- in greater detail. 

Section 3 
Frictional Resistance 

3.1 General One has only to look down from the could only be solved by dividing the resistance into 
deck of a ship a t  sea and observe the turbulent motion two components, undertook a basic investigation into 
in the water near the hull, increasing in extent from the frictional resistance of smooth planks in his tank 
bow to stern, to realize that energy is being absorbed a t  Torquay, England, the results of which he gave to 
in frictional resistance. Experiments have shown that the British Association (Froude, W., 1872, 1874). 
even in smooth, new ships it accounts for 80 to 85 The planks varied in lengths from 0.61 m (2 ft) to 
percent of the total resistance in slow-speed ships and 15.2 m (50 ft) and the speed range covered was from 
as much as 50 percent in high-speed ships. Any rough- 0.5 m/sec (1.67 fps) to 4.1 m/sec (13.3 fps), the max- 
ness of the surface will increase the frictional resist- imum for the 15.2 m plank being 3.3 m/sec (10.8 fps). 
ance appreciably over that of a smooth surface, and Froude found that at any given speed the specific re- 
with subsequent corrosion and fouling still greater sistance per unit of surface area was less for a long 
increases will occur. Not only does the nature of the plank than for a shorter one, which he attributed to 
surface affect the drag, but the wake and propulsive the fact that towards the after end of the long plank 
performance are also changed. Frictional resistance is the water had acquired a forward motion and so had 
thus the largest single component of the total resist- a lower relative velocity. 
ance of a ship, and this accounts for the theoretical He gave an empirical formula for the resistance in 
and experimental research that has been devoted to it the form 
over the years. The calculation of wetted surface area 
which is required for the calculation of the frictional 
resistance, Equation (ll), is discussed in Chapter I. 

Froude, know- 
ing the law governing residuary resistance and having 
concluded that the model-ship extrapolation problem 

R = f S V n  (14) 
where 

3.2 Froude’s Experiments on Friction. R = resistance, kN or lb 
S = total area of surface, m2 or f t2  
V = speed, mlsec or ftlsec 
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Table l-Froude’s Skin-Friction Coefficients” 

R = resistance, lb R = f .S*Vn S = area of plank, sq f t  V = speed, fps 
Length of surface, or distance from cutwater, f t  

Nature of 2 8 20 50 
surface f n k f n  k f n k f n  k 

Varnish ........... 0.00410 2.00 0.00390 0.00460 1.88 0.00374 0.00390 1.85 0.00337 0.00370 1.83 0.00335 
Paraffin ........... 0.00425 1.95 0.00414 0.00360 1.94 0.00300 0.00318 1.93 0.00280 - - - 
Calico ............. 0.01000 1.93 0.00830 0.00750 1.92 0.00600 0.00680 1.89 0.00570 0.00640 1.87 0.00570 
Fine sand ......... 0.00800 2.00 0.00690 0.00580 2.00 0.00450 0.00480 2.00 0.00384 0.00400 2.06 0.00330 
Medium sand ...... 0.00900 2.00 0.00730 0.00630 2.00 0.00490 0.00530 2.00 0.00460 0.00490 2.00 0.00460 
Coarse sand ....... 0.01000 2.00 0.00880 0.00710 2.00 0.00520 0.00590 2.00 0.00490 - - - 

a W. Froude’s results for planks in fresh water at Torquay (British Association 1872 and 1874). 
NOTE: The values of k represent thef-values for the last square foot of a surface whose length is equal to that given 

at the head of the column. 

f and n depended upon length and nature of surface, 
and are given in Table 1. 

For the smooth varnished surface, the value of the 
exponent n decreased from 2.0 for the short plank to 
1.83 for the 15.2 m (50 ft) plank. For the planks rough- 
ened by sand, the exponent had a constant value of 
2.0. 

For a given type of surface, thef-value decreased 
with increasing length, and for a given length it in- 
creased with surface roughness. 

In order to apply the results to ships, the derived 
skin-friction coefficients had to be extrapolated to much 
greater lengths and speeds. W. Froude did not give 
these extrapolated figures in his reports, but sug- 
gested two methods which might be used for their 
derivation. In his own words, “it is a t  once seen that, 
a t  a length of 50 feet, the decrease, with increasing 
length, of the friction per square foot of every addi- 
tional length is so small that it will make no very great 
difference in our estimate of the total resistance of a 
surface 300 f t  long whether we assume such decrease 
to continue a t  the same rate throughout the last 250 
feet of the surface, or to cease entirely after 50 feet; 
while it is perfectly certain that the truth must lie 
somewhere between these assumptions.” Payne, 
(1936) has reproduced the curve Froude used a t  Tor- 
quay in 1876 for ships up to 152.4 m (500 ft) in length. 
This curve is almost an arithmetic mean between those 
which would be obtained by the two methods sug- 
gested. W. Froude (1874) also obtained some full-scale 
information in an attempt to confirm his law of com- 
parison and to assist in the extrapolation of the fric- 

Table 2-Results of Towing Trials on HMS Greyhound 

Speed V ,  fpm ....................... 600 800 1000 1200 
Resistance Rs, lb, from ship.. ...... 3100 5400 9900 19100 
Ru, lb, predicted from model.. . . . . .  2300 4500 8750 17500 
Percent difference .................. 35 20 13 9 

Difference in (R/T“) x l o2 . .  ....... 0.22 0.14 0.12 0.11 

(R,/T“ x 10’ for ship ............. 0.86 0.84 0.99 1.33 
(&/ v2’ ) x ,lo2, model prediction ... 0.64 0.70 0.87 1.22 

tional coefficients to ship lengths by carrying out 
towing tests on the sloop HMS Greyhound, a wooden 
ship 52.58 m (172 f t  6 in.) in length, with copper 
sheathing over the bottom. The results of the towing 
tests and the predictions made from the model are 
given in Table 2. 

The actual ship resistance was everywhere higher 
than that predicted from the model, the percentage 
increase becoming less with increasing speed. The dif- 
ference in R/V2, however, is almost the same at all 
speeds, except the lowest, and decreases only slowly 
with increasing speed, as might occur if this additional 
resistance were of viscous type and varying at some 
power less than the second. Froude pointed out that 
the additional resistance could be accounted for by 
assuming that the copper-sheathed hull was equivalent 
to smooth varnish over 2/3 of the wetted surface and 
to calico over the rest. This he considered reasonable, 
and the two resistance curves were then almost iden- 
tical, which he took as a visible demonstration of the 
correctness of his law of comparison. 

In his paper on the Greyhound trials, Froude states 
quite clearly how he applied his idea of the “equivalent 
plank” resistance: “For this calculation the immersed 
skin was carefully measured, and the resistance due 
to it determined upon the hypothesis that it is equiv- 
alent to that of a rectangular surface of equal area, 
and of length (in the line of motion) equal to that of 
the model, moving at the same speed.” 

The 1876 values of frictional coefficients were stated 
to apply to new, clean, freshly painted steel surfaces, 
but they lie considerably above those now generally 
accepted for smooth surfaces. The original curves have 
been modified and extended from time to time by R.E. 
Froude, up to a length of 366 m (1200 ft), but these 
extended curves had no experimental basis beyond the 
15.2 m (50 ft) plank tests made in 1872, (Froude, R. E. 
1888). Nevertheless, they are still used today in some 
towing tanks. 

3.3 Two-dimensional Frictional Resistance Formula- 
tions. In the experiments referred to in Section 2.3, 
Osborne Reynolds made water flow through a glass 
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tube, introducing a thin stream of dye on the centerline 
a t  the entrance to the tube. When the velocity was 
small, the dye remained as a straight filament parallel 
to the axis of the tube. At a certain velocity, which 
Reynolds called the critical velocity V,, the filament 
began to waver, became sinuous and finally lost all 
definiteness of outline, the dye filling the whole tube. 
The resistance experienced by the fluid over a given 
length of pipe was measured by finding the loss of 
pressure head. Various diameters of the tube, D, were 
used, and the kinematic viscosity was varied by heating 
the water. Reynolds found that the laws of resistance 
exactly corresponded for velocities in the ratio v/D, 
and when the results were plotted logarithmically 

V, = ZOOOu/D 
Below the critical velocity the resistance to flow in 

the pipe varied directly as the speed, while for higher 
velocities it varied a t  a power of the speed somewhat 
less than 2. 

When the foregoing relationship is written in the 
form 

V,Dlv = 2000 
the resemblance to Equation (11) is obvious. 

Stanton, et  al. (1952) showed that Reynolds’ findings 
applied to both water and air flowing in pipes, and also 
that the resistance coefficients for models of an airship 
on different scales were sensibly the same at the same 

value of VL/u. Baker (1915) plotted the results of much 
of the available data on planks in the form of the 
resistance coefficient 

to a base of VL/v, and found that a mean curve could 
be drawn passing closely through Froude’s results ex- 
cept at low values of V L h .  

Experiments such as those performed by Reynolds 
suggested that there were two separate flow regimes 
possible, each associated with a different resistance 
law. At low values of V D h ,  when the dye filament 
retained its own identity, the fluid was evidently flow- 
ing in layers which did not mix transversely but slid 
over one another at relative speeds which varied across 
the pipe section. Such flow was called laminar and was 
associated with a relatively low resistance. When the 
Reynolds number VD/v increased, either by increasing 
VD or by decreasing v ,  the laminar flow broke down, 
the fluid mixed transversely in eddying motion, and 
the resistance increased. This flow is called turbulent. 

In modern skin-friction formulations the specific fric- 
tional resistance coefficient C, is assumed to be a func- 
tion of the Reynolds number Rn or VL/v. As early as 
1904 Blasius had noted that at low Reynolds numbers 
the flow pattern in the boundary layer of a plank was 
laminar (Blasius, 1908). He succeeded in calculating 

0.009 
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10 PRINCIPLES OF N A V A L  ARCHITECTURE 

the total resistance of a plank in laminar flow by in- 
tegrating across the boundary layer to find the mo- 
mentum transferred to the water, and gave the 
formula for C, in laminar flow in terms of Rn: 

This line is plotted in Fig. 2. Blasius found good agree- 
ment between his calculated resistances and direct ex- 
periment, but found that the laminar flow became 
unstable a t  Reynolds numbers of the order of 4.5 x 
lo5, beyond which the resistance coefficients increased 
rapidly above those calculated from his equation. 

Prandtl and von Karman (1921) separately published 
the equation 

for turbulent flow, which is also shown in Fig. 2. This 
equation was based on an analytical and experimental 
investigation of the characteristics of the boundary 
layer, as well as on the available measurements of 
overall plank resistance, principally those of Froude 
and further experiments run by Gebers in the Vienna 
tank (Gebers, 1919). 

At low values of Reynolds number, and with quiet 
water, the resistance of a smooth plank closely follows 
the Blasius line, the flow being laminar, and from 
Equation (15) it is seen that the resistance R varies as 

For turbulent flow, the value of the resistance coef- 
ficient is considerably higher than for laminar flow, 
and varies as a higher power of the speed; according 
to Equation (16) as Vl.’. 

The transition from laminar flow to turbulent flow 
does not occur simultaneously over the whole plank. 
Transition begins when the Reynolds number reaches 
a critical value R,. As the velocity Vincreases beyond 
this value, the transition point moves forward so that 
the local value of the Reynolds number, Vx/ v,  remains 
equal to the critical value, x being the distance of the 
transition point from the leading edge of the plank. 
This is called the “local Reynolds number,” and for 
the constant value of this local Rn at which transition 
takes place, x will decrease as V increases, and more 
and more of the plank surface will be in turbulent flow 
and so experience a higher resistance. The value of C, 
will thus increase along a transition line of the type 
shown in Fig. 2, and finally approach the turbulent line 
asymptotically. It should be noted that there is no 
unique transition line, the actual one followed in a 
given case depending upon the initial state of turbu- 
lence in the fluid, the character of the plank surface, 
the shape of the leading edge, and the aspect ratio. 

These transition lines for smooth planks occur at 
values of Reynolds number within the range over 

V1.5 

which most plank-friction tests have been run, and if 
such plank results are to be used to predict the values 
of C, at Reynolds numbers appropriate to a ship-100 
times or so larger than the highest plank values-only 
those results for fully turbulent flow can properly be 
used. 

3.4 Development of Frictional Resistance Formulations 
in the United States. With the completion of the Ex- 
perimental Model Basin (EMB) in Washington in 1900, 
new experiments were made on planks and new model 
coefficients were derived from these tests. For the ship 
coefficients, those published by Tideman (1876) were 
adopted. These did not represent any new experiments, 
being simply a re-analysis of Froude’s results by a 
Dutch naval constructor. This combination of friction 
coefficients-EMB plank results for model, Tideman’s 
coefficients for ship-was in use at EMB from 1901 to 
1923 (Taylor, D. W., 1943). 

By this time the dependence of frictional resistance 
on Reynolds number was well established, and a for- 
mulation was desired which was in accord with known 
physical laws, In 1923, therefore, EMB changed to the 
use of frictional coefficients given by Gebers for both 
the model and ship range of Reynolds number (Gebers, 
1919). This practice continued at that establishment 
and at the new David Taylor Model Basin (DTMB) until 
1947 (now DTRC, David Taylor Research Center). 

Schoenherr (1932) collected most of the results of 
plank tests then available, and plotted them as ordi- 
nates of C, to a base of Rn as is shown in Fig. 3. He 
included the results of experiments on 6.1 m (20 ft) 
and 9.1 m (30 ft) planks towed at Washington, and at 
the lower Reynolds numbers some original work on 
1.8 m (6 ft) catamarans with artificially-induced tur- 
bulent flow. At the higher Reynolds numbers he was 
guided largely by the results given by Kempf (1929) 
for smooth varnished plates. Kempf‘s measurements 
were made on small plates inserted at intervals along 
a 76.8 m (252 ft) pontoon, towed in the Hamburg tank. 
The local specific resistances so measured were inte- 
grated by Schoenherr to obtain the total resistance for 
surfaces of different lengths. In order to present these 
data in conformity with rational physical principles, 
Schoenherr examined his results in the light of the 
theoretical formula of Prandtl and von Karman, which 
was of the form 

A I J - F  = log,, (Rn C F )  + M 
He found he could get a good fit to the experimental 

data by making M zero and A equal to 0.242, so arriving 
at the well-known Schoenherr formulation 

0.242 / flF = log,, (Rn CF) (17) 

The Schoenherr coefficients as extended by this for- 
mula to the ship range of Reynolds numbers apply to 
a perfectly smooth hull surface. For actual ship hulls 
with structural roughnesses such as plate seams, 
welds or rivets, and paint roughness, some allowance, 
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the magnitude of which is discussed later, is necessary 
to give a realistic prediction. 

The 
International Conference of Ship Tank Superintend- 
ents (ICSTS) was a European organization founded in 
1932 to provide a meeting place for towing-tank staffs 
to discuss problems peculiar to their field. In 1935, the 
ICSTS agreed to adopt the Froude method of model 
extrapolation, among the decisions recorded being the 
following: 

“V-on the determination of length and wetted sur- 
face: 

(a) For every kind of vessel, the length on the 
water line should be used. 

(6) The mean girth multiplied by the length is 
adopted as the wetted surface.‘ 

VI-Froude’s method of calculation: 
(a) The Committee adheres to the skin friction de- 

duced from Froude’s 0 v a l u e ~ , ~  and takes these to be 
represented by the formula below, since this gives the 
same values of friction for model and ship within the 
limits of experimental errors: 

3.5 The Work of the lowing Tank Conferences. 

(18) 
0.000418 + 0.00254 

RF = [ 8.8 + 3.281L 

where 
R, = resistance in kNewton; 
L = length in meters; 
S = wetted surface in square meters; 
V, = speed in knots. 

(6) All model results should be corrected to a stan- 
dard temperature of 15 deg C (= 59 deg F) by a 
correction of -0.43 percent of the frictional resistance 
per + 1 deg C or -0.24 percent per + 1 deg F.” 

In 1946 the American Towing Tank Conference 
(ATTC) began considering the establishment of a uni- 
form practice for the calculation of skin friction and 
the expansion of model data to full size. In 1947 the 
following two resolutions were adopted (SNAME, 
1948): 

“1. Analysis of model tests will be based on the 
Schoenherr mean line. Any correction allowances ap- 
plied to the Schoenherr mean line are to be clearly 
stated in the report.” 

That is, no “obliquity” correction. 
These were the Froude frictional coefficients presented in a par- 

ticular notation-see Froude (1888). 

* As pointed out by Nordstrom (ITTC Proceedings, Washington, 
1951) this formula applies to salt water. For fresh water the cor- 
responding formula is 

RF = [0.000407 + 0.00248/(8.8 + 3.281L)]S.V2825 
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“2. Ship effective power calculations will be based 
on the Schoenherr mean line with an allowance that 
is ordinarily to be +0.0004 for clean, new vessels, to 
be modified as desired for special cases and in any 
event to be clearly stated in the report.” 

No decision was made as regards a standard tem- 
perature for ship predictions, but this has subse- 
quently been taken as 15 deg C (59 deg F) in conformity 
with the ICSTS figure (ATTC, 1953). I t  was also agreed 
that the Schoenherr line shall be known as the “1947 
ATTC line” (ATTC, 1956). This line, both with and 
without the 0.0004 allowance, is shown in Fig. 4. The 
method of applying the coefficients has been described 
in detail by Gertler (1947). He also gave tables of their 
values for a wide range of Reynolds numbers, together 
with values of p and w for fresh and salt water. 

New values of w were adopted by the ITTC’ (1963) 
at the 10th Conference in London in 1963. These are 
also reproduced together with the C, coefficients in a 
SNAME Bulletin (1976). 

The allowance referred to in the second resolution 
of the ATTC was originally considered necessary be- 
cause of the effect of hull roughness upon resistance. 
However, the difference between the ship resistance 
as deduced from full-scale trials and that predicted 
from the model depends upon other factors also, as is 
discussed in Section 6.4 and a t  the ITTC meeting in 
1963 it was agreed to refer to it as a “model-ship 
correlation allowance” and to give it the symbol C, 
(ITTC, 1963). 

The 5th Conference of the ICSTS was held in London 
in 1948, and was attended for the first time by dele- 
gates from the United States and Canada. There was 
much discussion on the model-extrapolation problem, 
and unanimous agreement was reached “in favor of 
departing from Froude’s coefficients and selecting a 
substitute in line with modern concepts of skin fric- 
tion.” However, the delegates were unable to agree 
upon any such alternative, largely because it was felt 
that the progress in knowledge might in the near fu- 
ture demand a further change. The Conference there- 
fore agreed that in published work either the Froude 
or Schoenherr coefficients could be used, and a t  the 
same time set up a Skin Friction Committee to rec- 
ommend further research to establish a minimum tur- 
bulent-friction line for both model and ship use. 

The Committee was instructed that any proposed 
friction formulation should be in keeping with modern 
concepts of physics, and the coefficient C, should be 
a function of Reynolds number Rn. The Schoenherr 
(ATTC) line already fulfilled this requirement, but the 
slope was not considered sufficiently steep a t  the low 
Reynolds numbers appropriate to small models, so that 

it did not give good correlation between the results of 
small and large models. With the introduction of weld- 
ing, ships’ hulls had become much ‘smoother and for 
long, all-welded ships the correlation allowance C, nec- 
essary to reconcile the ship resistance with the pre- 
diction from the model using the ATTC line was 
sometimes zero or negative. Also, Schoenherr had used 
data from many sources, and the planks were in no 
sense geosims, so that the experimental figures in- 
cluded aspect ratio or edge effects (the same applied 
to Froude’s results). Telfer (1927, 1950, 1951, 1952) 
suggested methods for taking edge effects into ac- 
count and developed an “extrapolator” for predicting 
ship resistance from model results which was an in- 
verse function of Reynolds number. Hughes (1952), 
(1954) carried out many resistance experiments on 
planks and pontoons, in the latter case up to 77.7 m 
(255 ft) in length, and so attained Reynolds numbers 
as high as 3 x 10’. These plane surfaces covered a 
wide range of aspect ratios, and Hughes extrapolated 
the resistance coefficients to infinite aspect ratio, ob- 
taining what he considered to be a curve of minimum 
turbulent resistance for plane, smooth surfaces in two- 
dimensional flow. This curve had the equation 

CFo = 0.066/(log,,Rn - 2.03)‘ (19) 
and is shown in Fig. 4. CFo denotes the frictional re- 
sistance coefficient in two-dimensional flow.” 

The ITTC Friction Committee, with the knowledge 
of so much new work in progress, did not feel able in 
1957 to recommend a final solution to the problem of 
predicting ship resistance from model results. Instead, 
it proposed two alternative single-line, interim engi- 
neering solutions. One was to use the ATTC line for 
values of Rn above lo7, and below this to use a new 
line which was steeper than the ATTC line. The latter 
would, in the Committee’s opinion, help to reconcile 
the results between large and small models, while us- 
ing the ATTC line above Rn = lo7 would make no 
difference in ship predictions from large models. The 
second proposal was to use an entirely new line, cross- 
ing the ATTC line a t  about Rn = lo7, and being slightly 
steeper throughout. This would result in lower ship 
predictions, and so would tend to increase the corre- 
lation allowance C, and avoid negative allowances for 
long ships. 

The Conference in Madrid in 1957 adopted a slight 
variation of the second proposal, and agreed to 

C, = 0.075/(log,,Rn - 2)’ (20) 
This line is also shown in Fig. 4. 

The Conference adopted this as the “ITTC 1957 
model-ship correlation line,” and was careful to label 

The International Conference of Ship Tank Superintendents 
(ICSTS) became the International Towing Tank Conference (ITTC) 
in 1957. 

lo I’R’C Presentation Committee Report, Ottawa 1975. Also pub- 
lished by the British Ship Research Association, now British Mari- 
time Technology (BMT), as Technical Memorandum No. 500. 
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Fig. 5 Extrapolation of model results to ship using the form factor method 

it as “only an interim solution to this problem for 
practical engineering purposes,)) (ITTC 1957). Equa- 
tion (20) was called a model-ship correlation line, and 
not a frictional resistance line; it was not meant to 
represent the frictional resistance of plane or curved 
surfaces, nor was it intended to be used for such a 
purpose. 

The Hughes proposal in Equation (19) is of the same 
general type as the ITTC line but gives much lower 
values of C, than either the ITTC 1957 formulation or 
the ATTC 1947 line. On the other hand, the Hughes 
line does claim to be a true friction line for smooth 
plates in fully turbulent, two-dimensional flow, but its 
low values have been criticized by many other workers 
in this field. The 1957 ITTC line, in fact, gives numerical 
values of C, which are almost the same as those of 
the Hughes line with a constant addition of 12 percent. 

Granville (1977) showed that the 1957 ITTC model- 
ship correlation line can also be considered as a tur- 
bulent flat plate (two-dimensional) frictional resistance 
line. From fundamental considerations involving the 
velocity distribution in the boundary layer, he derived 
the general formula 

(21) C,, = a/(log,,Rn - b ) 2  + c l R n  

with a = 0.0776, b = 1.88 and c = 60. This formula 
is a generalization of the form of the 1957 ITTC line 
as given by Equation (20)) with a = 0.075, b = 2 and 

c = 0. Good agreement of Equation (21) with the 1957 
ITTC line is obtained for values of Rn less than 5 x 
lo5. At values of Rn above 1 x lo8, the 1957 ITTC, 
the 1947 ATTC, and the Granville lines are all in good 
agreement, as shown in Fig. 4. 

3.6 Three-Dimensional Viscous Resistance Formula- 
tions. In association with his two-dimensional line, 
Hughes proposed a new method of extrapolation from 
model to ship. He assumed that the total model re- 
sistance coefficient C,, could be divided into two parts, 
C,, and CwM, representing the viscous and wavemak- 
ing resistance, respectively. At low Froude numbers, 
C,, will become very small, and at a point where 
wavemaking can be neglected, the curve of CTM will 
become approximately parallel to the two-dimensional 
friction line. Hughes called this point the run-in point. 
The value of C,, a t  this point can then be identified 
with the total viscous resistance coefficient C,, at the 
same point Rn,. 

The form resistance coefficient, due at least in part 
to the curvature of the hull (see Fig. 5), is defined by 

CTLU(~~O) l + k =  
C*o(Rn,) 

The three-dimensional model viscous resistance for ar- 
bitrary Rn can now be written as c,, = (1 + k )  CFo 
(Rn) where C,, is the equivalent flat-plate resistance 
coefficient. The factor k accounts for the three-dimen- 
sional form, and is appropriately termed the form fac- 
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tor. The form factor (1 + k) is assumed to be invariant 
with Rn and the line (1 + k) C,, is now taken as the 
extrapolator for the hull form concerned, and the ship 
curve of CTs can be drawn above the (1 + k )  CFo curve 
at the appropriate values of the Reynolds number. In 
the Froude method the whole of the model residuary- 
resistance coefficient C, is transferred to the ship un- 
changed, while in the form factor method only that 
part of C, attributed to viscous effects ( CFORMM in Fig. 
5) is reduced in the transfer. Accordingly, the three- 
dimensional method gives substantially lower ship pre- 
dictions and so calls for larger values of the correlation 
allowance C,. This procedure avoids the negative al- 
lowances sometimes found when using the Froude 
method. I t  should also be noted that in the case of the 
Froude method only the slope of the two-dimensional 
friction line matters while in the case of the form factor 
approach the vertical position of the line also affects 
the ship prediction. The choice of the basic line becomes 
an essential factor in the case of the three-dimensional 
approach. 

The study carried out by the ITTC Performance 
Committee has shown that the introduction of the form 
factor philosophy has led to significant improvements 
in model-ship correlation (ITTC, 1978). The ITTC has 
recommended that for all practical purposes, for con- 
ventional ship forms, a form factor determined on an 
experimental basis, similar to Prohaska’s method, is 

advisable; i.e., 

where n is some power of Fn, 4 5 n 5 6, and c and 
k are coefficients, chosen so as to fit the measured C,,, 
Fn data points as well as possible (Prohaska, 1966). (A 
numerical example of how Prohaska’s method is used 
is given in Section 6.4). This requires that the resist- 
ance of the model be measured at very low speeds, 
generally at Fn I 0.1. This is a drawback because 
unwanted Reynolds scale effects are then often intro- 
duced. For this reason sometimes empirically-derived 
form factors values are adopted. However, no satis- 
factory method to derive appropriate values of ‘such 
form factors has as yet been found. The ITTC Per- 
formance Committee, which reviews, collates and tests 
the various proposed methods, states in its 1978 report: 
“With regard to the influence of form on the various 
components of the viscous resistance no clear conclu- 
sion can be drawn. Results reported by Tagano (1973) 
and Wieghardt (1976) show that the form mainly in- 
fluences the viscous pressure drag, while Dyne (1977) 
stated that the pressure drag is low and its influence 
on k is practically negligible. Furthermore, the inter- 
action between different resistance components is hin- 
dering the isolation of a single significant factor.” 

Section 4 
Wave-Making Resistance 

4.1 General. The wave-making resistance of a ship 
is the net fore-and-aft force upon the ship due to the 
fluid pressures acting normally on all parts of the hull, 
just as the frictional resistance is the result of the 
tangential fluid forces. In the case of a deeply sub- 
merged body, travelling horizontally at‘a steady speed 
far below the surface, no waves are formed, but the 
normal pressures will vary along the length. In a non- 
viscous fluid the net fore-and-aft force due to this var- 
iation would be zero, as previously noted. 

If the body is travelling on or near the surface, 
however, this variation in pressure causes waves which 
alter the distribution of pressure over the hull, and the 
resultant net fore-and-aft force is the wave-making 
resistance. Over some parts of the hull the changes in 
pressure will increase the net sternward force, in oth- 
ers decrease it, but the overall effect must be a re- 
sistance of such magnitude that the energy expended 
in moving the body against it is equal to the energy 
necessary to maintain the wave system. The wave- 
making resistance depends in large measure on the 
shapes adopted for the area curve, waterlines and 
transverse sections, and its determination and the 

methods by which it can be reduced are among the 
main goals of the study of ships’ resistance. Two paths 
have been followed in this study-experiments with 
models in towing tanks and theoretical research into 
wave-making phenomena. Neither has yet led to a com- 
plete solution, but both have contributed greatly to a 
better understanding of what is a very complicated 
problem. At present, model tests remain the most im- 
portant tool available for reducing the resistance of 
specific ship designs, but theory lends invaluable help 
in interpreting model results and in guiding model 
research. 

4.2 Ship Wave Systems. The earliest account of the 
way in which ship waves are formed is believed to be 
that due to Lord Kelvin (1887, 1904). He considered a 
single pressure point travelling in a straight line over 
the surface of the water, sending out waves which 
combine to form a characteristic pattern. This consists 
of a system of transverse waves following behind the 
point, together with a series of divergent waves ra- 
diating from the point, the whole pattern being con- 
tained within two straight lines starting from the 
pressure point and making angles of 19 deg 28 min 
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Fig. 6 Kelvin wave pattern 

on each side of the line of motion, Fig. 6 .  The heights 
of successive transverse-wave crests along the middle 
line behind the pressure point diminish going aft. The 
waves are curved back some distance out from the 
centerline and meet the diverging waves in cusps, 
which are the highest points in the system. The heights 
of these cusps decrease less rapidly with distance from 
the point than do those of the transverse waves, so 
that eventually well astern of the point the divergent 

waves become the more prominent (see Fig. 7). 
The Kelvin wave pattern illustrates and explains 

many of the features of the ship-wave system. Near 
the bow of a ship the most noticeable waves are a 
series of divergent waves, starting with a large wave 
a t  the bow, followed by others arranged on each side 
along a diagonal line in such a way that each wave is 
stepped back behind the one in front in echelon (Fig. 
8) and is of quite short length along its crest line. 
Between the divergent waves on each side of the ship, 
transverse waves are formed having their crest lines 
normal to the direction of motion near the hull, bending 
back as they approach the divergent-system waves and 
finally coalescing with them. These transverse waves 
are most easily seen along the middle portion of a ship 
or model with parallel body or just behind a ship run- 
ning at high speed. I t  is easy to see the general Kelvin 
pattern in such a bow system. 

Similar wave systems are formed a t  the shoulders, 
if any, and a t  the stern, with separate divergent and 
transverse patterns, but these are not always so 
clearly distinguishable because of the general distur- 
bance already present from the bow system. 

Since the wave pattern as a whole moves with the 
ship, the transverse waves are moving in the same 
direction as the ship at the same speed V,  and might 

Fig. 7(a) Pattern of diverging waves 

5- 
Fig. 7(b) Typical ship wove pattern 

Next Page 
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Fig. 8 Schematic diagram of bow and stern wave systems 

be expected to have the length appropriate to free 
waves running on surface at that speed 

L, = 2.rrv2/g 
Actually, the waves in the immediate vicinity of a 
model are found to be a little shorter, but they attain 
the length L ,  about two wave lengths astern. 

The divergent waves will have a different speed 
along the line normal to their crests (Fig. 9). In this 
case, the component of speed parallel to the line of the 
ship's motion must be equal to the ship's speed in order 
to retain the fixed pattern relative to the ship. If the 
line normal to the crest of a divergent wave makes an 
angle 8 with the ship's course, the speed in that di- 
rection will be Vcos 8, and the corresponding wave 
length 

L &  = (2rv2/g) C O S ~  8 

4.3 Wave-Making Resistance of Surface Ships. At 
low speeds, the waves made by the ship are very small, 
and the resistance is almost wholly viscous in char- 
acter. Since the frictional resistance varies at a power 
of the speed a little less than the square, when the 
coefficient of total resistance C, = R,/ipSV2 is plotted 
to a base of Froude number Fn (or of V,/&), at first 
the value of C, decreases with increase of speed (Fig. 
10). With further increase in speed, the value of C, 
begins to increase more and more rapid1 and at 
Froude numbers approaching 0.45 ( VK,& = 1.5) 
the resistance may vary at a power of V of 6 or more. 
However, this general increase in C, is usually accom- 
panied by a number of humps and hollows in the re- 
sistance curve. As the speed of the ship increases, the 
wave pattern must change, for the length of the waves 
will increase and the relative positions of their crests 
and troughs will alter. In this process there will be a 
succession of speeds when the crests of the two sys- 

SPEED OF SHIP 
- v  

Fig. 9 Speed and length of divergent waves 

r 

MODEL DIMENSIONS 
4.88mx0.46rn x0.30rn 

PRISMATIC COEFFICIENT 0.636 
MODEL SYMMETRICAL 

ABOUT AMIDSHIPS 

Cl 

- 

I 1 I I I I I 
0.18 0.24 0.30 0.36 042 0.48 0.54 o 

Fn 
i0 

Fig. 10 Typical resistance curve, showing interference effects 

tems reinforce one another, separated by other speeds 
at which crests and troughs tend to cancel one another. 
The former condition leads to higher wave heights, the 
latter to lower ones, and as the energy of the systems 
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depends upon the square of the wave heights, this and-aft components of the pressure an expression can 
means alternating speeds of higher and lower than be derived for the total wave-making resistance.” 
average resistance. The humps and hollows in the The theory as developed by Michell is valid only for 
C,-curve are due to these interference effects between certain restrictive conditions: 
the wave systems, and it is obviously good design (a) The fluid is assumed to be nonviscous and the 
practice to ensure whenever possible that the ship will flow irrotational. Under these circumstances the mo- 
be running under service conditions at a .favorable tion can be specified by a velocity potential 4, which 
speed. As will be seen later, it is the dependence of in addition must satisfy the necessary boundary con- 
these humps and hollows on the Froude number that ditions. 
accounts for the close relationship between economic (b) The hull is narrow compared with its length, so 
speeds and ship lengths. that the slope of the surface relative to the centerline 

The mechanism by which wave-making resistance is plane is small. 
generated is well illustrated by experiments made by (c) The waves generated by the ship have heights 
Eggert (1939). He measured the normal pressure dis- small compared with their lengths, so that the squares 
tribution over the ends of a model and plotted resulting of the particle velocities can be neglected compared 
pressure contours on a body plan (Fig. 11). By inte- with the ship speed. 
grating the longitudinal components of these pressure (d) The ship does not experience any sinkage or 
forces over the length, he showed that the resulting trim. 
resistance agreed fairly well with that measured on The boundary conditions to be satisfied by the ve- 
the model after the estimated frictional resistance had locity potential 4 are: 
been subtracted. Fig. 12a shows curves of longitudinal (a) At all points on the surface of the hull, the 
force per meter length; Fig. 12b shows form resistance normal velocity relative to the hull must be zero. 
derived from pressure experiments and residuary re- (b) The pressure everywhere on the free surface 
sistance model tests. One important point brought out of the water must be constant and equal to the at- 
by these experiments is that a large proportion of the mospheric pressure. 
wave-making resistance is generated by the upper part To make the problem amenable to existing mathe- 
of the hull near the still waterline. matical methods, Michell assumed that the first bound- 

4.4 Theoretical Calculation of Wave-Making Resist- ary condition could be applied to the centerline plane 
once. Much research has been devoted to theoretical rather than to the actual hull surface, so that the 
methods of calculating wave-making resistance and to results applied strictly to a vanishingly thin ship, and 
their experimental verification (Lunde, 1957). that the condition of constant pressure could be applied 

One method is to determine the flow around the hull to the original flat, free surface of the water, the dis- 
and hence the normal pressure distribution, and then tortion of the surface due to the wave pattern being 
to integrate the fore-and-aft components of these pres- neglected. 
sures over the hull surface. This method was developed The alternative method developed by Havelock, in 
by Michell (1898) for a slender hull moving over the which the wave-making resistance is measured by the 
surface of a nonviscous fluid. I t  corresponds to the energy in the wave system, makes use of the idea of 
experimental technique employed by Eggert. The pi- sources and sinks.I2 This is a powerful tool with which 
oneer work of Michell was unfortunately overlooked to simulate the flow around different body shapes and 
and neglected for many years until rescued from ob- so to find the wave pattern, pressure distribution, and 
scurity by Havelock (1951). resistance. A “thin” ship, for example, can be simu- 

A second method is to calculate the wave pattern lated by a distribution of sources on the centerline 
generated by the ship at a great distance astern, as plane of the forebody and of sinks in the afterbody, 
done by Havelock, the wave-making resistance then the sum of their total strength being zero. The re- 
being measured by the flow of energy necessary to 
maintain the wave system. This method has been used 
experimentally by Gadd, et  a1 (1962), Eggers (1962), 
Ward (1962) and many others. 

l 1  The velocity potential #I has the property that the velocity of 
the flow in any given direction is the partial derivative of #I with 
respect to that direction. Thus for a uniform stream of velocity lJ 
m the negative x-direction, the velocity potential will be defined by 
the expression 

Both methods lead to the Same 
expression, and in each the is for a non- 
viscous and incompressible fluid, so that the ship will 
experience only wave-making resistance (Timman, et  
al, 1955). 

the flow around a “slender” ship of narrow beam when 
placed in a uniform stream. From the resultant velocity 

9 = - or = - ux 

- a + = 4 L 0  

Michell obtained the mathematical expression for 

potential the velocity and pressure distribution over 
the hull can be obtained, and by integrating the fore- 

ax 

and 

ay a2 
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striction to a “thin” ship can be removed if the sources 
and sinks are distributed over the hull surface itself. 
If the strengths of the sources and sinks are assumed 

A source may be looked upon as a point in a fluid at which new 
fluid is being continuously introduced, and a sink is the reverse, a 
point where fluid is being continuously abstracted. The flow out of 
a source or into a sink will consist of radial straight stream lines, 
Fig. 13. If a source and an equal sink be imagined in a uniform 
stream flow, the axis of the source and sink being parallel to the 
flow, the streamlines can be combined as shown in Fig. 14, and there 
will be one completely closed streamline ABCD. Since the source 
and sink are of equal strength, all fluid entering at  t s  will be 
removed at  -s, and no fluid will flow across ABCD, and the space 
inside this line could be replaced by a solid body. 

to be everywhere proportional to the slope of the hull 
surface, this will result in a total strength of zero, and 
the total velocity potential will be the sum of those 
due to the individual sources and sinks and the uniform 
flow. 

Each source and sink when in motion in a fluid, on 
or near the surface, gives rise to a wave system, and 
by summing these up the total system for the ship can 
be obtained. Havelock by this method found the wave 
pattern far astern, and from considerations of energy 
obtained the wave-making resistance. 

Much of the research into wave-making resistance 
has been done on models of mathematical form, having 
sections and waterlines defined by sine, cosine, or par- 
abolic functions. When the calculations are applied to 
actual ship forms, the shape of the latter must be 
expressed approximately by the use of polynomials 
(Weinblum, 1950, Wehausen, 1973); or by considering 
the hull as being made up of a number of elementary 
wedges (Guilloton, 1951). 

In recent years, a great deal of work on the calcu- 
lation of wave-making resistance has been carried out 
in Japan by Professor Inui and his colleagues (Inui, 
1980). They used a combination of mathematical and 
experimental work and stressed the importance of ob- 
serving the wave pattern in detail as well as simply 
measuring the resistance. Instead of starting with a 
given hull geometry, Professor Inui began with an 
assumed source-sink distribution, with a view to ob- 
taining better agreement between the measured and 
calculated wave systems, both of which would refer 
to the same hull shape. The wave pattern and the wave- 
making resistance were then calculated from the am- 
plitudes of the elementary waves by using Havelock’s 
concept. 

Professor Inui tried various distributions of sources 
and sinks (singularities) by volume over the curved 
surface, in a horizontal plane and over the vertical 
middle-line plane. For displacement ships at Froude 
numbers from 0.1 to 0.35, he found the geometry of 
the ends to be most important, and these could be 
represented quite accurately by singularities on the 
middle-line plane. For higher Froude numbers, the dis- 

SOURCE SINK 

Flow patterns for source and sink Fig. 13 
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Fig. 14 Flow patterns for a source and sink in a uniform stream 

tribution of sources along the whole length becomes 
important. In summary, the method is to choose a 
singularity distribution which will give good resistance 
qualities, obtain the corresponding hull geometry, 
carry out resistance and wave-observation tests and 
modify the hull to give a more ship-shape form amid- 
ships. In this way Inui has been able to obtain forms 
with considerably reduced wave-making resistance, 
usually associated with a bulb a t  the stem and some- 
times a t  the stern also. 

Recent developments in wave-making resistance the- 
ory can be divided into four main categories. The first 
concerns applications of linearized potential flow the- 
ory, either with empirical corrections to make it more 
accurate, or uncorrected for special cases where the 
errors due to linearization are not serious. The second 
concerns attempts to improve on linearized potential 
flow theory, by analysis of non-linear effects on the 
free-surface condition, or by an assessment of the ef- 
fects of viscosity. Thirdly, attempts have been made 
to apply wave resistance theory to hull form design. 
Fourthly there has been an increase in the number of 
primarily numerical approaches to ship wave resist- 
ance estimation. In the second category (non-linear 
calculations) the work of Daube (1980), (1981) must be 
mentioned. He uses an iterative procedure where at 
each step a linear problem is solved. To this end an 
initial guess of the location of the free surface is made 
which is subsequently changed to fulfill a free surface 
condition. In the computation of the free surface ele- 
vation the assumption is made that the projection of 
the free surface streamlines on the horizontal plane, 
x = 0, always agree with the double model streamlines. 
This is in fact a low-speed assumption. The non-linear 
calculation method has been applied to a Wigley hull 
and a Series 60 ship. Comparison with measurements 
show a qualitatively satisfactory agreement, and quan- 

titatively the calculations are better than with linear 
theory for these cases. Part of the discrepancies be- 
tween measurements and calculations (at least for the 
higher speed range) can be ascribed to trim and sin- 
kage effects which have not been properly included in 
Daube’s method. 

An interesting development has been the determi- 
nation of pure wave-making resistance from measure- 
ments of model wave patterns. The attempts to 
improve hull forms using the data of wave pattern 
measurement combined with linearized theory are par- 
ticularly interesting. For example, Baba (1972) mea- 
sured the difference in wave pattern when a given hull 
was modified according to the insight gained from 
wave resistance theory and thereby gained an im- 
provement. 

To a certain degree, the hull forms of relatively high- 
speed merchant ships have improved because of the 
application of wave resistance theory. Pien e t  a1 (1972) 
proposed a hull-form design procedure for high-speed 
displacement ships aided by wave resistance theory. 
Inui and co-workers have applied the streamline trac- 
ing method to practical hull forms with flat bottoms 
and a design method for high-speed ships with the aid 
of minimum wave resistance theory has been proposed 
by Maruo et  a1 (1977). The development of special types 
of hull forms for drastically reduced wave making 
have also been guided to a certain extent by wave 
resistance theory. One of these is the small waterplane 
area twin-hull (SWATH) ship, discussed in Section 9. 
The accuracy and usefulness of wave resistance theory 
was recently demonstrated at  a workshop organized 
by the DTRC (Bai, et  al, 1979). 

The results of theoretical work would therefore 
seem at present to be most useful in giving guidance 
in the choice of the secondary features of hull shape 
for given proportions and fullness, such as the detail 
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shapes of waterlines and sections, and choice of size 
and location of bulbs. The calculation of resistance 
cannot yet be done with sufficient accuracy to replace 
model experiments, but it is a most valuable guide and 
interpreter of model work. The advent of the computer 
has placed new power in the hands of the naval ar- 
chitect, however, and has brought much closer the time 
when theory can overcome its present limitations and 
begin to give meaningful numerical answers to the 
resistance problem. 

4.5 Interference Effects. The results of mathemat- 
ical research have been most valuable in providing an 
insight into the effects of mutual wave interference 
upon wave-making resistance. A most interesting ex- 
ample is that of a double-wedge-shaped body with par- 
allel inserted in the middle, investigated by Wigley 
(1931). The form of the hull and the calculated and 
measured wave profiles are shown in Fig. 15. He 
showed that the expression for the wave profile along 
the hull contained five terms: 

(a) A symmetrical disturbance of the surface, 
which has a peak at bow and stern and a trough along 
the center, dying out quickly ahead and astern of the 
hull. It travels with the hull and because of its sym- 
metry does not absorb any energy a t  constant speed, 
and four wave systems, generated at 

0.32 0.48 0.6 

Fn 
Fig. 16 Resistance curves for wedge-shaped model 

Dimensions: 4.8 x 0.46 x 0.30 m, prismatic coefficient 0.636. 

(b) the bow, beginning with a crest; 
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Fig. 17 Analysis of wave-making resistance into components for wedge- 
shaped model shown above 

(c) the forward shoulder, starting with a trough; 
id) the after shoulder also starting with a trough; 
(e) the stern, beginning with a crest. 
These five systems are shown in Fig. 15. Consider- 

ably aft of the form, all four systems become sine 
curves of continuously diminishing amplitude, of a 
length appropriate to a free wave travelling at the 
speed of the model, this length being reached after 
about two waves. 

The calculated profile along the model is the sum of 
these five systems, and the measured profile was in 
general agreement with it so far  as shape and positions 
of the crests and troughs were concerned, but the 
heights of the actual waves towards the stern were 
considerably less than those calculated (Fig. 15). 

This simple wedge-shaped body illustrates clearly 
the mechanism of wave interference and its effects 
upon wave-making resistance. Because of the definite 
sharp corners a t  bow, stern, and shoulders, the four 
free-wave systems have their origins fixed at points 
along the hull. As speed increases, the wave lengths 
of each of the four systems increase. Since the primary 
crests and troughs are fixed in position, the total wave 
profile will continuously change in shape with speed 
as  the crests and troughs of the different systems pass 
through one another. At those speeds where the in- 
terference is such that  high waves result, the wave- 
making resistance will be high, and vice-versa. 

In this simple wedge-shaped form the two principal 
types of interference are between two systems of the 
same sign, e.g., bow and stern, or  the shoulder sys- 
tems, and between systems of opposite sign, e.g., bow 
and forward shoulder. The second type is the most 
important in this particular case, because the primary 
hollow of the first shoulder system can coincide with 
the first trough of the bow system before the latter 
has been materially reduced by viscous effects. 

Wigley calculated the values of V / m  for minima 
and maxima of the wave-making resistance coefficient 
C, for this form, and found them to occur a t  the 
following points: 

Minima C, - 0.187 - 0.231 - 0.345 - ' 
Maxima C, 0.173 - 0.205 - 0.269 - 0.476 

The mathematical expression for the wave-making 
resistance R, is of the form 

Values of Fn r 

R,  a V6 (constant term + 4 oscillating terms) 

so that the wave-making resistance coefficient C, is 
C, = R,/ZpSV2 = V4 (constant term + 4 oscillating 

terms) (23) 
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Fig. 18 Wave profile for model with parabolic woterline 
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Fig. 19 Contributions made by transverse and divergent wave systems 
to wave resistance 

The C, curve is thus made up of a steady increase 
varying as V4 due to the constant term and four os- 
cillating curves due to the interference between the 
different free-wave systems (Fig. 17). These latter ul- 
timately, at very high speeds, cancel both each other 
and the steady increase in C,, and there is no further 
hump beyond that occurring at a V value of about 
0.45 after which the value of R ,  continuously de- 
creases with further increase in speed. However, at 
these high speeds the hull will sink bodily and change 
trim so much that entirely new phenomena arise. 

For more ship-shaped forms, where the waterlines 
are curved and have no sharp discontinuities, the wave 
pattern still consists of five components-a symmetri- 
cal disturbance and four free-wave systems (Wigley, 
1934). Two systems begin with crests, one at the bow 
and one at the stern, and are due to the change in the 
angle of the flow at these points. The other two sys- 
tems, like the shoulder systems in the straight line 
form, begin with hollows, but are no longer tied to 
definite points, since the change of slope is now gradual 
and spread over the whole entrance and run. They 
commence a t  the bow and after shoulder, respectively, 
as shown in Fig. 18, much more gradually than in the 
case of the wedge-shaped form. The one due to en- 
trance curvature, for example, may be looked upon as 
a progressive reduction of that due to the bow angle 
as the slope of the waterline gradually becomes less 
in going aft. 

Wigley also made calculations to show the separate 
contributions to the wave-making resistance of the 
transverse and divergent systems (Wigley, 1942). Up 
to a Froude number of 0.4 the transverse waves are 
mainly responsible for the positions of the humps and 
hollows, Fig. 19. Above this speed the contribution 
from the divergent waves becomes more and more 
important, and the interference of the transverse 
waves alone will not correctly determine the position 

of the higher humps, particularly the last one at 
Fn = 0.5. 

The existence of interference effects of this kind was 
known to naval architects long before such mathe- 
matical analysis was developed. The Froudes demon- 
strated them in a striking way by testing a number 
of models consisting of the same bow and stern sep- 
arated by different lengths of parallel body (Froude, 
W., 1877 and Froude, R.E., 1881). W. Froude’s sketch 
of the bow wave system is shown in Fig. 20. As the 
ship advances but the water does not, much of the 
energy given to the water by the bow is carried out 
laterally and away from the ship. This outward spread- 
ing of the energy results in a decrease in the height 
of each succeeding wave of each system with no ap- 
preciable change in wave length. Fig. 21 shows a series 
of tests made at  the EMB, Washington, and the cor- 
responding curve of model residuary resistance plotted 
against length of parallel body (Taylor, 1943). The tests 
were not extended to such a length of parallel body 
that the bow system ceased to affect that at the stern. 
I t  is clear, however, that its effect is decreasing and 
would eventually died out, as suggested by the dotted 
extension of the resistance curve. 

Fig. 22 shows a series of curves for the same form 
at various speeds. In this chart the change of parallel 
middle-body length which results in successive humps 
on any one curve is very nearly equal to the wave 
length for the speed in question, as shown for speeds 
of 2.6 and 3.2 knots. This indicates that ship waves do 
have substantially t h e  lengths of deep-sea waves of 
the same speed. 

If all the curves in Fig. 22 are extended in the di- 
rection of greater parallel-body length until the bow 
system ceases to affect the stern system, as was done 
in Fig. 21, the mean residuary resistances for this 
form, shown by the dashed lines at  the left of the 
chart, are found to increase approximately as the sixth 
power of the speed. They are, in fact, the actual re- 
sistances stripped of interference effects and represent 
the true residuary resistances of the two ends. This 
rate of variation with speed is the same as that given 
by theory for the basic wave-making resistance before 
taking into account the interference effects (Fig. 17). 

The mathematical theory indicates that the wave 
resistance is generated largely by those parts of the 
hull near the surface, which is in agreement with the 
experimental results obtained by Eggert. This sug- 
gests that from the point of view of reducing wave- 
making resistance the displacement should be kept as 
low down as possible. The relatively small effect of the 
lower part of the hull on the wave systems also means 
that the wave-making resistance is not unduly sensi- 
tive to the midship section shape (Wigley, et  al, 1948). 

4.6 Effects of Viscosity on Wave-Making Resist- 
ance. Calculations of wave-making resistance have so 
far been unable to take into account the effects of 
viscosity, the role of which has been investigated by 
Havelock (1923), (1935) and Wigley (1938). One of these 
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Fig. 20 W. Froude's sketch of characteristic bow wave train 

25 

Na t u ra I" R 
for 3.0 Knots 

Fig. 21 

4 <  

0 f 
- 

2: 

144 I20 96 72 48 24 0 
Middle Body Length, Inches 

Quantitative effects of altering length of parallel middle body (English units) 

" N at u r a I" R 
f o r  

144 120 96 72 48 24 
Parallel Middle Body Length, Inches 

Fig. 22 Analysis of effects of altering length of parallel middle body (English units) 

2 2  

0 



26 PRINCIPLES OF NAVAL ARCHITECTURE 

10 
1 

F R O U D E  NUMBER Fn 
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effects is to create a boundary layer close to the hull, 
which separates the latter from the potential-flow pat- 
tern with which the theory deals. This layer grows 
thicker from stem to stern, but outside of it the fluid 
behaves very much in accordance with the potential 
flow theory. Havelock (1926) stated that the direct in- 
fluence of viscosity on the wave motion is compara- 
tively small, and the “indirect effect might possibly be 
allowed for later by some adjustment of the effective 
form of the ship.” He proposed to do this by assuming 
that the after body was virtually lengthened and the 
aft  end waterlines thereby reduced in slope, so reduc- 
ing the after-body wavemaking. Wigley (1962) fol- 
lowed up this suggestion by comparing calculated and 
measured wave-making resistance for 14 models of 
mathematical forms, and deriving empirical correction 
factors. He found that the remaining differences in 
resistance were usually within 4 percent, and that the 
virtual lengthening of the hull due to viscosity varied 
between 2 and 8 percent. 

The inclusion of a viscosity correction of this nature 
also explains another feature of calculated wave-mak- 
ing resistance. For a ship model which is unsymmet- 
rical fore and aft, the theoretical wave-making 
resistance in a nonviscous fluid is the same for both 
directions of motion, while the measured resistances 
are different. With the viscosity correction included, 
the calculated resistance will also be different. 

Professor Inui (1980) in his wave-making resistance 
work also allows for viscosity by means of two em- 
pirical coefficients, one to take care of the virtual 
lengthening of the form, the other to allow for the 
effect of viscosity on wave height. 

4.7 Scale Effect on Wave-Making Resistance. 
Wigley (1962) has investigated the scale effect on C, 
due to viscosity, pointing out that the calculated curves 
of C, are usually higher than those measured in ex- 
periments and also show greater oscillations. These 
differences he assigned to three major causes: 
(a) Errors due to simplifications introduced to 

make the mathematical work possible. 
(b) Errors due to neglect of the effects of viscosity 

on R,. 

(c) Errors due to the effects of wave motion on R,. 
Errors under (a) will decrease with increasing speed, 

since they depend on the assumption that the velocities 
due to the wave motion are small compared with the 
speed of the model, which is more nearly fulfilled at 
high speed. 

Errors under (b) will depend on Reynolds number, 
and therefore on the size of the model, decreasing as 
size increases. From experiments on unsymmetrical 
models tested moving in both directions, these errors 
cease to be important for Fn greater than 0.45. 

At low speeds errors under (c) are negligible but 
become important when Fn exceeds 0.35, ( Vk/& = 
1.15) as evidenced by the sinkage and trim, which in- 
crease very rapidly above this speed. 

A practical conclusion from this work is the effect 
on the prediction of ship resistance from a model. In 
a typical model the actual wave resistance is less than 
that calculated in a perfect fluid for Froude numbers 
less than about 0.35. This difference is partly due to 
viscosity, the effect of which will decrease with in- 
creased size, and C, will increase with scale instead 
of being constant as assumed in extrapolation work. 
Wigley made estimates of the difference involved in 
calculating the resistance of a 121.9 m ship from that 
of a 4.88 m model at a Froude number of 0.245 and 
found that the resistance of the ship would be under- 
estimated, using the usual calculations, by about 9 
percent, the variation with speed being approximately 
as shown in Fig. 23. The effect disappears at low speeds 
and for values of Fn above 0.45. 

Comparison Between Calculated and Observed 
Wave-Making Resistance. Many comparisons have 
been made between the calculated and measured wave- 
making resistances of models. Such a comparison is 
difficult to make, however. All that can be measured 
on the model is the total resistance RT, and the value 

4.8 

I 

P, s .  
0 
P 
2 
4 

0 
K 

- CR FROM EXPERIMENTS 
C, COMPUTED WITHOUT VISCOSITY 

C COMPUTED WITH VISCOSITY 
CORRECTION 

W c ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  

0.16 0 24 0.32 0.40 o 48 0.56 0.64 

Fig. 24 Comparison of measured CR and calculated Cw 



RESISTANCE 27 

of R, can only be obtained by making assumptions as 
to the amount of frictional resistance, viscous pressure 
drag and eddy-making resistance, all quantities subject 
to considerable doubt. The wave-making resistance has 
been measured directly by observing the shape of the 
wave system astern of the model and computing its 
energy and the total viscous drag has been measured 
by a pitot tube survey behind the model (Wehausen, 
1973). Both of these methods are relatively new, and 
there are problems in interpreting the results. In the 
meantime it is perhaps best to be content with com- 
paring the differences between the calculated and mea- 
sured resistances for pairs of models of the same 
overall proportions and coefficients but differing in 
those features which are likely to affect wave-making 
resistance. 

A comparison of much of the available data has been 
made by Lunde, the measured C, being derived from 
C, on Froude’s assumption and using his skin-friction 
coefficients, the calculated C, being empirically cor- 
rected for viscosity (Lunde, 1957). 

At low Froude numbers, less than 0.18, it is difficult 
to determine CR with any accuracy. At higher speeds, 
the humps at Fn of 0.25 and 0.32 and the intervening 
hollow are much exaggerated in the calculated curves, 
and any advantage expected from designing a ship to 
run at the “hollow1’ speed would not be fully achieved 

in practice (Fig. 24). The general agreement in level 
of the curves over this range depends to some extent 
upon the form of the model, theory overestimating the 
resistance for full ships with large angles of entrance. 
Just above a speed of Fn = 0.32 the model becomes 
subject to increasing sinkage and stern trim, effects 
which are not taken into account in the calculations. 

The last hump in the C,-curve occurs a t  a Froude 
number of about 0.5, and here the calculated value of 
C, is less than the measured C,, again possibly due 
to the neglect of sinkage and trim. 

In all cases the humps and hollows on the measured 
curves occur at higher values of Fn than those given 
by theory, by amounts varying from 2 to 8 percent. 
In other words, the model behaves as though it were 
longer than its actual length, and this is undoubtedly 
due mostly to the virtual lenghening of the form due 
to the viscous boundary layer. At very low speeds, Fn 
= 0.1, the wave-making resistance varies approxi- 
mately as the square of the tangent of the half-angle 
of entrance, but its total value in terms of RT is very 
small. At high speeds, with Fn greater than 1.0, the 
wave-making resistance varies approximately as the 
square of the displacement, illustrating the well-known 
fact that at very high speeds shape is relatively un- 
important, the chief consideration being the displace- 
ment carried on a given length. 

Section 5 
Other Components of Resistance 

5.1 Eddy Resistance, Viscous Pressure Drag, Sepa- 
ration Resistance and Wave-breaking Resistance. The 
turbulent frictional belt around a ship consists of ed- 
dies, so that all forms of frictional resistance are really 
due to eddy-making. However, the term is usually ap- 
plied to the resistance due to eddy formation or dis- 
turbed streamline flow caused by abrupt changes of 
form, appendages or other projections, and excludes 
tangential skin friction. 

When the total model resistance RTM is measured 
over a range of speeds and plotted as the coefficient 
CTM = RTMf t pSV2 against log Rn, the curve will be 
of the general shape shown in Fig. 25. Also shown is 
a curve of the coefficient of frictional resistance CFoM 
for a smooth plank in fully turbulent flow. The inter- 
cept CRM between the curves of CFoM for the plank and 
CTM for the total model resistance is the so-called re- 
siduary-resistance coefficient. 

In a typical case the C,,curve at the very low values 
of Rn is almost parallel to the C,,,-curve but some 
distance above it. Since the primary component of the 
coefficient C,, varies as the fourth power of the speed, 
(Equation 23) the wave-making resistance a t  very low 

values of Rn must be vanishingly small, and so the 
intercept CRM (BC in Fig. 25) cannot be attributed to 
this cause. If a line CH is drawn parallel to the curve 
of C,,, running into the lowest part of the total re- 
sistance curve C,,, it would be a nearer approach to 
the truth to say that the intercept FG represents the 
wave-making resistance coefficient,’3 C,, = ( RWM/ 

On this assumption the intercept FE (= BC) must 
be due to some other cause. Models of submarines and 
airships run fully submerged where wave-making is 
absent have resistances higher than the CFoM-values 
for the equivalent plank, and this increase has been 
called the form resistance or form drag. Moreover, the 
form-resistance coefficient for such shapes is higher 
the smaller the slenderness ratio (the length-diameter 
ratio, L / D ) ;  i.e., the “stumpier” the models. A similar 

; pSV2). 

l3  The exact formulation used for C,,, and the question whether 
the line CH should be exactly parallel to the curve C,,, are not 
important for the present argument. These questions a re  discussed 
in Section 6.4. 
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effect is found in ship models, the intercept BC being 
greater the fuller the model and the smaller the ratio 

There are three main causes of this form resistance. 
The ordinate of the curve C,,, applies to a flat surface 
having the same length and wetted area as the model 
and so neglects any effects due to curvature of the 
hull. This curvature affects the pressure distribution 
along the length, causing the velocity to increase along 
most of the middle part and to decrease at the ends. 
The former effect outweighs the latter. Also, since the 
path along a streamline from bow to stern is longer 
on a shaped body than on a plank, the average velocity 
must be higher. Thus the real skin friction of a ship 
must be greater than that of the “equivalent plank.” 
Since the pressure and velocity changes and the extra 
path length are greater the fuller and stumpier the 
form, such shapes would be expected to have greater 
form drag. This is borne out by experiments on bodies 
of revolution in air, where, for example, Young (1939) 
found form drag percentages varying with length- 
diameter ratio as follows: 

L/V l’3. 

L/D 10 5 3.33 
Form drag, percent . . . . . 5 17 30 
Similar figures have been found for bodies of rev- 

olution run deeply submerged in water. For a given 
volume of displacement, increases of L/D ratio beyond 
a certain point, while it may still reduce the form drag, 
will increase the frictional resistance because of the 
greater surface area and so in terms of total resistance 
there will be some optimum value of the L/D ratio. 
The value depends upon the exact shape and upon the 
amount of appendages necessary to give directional 

stability, and varies between 5 and 7. For surface ships 
the intercept C,, has been found to vary from 5 to 15 
percent of C,,, in warships and up to 40 percent or 
more in full cargo ships. These increases, however, 
cannot be attributed wholly to curvature effects, which 
leads to the other causes of form effect. 

In discussing wave-making resistance, it was pointed 
out that the existence of the boundary layer had the 
virtual effect of lengthening the form and reducing 
the slopes of the after waterlines. This is a region 
where the normal pressure on the hull is higher than 
the static pressure, owing to the closing in of the 
streamlines, and the forward components of these ex- 
cess pressures will exert a forward thrust overcoming 
some of the ship’s resistance. The presence of the 
boundary layer reduces these forward components, 
resulting in an increase in resistance as compared with 
that which would be experienced in a nonviscous fluid, 
and so is called the viscous pressure drag. 

If the curvature near the stern becomes too abrupt, 
the bilge radius too hard, the after end sections too 
U-shaped or there are other discontinuities in the hull 
shape, the water may no longer be able to follow the 
hull and breaks away, and the intervening space be- 
tween the hull and the smooth-flowing water is filled 
with eddies, as illustrated in Fig. l(d).  A point a t  which 
this happens is called a separation point, and the re- 
sulting resistance is the third element of form drag, 
called separation resistance. Separation of this kind 
can also affect the pressure distribution on the hull, 
and so modify the viscous-pressure drag. 

To explain the failure of the streamlines to follow 
the hull it is necessary to consider the variation of 
pressure and velocity along the length. 

The water particles immediately in contact with the 
hull are assumed to be carried along with it. Due to 
viscosity, these particles draw the next layer of par- 
ticles with them, and this effect spreads outwards from 
the hull. The spread of the boundary layer continues 
until the velocity of the outer particles at any point is 
just equal to the potential flow velocity a t  this point 
(Fig. 26). The boundary layer gets thicker from bow 
to stern due to the continual entrainment of more 
water. Within this layer the velocity gradients are very 
much greater than those existing in the potential flow, 
and most of the fluid shear responsible for the skin 
friction must occur within this boundary layer. This 
leads naturally to the idea of a boundary layer of finite 
thickness, within which the influence of viscosity is 
important and beyond which viscosity may be ne- 
glected, a concept which has proved useful in analyses 
of various problems in aerodynamics (Prandtl, 1904). 
Since the velocity in the boundary layer approaches 
the potential flow velocity asymptotically, its thickness 
is usually taken to the point where the velocity is 0.99 
of that of the undisturbed fluid. The body shape defined 
by the outer limits of the layer may be considered to 
move without friction and normal pressures appear to 
be transmitted across the boundary layer without sen- 



RESISTANCE 29 

sible distortion. Fluid particles moving aft from mid- 
ships, relative to the body, have their velocities 
diminished both by the shearing stresses and by the 
increasing pressures. Some of them may have insuf- 
ficient kinetic energy to overcome the adverse pressure 
gradient and so come to rest before reaching the stern 
or even start to move forward. Following particles are 
then forced outward away from the body, setting up 
pressures which tend to move them back towards the 
hull, thus causing large scale vortices in the boundary 
layer. From this point the flow is separated from the 
hull and a widening band of eddying water intervenes 
between the hull and the smooth flow outside it. These 
eddies carry away the kinetic energy which has been 
expended in forming them and so give rise to sepa- 
ration drag. Sufficient is not yet known to divide the 
total viscous drag into its separate components, and 
this fact has an important bearing on the extrapolation 
of model results to the ship. 

In addition to form and separation resistance, eddy- 
making resistance is also caused by struts, shafts, 
bossings and other appendages, as is discussed in Sec- 
tion 5.3. 

Especially in the case of bluff hull forms the phe- 
nomenon of wave-breaking and wave-breaking resist- 
ance have to be considered as well. For this type of 
hull the flow ahead of the bow becomes irregular and 
complex, usually leading to a breaking wave. 

At very low Froude numbers, below approximately 
0.10, wave-making hardly occurs and the free surface 
a t  the stern rises to a height approximately equal to 
V 2 / 2 g ,  where V is the speed of the ship and g the 
acceleration due to gravity, in accordance with the 
Bernoulli equation. As the ship speed increases how- 
ever, this rise of the wave at the stern no longer occurs 
and instead the bow-wave breaks. 

The resistance associated with wave-breaking at the 
stern has recently been the subject of extensive in- 
vestigations. Important studies on this topic were 
made by Taneda, et  a1 (1969), who presented the results 
of flow observations around a fishery training ship and 
its corresponding scaled model. Baba (1969) was the 

first to term the observed flow around the bow “wave- 
breaking” and presented measurements of momentum 
loss due to wave-breaking by means of a wake survey 
far behind a ship model. Baba proposed a hydraulic 
jump model as a means of calculating the momentum 
loss due to breaking waves. He showed that wave- 
breaking resistance may contribute an appreciable 
part of the total resistance of full forms. Dagan, et  a1 
(1969) carried out a theoretical study of the two- 
dimensional flow past a blunt body. The drag associ- 
ated with wave-breaking was obtained by calculating 
the loss of momentum of the flow. Ogilvie (1973) ob- 
tained analytical results for the case of a fine wedge- 
shaped bow and obtained a universal curve for the 
shape of the bow wave on the hull. Experimental re- 
sults generally confirm their predictions. 

The most recent work in this area was carried out 
by Kayo et  a1 (1981). They carried out systematic ex- 
periments on the effect of shear on the free surface. 
They concluded that bow wave-breaking can be con- 
sidered to be due to flow separation at the free surface. 

Bow wave-breaking can generally be avoided by re- 
quiring that the tangent to the curve of sectional areas 
a t  the forward perpendicular be not too steep. Tani- 
guchi, et  a1 (1966) derived a criterion for full form, 
low-speed ships that can be applied in this connection. 
The work carried out by Inui, et  a1 (1979), Miyata, et  
a1 (1980) and Kayo, et  a1 (1981) has resulted in a cri- 
terion based on the half-entrance angle of the water- 
line. Finally, the work carried out by Taylor, G.I. (1950) 
reveals that a t  a certain speed the free surface be- 
comes unstable and breaks when the radius of cur- 
vature of the curved streamlines result in a value of 
the centrifugal acceleration V 2 / R  greater than a crit- 
ical value. This so-called Taylor instability criterion, 
when applied to the case of the flow around the stem 
of a ship with radius R, results in the approximate 
expression that R 2 V2/50,  with R in meters and V 
in m per sec, to avoid wave-breaking. 

5.2 Air and Wind Resistance. A ship sailing on a 
smooth sea and in still air experiences a resistance due 
to the movement of the above-water hull through the 

VELOCITY DISTRIBUTION 
IN BOUNDARY LAYER, 

Fig. 26 Schematic diagram of boundary-layer flow 

U‘ = Velocity at any point on hull in potential flow without viscosity 
The velocity in hoiiridary layer approaches U’ asymptotically, and the thickness of layer, 6, is usually measured 

1.0 the point where the velocity is 0.99 l J ’  
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Fig. 27 Diagram of wind force 

air. This resistance depends upon the ship’s speed and 
upon the area and shape of the upper works. 

When a wind is blowing, the resistance depends also 
upon the wind speed and its relative direction. In ad- 
dition, the wind raises waves which may cause a fur- 
ther increase in resistance. The effects of waves are 
dealt with in Chapter VIII, Vol. 111. 

The “true” wind is termed to be the wind which is 
due to natural causes and exists at a point above the 
sea whether or not the ship is there. Zero true wind 
is still air. The “relative” or “apparent” wind is the 
vectorial summation of the velocities and directions of 
the ship and the true wind (see Fig. 27). 

Because of the many functions which superstruc- 
tures have to fulfill, they cannot be adequately stream- 
lined, and in any case this would be effective only in 
winds from nearly dead ahead. The reduction in total 
ship resistance which can be realized by such means 
is therefore relatively small. 

Most of the resistance of superstructures is due to 
eddy-making, and therefore varies with the square of 
the speed, and the effects of Reynolds number changes 
can be neglected. For a ship moving in still air the air 
resistance can therefore be written as 

RA, = coefficient x ipA,Vz (24) 
where 

AT = transverse projected area of above-water hull 
V = ship speed 

and the coefficient will have a value depending on the 
shape of the hull and erections. 

An extensive study of the resistance of ships’ super- 
structures has been made by Hughes (1930). Models 
were made of the above-water hull and erections, and 
were towed upside down in water at different speeds 
and at different angles to simulate various relative 
wind strengths and directions. Three models were 
used, representing a typical tanker, cargo ship and 
Atlantic liner, small structures such as railings and 
rigging being omitted. 

The simulated relative wind velocity V, was deter- 
mined, Fig. 27, and the total force F acting on the 
model was measured, together with its direction and 
point of application. For a given arrangement at a 
constant angle 8 of the relative wind off the bow, the 
value of F/(V,)’ was found to be constant for all 
speeds up to those at which wave-making began to be 
important. 

A typical plot of Fl( V,)’ and a is shown in Fig. 28, 
where a is the angle between the centerline of ship 
and the resultant wind force. The value of Fl( V,)’ is 
a maximum when the relative wind is on the beam, 
with the maximum area presented to the wind. I t  does 
not correspond with maximum wind resistance to 
ahead motion, since it is acting approximately at right 
angles to the direction of motion. As shown later, max- 
imum wind resistance occurs when the relative wind 
is about 30 deg off the bow. 

I L ’  ;INC 

u. 
0 
w 
-I 
4 
V 
v) 

D:W. Taylor (1943) suggested that the air resistance 1.0 

of ordinary ships in a head wind could be assumed 
equal to that of a flat plate set normal to the direction 
of motion and having a width B equal to the beam of 
the ship and a height equal to B/2. From experiments 
in air, he derived a resistance coefficient of 1.28, so 
that 
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R A A  = 1-28 x X PAT ( VR)z u. 

= 1.28 x ’/z X 1.223 x XB2 x ( V R ) z  (25) 

where VR is the “apparent” wind velocity, or wind 
velocity relative to the ship, in m per sec, B is in m, p 
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t = 0.783 x %Bz x (V,)z 
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is in kg/m3 and R A A  is in newtons. In still air, V, = 

V. Fig. 28 Resultant wind force and center of pressure 
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LONGITUDINAL PROJECTED AREA A, TRANSVERSE PROJECTED 
AREA A T =  0.3 A, + A 2  

Fig. 29 Areas for air resistance 

The center of wind force is close to the bow for 
winds nearly head on, moving aft with increasing val- 
ues of 8 to a point near the stern when the wind is 
nearly astern. 

For a beam wind, most of the area, both main hull 
and superstructure, is normal to the wind, and has the 
same resistance value, so that the effective area is 
approximately equal to the longitudinal projected area 
A L ,  Fig. 29. For a head wind, the main hull below the 
weather deck has a much lower specific resistance than 
the frontal area of the superstructures. Hughes found 
this ratio to be 0.31,0.27 and 0.26 for the tanker, cargo 
ship and liner, respectively. For practical purposes the 
"equivalent area" can thus be found by adding 0.3 of 
the projected main hull area to the projected super- 
structure area, giving the transverse projected area 
A T  (Fig. 29). 

Hughes developed an equation 

F = Kp( V,)' (A,  sin2 8 

where again F is in newtons, V, is in m /  see, 
p is the mass density of air = 1.223 kg/m3, 
and A ,  and AT are in square meters. He found that K 
had a value of approximately 0.6 for all values of 8, 
varying between 0.5 and 0.65. 

For a head wind, 8 = a = 0, and the wind resistance 
will be 

+ AT cos' 8)lcos (a - 8) (26) 

R A A  = F = KpA,( VR)2, with VR in meter 
per second, so that 

1.0 

0.8 

3 
v) 8 0.6 
Y . 

3 -I 
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a 
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80 = DIRECTION OF RELATIVE WIND IN DEGREES OFF BOW 

Fig. 30 Resistance coefficients for relative wind ahead or astern. All models 
with normal superstructures 

which is nondimensional in consistent units. Putting 
K = 0.6 

R A A  =z 0.734AT( VR)" (27) 
which is practically the same as Taylor's expression 
(25) although the area A ,  is somewhat different. 

For small angles of wind off the bow or stern, the 
wind force in the line of the ship's motion will be 
approximately F cos a. Values of F cos alpAT( VR)', 
or K cos a, for varying values of 8 are shown in Fig. 
30 for a tanker, a cargo ship and a liner with normal 
superstructures. These curves show that, although cos 
a decreases with an increasing angle of the apparent 
wind off the bow or stern, the experimentally deter- 
mined values of F increase so rapidly, because of the 
rapid increase of area presented to the wind as 8 de- 
parts from 0 or 180 deg, that the product F cos a 
increases with 8 and the maximum resistance to ahead 
motion on all three types of ship occurs when the wind 
is about 30 deg off the bow. This has been confirmed 
by full-scale data obtained on the German ship Hum- 
burg by Kempf, et  a1 (1928). The ahead resistance is 
given by 

R A A  = F COS a = KpAT( V R ) ~  COS a (28a) 
With R A A  in newtons, VR in m/sec, and p = 1.223 

R A A  = 1.223 A,( VR)'(K cos a) (28b) 
where ( K  cos a)  is the ordinate from Fig. 30 at the 
desired value of 8. 

For a head wind, a = 0, and K from Fig. 30 is about 
0.6, so that 

R A A  = 1.223 x 0.6A,(lr,)' 

= 0.734 AT( VR)2 
in agreement with Equation (25). 

For flat plates of area A ,  normal to the wind, it was 
found the value of RIA,( V,)' to be 0.710 in agreement 
with Hughes' values derived from tests in water. 

In a second paper, Hughes (1932) investigated the 
effects of changes in shape, type and arrangement of 
superstructures, measuring their single and combined 
resistances by attaching them to the underside of a 
raft rather than to a specific hull. The resistance of 
superstructures can be reduced either by a reduction 
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of the projected area, a change in arrangement or by 
changes in shape and proportions. For ahead winds, 
Hughes found the principal effects to be as follows: 

(a) The total resistance of a number of separate 
units is in general less than the sum of their separate 
resistances, because of shielding effects, but these ef- 
fects decrease with streamlining. 

(71) Rounding, tapering or stepping back the fore 
ends of the main erections reduce the ahead resistance, 
but changes of this kind at the aft ends have little 
effect. 

(c) The shear on the main hull forward has a con- 
siderable shielding effect. 

(d) There is probably some scale effect on the re- 
sistance of large rounded structures such as masts 
and smokestacks, but this will offset to some extent 
the omission of small fittings and rigging on the model. 

The savings in speed and power for the three designs 
tested by Hughes when the superstructures were 
changed in the way indicated by the experiments for 
ships in still air, i.e., relative wind is ahead and equal 
to ship’s speed, and against head winds of 20 and 40 
knots are summarized in Table 3. 

These estimates apply only to a head wind and give 
the additional wind resistance only, ignoring any ef- 
fects of the seas which would accompany high winds. 
For winds up to 30 deg off the bow, the additional 
resistance to ahead motion may be up to 30 percent 
greater than the values given in Table 3. The effects 
of streamlining will be much less for winds other than 
from ahead. One of the points brought out by the 
foregoing figures is the much greater relative effect 
of wind resistance on the slowest ship. In a 40-knot 
head wind the normal tanker loses 3.27 knots, or 32.7 
percent while the Atlantic liner only loses 1.73 knots, 
or 6.9 percent. For similar ships with streamlined su- 
perstructures, the figures are, respectively, 2.2 knots 

(22 percent) and 1.2 knots (4.8 percent). Thus on a 
percentage basis much larger allowances are required 
for wind resistance in slow-speed ships than in fast 
ones, and streamlining should by no means be confined 
to the latter. In all three types of ship, the reduction 
in ahead-wind resistance in calm air by streamlining 
the erections amounts to about 30 percent. 

Air-resistance information is valuable in the analysis 
of measured mile and voyage data and the estimation 
of mooring and towing forces, and the British Ship 
Research Association (BSRA) now British Maritime 
Technology (BMT), has carried out tests on models of 
modern counterparts of the same three types of ships 
as used by Hughes (1932). The superstructures were 
typical of present-day ships, and in no case was the 
streamlining excessive. The experiments were carried 
out in a large wind tunnel, not by towing in water. 
Near to the sea surface the wind is slowed down, the 
velocity gradient very close to the water being very 
steep. The tests made by Hughes did not simulate this 
gradient and are strictly applicable only to estimates 
of air resistance when the ship is moving in still air. 
In the BMT experiments some tests were made in a 
velocity gradient which compared very closely with 
that measured over the sea and over very smooth snow 
(Fig. 31). 

The passenger liner had an average K-value of 0.59 
with no velocity gradient, which compares with 
Hughes’ value of 0.63 for a similar type of ship. In 
the tests with a velocity gradient the value of K was 
reduced by some 28 percent of 0.425 using the value 
of V, corresponding to no gradient in each case. The 
average values for the tanker and cargo-ship models 
with the velocity gradient were 0.32 and 0.34 as com- 
pared with Hughes’ figures of 0.58 and 0.6 without 
gradient, a reduction of about 45 percent. The wind 
gradient reduces the resultant wind force by appre- 

Table 3-Effects of Superstructure Changes on Speed and Power in Head Winds 

Condition 

Still Air Dispt in ton 
Normal speed, knots 
P, Bare hull, kW 
Ratio as percent (still 

air resist / hull 
water resist) 

Normal erections With 20 knots head wind 

Streamlined erections 

With 40 knots head wind Normal erections 

Streamlined erections 

With original erections 

With streamlined erections 
Ship speed, knots 
Re]. wind in knots 

Ship speed, knots 
Re]. wind in knots 

Gain in speed, knots 
Ship speed, knots 
Rel. wind in knots 

Ship speed, knots 
Rel. wind in knots 

Gain in speed, knots 

Re,, / R,,,,, I percent 

R,,, / R,,,, , percent 

R,,, / R,,,, , percent 

R,,, / R,,,,, , percent 

Tanker 

16,256 
10 

888 
2.5 

1.7 
8.89 ~ .~ 

28.9 
26.5 
9.25 

29.25 
17.0 
0.36 
6.73 

46.7 
122.0 

7.81 
47.8 
64.0 

1.08 

Cargo 
Liner 

15,037 
14 

2,072 
2.15 

1.55 
13.13 
33.1 
13.5 
13.37 
33.37 
10.0 
0.24 

11.76 
51.76 
42.0 
12.39 
52.4 
27.5 
0.63 

Atlantic 
Liner 

38,608 
25 

25,760 
2.1 

1.45 
24.17 
44.2 
7.0 

24.42 
44.42 
5.0 
0.25 

23.27 
63.3 
15.5 
23.80 
63.8 
10.4 
0.53 
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Fig. 31 Wind gradient above sea surface 

ciable amounts, but less for the passenger ship with 
high erections which extend further into the higher 
wind-speed range. 

When a ship is moving against a natural wind, the 
resultant relative wind is made up partly of the natural 
wind, which has a velocity gradient, and partly of the 
wind created by the ship’s speed, which has no gra- 
dient. The effective gradient in any case therefore de- 
pends upon the relative values of wind speed and ship 
speed. Shearer, et  a1 (1960) estimated that in applying 
their model results, obtained in a graded wind, to the 
case of a ship advancing into still air, the air resistance 
would be underestimated by some 40 and 25 percent 
for the tanker and cargo ships in loaded and light 
condition, respectively, and by about 21 percent for 
the passenger liner. In a head wind equal to the ship’s 
speed, these differences would be reduced by about 
one half, and still more for higher relative winds. 

Wilson, et  a1 (1970) analyzed the available wind data 
and defined a wind drag coefficient C A A ,  for a head 
wind (defined as the zero relative wind heading) 

An average value of 0.45 was found for aircraft car- 
riers and 0.70 for other combatant ships. A value of 
0.75 was found for naval auxiliaries at the full-load 
condition which is also in agreement with Equation 
(25). They also defined a heading coefficient C, accord- 
ing to 

where RAAy is wind drag at non-zero relative wind 
heading in newtons and CAAy is the corresponding wind 
wind drag coefficient. Their analysis indicated that the 
behavior of C, as a function of the relative wind head- 
ing y is essentially the same for all combatant ships. 
Plots of the heading coefficient C, versus the relative 
wind heading y are presented in Figs. 32 and 33, for 
naval combatants and auxiliaries, respectively. These 
plots also show that the maximum value of C, occurs 
near relative wind headings of 30 degrees and 150 
degrees. Also, there is typically a rather flat spot in 
the curve a t  about 80 degrees. 

The wind drag and the change in effective power or 
speed due to that drag can be determined from 

- RAAy I’ in kW 
P E w i n d  - 1000 

where RAA,  = C A A ,  A ,  VR2 C, in newtons 

The change in ship speed 6Vwind is calculated from the 
slope of the relevant speed-power curve at the speed 
V of interest, viz. 

V = ship speed in m/sec. 

6 P E  

6V where - = slope of the speed-power curve. 

If there is a strong wind on the beam, the ship will 
make leeway, which leads to an important increase in 
hydrodynamic resistance. Wagner (1967) proposed a 
method for calculating the resistance of a ship for the 
effects of beam winds. He computes an effective wind 
resistance, including the hydrodynamic component due 
to leeway when subjected to winds at angles of attack 
other than zero. This resistance component can become 
quite sizeable for hull forms that are unable to produce 
an appreciable hydrodynamic sideforce at small drift 
angles or for those with large superstructures. Wieg- 
hardt (1973) presented results of measurements for 
the ferry Kronprins Harald and the research vessel 
Meteor. The results for the ferry display an important 
increase, while the results for the research vessel dis- 
play a negligible increase in the hydrodynamic resist- 
ance due to beam winds. Jsrgensen, et a1 (1966) 
reported that in some cases the existence of leeway 
can influence the wake and hence the propulsive effi- 
ciency. 
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both of which will add to the resistance. Required 
rudder action may also make a significant addition. 
The evaluation of these effects by both model tests 
and theoretical calculations is discussed in Chapter 
VIII, VOl. 111. 

5.4 Appendage Resistance. In single-screw ships 
the principal appendages are the bilge keels and rud- 
der, while in multiscrew ships there are bossings or 
open shafts and struts and there may be two rudders. 
All these items give rise to additional resistance, which 
is best determined by model experiments. 

The lines of flow along the bilge are measured by 
the use of dye or of small flags, and the bilge keels 
arranged to conform with them. By these means the 
additional resistance can be kept to little more than 
that corresponding to the additional wetted surface, 
which amounts to 1 to 3 percent of that of the main 
hull, depending upon the extent and depth of the keels. 

The resistance of rudders can be measured by model 
tests or calculated from a knowledge of their shape, 
using drag coefficients for airfoils of similar charac- 
teristics and Reynolds numbers appropriate to their 
length and speed. When rudders are not in the pro- 

3 

Fig. 32 Heading coefficient (C,) versus relative wind heading ( V )  far com- 
batant ships 

In a thorough analysis of the effects of wind forces 
on ships, Van Berlekom (1981) concluded that the order 
of magnitude of the direct wind force on the above- 
water structure of the ship is the same as the mag- 
nitude of the added resistance due to waves. The effect 
of leeway caused by wind forces is less important 
according to this study. I t  was also concluded that the 
wind coefficients are in general very much dependent 
on the frontal and lateral areas exposed to the wind. 
The yawing moment on the vessel due to wind depends 
on the position of the main superstructure. Variations 
in deck house configurations are relatively of less im- 
portance with respect to the value of the wind coeffi- 
cients. 

5.3 Added Resistance due to Waves. Winds are 
seldom encountered a t  sea without wind-generated 
waves, sometimes from distant storms. Such waves 
approaching a ship from forward can cause appreciable 
added resistance, in part from the diffraction effect of 
the moving hull on the encountered waves and partly 
from the indirect effect of the pitching and heaving 
motions caused by the waves. In beam and quartering 
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peller race, the velocity of water past them is some- 
what less than the ship speed due to wake effects, but 
when in the race the latter as a rule more than offsets 
the wake, and the velocity will usually be more than 
the ship speed. In model self-propulsion tests it is usual 
to ignore the resistance of rudders in the race, the 
effect being absorbed in the propulsive efficiency. For 
ships with twin rudders, model tests are advisable to 
determine the optimum zero setting for the rudders, 
because with the closing in of the streamlines at the 
stern, this setting may not be parallel to the ship’s 
centerline. In certain unfavorable resonant conditions, 
however, such zero settings may give rise to rudder 
flutter and hull vibration, and it may be necessary to 
choose different rudder settings and accept the addi- 
tional resistance. 

To design bossings and struts which will give min- 
imum resistance, it is necessary to explore the flow 
around the stern, and this can be done by dye, flags 
or pitot tubes, either in a towing tank or in a circulating 
water channel. 

With bossings correctly aligned with the flow, the 
minimum possible increase in resistance to be expected 
would be that due to the wetted surface, the amount 
of which depends upon the propeller diameter, which 
governs the spread of the shafts, and fineness of the 
afterbody, which determines the length of bossing out- 
side the hull. MARIN has investigated this problem 
on a number of twin-screw 6 m models (Lap, 1956). 

The increase in resistance due to the added wetted 
surface alone amounted to some 1 to 5 percent, but 
due to the greater curvature of the bossing surface 
the specific frictional resistance was greater than that 
of the main hull, so that the total increase in resistance 
was some 5 to 9 percent of the frictional resistance of 
the hull. For stern arrangements with open shafts and 
struts, the increase in wetted surface, including shafts, 
stern tubes, struts and barrels, was 0.9 to 4.0 percent 
of the main hull wetted surface and for well-designed 
strut arrangements the resistance increase was from 
6 to 9 percent of the frictional resistance, much the 
same as for bossings. In making any such estimates, 
allowance must be made for any unusual features, 
such as additional intermediate struts on very long 
open shafts, and in some cases the total shaft and 
strut resistance on a model may amount to as much 
as 16 or 18 percent of the bare model resistance. 

The expansion of such estimates to the ship is a very 

difficult question, which is not yet satisfactorily solved. 
The model appendages themselves are very small, so 
that the Reynolds numbers based upon their speed and 
dimensions are also small, and scale effect is likely to 
be important. This is especially so with struts and open 
shafts. 

When planning experiments with models it is often 
impossible to select model sizes and test conditions so 
that the flow on model appendages satisfies scaling 
requirements. The prediction of ship performance from 
models where appendages yield significant contribu- 
tions to the measured values of drag is therefore in 
error if standard procedures are adopted, such as the 
performance prediction method adopted by the 15th 
ITTC in 1978 (see Section 5.2, Chapter VI), in which 
no separate Reynolds scaling of the appendages is 
included. Use of the Froude hypothesis for extrapo- 
lating model resistance in those cases leads to signif- 
icant inaccuracies, and improved testing techniques 
and separate scaling relations have to be devised and 
adopted. 

Model sizes are limited because of limited towing 
tank dimensions, limited speeds of the towing carriage, 
etc. Also, the cost of model construction and the cost 
of testing increases with model size. These are usually 
the reasons for adopting model sizes that are insuffi- 
ciently large to allow the development of fully tur- 
bulent flow over the appendages. Even large models 
sometimes have small appendages, which experience 
incorrect flow conditions because of low Reynolds num- 
bers. 

The dependence of drag on the value of the Reynolds 
number has been reasonably documented for most 
types of two-dimensional foil sections. Fig. 34, taken 
from Hoerner (1965)) shows the value of the drag coef- 
ficient C, as a function of Reynolds number for various 
types of airfoil sections of various thicknesses. Below 
about 1 x lo5 the boundary layer is completely lam- 
inar. At these Reynolds number values, sections with 
moderate to high thickness-chord ratios show high 
drag coefficients because of laminar boundary layer 
separation. 

Between Reynolds numbers of about 1 x lo5 and 
1 x lo6 the sections show a rapid decrease of their 
drag coefficient, caused by transition of laminar to 
turbulent flow which, for moderate to thick sections, 
separates further along the body (closer to the trailing 
edge), than in the case of laminar flow. 

I 

----.------ &.- L J 
Fig. 35 Definition of bilge keel geometry for use in Peck’s equation for bilge keel resistance. 
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For very thin sections, in absence of boundary layer 
separation, the transition from laminar to turbulent 
flow is accompanied by a relative increase in the value 
of the drag coefficient. The Reynolds number at which 
transition of the boundary layer occurs is termed the 
critical Reynolds number. 

After transition of the boundary layer, the transition 
point remains comparatively fixed for a range of 
Reynolds number until, at about 1 x lo6, the transition 
point moves steadily ahead, causing the drag coeffi- 
cient to increase slightly. In excess of Reynolds num- 
bers around 1 x lo7 the drag coefficient decreases 
slightly with increasing Reynolds number. 

For the sections commonly used in the design of 
appendages such as control surfaces (NACA 4-digit 
type sections for example), complete turbulent flow is 
usually obtained a t  a Reynolds number around 1 x 
lo6 in high-turbulent flow and a t  about 5 x lo6 in low- 
turbulent flow. 

Various workers in the field have devised empirical 
relations for the calculation of the drag of appendages. 
Some of these relations are independent of Reynolds 
number and cannot be used for the estimation of scale 
effects. The more important relations are as follows: 

(a) Bilge keels. The resistance of bilge keels, ac- 
cording to Peck (1976), can be divided into two parts: 

1. Skin friction due to additional wetted surface. 
2. Interference drag a t  junction between bilge keel 

and hull. Interference drag reduces as  the angle be- 
tween the hull and bilge keel plating increases; i.e., as  
dimension x increases (see Fig. 35). Thus when x = x + y, i.e., no bilge keel, additional drag = 0 and when 
x = 0, i.e., a plate keel, interference drag is taken as 
equal to skin friction drag = + pSVzCF. 

In any intermediate situation 

in which S = wetted surface of the bilge keel 
and L = average length of the bilge keel to be 

used in calculating CF 
V = ship speed. 

I 

If the shape of the bilge keels is such that -..L 

greatly, a mean value may be found by taking: 
x + yvaries 

area of hull covered by bilge keel 
wetted surface of bilge keel 

(b) Control surfaces (rudders, shaft brackets, sta- 
bilixerfins, etc). Peck's equation for control surfaces 
is as  follows: 

c s  D = +pSV2CF 

where c = mean chord length = cf + c, (see Fig. 36) 
S = wetted area 
A = frontal area of section of max thickness 

Fig. 36 Definition of control surface section geometry for use in Peck's 
equation for the drag of control surfaces. 

t = maximum thickness 
V = ship speed. 

Peck suggests substituting 1.1V for V for rudders 
because of the increased speed over the rudder due to 
the propeller slipstream. 

If the rudder or s t rut  penetrates the water surface 
a spray drag component is to be added which, accord- 
ing to Hoerner (1965) is: 

Dspray = 0.24 (fp V2t2 )  (34) 

where t ,  = maximum control surface thickness at the 
water surface. 

For the case propeller struts have palms mounted 
on the hull rather than mounted flush with the hull 
surface, Hoerner provides a formula for the additional 
drag of the palm, 

where h, = height of palm above the surface 
w = frontal width of palm 
6 = boundary layer thickness (approxi- 

mately equal to 0.016 x b 1 ,  where = 
distance from leading edge to the point 
where the plate is attached). 

CDpalm = 0.65 if the palm is rectangular in shape 
with rounded edges 

V = ship speed 
Hoerner also gives a formula for the drag component 
due to the interference of control surface-type appen- 
dages with the flow along the hull: 

where t = maximum thickness of control surface at 

c = chord length of control surface at the hull. 
According to Hoerner the drag coefficient of two- 
dimensional foil sections, with a location of maximum 
thickness a t  about 30 percent of the chord length from 
the leading edge, is: 

the hull 

C D  = c F [ 1  + 2 ( t / c )  + 60 ( t / c ) 4 ]  (36) 
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At Reynolds numbers below 1 x lo7, this equation is 
not accurate enough, since the skin friction coefficient 
to be used in this formula is that for a turbulent bound- 
ary layer and the formula is therefore only valid for 
Reynolds numbers in excess of about 5 x lo6. Kirk- 
man, et  a1 (1980) developed the following formulas for 
the drag of foil-type appendages: 
For Rn 5 5 x lo4 

C, = 1.46 (Rn)-0.507 (for t / c  = 0) 
C, = 0.466 (Rn)-0.259 (for t / c  = 0.2) 

(37) 
For 5 x lo4 5 Rn 5 5 x lo5 

C, = 0.172 (Rn)-0.310 (for t l c  = 0) 
C, = 181 (Rn)-o.8'0 (for t / c  = 0.2) 

For intermediate t / c-values, the appropriate C, values 
can be determined by linear interpolation. 
For 5 x lo5 5 Rn 5 1 x lo7 

C, = 0.00293 [l + 2 ( t / c )  + 6 0 ( t / ~ ) ~ ]  
(38) 

For Rn 2 1 x lo7 

These formulas can be used to derive an estimate of 
control surface drag at low Reynolds numbers. 

The reference area to be used in the calculation of 
the drag according to these formulas is equal to twice 
the planform area. In the formulas for the Reynolds 
number an average value for the chord length is to be 
used. Foil interference drag is to be added which can 
be calculated from Equation (31). According to Kirk- 
man et  al, tip parasitic drag can be neglected. 

(c) Shafts and bossings. Usually propeller shafts 
are inclined at some angle to the flow. This leads to 

C, = 0.03 Rn-0-143 [l + 2 ( t / c )  + 6 0 ( t l ~ ) ~ ]  

appreciable lift and drag forces on the shaft and strut 
bossing. According to Hoerner (1965) for a Reynolds 
number value (based on the diameter of the shaft) 
smaller than 5 x lo5. 

DShaft = $ pLSHdV(1.1 sin3 E + TC,) (39) 

d = diameter of shaft or shaft and bossing 
E = angle of flow relative to shaft axis 

Kirkman, et  a1 (1980) have derived approximate for- 
mulas for the calculation of the drag coefficient of the 
cylindrical portions of ship appendages as follows. For 
the pressure drag of a cylinder: 
For Rn 5 1 x lo5. 

For 1 x lo5 5 Rn 5 5 x lo5, and a 5 p: 

where L, = total length of shaft and bossing 

C,, = 1.1 sin3 a 

C,, = -0.7154 log,, Rn 4.677 
For 1 x lo5 5 Rn 5 5 x lo5, and a 5 p: 

CDp = (-0.7154 loglo Rn + 4.677) 
[sin3 (1.7883) log,, Rn - 7.9415) a] 

For Rn 2 5 x lo5, and 0 5 a 5 40": 
CDp = 0.60 sin3 (2.25a) 

For Rn 2 5 x lo5, and 40 5 a 5 90": 
C,, = 0.60 

where Rn = Vd 

(40) 

- 
V 

a = angle between flow lines and cylinder 

p = -71.54 log,, Rn + 447.7 (see Fig. 38). 
axis (see Fig. 37) 

The reference area used in the pressure drag calcu- 
lation is equal to the projected area (i.e., length x 
diameter) of the cylinder. 

ANGLE OF ATTACK , a (DEGREES) 

Fig. 37 Graphic representation of the cross-flow drag principle used in the subcritical area 
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Fig. 38 Graphic representation of the sliding cross-flow treatment used in the transitional regime (between Rn z 1 X lo5 and 5 X lo5) 

The frictional drag of a cylinder in a cross-flow, ac- 
cording to Kirkman, et a1 is: 
For Rn 5 5 x lo5. 

CF = 1.327 (Rn)-0.5 
(41) 

For Rn 2 5 x lo5. 
1700 
Rn 

- 1 
(3.46 log,, Rn - 5.6)' CF = 

VlC where Rn = - 
V 

and i?c = - * i ? c > i ?  tan a' 
i? is length of cylinder, a is angle between flow lines 

and cylinder axis, see Fig. 37. 
The reference area used in the frictional drag cal- 

culations is the wetted surface of the cylinder (r x 
length x diameter). 

To the drag as calculated using the above formulas 
is to be added the drag of the forward and aft  end of 
the cylinder (if applicable), viz.: 

C D b  = 0.01 c0s3 a (forward end if faired; see Fig. 
39). 

C D b  = 0.90 c0s3 a (forward end with sharp edges, 
see Fig. 39). 

c0s3 a (aft end) (42) 

where CF is frictional drag coefficient for a Reynolds 
number based on the characteristic length of the cyl- 

0.029 
C D b  = 

JCFSwet s b a s e  

inder, SWet is 2.rrR.t = wetted area of cylinder, S,,,, is 
rR2 = base area of cylinder. 

The reference area to be used in calculating cylinder 
base drag is the base area (TR'), or the net base area 
[.rr(R2 - r2) ]  for the case where a cylinder of smaller 
diameter is located immediately downstream of the 
cylinder for which the drag is being calculated. 

(d) Skegs. The drag of a skeg can be calculated 
from 

(43) 

where V, = average velocity over hull at the location 
of the skeg 

ASK = lateral area of skeg 

ted length of skeg 
CF = frictional drag coefficient based on wet- 

Appendage drag formulations such as given above 
can be used in deriving full-scale resistance predictions 
as follows: 

(a) The full-scale resistance of the bare hull is de- 
termined from model tests to which is added the re- 
sistance of appendages, as calculated, at the full-scale 
Reynolds number. 

(b) The resistance and the propulsion characteris- 
tics of the appended model is determined experimen- 
tally. The resistance of the appendages is then 
determined at the model Reynolds numbers from the 
formulations and subtracted from the measured total 
resistance. After scaling-up the resulting resistance 
values to full-scale, the calculated appendage resist- 
ance for the full-scale Reynolds number is added. 
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The method described under (b) is considered more 
accurate than that described under (a) because the 
running trim of the model in the appended case, which 
is usually greater than the running trim in the unap- 
pended case, is then taken into account more accu- 
rately. 

Notable recent attempts to determine the degree of 
correlation between the appendage drag as calculated 
from the formulae given above and experimental data 
were carried out by Kirkman, et  a1 (1980) and Von 
Kerczek, et  a1 (1983). Kirkman, e t  a1 found for 11 test 
cases that the used formulas over-predicted the ap- 
pendage resistance by between 30 to 40 percent. Von 
Kerczek showed for 2 cases that the formulas lead to 
quite acceptable results if the appropriate boundary 
layer velocities are used to calculate the value of Rn 
and the dynamic lead t p Vz.  This had not been done 
before, the speed of advance V, = V, (1 - w) being 
used for the drag contributions due to struts, shaft 
bossings and shafts. In the calculations carried out by 
Von Kerczek et  a], the fluid velocity in way of each 
appendage is determined using the results from bound- 
ary layer calculations along the hull. They found that 
particularly the shaded areas in Fig. 40 are affected 
by the boundary layer. 

The work carried out by Kirkman, et  a1 and Von 
Kerczek et  a1 mainly concern ship speeds up to Fn = 
0.5. For higher ship speeds the application of the for- 
mulations normally lead to serious under-prediction of 
the appendage drag. Gregory, et  a1 (1979) reported a 
discrepancy of 100 percent, while Clement (1957) re- 
ported discrepancies of 45 percent for a %,-scale model 
to virtually no error for a ;/-scale model. Results of 
this nature have often been reported. Reasons for dis- 
crepancies can be sought in the adopted value of the 
inflow velocity, in lack of alignment of shaft struts, 
rudders, etc. to the flow, the occurrence of cavitation 
and ventilation and interference effects between ap- 
pendages, appendages and the hull, and between ap- 
pendages and the propulsor. 

The lack of alignment of rudders, shaft struts, sta- 
bilizer fins and similar appendages to the flow will 
cause the drag to increase slowly for small angles and 
sharply for larger angles. The appropriate position and 
alignment of rudders and stabilizer fins is often de- 
termined through carrying out model tests for various 
angles of attack. If alignment tests are not carried out 
the resulting experimentally-determined appendage 
drag will be higher than the values following from 
theoretical formulations which do not properly account 
for the drag-due-to-lift of foil-type appendages. This 
is particularly the case with rudders situated in the 
slipstream of a propeller. In that case a correction must 
also be carried out for the greater flow speed along 
the rudder. 

Effects of propeller loading, cavitation and yentila- 
tion on appendage drag are also largely unknown. Rut- 
gersson (1982) reported a decreasing value of rudder 

drag with increasing propeller loading and an increase 
with increasing amounts of cavitation. The decrease 
of rudder drag with increasing propeller loading is due 
to the forward force component on the rudder induced 
by the slipstream (the rudder acts as a stator, recover- 
ing rotational energy from the propeller slipstream). 
With the occurrence of cavitation and ventilation on 
various appendages the appendage drag will increase. 
No account thereof is provided by the available drag 
formulations. 

Rutgersson (1982) also reported on the correlation 
between calculated strut and shaft bossing drag, as 
calculated by Hoerner's formula, with experimental 
values. At zero propeller loading the measured values 
were 20 to 30 percent higher. With increasing propeller 
loading the drag increases significantly, which effect 
is probably due to the increase of the induced flow (i.e., 
due to the increased velocity) over the appendages as 
propeller loading increased. Again the occurrence of 
cavitation was found to increase the drag. 

The ultimate test of any model geosim series de- 
signed to explore appendage scale effect would be to 
measure the appendage resistance on the actual ship, 
and this was done by the British Ship Research As- 
sociation on the Lucy Ashton. These experiments es- 
poused by Lackenby (1955), were part of a larger 
program in which the old Clyde paddle steamer, 58 m 
long, with paddles removed, was propelled by aircraft 
jet engines fixed on deck, the measured thrust of which 
gave the ship resistance, unaffected by any interfer- 
ence from a towing ship. The ship results were com- 
pared with those from a series of six geosim models. 

Dummy appendages were fitted aft, and measured 
mile trials carried out with bare hull, with open shafts 
and struts and with full bossings. Streamline-flow ex- 
periments on a model indicated that the best angle for 
the bossings would be 40 deg to the horizontal. These 
showed an increase of only 3 to 4 percent in resistance 
on the model, which was considered too small for ac- 
curacy in the type of experiments involved. The boss- 
ings were therefore fitted at  20 deg, being across the 
flow, and the increase in resistance was thereby dou- 
bled. The wetted surface of the bossings was only 2 
percent of that of the bare hull. The percentage in- 
crease in resistance measured on the ship was fairly 
constant at about 5 percent up to 12 knots, after which 
it declined to almost nothing a t  15 knots. The increase 
due to the A-brackets and open shafts was reasonably 
constant a t  about 3% percent. 

The geosim models were tested a t  NPL and had 
lengths of 2.74, 3.66, 4.88, 6.10, 7.32 and 9.14 m. The 
increase in resistance due to appendages never ex- 
ceeded 7 percent of the barehull resistance. 

The measured increase in C, on the ship is compared 
with that on the different models in Table 4. 

Over the speed range from 8 to 12 knots and for 
models 3.66 to 6.10 m in length, which cover the sizes 
in common use in most tanks, the ratio is between 0.5 

Next Page 
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and 0.6 for both bossings and open shafts with struts. 
These results are not in agreement with the geosim 

tests made by Allan (1950), in which there was no 
apparent scale effect on the bossings. There is an im- 
portant difference between the two cases, however, in 
that the bossings used by Allan were designed to be 
in the flow, while those on the Lucy Ashton were 
across the flow. The resistance of the former was 
therefore likely to be mostly frictional, and the scale 
effect would be small in terms of the total resistance 
being measured. If the Lucy Ashton bossings had been 
aligned with the flow, their resistance might have been 
less than that for the shafts and struts. This difference 
in the bossings in the two cases makes any conclusions 
rather doubtful, and further research is needed to clar- 
ify the situation. 

Tests carried out by the Bureau of Ships on models 
for four different ships showed very little difference 
in required power between well-designed bossings and 
exposed shafts and struts. 

As a means of making approximate estimates of 
appendage resistance for design purposes, Mandel 
(1953) quotes overall figures derived from model tests, 
no reduction being made for scale effect, Table 5. 

The whole question of appendage resistance is in an 
unsatisfactory state, both as regards making esti- 
mates of its magnitude in a given case and the appli- 
cation of model results to the ship. There is scope here 
for a great deal more research both with models and 
full-scale trials of ships to clarify the problem of scale 
effect. 

5.5 Trim Effects. Owing to the change in pressure 
distribution around a ship at different speeds, it will 
rise or sink bodily and also trim. At low speeds there 
is a general sinkage and a slight trim by the bow as 
compared with the at-rest condition (Fig. 41.) As speed 
increases the movement of the bow is reversed and at  
Fn = 0.30 or thereabouts the bow begins to rise ap- 
preciably, the stern sinks still further and the ship 
takes on a decided trim by the stern (Fig. 42). 

As D.W. Taylor (1943) pointed out, large trim 
changes or sinkage of the center of gravity are symp- 
toms rather than causes of high resistance. Neverthe- 
less they may indicate the desirability of altering the 
at-rest trim by shifting the center of gravity longitu- 
dinally. The reductions of resistance which can be ef- 
fected by such changes of trim as are practicable in 
large displacement craft are very small, but in high- 
speed planing craft the position of the center of gravity 
and the resultant still-water trim have a most impor- 
tant influence on performance. In both cases the pos- 
sible effects can be investigated on model scale. 

In the average merchant-ship form, additional trim 
by the stern in the at-rest condition usually results in 
an increase in resistance at low speeds and a decrease 
a t  high speeds. At low speeds the increased draft aft  
makes the stern virtually fuller, with a consequent 
increase in form and separation resistance, whereas 

STRUT BARREL WITH FAIRED ENDS 

-7 

STRUT BARREL ENDS WITH SHARP EDGES 

Fig. 39 Typical strut barrel ends 

Table 4-Appendage Resistance on LUCY ASHTON 

Model length in m 
ShiD 2.74 3.66 4.88 6.10 7.32 9.14 

speed in 
knots 

increment in ship C, 
increment in model C, Ratio with bossings 

8 0.44 0.48 0.52 0.56 0.58 0.61 
12 0.52 0.57 0.60 0.62 0.65 0.68 
14% 0.10 0.12 0.14 0.16 0.17 0.20 

increment in ship C, 
increment in model C, Ratio with A brackets and open shafts 

8 0.48 0.52 0.56 0.58 0.61 0.67 
12 0.43 0.47 0.52 0.54 0.57 0.61 
14% 0.33 0.37 0.41 - 0.46 0.51 

Table 5-Approximate Resistance of Appendages 

Resistance expressed as percent of bare hull resistance. 

Type of ship 0.21 0.30 0.48 
Value of Fn 

Large, fast, 4 screws 10-16 10-16 - 
Small, fast, 2 screws 20-30 17-25 10-15 
Small, medium speed, 2 screws 12-30 10-23 - 
Large, medium speed, 2 screws 8-14 8-14 - 
All single-screw ships 2-5 2-5 - 

Previous Page 
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MAIN DECK 

MAIN BARREL 

($ PROPELLER 

MODEL SCALE 

-FULL SCALE 

NOMINAL BOUNDARY LAYER THICKNESS 

Fig. 40 Nominal boundary layer thickness in way of typical appendages (Von Kerczek, et a1 1983) 

at high speeds this is more than offset by the reduction 
in wave-making due to the finer entrance in the 
trimmed condition. 

In ballast condition, at level trim, the wetted surface 
per unit of displacement is much increased, so that the 
frictional .resistance is increased also, but because of 
the finer form a t  the reduced draft, the residuary re- 
sistance is decreased. In general, except in high-speed 
ships, the total resistance per unit of displacement will 
be greater, but because of the lower displacement the 
total resistance and power will be reduced, and the 
ship in ballast will make a higher speed a t  the same 
power. 

In ballast condition it is usually necessary to carry 
considerable trim by the stern in order to ensure ad- 
equate immersion of the propeller, and this will have 
similar effects to those stated in the foregoing-higher 
resistance a t  low speeds, less at high speeds. For any 
ship which is likely to spend an appreciable part of her 
time a t  sea in ballast condition, model experiments are 
usually made to investigate these effects. 

5.6 Shallow-Water Effects. The resistance of a 
ship is quite sensitive to the effects of shallow water. 

In the first place there is an appreciable change in 
potential flow around the hull. If the ship is considered 
as being at  rest in a flowing stream of restricted depth, 
but unrestricted width, the water passing below it 
must speed up more than in deep water, with a con- 
sequent greater reduction in pressure and increased 
sinkage, trim and resistance. If in addition the water 
is restricted laterally, as in a river or canal, these 
effects are further exaggerated. The sinkage and trim 
in very shallow water may set an upper limit to the 

speed a t  which ships can operate without touching 
bottom. 

A second effect is the changes in the wave pattern 
which occur in passing from deep to shallow water. 
These changes have been studied by Havelock (1908) 
for a point pressure impulse travelling over a free 
water surface. 

When the water is very deep, the wave pattern con- 
sists of the transverse and diverging waves shown in 
Fig. 6, the pattern being contained between the 
straight lines making an angle a of 19 deg 28 min on 
each side of the line of motion of the point. 

As is discussed more fully in Chapter VIII, Vol. 111, 
in water of depth h the velocity of surface waves is 
given by the expression 

(44) 
where L ,  is the length of wave from crest to crest. 

As h / L ,  increases, tanh 27rh/L, approaches a 
value of unity, and for deep water this leads to the 
usual expression 

(V,) = (gLW/2.rr) tanh 2.rrh/LW 

(VJ2 = gL,/27r (45) 
As the depth h decreases, and the ratio h / L ,  becomes 
small, tanh 2.rrh/LW approaches the value 2.rrh/LW1 
and for shallow water the wave velocity is approxi- 
mately given by the equation 

( VJ2 = gh (46) 

The wave pattern for the pressure point goes 
through a critical change when V = ,,@ (see 
Fig. 43). 
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Fig. 41  Changes in sinkage and trim with speed for T.2 Tanker model. Ship 
dimensions: 155.4 X 20.7 X 9.2 m according to Norley (1948) 

For speeds less than V = ,,@) the system consists 
of a double set of waves, transverse and diverging as 
in deep water, advancing with the pressure point a t  
velocity V. For values of V less than about 0.4 a, 
the pattern is enclosed between the straight lines hav- 
ing an angle a = 19 deg 28 min to the centerline, as 
for deep water. As V increases above this value, the 
angle a increases and approaches 90 deg as V ap- 
proaches ,/& Fig. 43. 

The pressure point is now generating a disturbance 
which is travelling a t  the same speed as itself, and all 
the wave-making effect is concentrated in a single crest 
through the point and a t  right angles to its direction 
of motion. This pattern agrees with observations on 
models and ships when running at the critical velocity 
in shallow water. The whole of the energy is trans- 
mitted with the wave, and the wave is called a wave 
of translation. 

When V exceeds a, a begins to decrease again, 
the wave system being contained between the lines 
given by sin2a = g h / (  v2, Fig. 43. It now consists only 
of diverging waves, there being no transverse waves 

or cusps. The two straight lines themselves are the 
front crests of the diverging system, and the inner 
crests are concave to the line of advance instead of 
convex as in deep water. 

The effect upon resistance due to these changes in 
wave pattern in shallow water has been investigated 
by Havelock (1908) for a pressure disturbance of linear 
dimension 1 travelling over water of depth h. The re- 
sistance curves are reproduced in Fig. 44. Each curve 
is marked with the value of the ratio of depth of water 
h to the characteristic length of the disturbance 1, that 
marked CCI being for deep water. When the ratio h / l  
is 0.75, there is a marked peak at a speed corresponding 
to a value of V / a  = 0.86. Since = 0.866, this 
corresponds to a value of unity for V/m, so that 
the peak corresponds to the speed of the wave of trans- 
lation for that particular depth of water, or the critical 
speed. At  this speed the resistance is very much 
greater than in deep water, but ultimately at a suffi- 
ciently high speed it becomes less than in deep water. 
This depth effect has an important bearing on full- 
scale ship trials, and can cause misleading results on 
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Fig. 42  Curves of stern sinkage or squat in unrestricted water depth 
according to Miller (1 963) 
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$ = 0.40 

zh = 0.99 

= 1.4 6 

theoretical considerations and on model experiments 
carried out in the Hamburg and Vienna tanks. 

Typical frictional and total resistance curves for 
deep water are shown in Fig. 45 to a base of speed. 
At any particular speed V ,  in deep water they are R, 
and R, respectively. At this speed the wave pattern 
generated by the ship will have a wave length L ,  given 
by 

vm2 = gLw/27r (47) 

In water of depth h the same wave length L ,  would 
be generated at some lower or intermediate speed V,, 
where 

V," = (gLW/27r) tanh 27rh/Lw (44) 
and the ratio of the two speeds is 

(48) 
V,/V, = (tanh 27rh/LW)v2 

= (tanh gh/Vwz)% 

A curve of V,/V, is shown to a base of V,/m in 
Fig. 46. The reduction in speed on this account is 

v, - V, = sc 
in Fig. 45, and Schlichting assumed that the wave- 
making resistance in shallow water at speed V, would 
be the same as that at speed V,  in deep water. The 
total resistance a t  speed V, would then be found a t  
point B by adding the wave-making resistance R,, to 
the appropriate frictional resistance at this speed, R,. 
The line AB is in fact parallel to EF. 

There is a further loss in speed SV, because of the 
increase in potential or displacement flow around the 
hull due to the restriction of area by the proximity of 
the bottom, giving as the final speed V, = V, - SV,. 
Schlichting investigated this reduction in speed by 

Fig. 43 Effect of shallow water on wave pattern 

the relation between power and speed. 
Speeds below and above V = m are referred to 

as subcritical and supercritical, respectively. Nearly 
all displacement ships operate in the subcritical zone, 
the exceptions being destroyers, cross-channel ships 
and similar types. It is seen from Equation (32) that 
as the depth of water decreases the speed of a wave 
of given length decreases also. Thus to maintain the 
same wave pattern a ship moving in shallow water will 
travel at a lower speed than in deep water, and the 
humps and hollows in the resistance curve occur a t  
lower speeds the shallower the water. 

An analysis of shallow-water effects was made by 
Schlichting (1934). I t  covered the increase in resistance 
in shallow water a t  subcritical speeds, not the decrease 
at supercritical speeds, and was for shallow water of 
unlimited lateral extent. The analysis was based on 
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Fig. 44 Effect of shallow water on wave resistance 

R, = wave resistance 
I = characteristic length 

h = depth of water 
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model tests in deep and shallow water, using geosim 
models to detect any laminar flow on the one hand and 
tank wall interference on the other. He found that the 
principal factor controlling 8Vp was the ratio 

RT= TOTAL RESISTANCE 

RF = FRICTIONAL RESlSTANCE 
&X/h 

where Ax = maximum cross-sectional area of the hull 
and h = depth of water. Fig. 46 shows the curve of 
VJV, against Kx/ h derived by Schlichting from his 
model tests and also the relation between V, and V ,  
for different depths of water h. I t  should be noted that 
the ratio V,/V, is sensibly unity for values of V,/ 

less than 0.4, so that in this region the effect of 
shallow water on the wave-making part of the resist- 
ance is unimportant. If in Fig. 45 the distance 8Vp is 
now set out horizontally from B to give BC, C will be 
a point on the curve of total resistance in shallow 
water. The corresponding speed is V,. This construc- 
tion can be made from a number of points to obtain 
the whole curve. 

I t  should be noted that a t  point C the total resistance 

R,= RES,STANCE 
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in shallow water at speed v‘ is less than that in deep 
water at speed V ,  -point A. If it is desired to find 
the speed in shallow water for the same total resist- 
ance, this will be given approximately by the point H. 

8V= 8C + SV, (49) 

l--------------vm------ 

Fig. 45 Determination of shallow water resistance by Schlichting’s method 

These percentages are given in contour form in Fig. 
47. 

Schlichting’s work is not theoretically rigorous, but 
it may be looked upon as a good engineering solution 
of a confused and complicated problem. In particular, 
the assumption of equal wave resistance in deep and 

The total speed loss is 

which can be expressed in percentage terms as 

8V/V, x 100 = ( V ,  - V,) /V ,  x 100 

___ 

Fig. 46 Curves of velocity ratios for calculating resistance in shallow water (Schlichting) 
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qh 
Fig. 47 Schlichting's chart for calculating reduction in speed in shallow water 

sv 
v, Total loss of speed 6 V is given in contours as percentage of speed, - x 100 

shallow water when the lengths of the ship-generated 
waves are the same is open to question. The waves 
will be steeper and the resistance therefore higher in 
shallow water, which means that the speed deduced 
for point C will be somewhat too high. This will partly 
offset the fact noted above that for the same total 
resistance the speed should be somewhat higher than 
that given by the point C, and with all the unknown 
factors in the problem, C probably gives a close esti- 
mate of the shallow-water speed. 

As an example of the use of the contours, consider 
the ore-carrier given on the SNAME Resistance Data 
Sheets No. 9 (Section 61.7, p. 397, of Saunders, 1957). 
The ship has dimensions 112.8 m (370 ft) x 19.5 m (64 
ft) x 5.3 m (17.5 ft). Assuming a deep-water speed of 
13 knots, the speed in water 7.3 m (24 ft) deep, un- 
restricted laterally, is required 

A ,  = 103.2 m2; K, = 10.16 and 

a X / h  = 1.392 

V , / a  = (13 x 0.5144)/(9.81 x 7.3)' = 0.790 
and 

V,'/gh = (0.79)' = 0.624 
From the contours in Fig. 47, the speed loss 6V/ V ,  

= 20.3 percent, and the ship speed = 10.35 knots. 
When the shallow water is restricted laterally, as in 

an estuary, river or canal, the increase in resistance 
or the loss of speed will be enhanced. Landweber (1939) 

published the results of experiments on the resistance 
of a merchant ship model in a number of different sized 
rectangular channels, all at speeds below the critical 
speed. An analysis of the data suggested to Landweber 
an extension of Schlichting's method for predicting 
shallow-water resistance to the case of lateral restric- 
tion also, i.e., in channels. 

Since the speed of translation of a wave in a channel 
depends only on the depth of water, h, as it does in 
unrestricted water, it seemed reasonable to assume 
that Schlichting's method of correcting for the wave- 
making part of the resistance would still be valid. The 
speed correction for the displacement flow would, how- 
ever, have to be modified to take into account the 
additional restriction introduced by the lateral limita- 
tion of the channel walls. In shallow water of unlimited 
width the speed reduction is a function of Kx/ h, and 
Landweber sought a similar parameter which would 
also introduce the width of the channel, b. He found 
this in terms of the hydraulic radius of the channel, 
R H  * 

This ratio is in common use in practice of hydraulics, 
and is defined as 

(50) 
area of cross section of channel 

wetted perimeter 
R H  = 

For a rectangular channel of width b and depth h 
R, = bh/(b + 2h) 

When b becomes very large, R H  = h, this corresponds 
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to the case of shallow water of unlimited width. 

the hydraulic radius is 
When a ship or model is in a rectangular channel, 

(51) R H  = (bh - A,y)/(b + 2h + p )  
where 

A, = maximum cross-sectional area of hull 
p = wetted girth of hull at this section. 

From the model results, Landweber was able to de- 
duce a single curve giving the ratio V,/ V, in terms of 
fix/ RH for use in restricted, shallow channels. This 
curve is shown in Fig. 48. It is also reproduced on Fig. 
46, and it will be seen that it does not quite agree with 
that derived by Schlichting, a fact which can be ac- 
counted for by Schlichting's neglect of the effect of 
the width of the tank in which his experimental data 
were obtained. Saunders prefers to use Landweber's 
curve for both unlimited shallow water or restricted 
water, as the case may be, entering with the value of ax/ h or a,/ RH as necessary. 

For completeness and convenience in use, therefore, 
the curve of V,/ Vm to a base of Vm /a is repeated 
on Fig. 48. 

To illustrate the case of resistance in restricted chan- 
nels, consider the ship of the example, given previ- 
ously, moving in a channel having the section shown 
in Fig. 49; see Saunders 1957, Vol. 2, section 61.7. 

The cross-sectional area of the canal 

= [(76.2 x 10.67) + (10.67)'/2 

= 968.3 m2 
+ (18.43 x 10.67/2)] 

and the wetted perimeter is 
= [76.2 + 10.67 cosec 45" + 10.67 cosec 30"] 
= 112.6 m 

The maximum cross-sectional area of the ship is 104.0 
m2 and the girth 30.17 m. Hence 

R, = (968.3 - 104.0)/(112.6 + 30.17) 

= 864.3/142.77 = 6.05 m 
was the ratio 

&,/RH = m / 6 . 0 5  = 1.69 
The equivalent depth of the canal for calculating the 
critical wave speed is given by 

Cross-sectional area 968.3 
Width at water surface 105.3 

- 9.20 m - 

To find the speed of the ship in the canal when the 
resistance is equal to that in deep water at, say, 8 
knots 

V,  = 8 knots = 4.115 m/sec 
and 

V 
CURVE OF' TO BASE OF 

vcu G 
(SCHLICTING, FIG. 46) 

096 

I ti 
CURVE OF -J-" TO BASE OF 

V,, = SPEED IN RESTRICTED CHANNEL 

VW= CORRESPONDING SPEED IN DEEP WATER 

VI = SCHLICHTINGS INTERMEDIATE SPEED 

h = DEPTH OF WATER 
RH= HYDRAULIC RADIUS OF CHANNEL 

AX= MAXIMUM SECTION AREA OF H U L L  

! 0.4 06 10 12 14 

Fig. 48 Curves of velocity ratios for calculating resistance in restricted channels (Landweber) 
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Fig. 49 Cross-section of a canol 

V,/@ = 4.115149.81 x 10.67 = 0.402 
From Fig. 46 the ratio of V,/ V, is unity, and V, = 
V,, so that there is no effect of wave-making and all 
the speed reduction is due to potential flow changes. 

f l x / R ,  = 1.67, V,/ VI = 0.783 
From Fig. 48 for 

and therefore, since V, = V ,  
V,, = 0.783 x V ,  = 0.783 x 4.115 = 3.222 m/sec  

= 6.26 knots 
or a reduction of 22 percent. 

Incidentally, if the curve obtained by Landweber is 
used for the unrestricted shallow-water case, as sug- 
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Fig. 50 Sinkage of bow a t  FP in shallow water 

gested by Saunders, instead of that published by 
Schlichting, the speed loss for this ship in shallow 
water is 18.6 percent instead of the 20.3 percent found 
previously, the speed being 10.58 knots instead of 
10.35. 

When large, medium-speed ships or very high-speed 
ships such as  destroyers have to run measured mile 
trials, the question often arises of finding a course 
over which the water is deep enough to ensure that 
the effects on resistance and speed will be negligible 
or within stated limits. Conversely, if such a course is 
not available in a particular case, it is desirable to be 
able to correct the trial results to obtain the probable 
performance in deep water. 

Both these problems can be solved by the methods 
described here, and a number of such cases are given 
by Saunders (1957), Chapter 61, together with charts 
to assist in their more rapid solution. 

The effect of shallow water on some typical mer- 
chant ship forms has been investigated a t  DTRC by 
running resistance and propulsion tests on models 
(Norley, 1948). These represented a Liberty ship, a 
Victory ship, a T-2 ocean-going tanker and a T-1 inland 
tanker. 

The increase in resistance and shaft power, together 
with sinkage and trim, were measured over a range 
of speeds 1 a number of depths of water from 6.71 
m in the case of the T-1 tanker up to deep water. 

The detailed results for each model are given in the 
report. Figs. 50, 51 and 52 show generalized plots of 
the sinkage a t  bow and stern and the increase in PD 
and revolutions per minute to a base of the ratio of 
ship draft to water depth. The sinkage increased with 
speed and with decrease in water depth, that a t  the 
bow being greater at all speeds up to the maximum 
reached, for which Vlm = 0.149. There were indi- 
cations that the sinkage would be greater with larger 
ratios of beam to draft, but further model tests would 
be necessary to confirm this trend. There appeared to 
be a real danger of the ship striking the bottom if the 



RESISTANCE 49 

depths of water for values of V l C L  of 0.149, 0.119 rn 
4 
W 

speed were too high in any given case, and the safe 120 

and 0.089 were defined by values of depth to draft 
ratios of 1.3, 1.2 and 1.1. In the last of these conditions 
the increase in PD was about 100 percent, but at such 

,oo 
‘, INCREASE IN R.PM. 5 -- low speeds this does not have much importance. i? 80 

When the speed of a ship in shallow water ap- $ 

radical changes occur in the wave pattern around the 

------ 
proaches and passes the critical speed (the speed of 
translation of a wave in the depth of water in question), 

ship, in the ship’s attitude, and in its resistance. These 
changes in wave pattern are generally similar to those 
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Fig. 53 Resistance of destroyer in shallow water 

Model: 3.76 x 0.41 x 0.098 m, C,  = 0.435 

data available have been obtained by this method. 
There are difficulties in applying the results to the ship, 
however. Owing to the accelerated flow around the 
model, the skin-friction correction will be different 
from that in deep water. The increase in resistance in 
the tank, where both width and depth are restricted, 
will be greater than that in shallow water of unlimited 
width, and this must be properly allowed for in any 
such application. If only resistance experiments are  
carried out, due allowance must be made for the heav- 
ier loading of the propeller when estimating the shaft 
power. The flow differences may also affect the ele- 
ments making up the propulsive efficiency, such as 
wake and thrust deduction, and self-propulsion exper- 
iments are advisable. Whenever possible such tests 
should be carried out over a solid bottom, rather than 
a suspended “false” bottom which may move, either 
in a tank specially designed for this kind of work or 
by lowering the water level in a deep water tank to 
the required depth and making special towing rigs for 
the model. In general, for a variety of reasons, model 
tests in tanks of limited width tend to exaggerate the 
increase of resistance in shallow water. 

Resistance increase due to leeway and heel, with 5.7 

special reference to sailing yachts. The increase in re- 
sistance that occurs when a ship has a fixed yaw and 
or a heel angle is most marked in sailing ships and 
yachts sailing to windward. Steady yaw angles usually 
occur when the vessel has to counteract some aero- 
dynamic side force on the superstructure or sails by 
developing an equal and opposite hydrodynamic side 
force on the hull and on the keel. For a sailing vessel 
with completely symmetrical hull the only way hydro- 
dynamic side forces can develop is when the hull adopts 
an angle of attack relative to its course through the 
water. In sailing yachts this angle is usually referred 
to as leeway. The same aerodynamic force on the su- 
perstructure or the sails will also cause a heel angle 
for yachts sailing to windward. Typical leeway angles 
are  between 3 and 6 degrees, although on yachts with 
inefficient keels (i.e. keels which do not possess the 
characteristic of being able to develop the required 
side force a t  small angles of leeway) larger leeway 
angles may occur. Heel angles of up to 30 degrees are  
quite normal. For other ships yaw angles can also 
occur because of unsymmetrical properties of the hull, 
such as can occur when shaft brackets or  other ap- 
pendages are misaligned. In those cases a constant 
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(usually small) rudder angle is required to compensate 
for the hydrodynamic side force that results. However, 
in that case a hydrodynamic moment is exerted on the 
vessel which has to be counterbalanced by the hull 
adopting some leeway angle. In these cases, however, 
angles are usually within 1 or 2 degrees. 

The resistance increase due to leeway angles less 
than about 5 degrees is almost entirely due to the so- 
called induced resistance associated with the produc- 
tion of side force or lift on the hull. Lift is generated 
by deflecting a flow over an angle a ,  downward (or 
sideways) from its undisturbed direction. The force 
generated by the body that induces (deflects) this flow 
is directed at approximately right angles to the direc- 
tion of the deflected flow, as shown in Fig. 55. I t  follows 
that the component of this force, F sin a, ,  then acts 
against the direction of motion. This force is called the 
induced drag force R,, because it is associated with 
the induced flow field. From Fig. 55 it follows that R, 
= F s i n  al= L tan a t .  Hence CRI = C, tan a,. I t  can 
be shown that the induced flow angle a ,  is related to 
the lift coefficient and the aspect ratio according to: 

a .  = ~ where AR TAR' 

(54) 
- span or depth of hull (or keel) - 

length of hull or keel 
Therefore, 

(55) 

since for small a,-angles, CRI = C,a i. Use of Equation 

Fig. 55 Induced drag: a component of the lift force. 

(55), together with R, = 1 pV'CR,A, leads to: 

where A = lateral area of hull or keel. 
The induced resistance of a sailing yacht then can 

be approximately determined by adding the induced 
resistance of the hull, keel and rudder. 

Equation (56) is strictly valid only for an elliptical 
lift distribution over the span of the lifting surface. 
The planforms of present-day keels and rudders rarely 
lead to an elliptical spanwise loading, however. Ap- 
preciable increments in induced drag are found in plan- 
forms that are either extremely tapered or close to a 
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13 
L 

rectangular shape. For taper ratios (i.e. the ratio be- 
tween the lower and upper end chord lengths) between 
0.3 and 0.4, an elliptical spanwise loading is nearly 
obtained. In that case the additional induced drag is 
very small (about 1 or 2 percent). 

I t  should be noted that whereas elliptical or rounded 
planforms might be advantageous in minimizing in- 
duced drag, they also lead to a reduction in the total 
lift. The effective span of rounded planforms is less 
than that of rectangular planforms. A consequence of 
this fact is that rectangular planforms often lead to 
the highest lift to drag ratios. 

The effect of sweep is to increase the loading near 
the tip of the lifting surface. According to Hoerner 
(1965), a sweep-back angle of 30 degrees requires a 
taper ratio of about 0.15 to obtain near-elliptical load- 
ing (instead of about 0.35 for zero sweep-back). Since 

such taper ratios are rarely practical (except in delta 
configurations) it follows that the spanwise loading of 
swept-back lifting surfaces is not often near-elliptical, 
leading to somewhat higher induced drag values. Also, 
the lift force of each chordwise segment of the lifting 
surface approaching the tip is tilted further “back- 
ward” because of an increasing deflection of the in- 
duced flow, leading to larger flow angles ai (see Fig. 
55). I t  follows that because of this the component of 
the lift in the direction of the undisturbed flow becomes 
greater with increasing sweep-back. According to 
Hoerner (1965) the induced drag increases proportion- 
ally with sweep angle according to 1 I cos a, where a 
is the sweep-back (or forward) angle of the quarter- 
chord line of the lifting surface. Such an increase in 
induced drag, however, is never found in experimental 
sailing yacht studies. It would appear that the increase 
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in induced drag due to sweep is nearly completely 
compensated for by the favorable influence of sweep 
on wave resistance. 

At  yaw angle larger than about 5 degrees the flow 
along the aftbody usually separates and the resistance 
associated with yaw angle increases markedly. Even 
on sailing yachts, with block coefficients around 0.4, 
this occurs because the flow on the windward side of 
the hull forward of the rudder separates. 

The immersed hull of a heeled ship will be asym- 
metrical, with the leeside of the vessel being consid- 
erably bluffer. This invariably leads to an increment 
in the wavemaking resistance. In many cases also the 

viscous resistance increases because of added wetted 
area or  because of more unfavorable boundary layer 
development leading to flow separation, or both. In 
yachts with long bow and stern overhangs, this in- 
crease in resistance is compensated for to a certain 
extent because of the increase in effective wavemaking 
length of the hull as the hull heels. A typical result 
for such a hull is shown in Fig. 56 which gives the 
resistance in kN for the J-class yacht Rainbow, as 
measured at MARIN for various angles of heel. At  
speeds between 6 and about 9 knots it can be seen that 
the increase in resistance with heel angle is marginal 
due to the increase in wavemaking length. 

6.1 Historical. Because of the complicated nature 
of ship resistance it was natural that early recourse 
should have been made to experiments, and it is rec- 
orded that Leonard0 da Vinci (1452-1519) carried out 
tests on three models of ships having different fore- 
and-aft distributions of displacement (Tursini, 1953). 
The next known use of models to investigate ship re- 
sistance were qualitative experiments made by Samuel 
Fortrey (1622-1681), who used small wooden models 
towed in a tank by falling weights (Baker, 1937). From 
this time onwards there was a steady growth of in- 
terest in model experiment work (Todd, 1951). Colonel 
Beaufoy, under the auspices of the Society for the 
Improvement of Naval Architecture, founded in Lon- 
don in 1791, carried out between nine and ten thousand 
towing experiments between 1791 and 1798 in the 
Greenland Dock, using models of geometrical shape 
and flat planks (Beaufoy, 1834). Benjamin Franklin was 
probably the first American to make model experi- 
ments, in 1764, to verify observations he had made in 
Holland that resistance to motion increased in shallow 
water (Rumble, 1955). 

Throughout this period this method of gravity tow- 
ing was universally used, and William Froude made 
his first model experiments in 1863 in a large rain- 
water tank using the same type of towing mechanism. 
He soon became dissatisfied with the limitations of 
these experiments and turned his mind to the use of 
a larger tank, making proposals to the British Admi- 
ralty in 1868, which were accepted, and a new tank 
was completed near his home in Torquay in 1871 (W. 
Froude, 1955). This tank had a length of 84.7 m (277.8 
ft), a width at the water surface of 11 m (36 ft) and a 
depth of water along the centerline of 3.05 m (10 ft). 
I t  was equipped with a mechanically propelled towing 
carriage to tow the models, in place of a gravitational 
device, and because of this and its size may be con- 
sidered as the forerunner of the tanks so common 
today. At this time Froude was already 61 years of 

Section 6 
The Uses of Models for Determining Ship Resistance 

age, having put forward his law of comparison in 1868 
and shown how it could be used in practice to predict 
ship resistance from model results. 

D. W. Taylor graduated from the U.S. Naval Acad- 
emy in 1885 and from there went to the Royal Naval 
College, Greenwich, England, where he became aware 
of the work done by Froude. On his appointment to 
the Navy Department in Washington in 1894 he ad- 
vocated the building of a towing tank for the U.S. 
Navy. As a result, the Experimental Model Basin 
(EMB) was built in the Washington Navy Yard. I t  had 
a length of 143.3 m (470 ft), a breadth on the water 
surface of 12.8 m (42 ft) and a centerline depth of 3.06 
m (10 ft), the towing carriage having a top speed of 
7.7 m/sec  (25.2 f t /sec)  (EMB, 1925). The Basin was 
opened in 1900, and Taylor remained in charge of it 
for  some 14 years, during which time much work of 
great value to naval architects everywhere was con- 
ducted under his inspiration and guidance. 

At  the end of the 19th century there were perhaps 
five model experiment tanks in the world. Now they 
number about 125 and are  regarded as a necessary 
and important adjunct to the shipbuilding industry of 
every maritime nation. 

6.2 Modern Facilities. There is a considerable 
number of small tanks generally associated with ed- 
ucational and research establishments, using models 
1 to 2 m in length, engaged in measuring resistance 
in smooth water and motions, resistance, and loss of 
speed in waves. In some of these tanks the towing 
force is still provided by a falling weight, suitably 
geared, and which is constant during a run, the tech- 
nique being to measure the speed attained for a given 
towing force, i.e., for a given resistance. A few facil- 
ities have monorail carriages. 

The larger tanks in general employ mechanically or 
electrically-driven towing carriages, use models 4 to 
10 or more meters in length (32.8 ft), and conduct 
propulsion as  well as resistance tests on ship models 



54 PRINCIPLES OF NAVAL ARCHITECTURE 

and various other bodies. Typical dimensions of these 
larger tanks are 250 m (820 ft) long, 10 m (33 ft) wide, 
and 5 m (16 ft) deep. For investigations in shallow 
water, some establishments have adopted a basin in 
excess of 20 m (66 ft) wide and a (variable) depth of 
up to about 1.5 m (5 ft). For investigations involving 
high-speed craft, the tank needs to be extra long. In 
that case, often relatively narrow basins are employed, 
typically 4 m wide and 4 m deep, (13 ft) and the speed 
of the towing carriages needs to be well in excess of 
the maximum speed of about 10 m/sec (33 ft/sec) 
normally employed in other tanks. Resistance tests are 
carried out with the model attached to the carriage. 
Besides measuring the so-called towing force, the rise 
(or sinkage) of the model a t  the forward and aft per- 
pendicular is measured and observations of the waves 
along the model are made. 

After the first resistance tests, many models are 
modified and further experiments made. This is often 
done on the basis of observations of the flow around 
the hull by means of a paint-smear technique and/or 
wool-tufts, which set themselves in the flow lines. 
Wool-tufts secured to pins set normal to the model 
surface enable the flow to be explored at points some 
distance out from the hull. Photographs of the under- 
water hull form are then taken for analysis of the flow 
pattern (Fig. 57). Such observations provide useful in- 
formation for judging the quality of the hull and ap- 
pendages, often leading to design modifications. 

. 
1 

Fig. 57 Model in MARIN towing tank showing streom-line flow 

6.3 Model Testing Techniques. The accepted basis 
of predicting ship resistance from that of a model still 
rests on the assumption made by Froude that the total 
resistance can be divided into frictional and residuary 
components, as set out in Section 2.3. The residuary 
resistance coefficient C, is assumed to be the same for 
model and shiD at the same value of the Froude number 

Fn = V /  a, but the frictional resistance coefficient 
C, is a function of Reynolds number and therefore 
bears the major responsibility for correct extrapola- 
tion. The “jump” in going from model to ship is very 
large; in the case of a 125-m ship and a 5-m model, 
used as an example in Section 2.3, the speeds of the 
ship and model were, respectively, 25 and 5 knots, so 
that the values of Reynolds number, proportional to 
the product VL, would be in the ratio of 1 to 125. (This 
is not always realized in looking at experiment plots, 
because it is general to use a base of log Rn, which 
greatly reduces the apparent degree of extrapolation.) 
The measurement of the model resistance must there- 
fore be extremely accurate to minimize errors in the 
extension to the ship. Constancy of speed of the towing 
carriage is a most important basic requirement, as is 
the accuracy of the towing dynamometer. 

The models must be made to close tolerances, the 
surface correctly finished and the models properly bal- 
lasted and trimmed. The choice of model length is 
governed by several considerations. The larger the 
model the more accurately it can be made and the 
larger are the forces to be measured, both features 
leading to greater accuracy in the measurement of 
resistance. However, the bigger the model the more 
expensive it is to build and handle, the larger are the 
facilities and instruments necessary, and some com- 
promise in size must be reached. If the model is too 
large for a particular basin, interference from the 
walls and bottom will increase the resistance. There 
is still no real agreement on the proper assessment of 
this interference effect. Broadly speaking, the model 
should not have a length greater than the depth of 
water or than half the width of the basin in order to 
avoid interference with the wave resistance. The mid- 
ship cross-sectional area of the model should not ex- 
ceed about 1/200 of that of the basin in order to avoid 
setting up appreciable return flow in the water around 
the model, the so-called blockage effect. However, in 
cases where wavemaking is small, larger models can 
be used and corrections made for the remaining block- 
age effect (Comstock, et  al, 1942, Telfer, 1953-4, 
Hughes, 1957, Emerson, 1957 Hughes, 1961, and Kim, 
1962). In certain high-speed models care must also be 
taken to avoid the critical speed V = a, in the basin 
which would result in the formation of a wave of trans- 
lation, as already described. A model run at any speed 
above about 0.7 of this value will give a resistance 
different from that appropriate to deep water. 

Another precaution that must be taken in all model 
testing is to ensure that the flow over the model is 
fully turbulent, since flow around the full-scale ship is 
turbulent. In discussing the frictional resistance of 
smooth planks, it was shown that two regimes of flow 
are possible, laminar and turbulent, the latter giving 
a much higher specific resistance than the former at 
the same value of Reynolds number. Also, with in- 
creasing Reynolds number, the regime changes, but 
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Rn 

Fig. 58 Effect of laminar flow on resistance curves 

the transition curve depends on the individual circum- 
stances (Fig. 2). 

The resistance curves of models show the same char- 
acter of transition a t  low values of Reynolds number, 
and the resulting low resistance coefficients if scaled 
up to the ship on the basis of any of the turbulent 
friction lines would give much too low ship resistance 
values. I t  is therefore necessary to avoid this situation. 

The presence of laminar flow can usually be detected 
from the shape of the resistance curve (Fig. 58). At 
low values of the Froude number, where the wave- 
making resistance is vanishingly small, the C, curve 
should run in more or less parallel to the curve of skin 
friction coefficient C,, as ABC. A curve which falls 
away in this region or even becomes horizontal, such 
as ABD or ABE, is at once suspect as being subject 
to partial laminar flow. To investigate this, Prohaska’s 
method can be used. For low speeds the resulting value 
of 1 + k should approach a constant value. 

Some typical values of Reynolds numbers for ships 
and models are given in Table 6 as lending a quanti- 
tative meaning to the problem. Results of plank ex- 
periments, such as the plot shown in Fig. 3, indicate 
that laminar-flow effects occur up to Reynolds numbers 
of the order of 5 x lo6. On this basis the models 
required for the 125 m and 300 m ships considered in 
Table 6, would have to have minimum lengths of about 
6 and 4 m, respectively, to avoid serious laminar flow 
a t  the speeds in question. Experiments with ship 
models have shown, however, that without special de- 
vices to stimulate turbulence, as are discussed later, 
even these sizes are sometimes inadequate. The per- 
sistence of laminar flow has been found to depend to 
a great extent on the pressure gradient along the en- 
trance (which is absent in the plank) and on the factors 
which affect this, such as shape of stem profile, half- 
angle of entrance on the load waterline and the shape 
of the entrance area curve. When these features com- 
bine to give a negative pressure gradient just abaft 

the bow, with consequent increasing velocity, the flow 
is stable and laminar flow tends to persist over con- 
siderable areas, sometimes as far as to the forward 
shoulder, where the pressure gradient becomes con- 
stant or positive (Allan, et  al, 1949). 

The practical answer to the problem is to deliberately 
((trip” the laminar flow by some kind of roughness 
near the bow. Perhaps the first reference to such a 
practice is the use of a 0.025 mm diameter trip wire 
a t  the nose of a spheroid, 0.61 m long and 0.15 m 
diameter (2 x 0.492 ft) tested in air, which completely 
altered the character of the resistance curve (ARC, 
1922). 

Trip-wires some 0.9 mm diameter (0.035 in.) placed 
around the hull at a station 5 percent of the forward 
perpendicular were used in the Berlin tank as early as 
1925 and came into general use there around 1933, and 
it is now standard practice to use such a wire or other 
equivalent device in most model basins. Among these 
other devices are struts towed ahead of the model and 
sandstrips, studs or pins on the hull itself. The stim- 
ulating device, if attached to the model, increases the 
resistance because .of its own parasitic drag. If it is 
placed too near the stem, there is a danger of the 
laminar flow reestablishing itself if the pressure gra- 
dient is favorable, while when placed in the usual po- 
sition, 5 percent aft of the stem, it leaves the laminar 
flow, if it exists, undisturbed over the first part of the 
length up to the stimulator. In this case the resistance 
of this portion of the surface will be less than the 
turbulent resistance desired. I t  is usual to assume that 
this defect in resistance balances the additional para- 
sitic drag of the wire or studs. The strut has the ad- 
vantage of being unattached to the model, so that its 
drag does not come into the measurement of model 
resistance, and if it successfully stimulates turbulence 
in the water there will be no area of laminar flow on 
the model. However, experiments with fine, high-speed 

Table 6-Typical Reynolds Numbers 

125-m ship a t  10 knots 
Length Speed 

Scale in m in m/sec. Rn at 15 deg C 
1/1 (ship) 125 
1/10 12.5 
1/15 8.33 
1/20 6.25 
1/25 5.00 
1/50 2.50 
1/100 1.25 

5.144 
1.627 
1.328 
1.150 
1.029 
0.728 
0.514 

540.9 x lo6 
17.10 x lo6 
9.31 x lo6 
6.05 x 10‘ 
4.33 x 106 
1.53 x lo6 
0.54 x lo6 

300-m ship at 30 knots 

111 (ship) 300 15.432 3894.3 x lo6 
1/30 10.0 2.817 23.70 x lo6 

4.0 1.782 6.00 x lo6 1/75 
1/100 3.0 1.543 3.89 x lo6 

2.4 1.380 2.79 x lo6 1/125 

1/50 6.0 2.182 11.01 x 106 

1/250 1.2 0.976 0.99 x lo6 
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Fig. 59 Resistance curves showing effects of turbulence stimulation 

models which showed no signs of laminar flow when 
unstimulated, have shown reduced resistance with a 
strut ahead, presumably due to the strut wake. The 
use of studs, some 3 mm in diameter and 2.5 mm high 
(0.12 x 0.098 in.) spaced 25 mm (1 in.) apart along a 
line parallel to the stem contour, was proposed by 
Hughes et  a1 (1951). The distance of the line of studs 
from the stem was controlled by the half-angle of 
entrance on the waterline. The object is to ensure that 
the stud drag approximately balances the reduction in 
resistance of the laminar flow area forward. For 
models 5 to 6 m in length, the studs appeared to be 
more effective than the trip-wire, stimulating turbulent 
flow a t  an earlier speed and giving greater coverage, 
and they also maintained turbulent flow to lower 
speeds, an important factor in experiments designed 
to investigate methods of extrapolation. 

The magnitude of the problem depends upon the size 
of model and type of ship. Stimulation shows little or 
no effect in 6 m models of high-speed warships and 
merchant ships of block coefficient 0.65 and below. In 
the fuller types of merchant ships, the effect of stim- 
ulation appears to depend to a considerable extent 
upon the type of bow. A heavily raked stem and pro- 
nounced V-sections seem to favor the persistence of 
laminar flow, while a vertical stem and U type sections 
seem to feel the effect much less. A typical example 
of the former type of hull is the Liberty ship, and some 
results of experiments on a model of this design are 
shown in Fig. 59. At the service speed the spread in 
resistance between the bare model without stimulation 
and the highest resistance obtained with stimulation 
is of the order of 20 percent. 

Without turbulence stimulation, therefore, even 
comparative model tests may be misleading, to say 
nothing of the errors in ship estimates. Two models 
of the same design, one with V and the other with U- 
sections forward could give results apparently show- 
ing the former to have considerably less resistance, 

whereas some or all of this difference could be due 
simply to a greater area of laminar flow. Again, as the 
LCB is moved forward, the fore end becomes fuller, 
pressure gradients are altered, and changes in resist- 
ance attributed to the change in shape may, in truth, 
be purely a stimulation effect. For these reasons it is 
now almost universal practice to use stimulating de- 
vices on any model which is even remotely likely to 
suffer from laminar flow. In this connection it is well 
to bear in mind that many of the methodical series 
tests of the past were run without any stimulation 
devices and, indeed, before the need was even recog- 
nized. For the type of ship which is prone to such 
trouble, these early series results and those of indi- 
vidual models also should be treated with caution. 
Some indications of the probable magnitude of the 
correction necessary have been given by Dawson, et  
a1 (1949). 

If self-propelled model experiments are to follow the 
resistance tests, as is usual, the size of the model 
propellers has also to be considered when choosing the 
scale for the hull model (Section 5 .  Chapter VI). 

The model when completed is ballasted and trimmed 
to the required displacement and waterline, and at- 
tached to the resistance dynamometer of the towing 
carriage. A clear statement as to whether molded or 
total displacement is meant, should be included (see 
Chapter I). The model is free to take up any sinkage, 
rise or trim that may be dictated by the water forces, 
but any yawing motion is prevented by guides. 

Table 7-Principal Particulars of Model and Ship 

Ship Model 
Scale, 1 / A  1/1 1/21.667 

Length between perpendiculars, 262.0 12.092 

Beam. rn. B 42.00 1.938 

Length on waterline, m, L ,  260.0 12.000 

m, L P P  

Draft; m; T 10.640 0.4911 
Displacement volume (mld), m3, V 86266 8.481 
Block coefficient, C, 0.7425 0.7425 
Wetted surface, m2, S 12898.9 27.476 

Table 8-Model Experiment Results 

Model speed, Shi speed, Measured model 
m/sec. L o t s  resistance, N 

v .  Vk R T M  

0.7736 7.000 32.05 
0.8842 8.000 40.89 
0.9947 9.000 50.91 
1.1052 10.000 62.21 
1.2157 11.000 74.86 
1.3262 12.000 89.17 
1.4368 13.000 104.60 
1.5473 14.000 121.18 
1.6578 15.000 138.76 
Basin water temperature, deg C = 16.2 (61 deg F) 
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On any given test run, the carriage is driven at  the 
desired constant speed and records are taken of speed, 
resistance and trim of the model, and often the wave 
profile along the hull is photographed as an aid to 
subsequent understanding of the results. For any 
given displacement and trim condition, a number of 
test runs are made a t  different speeds and a curve of 
resistance against speed obtained. 

Before proceeding to propulsion tests, a number of 
other experiments are often made, to determine the 

best line for bilge keels, the flow around the afterbody 
to settle the best alignment for bossings, shaft brack- 
ets and rudders and, in some cases, the flow over the 
whole form, as previously discussed. 

6.4 Calculation of Effective Power. The estimation 
of ship resistance and effective power from model tests 
is carried out on the basis of the Froude assumption 
as set out in Section 2.3, with refinements based on 
increased understanding of resistance. 

In 1978 the ITTC Performance Committee advocated 

I 

1.30 r 
1 .K i 1 2 4 9  
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Fig. 60 Plot of Prohaska method to derive the effect of hull form on viscous resistance, based on data in Table 9. 

Table 9-Values Required to Find 1 + k According to Prohaska 

V, Fn Fn4 x lo6 Rn x CTM x lo3 
0.7736 0.0713 2.586 8.409 3.901 
0.8842 0.0815 4.414 9.611 3.810 
0.9947 0.0917 7.069 10.812 3.748 
1.2157 0.1221 15.773 13.215 3.690 
1.3262 0.1223 22.338 14.419 3.693 
1.4368 0.1324 30.775 15.618 3.691 
1.5473 0.1426 41.391 16.819 3.687 
1.6578 0.1528 54.543 18.020 3.678 

I’M’C-1957 
c F ~ ,  x 103 

3.092 
3.021 
2.960 
2.860 
2.818 
2.780 
2.746 
2.715 

Fn4/ CF0.u  C T . d C F 0 ,  

0.0084 1.262 
0.0146 1.261 
0.0239 1.266 
0.0552 1.290 
0.0793 1.310 
0.1107 1.328 
0.1507 1.343 
0.2009 1.355 

The values of C,,, adopted in Table 9 are those according to the ITTC-1957 friction line 
which, together with the ATTC (Schoenherr) friction line, are the most widely used. The 
values of CF according to both these friction lines are given in Table 12. 
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Table 10-Values of Kinematic Viscosity v for Fresh and 
Salt Water Adopted by the ITTC in 1963; Salinity of Salt 

Water i s  3.5 Percent 

Kinematic viscosity Kinematic viscosity 
of fresh water v. of salt water vc, 

mz 
deg C* sec 

Temperature - x 106 
m2 
- x 106 
sec 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

1.78667 
1.72701 
1.67040 
1.61655 
1.56557 
1.51698 
1.47070 
1.42667 
1.38471 
1.34463 
1.30641 
1.26988 
1.23495 
1.20159 
1.16964 
1.13902 
1.10966 
1.08155 
1.05456 
1.02865 

20 1.00374 
21 0.97984 
22 0.95682 
23 0.93471 
24 0.91340 
25 0.89292 
26 0.87313 
27 0.85409 
28 0.83572 
29 0.81798 
30 0.80091 

For other salinities, interpolate linearly. 

1.56142 
1.51584 
1.47242 

1.21862 
1.18831 
1.15916 
1.13125 
1.10438 
1.07854 
1.05372 
1.02981 
1.00678 
0.98457 
0.96315 
0.94252 
0.92255 
0.90331 
0.88470 
0.86671 
0.84931 

the use of the form-factor approach (see Section 3.6) 
in determining the effective power from model tests. 
Calculations have been made to illustrate this modified 
method in detail and to show the differences in the 
final effective power which result from using this ap- 
proach relative to the two-dimensional frictional re- 
sistance formulations (see Section 3 3 ,  for both ATTC 
and ITTC (1957) friction lines. The calculation is for a 
12-m (39.36 ft) model of the 120,000-m3 methane car- 
riers Castor and Nestor (Muntjewerf, et  al, 1983). The 
main particulars of model and ship have been given in 
Table 7. 

(a)  Calculation of resistance and efective power 
by three-dimension extrapolation procedure. Fol- 
lowing the Prohaska (1966) proposal (Section 3.6), the 
value of 1 + k can be determined from the gradient 
of the CTM/CFoM vs. cFn4/CF,, curve for Fn-0. For 
this particular case c = 1 has been taken, so as to fit 
the CTM curve as well as possible. The values of the 
quantities required to find the form factor value are 

given in Table 9. The Froude number and Reynolds 
number given in Table 9 have been calculated as fol- 
lows: 

VM Fn = ~ J ~ M  ; for 14 knots 

= 0.1426 
1.5473 Fn = 

Jia7iT-E 

; for 14 knots Rn = - VMLWL 
V 

1.5473 x 12 Rn = = 1.6819 x lo7 1.1040 x 

Table 1 1-Values of Mass Density p for 
Fresh and Salt Water Adopted by the ITTC 

in 1963; Salinity of Salt Water i s  3.5 

Temperature 
deg C* 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

Percent 

Densit of 
fresx 
water, 

or 1000 
kg/L 
999.8 
999.8 
999.9 
999.9 
999.9 
999.9 
999.9 
999.8 
999.8 
999.7 
999.6 
999.5 
999.4 
999.3 
999.1 
999.0 
998.9 
998.7 
998.5 
998.3 
998.1 
997.9 
997.7 
997.4 
997.2 
996.9 
996.7 
996.4 
996.2 
995.9 
995.6 

pt kg/m3 

* deg F = 9/5 C + 32 

Density of 
salt water, 

or 1000 kg/L 
1028.0 
1027.9 
1027.8 
1027.8 
1027.7 
1027.6 
1027.4 
1027.3 
1027.1 
1027.0 
1026.9 
1026.7 
1026.6 
1026.3 
1026.1 
1025.9 
1025.7 
1025.4 
1025.2 
1025.0 
1024.7 
1024.4 
1024.1 
1023.8 
1023.5 
1023.2 
1022.9 
1022.6 
1022.3 
1022.0 
1021.7 

ps, k d m 3  
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The value of the kinematic viscosity v for fresh and 
salt water at the basin water temperature of 16.2 deg 
C (61 deg F) can be determined from Table 10. 

C T M  is calculated on the basis of the measured total 
resistance, which for 14 knots (model speed, 1.5473 m/ 
see) was found to be 121.18 N 

R T M  
C T M  = 

l p  vMz sM 

- 121.18 

= 0.003687 

- 
0.5 x 999.25 x (1.5473)2 x 27.476 

The value of the mass density, p (kg/m3), for fresh 
and salt water at the basin water temperature of 16.2 
deg C (61 F) can be determined from Table 11. From 
the plot in Fig. 60 the value of 1 + k is found to be 
1.249, which is the value of CT,/CFo, when Fn4/CFoM 
= 0. 

To calculate the resistance and effective power for 
a smooth hull at a full-scale speed of 14 knots, for 
example, the following procedure is adopted. proceed- 
ing as in Section 3.6 and Fig. 5: 

cTS = CV.5' + C W S  

cvs = (1 + k )  C F O ,  

Cws = Cww = C T M  - C v M  

(57) 
where 

and 

in which cVM = ( l  + k, cFOM 

Following this procedure it has implicitly been as- 
sumed that 1 + k is independent of Rn. Following 
Tanaka (1979)) the form factor may be defined as: 

k = a + b C F - O 5  + C C,-lo + d CF-' '~ 
where a, b, c, d depend on the ship form. a is related 
to equivalence with a two dimensional body, b to equiv- 
alence with a body of revolution, c is related to sep- 
aration and d is related to base drag. Thereby it is 
evident that the form factor may depend on Rn. How- 
ever no quantitative information on this dependency 
is known. With Rn, = 1.6819 X lo7, CFoM = 2.746 X 

for the ITTC-1957 friction line and C F o M  = 2.700 
x 
Thus CvM = 1.249 x 0.002746 = 0.003422 (ITTC) and 

for the ATTC friction line. 

CvM = 1.249 x 0.002700 = 0.003372 (ATTC). 
The corresponding value of C T M  = 0.003687 (see 
Table 9). 
Thus C, = C W M  = 0.003687 - 0.003422 = 0.000265 

(ITTC) and 

Table 12-Values of C, According to the 
ITTC-1957 and ATTC Friction Lines 

Rn 
CF x 103 c, x 103 

(ITTC) (ATTC) 
1 x 105 8.333 

2 6.882 
3 6.203 
4 5.780 
5 5.482 
6 5.254 
7 5.073 
8 4.923 
9 4.797 

1 x 106 4.688 
2 4.054 
3 3.741 

9 

2 
1 x 107 

3.541 
3.397 
3.285 
3.195 
3.120 
3.056 
3.000 
2.669 
2.500 
2.390 
2.309 
2.246 
2.195 
2.162 

9 2.115 
1 x 108 2.083 

2 1.889 

7.179 
6.137 
5.623 
5.294 
5.057 
4.875 
4.727 
4.605 
4.500 
4.409 
3.872 
3.600 
3.423 
3.294 
3.193 
3.112 
3.044 
2.985 
2.934 
2.628 
2.470 
2.365 
2.289 
2.229 
2.180 
2.138 
2.103 
2.072 
1.884 

3 1.788 1.784 
4 1.721 1.719 
5 1.671 1.670 
6 1.632 1.632 
7 1.601 1.600 
8 1.574 1.574 
9 1.551 

1 x 109 1.531 
2 1.407 
3 
4 
5 

1.342 
1.298 
1.265 

1.551 
1.531 
1.408 
1.342 
1.299 
1.266 

6 1.240 1.240 
7 1.219 1.219 
8 1.201 1.201 
9 1.185 1.186 

1 x 1 O ' O  1.172 1.172 

(ITTC-1957) 
0.075 

(log,,Rn - 2)2 CF = 

0.242 
__-  - log,,(Rn x C,) 
C F  

(ATTC) 

VL 
Rn = - 

V 

cw = 0.003687 - 0*003372 = 0.000315 water is 1.1883 x m2/sec. (see Table 10). The full 
(ATTC). scale Reynolds number for 14 knots is then, 

V x L,, - 14 x 0.5144 x 260 It has been agreed by the ITTC and ATTC that for 

standard temperature of 15 deg C (59 deg F). The 
corresponding value of the kinematic viscosity for salt 

published work all ship results shall be given for a Rn, = - 
VS 1.1883 x 

= 1.576 x lo9 



60 PRINCIPLES OF NAVAL ARCHITECTURE 

At this value of the Reynolds number, the value of 
the friction coefficient (from the formula given in Table 
12) CFos = 0.001448. Note that at this value of the 
Reynolds number the ITI’C and ATTC values of C,, 
are equal. 

It follows that C, = 1.249 x 0.001448 = 0.001809; 
thus C,, = 0.001809 + 0.000265 = 0.002074 (ITTC) 
and C,, = 0.001809 + 0.000315 = 0.002124 (ATTC). 

Finally it is necessary to add a correlation allowance 
to the smooth-ship resistance to obtain the resistance 
of the actual ship, an allowance which has been given 
the symbol C, the A standing for “additional” resist- 
ance, in analogy with C, for frictional, C, for resid- 
uary, and so on. The significance to be attached to C, 
is discussed next. 

The value of C, depends upon a number of things. 
From the differences which can arise in the predicted 
ship PE from identical model results by using different 
extrapolation methods, these latter will be one of the 
prime factors influencing C,. In order to build up a 
standard method of deriving such allowances for use 
in future design work, it is necessary for each estab- 
lishment to use one method of extrapolation, and the 
resulting values of C, will apply only to that method. 
C, covers not only roughness, but also differences due 
to extrapolation methods, together with scale effects 
in such processes, as well as in all the factors making 
up the propulsive efficiency. The need for such a factor 
arises from our lack of exact knowledge in the fore- 
going fields. 

The part of C, due to hull roughness can be attrib- 
uted to a number of causes: 

1. Structural roughness, resulting from the method 
of construction of the shell-whether riveted, welded, 
or partly of each kind. Other contributors are valve 
openings, scoops, damage-control valves, waviness of 
plating between frames, and so on. 

2. Paint roughness. Smooth, hard-drying paints will 
in general cover up some of the structural roughness, 
such as welding beads and rivet points, and may reduce 
the resistance below that of an unpainted shell. Paints 
of rough texture or applied badly, leaving “runs” on 
the surface, on the other hand, can increase resistance 
greatly. 

3. Corrosion resistance, resulting from breakdown 
of the paint film in service, causing corrosion and ero- 
sion of the shell plating. This can be controlled to some 
extent by frequent docking, cleaning and painting and 
the use of cathodic protection, but there is a general 
long-term deterioration, as evidenced by full-scale 
trials carried out at intervals over a number of years. 
Modern methods of grit or shot-blasting may help to 
restore new-ship quality to the shell, but they are ex- 
pensive treatments and must be weighed against pos- 
sible savings in fuel and future maintenance costs. 
4. Fouling resistance, caused by marine organisms 

depositing shell, grass, and so forth. One of the chief 
factors influencing this type of resistance is the per- 

centage of time spent at sea. Atlantic liners foul very 
little. Cargo ships spending perhaps half their time in 
port foul more rapidly, and are affected also by the 
ports they visit and the time of year. The problem of 
fouling is much less important now because of the 
greater efficiency of modern antifouling paints. 

Considerable progress in the area of hull roughness 
has been made by BMT (Lackenby, 1962). Measure- 
ments of shell roughness were made on a number of 
new ships prior to trial, records 0.762 m long (2.5 ft) 
being taken at some 50 points on each ship. The max- 
imum amplitude of roughness was measured over each 
0.05 m length of every record, and the mean of these 
taken to represent the average roughness of the hull. 

The average value for 68 ships was 0.0188 cm (7 
mil), 25 of them having values between 0.0165 cm and 
0.0191 cm. The greatest roughness was twice the av- 
erage, the least one half of the average. A statistical 
analysis of the BMT trial results for new ships indi- 
cated that paint roughness was the most significant 
factor in explaining the variation in C,-values. 

Lackenby (1962) has stated that an increase in av- 
erage roughness of 0.0025 cm would increase the re- 
sistance of a large, new single-screw ship by about 2% 
percent 

On this basis, the roughest ship, with a value of 
0.0366 cm (14 mil) or 0.0178 cm above the average, 
would have about 17 percent greater resistance, and 
the smoothest, with a value of 0.0089 cm would have 
some 8 percent less resistance than the average ship. 
The spread on new ships due only to variation in rough- 
ness could therefore be as much as 25 percent. In the 
ships tested by BMT, differences of as much as 20 
percent have been found between sister ships, and this 
suggests again that paint surface is probably the ma- 
jor cause of roughness and increased resistance. 

However, hull roughness is by no means the only 
factor affecting the correlation of ship resistance as 
predicted from the model and as deduced from full- 
scale trials on the ship. From what has been said in 
Section 3 it is clear that for a given model result the 
predicted ship resistance will depend on many other 
things; i.e., the size of the model, adequate stimulation 
of turbulence, corrections where necessary for tank 
wall and bottom effects on model resistance and, above 
all, upon the method of extrapolation adopted, as il- 
lustrated in the present example. 

Recent analyses are aimed at determining the influ- 
ence of hull roughness on the value of C,, which has 
led to proposals to no longer use an overall value of 
C, but instead to use separate values to account for 
the specific effects. Thus C, = SC/ + SC, where SC; 
is the correlation allowance for roughness effects and 
SC, is a correction for phenomena not accounted for 
elsewhere. 

Bowden, et  a1 (1974) proposed a formula for C,: 

lo3 x C, = 105 (58) 
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where k, is the mean apparent amplitude of the surface 
roughness over a 50mm wavelength (1.96 in.). In this 
relation L should not exceed 400m (1312 ft). The above 
formula has been established from an analysis of 
thrust measurements taken during ship trials. The 
equation is based on the measured roughness and 
should be used in conjunction with a form factor 
method and the 1957 ITTC line. 

The above relation also includes phenomena which 
are not due to surface roughness. Therefore the in- 
crease due to roughness alone was calculated follow- 
ing Yokoo (1966) and Sasajima, et  a1 (1955): 

where 6CF, is the resistance increase due to roughness 
for a flat plate with a standard length L,. For SCFM 
the following relation was found (ITTC, 1981): 

SCF, = 1.867 SC,, * (k,) [ 1 - (1 - (gyr5] (60) 

where 6CF&* (k,) is a roughness parameter depending 
on the type of surface. When SCFv (k,) was put equal 
to 0.3 x the following equation for SC, could be 
established: 

lo3 x SCR = 5.725 L-O." - 3 
Holtrop et  a1 (1978) have analyzed 108 full-scale trial 

measurements of newly built ships without bulbs, in 
good condition, and compared the results with corre- 
sponding model test values. They derived the following 
statistical relation for the model-ship correlation factor 
C, to be used in conjunction with the form factor 
extrapolation procedure, using the ITTC line, C, = 
0.006 (LwLs + 100)po.'6 - 0.00205 which is valid for 
T J L ,  >. 0.04, where T F  is the draft at the fore per- 
pendicular. This relation for C, reflects MARIN's ex- 
perience; model test results from other towing tanks 
may require different correlation allowances, for rea- 
sons which have been discussed above. In the present 
case C, = 0.006(360)-0.16 - 0.00205 = 0.000290. 

The final value of CTs = 0.002074 + 0.000290 = 
0.002364 (ITTC) and C,, = 0.002124 + 0.000290 = 
0.002414 (ATTC). The correlation allowance is taken 
the same if the ATTC line is used, in order to show 
the differences using the two lines. The ship resistance 
in salt water of 15 deg C (59 deg F) is given by: 
RTs = XPS~ V," x CTs 

= 0.5 x 1.0259 x 12898.9 x (14 x 0.5144)' x 
0.002364 

= 811.210 kN (ITTC) and 
RTS = 828.367 kN (ATTC) 
The effective power PEs is: 

PES = R, x Vs kW = 

= 5966 kW (ATTC) 

5842 kW (ITTC) (61) 

(b) Calculation of resistance and eflective power 
by two-dimensional extrapolation procedure using 
ITTC (1951;) and ATTC fn'ction coeficients. In the 
case of two-dimensional extrapolation (see Section 3.5 
and Fig. 5), the following procedure is adopted: 

cTS = C F O S  -k CRS 
where 

Again for the example considered before with Rn, = 
1.6819 X lo7, CFo, = 0.002746 for the ITTC 1957 
friction line and CFo, = 0.002700 for the ATTC friction 
line (see Table 12). With CT, = 0.003687, CRs = CRM 
follows from 

CRs = CRM = 0.003687 - 0.002746 
= 0.000941 for the ITTC friction line 

= 0.000987 for the ATTC friction line. 
The full-scale Reynolds number value is Rn, = 1.576 

x lo9 for which the ITTC and A'M'C friction coeffi- 
cients are equivalent, and equal to 0.001448 (see pre- 
vious example). Hence 

and CRs = CRM = 0.003687 - 0.002700 

CTs = 0.001448 + 0.000941 
= 0.002389 (ITTC) 

= 0.002435 (ATTC) 
and CTs = 0.001448 + 0.000987 

The value of the correlation allowance factor C, to 
be used in conjunction with two-dimensional extrapo- 
lation procedures has not been analyzed as thoroughly 
as has been for the three-dimensional case. Keller 
(1973), however, has given overall values for C, to be 
used in conjunction with two-dimensional extrapolation 
procedures adopting the ITTC friction coefficients, Ta- 
ble 13. These values again reflect MARIN's experience. 
They may also be used in conjunction with the ATTC 
friction coefficients provided that the Reynolds number 
at which the model tests are carried out, exceeds ap- 
proximately 1 x lo7. In that case differences between 
both friction lines are small, as is shown. 

Table 13-Values of the Model-Ship 
Correlation Allowance C,,. According to 

Keller (1 973) 

Value 
Length of ship of correlation allowance 

50 - 150 m +0.0004 to +0.00035 
150 - 210 m + 0.0002 
210 - 260 m +0.0001 
260 - 300 m + O  
300 - 350 m -0.0001 
350 - 450 m -0.00025 

L WL c* 

On adODtine these values in the current examde. for 

Next Page 
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which L ,  = 260 m, it follows that C, z 0. The re- 
sistance and effective power then become: 

RTS = 4 PSS vS2 x C T S  

= 0.5 x 1.0259 x 12898.9 x (14 x 0.5144)' 
x 0.002389 

= 819.789 kN (1°C) 

and R, = 835.574 kN (ATTC) 

PEs = 5904 kW (ITTC) 

and PEs = 6017 kW (ATTC) 

(c) Comparison between RTs and PEs calculated 
by the diferent methods. The values of resistance and 
effective power calculated by the different methods are 
summarized in Table 14. 

In this case the three-dimensional extrapolation 
method with the correlation allowance value according 
to Holtrop corresponds satisfactorily with the values 
derived from the two-dimensional method with the cor- 
relation allowance of 0. 

When not accounting for the correlation allowance 
in the three-dimensional method the respective RTs and 
PEs values are some 15 percent smaller. The differences 
between the ITTC-1957 and ATTC friction values only 
lead to about 2 Dercent differences in the resDective 
resistance and effective power values 

Methods of 

for both the 

Table 14-Calculated Values of Resistance and Effective 
Power 

R T S  PES 
RTs with without PEs with without 
allowance allowance allowance allowance 

Method (in kN) (in kN) (in kW) (in kW) 
3D-In'C-1957 811.2 711.7 5842 5125 
3D-ATTC 828.4 728.9 5966 5249 

819.8 - 5904 
835.6 - 6017 

2D - In'C-1957 - 
2D-ATTC - 

three dimensional and the two-dimensional procedures. 
These differences are small only because the adopted 
example concerns a model test with a 12 m (39 ft) long 
model. If a 2 m (6.5 ft) model had been used, these 
differences would have been nearly 10 percent because 
the large differences in the respective C,,, values oc- 
cur for Reynolds number values less than 1 x lo7. 
Below this value the ITTC line has a steeper slope and 
hence greater values for the same Rn. On using models 
with a length of 7 meters (23 ft) or more, resistance 
predictions for the ship will not often be influenced to 
a great extent whether the ATTC or ITTC line is used. 

The accuracy of both the two-dimensional and the 
three-dimensional extrapolation techniques depend to 
a large extent on the information available at individ- 
ual model basins relative to the value of the correlation 
allowance to be adopted. 

Section 7 
Presenting 

7.1 General. The most useful method of present- 
ing model resistance data depends upon the particular 
purpose for which they are to be used. There is no 
unanimity of opinion in the matter, and the ITTC Com- 
mittee on the presentation of data (now the Informa- 
tion Committee) has not recommended any generally 
acceptable method. 

Two points may be made in this respect: 
(a) I t  is desirable that the original model data be 

given, including measured speed and resistance, water 
temperature, method of turbulence stimulation, cross- 
sectional area of the tank, model dimensions and dis- 
placement and any other relevant information. The 
user can then convert them to any desired form. This 
policy has been followed by The Society of Naval Ar- 
chitects and Marine Engineers in its Model Resistance 
Data Sheets (undated). 

(b) If the data are presented in coefficient form, 
these latter should be nondimensional, so that they 
will have the same numerical value in any consistent 
system of units. Unfortunately, this practice has not 
been followed in the past, with the result that the naval 
architect should be familiar with a number of the more 

Model Resistance Data 
commonly used presentations. 

7.2 The CrRn Presentation. In research problems 
concerned with the separation of resistance into its 
components, methods of extrapolation to the ship, 
model-ship correlation allowances and the like, the re- 
sistance coefficient (Section 2.3) 

is usually used, plotted to a base of the logarithm of 
Reynolds number Rn = VL/v .  

Curves of this kind have been used in earlier sections 
of this chapter. In any consistent system of units, both 
CT and Rn are nondimensional. 

7.3 Design Presentations. For design purposes, a 
method is desired which will show the relative merits 
of different ship forms. 

Ships are usually designed to carry a given displace- 
ment a t  a specified speed. CT is not suitable for such 
cases, since it is based on wetted surface and not on 
displacement, and can lead to misleading presenta- 
tions. An obvious merit criterion is the resistance per 

Previous Page 
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unit displacement weight, RT/ W, which is nondimen- 
sional when RT and Ware expressed in the same units. 
This ratio is the basis of a number of presentations, 
which differ principally as regards the speed coefficient 
used as the base. 

7.4 The 0-0 System. R. E. Froude (1888) adopted 
the RT/W criterion in his “constant” system of nota- 
tion. 

In order to have a speed base which would also be 
nondimensional, he devised a coefficient @ which is the 
ratio of the ship’s speed to the speed of a wave having 
a length equal to one half of the side of a cube of the 
same volume of displacement as the ship. If this vol- 
ume is V, the wavelength i s  4V1’3, and the wave speed 
will be 

Hence 

If RT/ W is plotted directly to such a base, the values 
increase rapidly a t  high speeds, and the curve becomes 
very steep, obscuring some of its important charac- 
teristics, such as the wave-making humps and hollows. 
Froude therefore divided the ordinates by 02, and 
introduced a factor 1000 to avoid small numerical val- 
ues. The resistance “constant” is then 

Since at low speeds the resistance is mostly frictional 
and varies approximately as V, the @curves are 
nearly horizontal in this region. Any increase in the 
rate of variation of RT with V is shown by a rise in 
the curve, and these changes are very valuable in a 
diagnostic sense when appraising the merits of a hull 
form. In the foregoing equations, both @ and @ are 
non-dimensional. 

Since @ relates to the total resistance, its frictional 
component will vary with size of ship, and for presen- 
tation purposes it is usual to give the values of @ for 
a standard value. In the past this standard value was 
a length between perpendiculars of 121.92 m (400 ft). 
The ITTC in 1969, however, decided to adopt in addition 
a standard ship displacement volume of V = 10,000 
m3. I t  was also decided a t  that time that for the pre- 
sentation of resistance and propulsion data at  least 
two additional curves for other ship sizes be shown. 

For other ship sizes a correction must be applied. 
This correction depends on the ship length (for the 

calculation of the Reynolds number), the Froude num- 
ber value and the wetted surface @, where 

S - - -  wetted surface 
@ =  

(volume of displacementp V2/3 

7.5 The R,/ W VS. Fn or R,/ W vs. Fn System. The 
wave-making pattern and its associated resistance 
are largely dependent on the Froude number Fn = 
V/m. For many purposes, therefore, especially for 
ships with an important wave-making resistance com- 
ponent, it is useful to plot R T /  W against Fn. 

Very often the results of so-called standard series 
of hull forms are presented in the RR/  W vs. Fn form, 
where R,/ W is called the specific residual resistance 
coefficient. Use of a form factor will allow the deter- 
mination of the wave-making resistance coefficient, 
R,/W, in which case a R,/W vs. Fn representation 
can be given. 

A comparison between the residuary or wave-mak- 
ing resistances of two alternative designs should be 
carried out with care, since it ignores differences in 
frictional or viscous resistance, and the total resistance 
has to be computed in all cases to make a proper eval- 
uation. 

7.6 The R,/ W VS. Fn System. When curves of R T /  

W for a number of ships are plotted to a base of Fn 
for comparison, the relative merits of the designs at 
a given value of Fn will be shown by the order of the 
RT/ W curves. If we wish to introduce some function 
of speed into the ordinates to reduce the steepness of 
the curves and bring out the wave-making character- 
istics (which is one of the reasons for plotting on Fn), 
Telfer (1933) has shown that we can divide the ordinate 
RT/ W by ( V/\j2)2. To retain a non-dimensional quan- 
tity, however, it is possible to divide by ( V/,@)2 and 
obtain: 

g R T L  CTL = - 
W V  

When plotted against V / a ,  this leads to what Telfer 
has called a “compatible” presentation, correctly pre- 
serving the relative merits of comparable hull forms. 

7.7 Conversion Factors for Speed and Resistance 
Coefficients. In converting model resistance data 
from one form of presentation to another, the speed 
relationships given in Table 15 are useful. The factors 
for converting frequently used resistance coefficients 
are given in Table 16. 

C, defined by: 
The most important coefficients are: 

CTL defined by Equation (64), 



Table 15- Relationships for Converting Frequently Used Speed Coefficients 

Fn 
(nondimensional) 

0 
(non- 

dimensional) 

v/ w% 
(International 

units) 

p1/6 v/w"G s""m 

V/& 
(International 

FnV 
(non- 

dimensional) 

FnV 

FnV 

units) 

V/$ 

& 
JZ. v/& 

& 

Fn 
(nondimensional) 

Fn 

FnV 
(nondimensional) Fn 

0 
(nondimensional) 

V /  w"G 
(International 

units) 

V/& 
(International 

units) 

6 Fnv d47~L/V ' '~  Fn 0 in 
v) 

0 n 

' Fn, 
JzP V/& 

rri 
n Fn = V/m 

Fnv = V / w  
@ = & V / J p  
V = ship velocity (m / sec) 
V = displacement volume (m3) 
W = displacement weight (kNewton); W = pgV 
p = mass density, k g / L  (or t/m3) 
g = acceleration due to gravity (m/sec2) 

i c 
a 
rn 

NOTE: p = 0.999 k g / L  and 1.0259 k g l L  for fresh and salt water respectively at 15 deg C (59 deg F) and g = 9.81 m/sec2 (32 ft/sec2). 
NOTE: These notes also apply to Table 16. 



Table 16-Relationships for Converting Frequently Used Resistance Coefficients 

CT 
(non- 

dimensional) 

C T V  
(non- 

dimensional) 

cTV 

s /v2 /3  

c, 

125 
- CTV 
7T 

(Fb)' 
2 cTv 

L 
(p) c, 

x (4)" 9 c, 

2 

C T L  
(non- 

dimensional) 

0 
(non- 

dimensional) 

-- a 0  
125 s /v2 /3  

7T 

1250 

0 

7T 
- (Fnv)' 0 250 

($) @ 

(g3 0 

250 / 7~ 

2 5 0 / ~  

(non- 
dimensional) 

2 RT/W CT 
(nondimensional) C T  (Fn,)' S/V2/3 

S -. CT 
v'/3 

CTV 
(nondimensional) 

0 
(nondimensional) 

125 S/V2/3 CT 
7T 

250 C T L  -- 
7T L A %  

(nondimensional) 

R T /  W 
Fn' 

( - (Fn,)' W 
- L/V1/3 -2) R 

L S  (+) (F) C T L  

(nondimensional) 

RT 
w"'3v.2 

(International 
units) 

V = Ship velocity in m/sec. 

V = Displacement volume in m3 

W = Displacement weight (kNewton); = pgV 

p = Mass density, k g / L  (or t/m3) 

g = Acceleration due to gravity in m/sec.2 
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g R T L  
G I .  = w1/2 

by 
The well known (but outdated) admiralty constants 

are defined bv 

and 

c, = -. 

C, is related to the power-displacement coefficient C,, 
PE 

C, is related to the resistance-displacement coefficient 
CTV by 

Section 8 
Relation of Hull Form to Resistance 

8.1 Choice of Ship Dimensions. In merchant ships 
speed is seldom the dominant consideration, and the 
proportions and shape of the hull, as  a rule, cannot be 
chosen solely to attain minimum resistance. Neverthe- 
less, lower power and lower fuel costs have an impor- 
tant effect on the profits a ship can earn. 

Some containerships are capable of speeds as  high 
as  30 knots. Such ships have stimulated renewed in- 
terest in the design of hull forms which can achieve 
such speeds economically in smooth water and still 
have good seakeeping qualities and small loss of speed 
in rough weather. 

At the other end of the scale are the bulk carriers, 
such as  oil tankers and ore ships. Speed is not so 
important in such ships, because the minimum cost of 
transport per ton-mile is achieved by carrying as great 
a deadweight as  possible in one ship a t  moderate 
speeds. Ships have been built with deadweights in ex- 
cess of 500,000 t, with lengths such that  even for a 
speed of 15 knots the Froude number is as  low as  0.15. 
Restrictions on the drafts of such ships have increased 
the beam-draft ratios, and the block coefficients are in 
the 0.85 region. The efficient design of such ships poses 
many problems. 

The prospective owner usually specifies that  the new 
ship shall carry a certain deadweight a t  a particular 
speed, and the designer estimates the probable dis- 
placement and principal dimensions. The latter are usu- 
ally subject to restrictions not associated with 
resistance and propulsion. Length is expensive in first 
cost, is limited by docking and navigation restrictions, 
while added length increases scantlings, equipment 
and manning scales. From a resistance point of view, 
greater length for a given displacement will reduce 
the wave-making resistance but increase the frictional 
resistance, so that  longer lengths will be beneficial in 
ships running a t  high speeds and vice-versa. Longer 

lengths are also generally beneficial for behavior in 
rough seas (Chapter VIII, Vol. 111). 

An increase in draft, T, is generally beneficial for 
resistance, and is a cheap dimension in terms of cost. 
However, it may be limited by depths of harbors, ca- 
nals, rivers, and dock sills. 

The beam, B, is one of the governing factors in 
ensuring adequate stability, and a minimum value of 
B / T  is generally necessary on this account. An in- 
crease in B will increase the resistance unless it is 
accompanied by a corresponding reduction in fineness 
coefficient. In cases of low-speed ships, however, a 
small reduction in length and a compensating increase 
in beam, because of the resulting decrease in wetted 
surface, may result in little or no increase in resistance. 
This results in a cheaper ship and also meets the need 
for increased stability in ships with large superstruc- 
tures. This idea has been exploited in a number of 
large tankers. 

The minimum wetted surface for a given displace- 
ment is also sensitive to the B / T  ratio, the optimum 
value of which is about 2.25 for a block coefficient of 
0.80 and about 3.0 a t  0.50. However, the penalty for 
normal departures from these values is not very great. 
The effects of changes in B / T  on wave-making re- 
sistance can be studied from model-experiment results. 
Generally, stability considerations and limiting drafts 
usually preclude values below 2.25 for full ships and 
2.5 or even more for fine, higher speed ones. 

While such considerations may be of guidance to 
naval architects in the choice of dimensions, they must 
meet many other demands, and will be influenced to  
a large extent by their knowledge of the particulars 
of existing successful ships. The process of design is 
essentially an iterative one, in which the various ele- 
ments are changed until a proper balance is attained. 
In order to do this, parametric surveys have to be made 
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on the effects of changes in dimensions, hull form, 
machinery types, and so on. This is an area in which 
the high-speed computer can play an important role, 
enabling the designer to consider a fa r  greater number 
of possible solutions than could ever be made in the 
past. 

8.2 Choice of Form Coefficients. The approximate 
relation between the block coefficient C, and the 
Froude number Fn can be expressed by formulas orig- 
inally given by Alexander (van Lammeren, et al, 1948), 

- 0.595 (1.08 - C,) for trial speed 
V 

Z P  - 

___-  - 0.595 (1.05 - C,) for service speed 
G P  

V 

Troost (1955) has given a similar formula for sus- 
tained sea speed in terms of the prismatic coefficient 
C,, which is more in line with design practice: 

(65) __- ’’ 
JgL, 

- 0.55 - 0.48 C, 

where the trial speed is taken as 

V, = 1.06 V, (66) 

This sustained sea speed, V,, lies very close to that 
a t  which the C,-curve begins to rise steeply; i.e., to 
the speed a t  which the power begins to increase more 
rapidly than V3. If the power over the first part of the 
rise is assumed to vary as  V4 then Equation (66) is 
equivalent to saying that the power a t  the trial speed 
is about 25 percent greater than that a t  the sustained 
sea speed under trial conditions. This is in keeping 
with the general design practice that the service speed 
should be attained under trial conditions a t  80 percent 
of the maximum continuous power. 

The above relationships are intended as  rough 
guides to the designer and do not take the place of a 
careful analysis and comparison of alternative designs. 
For passenger liners, cross-channel ships and other 
craft in which high speed is important the relations in 
Equations (65) and (66) no longer apply. Comparative 
economic evaluations are  essential in these cases. 

Napier (1865) was one of the first who used a cost 
equation which he differentiated to find the optimum 
speed. Compared to this direct approach an iterative 
procedure is more versatile, requiring less simplifying 
assumptions and showing the penalties for departure 
from optimum configurations. Benford (1966,1967) has 
presented an optimization method in which the costs 
have been split up into components making up the 
building and operating costs. The revenues are deter- 
mined on the basis of the transport capacity with due 
allowances made for the bunker capacities required. 
Using appropriate economic criteria, the relative prof- 
itability of competing ship designs can be determined. 

Fisher (1972) has presented such an optimization 

procedure applied to the Australian ore trade. In this 
paper the economic criterion used is the Required 
Freight Rate. He also investigated the impact of var- 
iations of fuel costs, interest rates, insurance costs 
and construction costs on the Required Freight Rate. 

The above-mentioned procedures are valid and use- 
ful when costs (capital and operational) are known as  
general functions of the primary design parameters. 
These are, however, most often not known with 
enough accuracy. Fisher (1973) introduced a method 
based on the existence of a good (basic) design for 
which the full details are known. Optimization is car- 
ried out by varying the main parameters of this design, 
introducing errors of much smaller magnitude. 

Economic optimization studies can yield valuable in- 
formation concerning the relative merits of a design. 
However, as  the results of these methods rely heavily 
on hydrodynamic knowledge, information concerning 
cost levels and predictions of the future economic and 
political situation (amount of freight, insurance rates, 
shipping routes and so on), care should be taken in the 
interpretation of the results. 

The final decision on length and fullness should not 
be taken without considering the sea-going qualities 
of the ship. A short, full ship may well suffer such loss 
of speed in bad weather as to justify the extra cost of 
a longer, finer ship. The choice depends on many 
things, including the ocean conditions on the trade 
routes in question, particularly the length of the pre- 
dominant waves and the frequency of their occurrence. 
Thus to maintain a weekly service on the North At- 
lantic in winter, requiring speeds of 28 or 29 knots, 
the length of express liners cannot well be less than 
950 f t  (See Chapter VIII). 

Excessive fullness also promotes a tendency to bot- 
tom damage due to slamming. Flat areas on the bottom 
forward should be avoided. The floor lines should begin 
to lift immediately the parallel body ends, so as  to give 
a V-shape which will allow the hull to enter the water 
smoothly when the ship is pitching (Todd, 1945). The 
relative qualities of U and V-sections in avoiding bot- 
tom damage have been analyzed by Townsend (1960) 
of the U. S. Salvage Association, who showed the dan- 
gers in vertical stems and too-pronounced U-sections 
forward. These questions are discussed further in 
Chapter VIII, but it is essential to have in mind the 
importance of seagoing behavior from the very incep- 
tion of a new design. 

Fig. 61 shows typical @-curves for different types 
of ships (Todd, 1963). The wave-making resistance 
humps occur approximately at values of Fn equal to 
0.24, 0.30 and 0.48, and their importance depends upon 
the speed and fullness of the ship. The coaster, with 
a prismatic coefficient C, = 0.83 cannot be driven 
above Fn = 0.158 without an excessive increase in 
resistance, and as  shown in Fig. 61 this coincides with 
Troost’s definition of sustained sea speed. These 
speeds for the cargo ship and tanker also indicate the 
points where the resistance begins to increase rapidly. 
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Fig. 61 Typical @ curves 

In the trawler, with a finer hull form of C, = 0.57, 
the lower humps are not very marked, and a Fn value 
of 0.24 can be reached before the rise in the 0 curve 
begins. However, speed has great significance in these 
ships, to get to the fishing grounds quickly and to get 
home to market afterwards, and they are usually over- 
driven up to values of Fn = 0.30. 

The cross-channel ship, of C, = 0.58, can be driven 
to Fn = 0.33 without excessive resistance, for al- 
though the C, is the same as in the trawler, the length 
is perhaps twice as great, showing the advantage of 
length in delaying the onset of heavy wave-making. 

The destroyer, in which economy in the commercial 
sense is not paramount, normally has a top speed of 
Fn = 0.6 or more, well beyond the last hump at  about 
Fn = 0.48. 

When the principal dimensions and fullness coeffi- 
cients have been chosen, the resistance then depends 
chiefly upon the following elements of ship form: 

(a) Distribution of displacement along the length, 
as typified by the curve of cross-sectional areas and 
the LCB. 

(b) Shape of the LWL, particularly in the fore body. 
(c) Shape of the transverse sections, especially 

(d) Midship-section area coefficient. 
(e) Type of stern; i.e., raised counter, cruiser, tran- 

som, and so on. 
The midship-section coefficient C, varies with full- 

ness. In merchant ships with block coefficients around 
0.80, it may be as high as 0.995. As the fullness de- 
creases and the length of parallel body becomes 
shorter, it is necessary to ease the midship-section area 

near the ends. 

somewhat to avoid too pronounced shoulders in the 
lower waterlines. In Series 60 the relation between C,, 
C,, and C, is as follows: 

CB 0.800 0.750 0.700 0.650 0.600 
C, 0.994 0.990 0.986 0.982 0.978 
C p  0.805 0.758 0.710 0.661 0.614 

With still finer ships, C, is still smaller, being about 
0.93 on fast passenger liners, trawlers and tugs, and 
0.90 on cross-channel ships. 

The choice of the shape of section area and LWL 
curves depends upon the values of Fn and C,, and will 
also be influenced by the need to provide adequate 
stability. Naval architects must draw upon their own 
experience, with recourse to published design data, 
where there is much information on the best values 
or shapes for these elements of form for different kinds 
of ships. General guidance in this field has been given 
by Taylor, D.W. (1943), Lindblad (1961) and Todd 
(1945). The recommendations from the two last-named 
sources are summarized in Table 17. The ship types 
are arranged in order of decreasing block coefficients, 
from 0.80 for a slow-speed cargo ship to 0.52 for a 
cross-channel ship. As already mentioned, there is a 
corresponding reduction in C,, and with the finest 
ships this will approximately compensate for the re- 
duction in C,, so that C, tends to reach a steady value 
of around 0.59. Indeed, a t  the very highest Fn values, 
the C, can be increased with advantage, as first pointed 
out by Taylor, and in destroyers it may be as high as 
0.65. These points are illustrated in a chart given by 
Saunders (1957) showing the relations between speed- 
length ratio, prismatic coefficient, and displacement- 
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length ratio. This is reproduced in Fig. 62. The curves 
were based upon data from a variety of sources, and 
result in two pairs of empirical curves which define 
two “design lanes.” These apply to merchant and com- 
batant vessels of orthodox form, and not to special 
types such as fishing vessels and tugs. 

The load waterplane coefficient C ,  decreases with 
decreasing fullness, its value depending also to a con- 
siderable extent upon the type of transverse sections. 
For Series 60 it is related to the C, by the approximate 
formula 

C ,  = 0.18 + 0.86Cp 
In general C ,  will depend also on the stability re- 
quirements and sea keeping. 

In full ships considerable parallel body can be 
worked in with advantage, and the entrance can be 
short, the run being long and fine to minimize sepa- 
ration and form resistance. As C, decreases, so does 
parallel body, and the entrance is made longer to re- 

duce the increase in wave-making resistance, the LCB 
moving aft in consequence. Most of the reduction in 
C, is thus accomplished by fining the entrance, the 
change in the coefficient of the run being much less. 

The sectional area curve and load waterline follow 
a similar pattern. At low Fn values and high prismatic 
coefficients, both are slightly convex forward and aft. 
As Fn increases, they become straight and eventually 
S-shaped with a hollow near the stern. At Fn values 
of 0.45 and above, the hollow should disappear in the 
LWL, which should be straight or even slightly convex 
in destroyers and other high-speed types. In such ships, 
too, the onset of high wave-making resistance calls for 
as long a length as is compatible with the other design 
requirements. 

The information given in Table 17 can only be used 
for general guidance in the preliminary design stage. 
In any particular ship design, more detailed analyses, 
based upon model and full-scale data for closely similar 
ships, must later be made to determine the most suit- 
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Table 17-Variation of Form Coefficients and Elements of Hull Shape, Based on Lindblad (1961) and Todd (1945) 

Slow speed Medium speed 
Type of ship cargo ship cargo ship Cargo liners 

0.80 0.75 0.70 
0.99-0.995 0.985-0.99 0.98 

0.809-0.805 0.762-0.758 0.715 
0.88 0.84 0.81 

0.15-0.18 0.18-0.19 0.21 
L ercent 

trom rr 
J,p_pJ,- 35 

0.7 
25 

0.8 
12 

0.9 
E i y e c e n t  35 25 12 

0.7 0.8 0.9 LEB percent L~~ 1.5-2.5 fwd 1.0-2.0 fwd 0-1.0 aft  
from PP a 

Fwd Straight with 
U sections, 
slightly con- 
vex with V 
sections and 
raked stem 

Aft Straight or 
slightly con- 
vex with 
easy shoul- 
der 

Sectional area 
curve shape 

Straight with Straight with 
slight hollow some hollow 
a t  extreme forward giv- 
fore end ing S-shape 

Straight or Straight ex- 
slightly con- cept a t  ex- 
vex treme aft  

end 

Passenger and 
cargo, fruit 

ships 

0.65 
0.98 
0.664 
0.78 
0.24 

5 
1 .o 

1.0-2.0 aft 

S-Shape-fine 
entrance es- 
sential with 

ronounced K ollow for- 
ward 

Straight ex- 
cept a t  ex- 
treme aft  
end 

Fwd Slightly con- Slightly con- Sli htly hollow S-Shaped, hol- 
vex through- vex'or grward, or low forward 
out straight strai ht 

with7onger 
entrance I 

Half-angle of 
entrance on 
LWL (id 

Aft, Slightly con- Slightly con- Slightly con- Slightly con- 
vex. If possi- vex vex vex 
ble the slope 
should not 
exceed 20 
deg 

35 deg 27 deg 12 deg with 10 deg 
hollow L WL, 
16 dee if 

High-speed 
passenger liners, 

ferries, etc. 

0.60 
0.97 
0.62 
0.71 

0.24-0.30 
n 

1 .OLl.  1 
1.5-2.0 aft  

Fast passenger 
liners, trawlers, 

tugs 

0.55 
0.93 
0.59 
0.69 

0.24 -0.36 
0 

1.1-1.2 
2.0-2.8 aft  

Cross-channel 
ships 

0.54 -0.52 
0.9 15-0.905 
0.59 -0.575 
0.69 -0.675 
0.36 -0.45 

0 
1.2 

2.0-3.0 af t  

v 
0 

Destroyers 

0.46-0.54 
0.76-0.85 
0.56-0.64 
0.68-0.76 

0.45 and above 
0 

0.55 
0.5-2.0 af t  

S-Shape for Fn S-Shape at Fn S-Sha e with Maximum area 
= 0.24, becom- = 0.24 holEw for- aft  of mid- -D 

above this above Fn = = 0.36 be- Straight or z 
value, with ad- 0.27 comin slightly con- G 

vex area I- straigater curve for- v, in 
dition of bulb 

for 0.45 
ward 

Straight except S-Shape Strai ht with Good buttock 2 

ing straight straight ward a t  Fn ships. E 

V 

a t  extreme aft  hofow a t  ex- lines af t  and 
end treme aft  transom z P 

z 
slight hollow Fn = 0.30 with hollow, midshi s. 4 

value ings fuller quite W 

end stern 

9 Fine WL, almost Fine WL, S- Up to Fn = Maximum 
straight with shaped below 0.30 fine WL beam aft  of 

3 straight above Fn = Waterfne 
above this 0.3, WL end- forward c 

and straight, straight or 
or hollow even a little 
with bulb convex 

Full WL, nearly Full, straight Full WL, con- WL aft very 

transom 
stern and 
cover screws 

straight or convex vex full to su1t 

6 deg 8%-10 deg 6-7 deg below 4-11 deg 
Fn = 0.30. 
Above this 
speed, 9 deg 
with 
straight WL, 
6 deg with 
hollow and bulb 

L W L ~ S  
straight 
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able form together with estimates of the probable ef- 
fective and shaft powers. 

8.3 Design Data. Naval architects in designing a 
new ship must study the effects upon power of a num- 
ber of choices of hull form and proportions. Data for 
such comparisons are available in the publications of 
the technical societies and the technical press, to which 
they will add their own experience from past designs. 
Many of these data are derived from model experi- 
ments, and it is quite impossible to describe other than 
representative examples. 

8.4 Model Resistance Data Sheets, SNAME. A val- 
uable source of information exists in the data sheets 
published by The Society of Naval Architects and Ma- 
rine Engineers (1953-1966). These have been compiled 
for some 150 ships from the results of model experi- 
ments carried out in various towing tanks. All types 
of ships are included, it being one of the objects of the 
collection to give a variety of data for the benefit of 
those naval architects not having access to other 
sources or engaging in a new basic field of design. The 
sheets give all the principal form coefficients, the basic 
model data, and predicted values of RR/W and 0 to 
bases of VK/$ and 0, respectively. Area curves and 
lines plans are included. 

8.5 Methodical Series Experiments. The data given 
in the Society’s sheets and in many pubished papers 
are valuable guides in the design of closely similar 
ships. On the other hand, they refer to a group of 
completely unrelated forms, and it is difficult to de- 
termine the trends in resistance values with changes 
in proportions and coefficients or, what is equally im- 
portant, the penalties involved in specific changes. 

Information of this kind is obtained by running a 
series of models in which the principal characteristics 
are changed in a systematic manner. The results of 
such methodical series can be used to plot design 
charts which are of inestimable value to the designer. 

Such a series may be based upon a single parent 
form or upon a number of parents related to one an- 
other in some graphical or mathematical pattern. The 
prismatic coefficient can be changed by systematic var- 
iations in the curve of areas, while the proportions 
such as L/B and B/T can be varied by straight geo- 
metrical methods. 

8.6 Taylor’s Standard Series. A complete investi- 
gation of the effects of altering proportions using a 
single parent form was made by Admiral Taylor in the 
Experimental Model Basin (EMB), Washington, giving 
rise to the well-known Taylor’s Standard Series (Tay- 
lor, D.W., 1943). 

The original parent was patterned after the British 
cruiser Leviathan of 1900, which had a ram bow and 
twin-screw, cruiser stern. For the series parent, the 
ram was eliminated, the maximum section was moved 
to midlength, and a 3 percent bulb was adopted at the 
bow. The sectional-area curves and body lines for the 
other models were derived from the parent partly by 
mathematical means. The models were run a t  various 
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Fig. 63 Lines for the parent form of Taylor's Standard Series 

periods up to 1914, and the first full presentation of 
results was in the 1933 edition of Speed and Power 
of Ships. The data appeared as contours of residual 
resistance per tonne of displacement against prismatic 
coefficient and displacement-length ratio, each chart 
being for particular values of B/T and VK/$. 

These contours were derived by the methods in use 
a t  EMB in 1910; the model frictional resistance was 
determined by the use of frictional coefficients mea- 

sured on 20-ft planks in the Washington tank and the 
full-scale frictional resistance was calculated by using 
Tideman's ship coefficients. After some intermediate 
changes, the ATTC standard method was adopted in 
1947, the ship PE being increased by a model-ship cor- 
relation allowance of + 0.0004, as already described 
(Section 3.5). In view of this change, the Taylor data 
were reanalyzed, and the new contours based on the 
ATTC coefficients were published by Gertler (1954). 
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The lines of the parent form are shown in Fig. 63. 
The midship-section area coefficient was 0.925. The 
prismatic coefficients of the fore-and-aft bodies were 
equal, and the LCB was always amidships. The quan- 
tities varied were C,, B/T and W/(L/100)3, the mid- 
ship-section area coefficient C, remaining constant. 

The variations in L/B, B/T, and W/(L/100)3 were 
obtained by selecting different ratios of B/T and L/B 
and varying the offsets geometrically. 

The ranges of the variables covered in the Taylor’s 
Standard Series are: 

C, ....................................... 0.48 to 0.86 
B/T.. ............................ 2.25, 3.00 and 3.75 
W/(LwJ100)3 (English) .................. 20 to 250 
C, .............................................. .0.925 
V/(LwL)3 ....................... 0.70 to 8.75 x 

In presenting the reanalyzed results, Gertler used 
the nondimensional volumetric coefficient V/(LwL)3 in 
preference to W/(L/100)3. Contours of the wetted sur- 
face coefficient 

c, = s / J G  
were derived and given for three different values of 
B/T. 

In converting the Series results to the ATTC pre- 
sentation, Gertler went back to the original model data. 
In doing so, he took the opportunity of making certain 
corrections to the data, which had been omitted in the 
original Standard Series presentation, including the 
effects of temperature, the absence of turbulence stim- 
ulation and the interference between model and tank 
boundaries upon the measured resistance. 

To facilitate the calculation of PE for specific ships, 
Gertler gave charts of CR to a base of V/& C,, 

is nondimensional in any consistent equal to ___ 

system of units, as is V / z .  An auxiliary scale of 
V/& in units of knots and feet was incorporated 
on the charts. 

The design charts give contours of C, against 
V/& for various values of V/LwL3, each chart 
being for a particular value of C, and B/T, Fig. 64. 

For merit comparisons, Gertler used the @ - 0 
presentation for a ship of standard length of 121.92 m 
(400 ft)  on the L, in water of 3.5 percent salinity at 
15 deg C (59 F). The values of C, for this ship can be 
found from Fig. 21 of the publication by Gertler (1954), 
as a function of 0, VK/& or Fn. C, is obtained 
from the charts, so that C, = C, + C,, with the 
addition of the model-ship correlation allowance of 
+0.0004 if desired. 

RR 
XPSV’ 

@ can then be found from the equation 
@ = 39.78 @ CT (45) 

Gertler gives charts for the conversion of C, and Fn 
(or V K / d L )  to @ and 0. For a ship designed to carry 
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Fig. 65 Variation in Taylor’s Standard Series P, with change of C, for a 
ship with L/V” = 8.7 

a given displacement a t  a given speed, curves of @ to 
a base of @ will give a merit comparison between 
various choices of dimensions, as described in Section 
7. 

Merit comparisons can also be obtained from the C, 
presentation for any particular design by calculating 
and plotting curves of the ratio of PE to that of the 
model used for reference. Such curves can also be used 
to find the effects of major changes in design param- 
eters. 

Such a comparison for ships of the destroyer type 
is shown in Fig. 65, taken from Gertler (1954). In this 
case, the displacement volume is 2720 m3 and the value 
of L/V‘ is 8.7. For values of Fn less than 0.30, the 
lowest PE is realized by using the smallest C, value 
of 0.50. At high speeds, the picture is different, and at 
Fn = 0.60, corresponding to 40 knots, the best C, is 
about 0.65 to 0.67. 

Figure 65 also shows that an increase in B/T causes 
a moderate increase in PE, but the effect may be larger 
in rough water than in smooth. 

In some other experiments, Taylor, D.W. (1908) in- 
vestigated the effects of shape of midship section on 
resistance. The models all had a Cp = 0.56, the same 
curve of areas, and the same maximum section area, 
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the LWL curves being very nearly the same shape. 
The midship-area coefficient C, varied from 0.7 to 1.1 
in the five models, based upon the beam at the LWL. 
The fuller area coefficient had a slight advantage up 
to Fn well above 0.33, but the difference in RR/W for 
the whole series was very small. Taylor therefore con- 
cluded that the shape of the midship section was not 
an important factor in determining residuary resist- 
ance. 

The method of calculating the resistance and effec- 
tive power from the Taylor Series charts can be illus- 
trated as follows. Consider a vessel with the following 
characteristics: 

L, = 121.92 m (400 ft) 
L ,  = 123.96 m (406.7 ft)  

V = 6612.55 m3 (233,520 ft3) 
B = 15.24 m (50 ft) 
T = 5.081 m (16.67 ft)  

B/ = 3.00 LwJV z = 6.61 
V / L ~ ~  = 3.47 x 10-3 

C, = 0.688 
C, = 0.698 
S = 2363.10 m2 (25436 ft’) 
V = 7.822 m/sec. (15.206 knots) 

V‘ = 18.770 m 
The full-scale Reynolds number is calculated as fol- 
lows: 

= 
8.16 x 10’ for salt water a t  15 deg C (59 F). and C,,, 
= 0.001570 according to the ITTC-1957 friction line 
(see Table 12). The residual resistance coefficient C, 
is determined from the appropriate Taylor’s Standard 
Series diagram for B/T = 3.0 and C, = 0.70 (which 
is close enough to the actual value of 0.698 for the 
appropriate Fn value of Fn = 7.822/ + 9.81 x 123.96 
= 0.224. From Fig. 64 it follows that CR = 0.000950. 
The correlation allowance for a ship length in between 
50 m and 150 m is 0.00035 or 0.00040 (see Table 13). 
On adopting the value of 0.00040 the total resistance 
coefficient becomes CT, = 0.001570 + 0.00095 + 
0.00040 = 0.00292. 

Rn = VL,/v = 7.822 x 123.96/1.1883 x 

Hence RTs = XpSV x CT, 
= 0.5 x 1.0259 x 2363.1 x (7,822)’ x 

0.00292 
= 216.56 kN 

= 1693.9 kW 
and PEs = R T S  x V = 216.56 x 7.822 

In using the Taylor Series results it should be borne 
in mind that the maximum midship coefficient value of 
the Series is only 0.925 and that the Taylor models 
have a deep cruiser stern suitable for a twin screw 
propulsion arrangement. Also the LCB location has 
not been optimized but is stationed at the midships 
location. 

Graff et  a1 (1964) presented the results of tests with 
Standard Taylor Series models with higher B/T ratios 
and with differing LCB positions. These supplementary 
tests were intended for use in predicting resistance 
properties of slender, fast ships. Accordingly, the 
models were tested up to a speed corresponding to Fn 
= 0.90. The effects of shallow water were also studied. 

8.7 Series 60. In 1948 the Society of Naval Ar- 
chitects, in cooperation with the ATTC, sponsored un- 
der the guidance of a technical panel the preparation 
of parent lines for a series of single-screw merchant 
ships. The parent lines were developed at the Taylor 
Model Basin and the model tests were carried out there 
under the Bureau of Ships Fundamental Hydrome- 
chanics Research Program. These models formed “Se- 
ries 60” in the Model Basin sequence, and the results 
were published by Todd (1963). 

The five parent models covered block coefficients 
from 0.60 to 0.80, and a range of values of L/B, B/T, 
displacement-length ratio and LCB position, as set out 
in Table 18. 

The length L, is that between perpendiculars, mea- 
sured from the centerline of rudder stock to the for- 
ward side of the stem on the designed load waterline. 
In presenting the ship results, L, was taken as 121.92 
m (400 ft) and the corresponding length on the water- 
line, L,, was 123.96 m (406.7 ft). The models all had 
a vertical stem and a stern with an aperture for a 
single screw. There was no bulb at the bow. The models 
were 6.10 m (20 ft) in length and were run in the large 

Table 18-Particulars of Series 60 Models 

CB 0.60 0.65 0.70 0.75 0.80 
C M  0.978 0.982 0.986 0.990 0.994 
C P  0.614 0.661 0.710 0.758 0.805 
L / B  6.5-8.5 6.25-8.25 6.00-8.00 5.75-7.75 5.50-7.50 
B / T ,  2.5-3.5 2.5-3.5 2.5-3.5 2.5-3.5 2.5-3.5 
L / V  5.60-7.50 5.32-7.16 5.05-6.84 4.79-6.55 4.55-6.27 

6.20-7.20 6.03-7.04 5.90-6.98 5.78-6.88 5.71-6.84 E PCt L P P  0 3.5 11.9 21.0 30.0 
2.48A to 2.468 to 2.05A to 0.48F to 0.76F to 

1.37F 2.55F 3.46F 3.51F 
(optimum (optimum (optimum (optimum (optimum 
1.69A) 1.01A) 0.25A) 2.60F) 2.70F) 

a L P P  

i; 6.2-8.7 7.3-9.6 9.7-12.9 19.8-25.9 38.9-47.8 
(Note: L,  is length of parallel midbody) 
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Fig. 66 Series 60-sectional area coefficient curves of parent models 

TMB tank with a width of 15.5 m (50.8 ft) and a depth 
of 6.7 m (22 ft). Turbulence stimulators were fitted. 

The models of most methodical series have been 
derived from a single parent form by changes in the 
area curve, as described for the Taylor’s Series, and 
proportional geometrical changes. When carried to 
cover very different proportions and to fullness coef- 
ficients suitable to very different values of Fn, such 
changes led to unrealistic forms, regardless of how 
good the parent lines may have been for the original 
design conditions. In Series 60 another approach was 
used. Five parent forms of C, = 0.60, 0.65, 0.70, 0.75 
and 0.80 were developed, each incorporating the fea- 
tures considered necessary for good resistance quali- 
ties at its appropriate value as deduced from results 
for successful ships. The sectional area and waterline 
curves for these parents were plotted and faired to a 
base of the prismatic coefficients of entrance and run 
and cross-faired with the area curves and body plans. 
Auxiliary curves showed the lengths of parallel body 
for each value of C, and the necessary lengths of 
entrance and run to be associated with these to give 
any desired position of LCB. The sectional area-coef- 
ficient curves for the five parent models are shown in 
Fig. 66. 

A number of models were then run to determine the 
optimum location of LCB for each block coefficient, 
their lines being derived from the design charts just 
described. The results of these tests are summarized 
in Fig. 67. This shows the optimum LCB locations and 
the corresponding minimum @ values. For a given 
value of C,, the optimum LCB location moves aft  as 
the value of @ is increased. When C, and @ are known, 

this figure will give the optimum LCB position and the 
corresponding minimum @-value if the proportions 
and lines of the ship conform with those of the Series 
60 parents. Thus, for a C, = 0.65 and a @ = 2.1, the 
best position of LCB is 1.45 percent of Lpp aft  of mid- 
ships, the corresponding minimum @ value for a 
length of 121.92 m (400 ft) being 0.73 and Fn = 0.244 
(based on Lpp). A point of considerable interest is the 
remarkable constancy of the minimum @-value at the 
Troost sustained sea speeds, which varies only be- 
tween 0.72 and 0.74 over the full range of block coef- 
ficient. 

The optimum location of LCB was then assumed to 
apply to all models of a given block coefficient, re- 
gardless of L/B and B/T and these ratios were varied 
on a number of models to cover the range of values 
shown in Table 18. The results were presented in two 
ways: 

(a) Contours of RR/W, lbs per long ton (2240 lb) 
of displacement, against C, and L/B each chart being 
for given values of B/T and VK/&. 

(b) Contours of @ for a length of 121.92 m (400 
ft) against C, and L/B, each chart being for given 
values of B/T and @. The @ values included a model- 
ship correlation allowance of 0.0004, which is suitable 
for calculations for ship lengths up to about 150 m 
(492 ft) in length. 

To demonstrate the use of the Series 60 results, 
calculations can again be carried out for the example 
adopted in Section 8.6 as follows: 

@ = & Fn, = fi V/@ 
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Fig. 67 Series 60 minimum @ values and optimum LCB position 

= 3.5449 x 7.822/49.81 x 18.77 
= 2.043 

From charts B.61 and B.62 of Todd (1963) the following 
values of @ can be found (for a vessel of 121.92 m 
length): 

@ = 2.0 @ = 2.1 
@ = 0.75 @ = 0.79 

By interpolation, for @ = 2.043, it follows that @ = 
0.768. Accordingly, 

= 0.0251 x 0.5 x 1.0259 X (18.770)2 x 

= 213.144 kN 
(7.822)' x 0.768 

and PEs = R,-V = 213.144 x 7.822 ~. 

= 1667.2 kW 
For design use, assuming that L, B, T and V are 

known, these charts enable <he resistance and effective 
power to be estimated over a range of speeds for a 
ship having Series 60 lines and an LCB in the position 
chosen for the parent forms. For any other position 
of LCB dictated by design needs, the change in RTs 
and PE can be estimated from the results of the aux- 
iliary LCB variation series. The contours of sectional 
area and load-waterline coefficients enable a body plan 
to be produced quickly which will fulfill all the fore- 
going design conditions. 

The data may also be used to explore the effects 
upon power of changes in principal dimensions and 
coefficients during feasibility studies, so as to ensure 
the best results within the design conditions or to de- 
termine the penalties involved in such changes. 

The contours can also be used for comparative pur- 
poses. If a new design has secondary characteristics 
which differ from those of its Series 60 equivalent, but 
model results are available for some other ship which 
more closely resembles it in these respects, the latter 
may be used as a "basic ship." Calculations of PE can 
be made from the contours for the Series 60 equiva- 
lents of both the new design and the basic ship. Then 
approximately 

PE for new ship = PE of Series 60 equivalent 
PE for basic ship 

PE for Series 60 equivalent basic ship 
Fig. 68 shows the predicted PE for a bulk carrier with 
C, = 0.78 derived in this way, .using a tanker as the 
basis ship, compared with the PE derived from actual 
model tests. 

Finally, the models of Series 60 were all run self- 
propelled, and Todd (1963) includes contours of wake 
fractions, thrust-deduction fractions and propulsive ef- 
ficiencies for a number of propeller diameters and 
power characteristics. These data, together with the 
PE values, enable close estimates to be made of the 
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I 

delivered horsepower, P,, at the propeller. 
Lackenby, et  a1 (1970) presented the results of the 

Series 60 models in the form of @ values for a 121.92 
m (400 ft) ship based on both the Froude and the ITTC- 
1957 skin-friction lines. These @ values were pre- 
sented without any model-ship correlation allowance 
included, which will allow application to cases for 
which C, is not equal to 0.0004 more directly. 

8.8 Other Methodical Series of Merchant Ship 
Models. It is impossible to give in detail the results 
of the many other series of merchant ship models 
which have been run in different tanks. Herewith are 
references to some of the more important and an in- 
dication of their scope. For a full index see SNAME 
(1973). 

(a) British Maritime Technology, (Moon, et al, 
1961 and Lackenby et  al, 1966). This series covers 
variations in block coefficient from 0.65 to 0.80, and in 
LCB position, for a basic, single-screw ship having the 
following dimensions: 

L, = 121.92 m (400 ft) 
L ,  = 124.76 m (409.32 ft) 

B = 16.76 m (55.00 ft) 
T = 7.93 m, 6.4 m and 4.88 m (26 ft, 21 f t  and 16 

Besides the influence of C, and LCB, the influence of 
variations in parallel middle body and B/T were de- 
termined. The results are presented as @ values to a 
base of speed with correction curves for movement of 
LCB from the standard position. The @ values are 
based on the Froude friction coefficients, and curves 
are given for converting them to the basis of the ITTC- 
1957 friction line. 

(b) Swedish State Shipbuilding Experimental 
Tank, Gothenburg (SSPA): 

1. High-speed, twin-screw cargo liners (Lindblad, 
1951). Two series of models, Table 19, were run to 
investigate the effect of the position of LCB on re- 
sistance. 

2. Fast, single-screw cargo ship models (Nord- 
strom, 1948) and (1950). Two series of models, Table 
20, were run, covering the variations in length, B/T 
and LCB position. 

3. Tanker models (Edstrand, 1953-56). The parent 
form represented a single-screw tanker. The experi- 
ments covered variations in forebody section shape 
(from extreme V to extreme U), L/B ratios between 
7.2 to 8.1, B/T ratios of 2.3 and 2.5, C,-values of 0.725 
to 0.80, LCB positions from 0.3 to 3.0 percent of L,  
forward of amidship for the C, = 0.80 model. 

4. Single-screw cargo ship with C, = 0.525 to 0.750 
(Edstrand, et  al, 1956, and Freimanis, et  al, 1957-59). 
This work forms an extension of Nordstrom (1948) and 
(1950). Variations in L/B (from 6.54 to 8.14), in B/T 
(from 2.1 to 3.0), in LCB (from 1.0 to 4.0 percent of 
L, aft of amidship). Also, systematic changes in fore- 
and aft  sections and in waterline shape were studied. 

ft). 

5. Coaster models (Warholm, 1953). Variations in 
L/B (from 4.5 to 7 3 ,  in B/T (from 2.0 to 2.8), in C, 
(from 0.6 to 0.75) and in LCB (from 1 percent of L,  
forward to 2 percent L,  aft of amidship), were studied. 

(c) NPL Coaster Models. Experiments on an ex- 
tensive series of models of coasters have been carried 
out a t  the National Physical Laboratory, Teddington, 
England (Todd, 1931, 1934, 1938, 1940 and 1942, and 
Dawson 1952-60). They cover block coefficients be- 
tween 0.625 and 0.81, L/B ratios from 4.44 to 8.0 and 
B/T ratios from 2.05 to 2.75. The results are presented 
as curves of @ for a 60.96 m (200 ft) length to a base 

(d) Trawlers. Trawlers are usually of fairly fine 
form and run at relatively high Froude number values 
of 0.3 to 0.35, while the length-displacement ratios are 
relatively low. This combination of high Froude num- 
bers and low length-displacement ratios usually falls 
outside the range of most model series. 

Maintenance of sea speed is most important, as 
stated previously, and it is essential to provide ade- 
quate freeboard and flare at the bow to keep the ship 
as dry as possible in bad weather. 

Methodical series experiments on trawler forms 
have been made by Ridgely-Nevitt (1956) and (1963). 
The four parents had prismatic coefficients of 0.55, 
0.60, 0.65 and 0.70 with values of the length-displace- 
ment ratio L/V”3 ranging from 3.85 to 5.23. The lines 
were derived separately to suit each fullness, as in 
Series 60. The hulls have a cruiser stern, single-screw 
aperture, and no bulb. The series covered block coef- 

of 0. 
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Fig. 68 Comparison of P, from model tests of a bulk carrier with estimate 
from Series 60 charts. 
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Table 19 buttock planes with relatively gentle slope. 
3. Longitudinal center of buoyancy-Based on the 

results of preliminary model tests, location of the lon- Series C, on L,  L / B  B /T  LCB as pct Lpp from a 
A 7S4 2.4 pct aft to pct aft gitudinal center of buoyancy 2.5 percent of L,, forward 

of amidships was selected and held constant for the B 0.65 7.14 2.4 2.7 pct a f t  to 1.4 pct a f t  

ficients from 0.40 to 0.53, L/B ratios from 4.08 to 5.55 
and a B/T ratio of 2.30. The results are given as curves 
of @ to a base of 0. 

Methodical series experiments on trawlers have also 
been reported on by Lackenby (1959). Variations in 
midship coefficient C,,, (from 0.829 to 0.887), in beam- 
draft ratio B/T (from 2.0 to 2.75), and in length-dis- 
placement ratio L/V’’3 (from 4.35 to 5.10) were 
studied. 

(e) Full ship forms with low L/B ratios. System- 
atic series experiments on full ships with low L/B 
ratios were reported on by Keil et  a1 (1975). The effect 
of variations in L/B (from 2.73 to 4.74) and B/T (from 
2.40 to  10.00) were studied. The tested hull forms are 
characterized by a value of the block coefficient C, = 
0.76 and a value of the prismatic coefficient C, = 0.77 
(hence the midship coefficient C,,, = CJC, = 0.987). 
The length-displacement ratio L/V ‘ varied from 3.73 
to 5.13. The results are presented in the form C, = 
(l+k)C,, + mFn4 as a function of Froude number 
Fn. The values of the form factor k and the coefficient 
of Fn4 are given. 

The systematic series test program and analysis 
sponsored by the U.S. Maritime Administration (Rose- 
man, 1987) is also concerned with full ships. This pro- 
gram was carried out for a series of 16 models having 
the parameters defined in Figure 69. These parameters 
reflect the design trend toward low L/B ratios evident 
in the late 1960’s and early 1970’s for bulk-type vessels 
and are also applicable to restricted draft full forms 
with characteristically high values of breadth/draft, 
B/T. 

The single screw hull form parent has the following 
general characteristics: 

1. Entrance-Round waterline endings, similar to 
the cylindrical bow configuration of the NSMB series 
(Muntjewerf, 1970). The MarAd series differs from the 
NSMB series in that the forward stations have con- 
siderable V-form. 

2. Run-The very full ends associated with high 
values of C, and low values of L/B would necessarily 
result in blunt ends and flow separation for conven- 
tional hull forms. To minimize this effect, a buttock 
flow stern geometry was adopted, insuring flow along 

series. 

principal characteristics: 
The parent lines shown in Fig. 70 have the following 

0.875 
5.500 
3.000 
0.994 
0.117 
0.346 

The test program included resistance, propulsion, and 
maneuvering measurements in the Tracor-Hydronau- 
tics Ship Model Basin a t  Laurel, MD. The publication 
(Roseman, 1987) contains results of the data analysis, 
in the form of residuary resistance coefficient, C,, and 
hull efficiency factors, for systematic variations in C,, 
LP/B and B/T. Maneuverability characteristics are 
reported in the form of non-dimensional stability and 
control derivatives for a similar range of parameters. 

A comparison of expanded series predictions with 
corresponding data for conventional existing vessels 
of the same displacement and geometry indicates the 
following: 

1. The expanded series model resistance tends to 
be lower than the resistance of equivalent conventional 
hull forms with the same proportions and coefficients. 

2. Hull efficiency of the series models is low com- 
pared to values for equivalent prototypes of conven- 
tional form. 

3. The net power required for the series models 
tends to be less than required power for equivalent 
conventional hull forms. 

4. Coursekeeping characteristics of low Lp,/B, 
high B / T  forms are expected to be acceptable, based 
on analysis of the maneuvering data, provided that 
appropriate auto-pilot systems are installed. 

Further design data on ships of various kinds can 
be found in Section 8.12, Statistical Analysis of Model 
Data. 

8.9 Bodies of Revolution, Deeply-Submerged (Sub- 
marines). The resistance tests on a methodical series 
of bodies of revolution have been designed and run at 
Taylor Model Basin by Gertler (1950). These data en- 
able PE to be calculated for a variety of choices of hull 
forms, proportions and coefficients when making fea- 
sibility studies. 

The range of variables covered was as follows: 

Table 20 

Series C, on L~~ LIV’’~ L B/T LCB position ’ 
1 0.625 5.91 -7.5 to +15% 2.2 to 2.8 3 ct aft  to 1 ct fwd 
2 0.575 6.07 -5 to + 10% 2.1 to 3.0 3.5) pct aft  to 8.5 pct aft  

Variation in 
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(a) Without parallel body 
L / D  = 4 to 40 

C = 0.55 to 0.70 
Maximum section from nose = 0.36L to 0.52L 

Wetted surface coefficient C, = S / r D L  
L, = 0 

= 0.689 to 0.809 

(b) With  parallel body 
L / D  = 7.0 to 17.5 

C, = 0.685 to 0.840 

4.5 

B I T  

4 .O 

3.5 

3.0 

LPP‘B 
Fig. 69 Range of geometric parameters covered by MarAd Series 

Maximum section from nose = 0.28L to 0.16L (to 
beginning of 
parallel body) 

L, = 0.285L to 0.60L 
C, = 0.787 to 0.895 

(L, + L J l D  = 5 to 7 

Important information is also given on the resistance 
of appendages and the propulsive-efficiency factors. 

There have been proposals from time to time to build 
submarines for commercial purposes. The principal ad- 
vantages claimed for such ships are the elimination of 
wave-making resistance and independence of weather 
conditions. Volume for volume, the submarine has a 
greater wetted surface than the ordinary ship, and so 
starts off with the handicap of greater frictional re- 
sistance. The absence of wave-making resistance 
therefore does not make itself felt until relatively high 
Froude numbers are reached, perhaps in excess of Fn 
= 0.25. Because of cargo-handling problems, most pro- 
posals have been for oil or ore-carrying submarines, 
and these cargoes do not call for high speeds of trans- 
port. Other suggestions have been to use such ships 
to open up new ocean routes under the Arctic ice cap 
or into ice-bound ports, and there is no doubt of their 
great strategic military value. 

There are many difficulties in the development of 
such ships-the high initial cost, including that of the 
nuclear machinery, the need for skilled personnel and 
particularly the large drafts involved for building, 
docking, and operation. This latter feature would prob- 
ably impose an elliptical or rectangular cross section 
rather than circular, and this would detract from the 
saving in resistance due to the absence of wave-mak- 
ing. Information on such ships and data upon their 
resistance and propulsion features are to be found in 
Todd (1960) and Russo, et a1 (1960). 

8.10 Effect of Bulbous Bows on Resistance. D. w. 
Taylor, when developing the lines for his standard 
series from those of HMS Leviathan, suspected that 
the projecting ram bow played a definite part in its 
superior performance, and was also aware of the idea 
of a “second bow wave that would neutralize the first.” 
He pushed the ram bow further beneath the surface, 
gave it a more bulbous character and thus produced 
the first bulb bow designed as such. A bulb of this 
type was incorporated in the battleship USS Delaware 
in 1907, which ship had an outstanding performance. 
(Saunders, 1957, Vol I, p. 368, and Saunders, 1938-41, 
pt. 2) and Havelock (1928) calculated the surface wave 
pattern around a sphere immersed in a uniform 
stream. The most important feature of this pattern 
was a wave trough just aft  of the sphere, which sug- 
gested the possibility of partly cancelling the bow wave 
of the hull by locating a sphere below the surface in 
the neighborhood of the stem. Wigley (1935-36) car- 
ried out calculations of wave profiles and wave-making 
resistance based on Havelock’s work, and published 
the basic theory for the bulbous bow. 
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At low speeds Wigley found the total resistance to 
be increased owing to the additional frictional and form 
drag of the bulb. At high speeds, the reduction in wave 
resistance due to the interference between the wave 
systems of hull and bulb, if properly located, is more 
than sufficient to overcome the frictional and form drag 
of the bulb, and the net result is a reduction in total 
resistance. 

Fig. 71 shows details of one bulb design in three 
different locations and Fig. 72 the percentage change 
in the calculated resistance for a ship 121.92 m (400 
ft) in length (see the discussion by Todd on Inui (1962). 

The calculated results were confirmed by experiments 
on 4.88 m models, in which the sphere was faired into 
the hull by a cylinder. The reduction in resistance is 
greater the further the nose of the bulb projects for- 
ward of the stem, while in the farthest aft position 
there is a substantial increase in resistance. 

Wigley's principal conclusions were: 
(a) The useful speed range of a bulb is generally 

from about Fn = 0.24 to 0.57. 
(b) Unless the lines are extremely hollow, the best 

position for the bulb is with its center at the bow; that 
is, with its nose projecting forward of the hull. 
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(b) Short Run 

Fig. 70 (Continued) 
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ELEVATION 
I L W.L 

I I - 

NOSE OF BULB O N  1360F 
IS 22.8 M AFT OF EP (75 FT.) 

25FT (7.62 M) 
I 

PLAN U 

Fig. 71 Details of bulbs fitted to Models 1360 and 1478 (Wigleyl 

(Dimensions are for a ship 121.92 m (400 ft) in length, 11.43 m beam and 7.62 m draft) 

Fig. 72 Percentage change in resistance due to bulb 
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(c) The bulb should extend as low as possible, and 
should be as short longitudinally and as wide laterally 
as possible, consonant with fairness in the lines of the 
hull. 

(d) The top of the bulb should not approach too 
near to the water surface. 

As mentioned previously, two of the principal fea- 
tures of ship form which control the resistance are the 
shapes of the area and load-waterline curves, espe- 
cially a t  the forward end. Both of these can be altered 
materially by the use of a bulb. The area curve can 
be filled out a t  the extreme fore end by adding dis- 
placement near the forefoot in the shape of a bulb 
without altering the LWL, although there will be a 
forward movement of the LCB. Alternatively, without 
changing the total displacement, the LWL can be made 
finer to balance the volume added by the bulb. 

The forebody area curves for a ship with and without 
a bulb are shown in Fig. 73. The bulb is usually defined 
by two coefficients, f and t, introduced by Taylor, where 
f is a measure of the area of cross section at the 
forward perpendicular, FP, and t is a measure of the 
slope of the area curve a t  that point. 

For a ship without a bulb, Fig. 73(a), f is zero. If a 
tangent is drawn to the area curve a t  the FP and 
extended to cut the midship ordinate at B, then t is 
defined as the ratio AB/AC = 1.20/1.00 = 1.20. 

For a ship with a bulb, Fig. 73(b), the area curve is 
continued through to the FP, ignoring the final round- 
ing of the bulb, to give a fictitious area at that point, 
equal to EF. The coefficient f is the ratio of this area 
to the midship area, and in the case shown f = EF/ 
AC = 0.16/1.00 = 0.16. The ship is said to have “a 
16 percent bulb.” A tangent is drawn to the fictitious 
area curve a t  the FP, i.e., a t  the point E, and extended 
to cut the midship ordinate at  B. Then 

- BD - (AB - AD) (1.36 - 0.16) 
DC (AC - AD) (1.00 - 0.16) 

- - 

= 1.43 1.20 
0.84 

- -- 

The value of t is not a true tangent, but has the same 
value regardless of the scales on which the area curve 
is drawn. Saunders (1957) has called it the “terminal 
ratio.” 

Two typical bulb forms withfvalues of 0.045 and 
0.135 (4.5 and 13.5 percent bulbs) are shown in Fig. 
74. 

Many model experiments have been made to find the 
effects of bulbs upon resistance (Taylor, D. W., 1911; 
Bragg, 1930, and Lindblad, 1944 and 1948). 

While the results of these experiments are not al- 
together consistent, there is a general confirmation of 
Wigleys’ theoretical conclusion that the bulb is most 
beneficial a t  Fn = 0.24 to 0.57, but some tests show 
substantial benefits a t  considerably lower speeds than 
Fn = 0.24, due to possible effects of the bulb on the 
viscous resistance as well. 

Trawlers run a t  high values of Fn (0.30 to 0.37) and 
have large wave-making resistance. These are condi- 
tions which should be favorable to the use of a bulbous 
bow, and this has been confirmed by model experi- 
ments. Doust (1961) has shown that the resistance of 
good conventional designs can be reduced by 10 to 15 
percent through the use of a bulb, and that the pro- 
pulsive efficiency is also increased by 4 to 5 percent, 
so that reductions in PD of as much as 20 percent are 
possible in smooth water. In model tests in waves, the 
bulb-type trawler also experienced a smaller reduction 
in speed. To achieve improvements, the bulb must not 
be treated merely as an addition or appendage, but the 
whole forebody should be redesigned, a fine load 
waterline being used with half-angles of entrance 5 to 
10 deg less than those of a normal trawler, and with 
the LCB as far aft as possible. Doust recommends that 
the bulb area should not exceed 5 percent in order to 
avoid risk of slamming damage. 

Johnson (1958) in Sweden has tested models of traw- 
lers with ram bulbs having values up to 8 percent. The 
resistance was reduced at all speeds above Fn values 

CURVE OF SECTIONAL AREA 
COEFFICIENTS 

\ \  f . 0  

Y 
(0) FORM WITHOUT BULB 

(b)  FORM WITH BULB 

Fig. 73 Definition of bulb in terms of f and t 
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around 0.28 to 0.30, the decrease at  Fn = 0.36 being 
about 12 percent a t  the design draft, and 20 percent 
when trimmed by the stern. 

Professor Inui (1960, 1962) in Japan has devoted 
much effort to the design of bulbs, visualizing their 
use at  both stem and stern to annul the wave systems 
normally arising at  those points. In his analysis, he 
keeps the bow and stern systems separate and cancels 
each one by means of an additional distribution of 
sources and sinks or “singularities.” These latter must 
generate a wave system such that the resulting ele- 
mentary waves have approximately the same ampli- 
tude as the free waves from the bow or stern and are 
in inverse phase. His so-called “waveless” form is 
based upon this principle. 

Bulbs of the Inui design have been fitted to a number 
of ships. Comparative trials have been carried out on 
two Japanese ferryboats, the Murasaki Maru and the 
Kurenai Mum. The second ship was fitted with a large 
bulb, three times the size of the ordinary one, the 
diameter being 3.5 m (11.48 ft) and the displacement 
about 40 m3 (1412 ft3) (JSS, 1961). Thefvalue for this 
bulb was 16.7 percent as compared with 5.5 percent 
for the normal size. 

The two ships were run together and aerial photo- 
graphs confirmed the reduction in the size of the wave 
pattern. At 18.5 knots the engine output with the 5.5 
percent bulb was 4023 kW, whereas with the 16.7 per- 
cent bulb it was only 3494 kW, a reduction of 13.1 
percent, equivalent to an increase in speed of nearly 
half a knot for the same power. I t  was estimated that 
the increase over a similar ship with no bulb was about 
0.8 knot. 

Systematic tests have been carried out for the Mar- 

Table 2 l -Particulars of Maritime Administration Model 
Tests (Bulbous bows) 

L ,  = 189.59 m C, = 0.595 

L,Fp = 183.49 m C, = 0.970 

B = 26.21 m C, = 0.613 

T = 8.53 m L / B  = 7.23 

V = 25,278 m3 B / T  = 3.07 

L/Vh= 6.46 
Design sea speed = 23 knots; Fn = 0.274 

Bulb area, ercent 0 4.5 9.0 13.5 
i, (half-angye of 

entrance on LW&, 
deg 11.25 8.75 6.25 3.75 

LCB, percent L ,  aft  
of amidships 0.48 0.39 0.29 0.19 

PE (kWatt) 15347 15049 14453 14043 
Reduction in percent 0 2.0 5.5 8.5 

itime Administration at  the Davidson Laboratory to 
investigate the effects of different bows both in smooth 
water and in waves, (Dillon, et al, 1955). In their pref- 
ace the authors called attention to the fact that while 
some ships are built with sharp stems, often heavily 
raked, others, designed for similar operating condi- 
tions, are built with pronounced bulbous bows and 
vertical stems. They concluded that the lack of agree- 
ment between naval architects is due to an absence of 
objective information on the subject, especially in 
rough-water conditions. 

One of the reasons commonly given against the 
adoption of bulbs is the fear of rough-water effects, 
but the authors found little recorded complaint in this 
matter. However, the evidence gathered by Town- 
send (1960) (Section 8.2) in this context should not be 
overlooked. 

The particulars and the results of the Maritime Ad- 

--- MODEL 1448-2 MODEL 1448-1 
41/2 % BULB 

- 
13‘/2 % BULB 

Fig. 74 Comparison of body plans. 4.5 and 13.5 percent bulbs 
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ministration models are given in Table 21, and the lines 
for the models with 4.5 and 13.5 percent bulb are shown 
in Fig. 74. The resistance results in smooth water are 
shown in Fig. 75. At low speeds the smaller bulb 
showed the better performance, a t  high speeds the 
larger, the changeover occurring between Fn = 0.21 
and 0.24. The variation in bulb area was not carried 
sufficiently far to show a minimum resistance value. 

At a constant PE = 18,625 kW, the loss of speed in 
different waves with the 13.5 percent bulb is given in 
Table 22. The order of merit of the different bulbs in 
severe waves was the same as that in calm water a t  
the same speed, i.e., around 17 knots. 

The wide variation in bulb size was found to have 

only a small effect on power or speed and on pitching 
motion in head seas. The wave length L,and the period 
of encounter had a much greater effect on these char- 
acteristics than did bulb size. Hence, the authors con- 
cluded that, for this design, the choice of bulb could 
be based on the smooth-water performance. There was 

Table 22-Reduction in Speed for 13.5 Percent Bulb in 
Waves 

Wave length-shio length 
I . 2  

ratio L;/L, 0 0.25 0.50 0.75 0.875 1.00 1.15 1.25 
V, in knots 24.3 24.1 23.7 22.9 21.8 18.6 17.6 18.0 
Loss in V, in percent 0.0 0.8 1.7 4.6 9.2 22.1 26.3 25.0 
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- MODEL No. 2 0 5  WITHOUT BULB -4 6o ----- MODEL No. 2 0 5  WITH BULB - 4 0  

u) 

- 
20: 

0 

A.P I 2 3 4 5 6 7 a 9 

Fig. 76 Wove profiles, with and without bulb, at Fn = 0.1267 (designed speed) 
[Trunodu, et al, 1963) 

no slamming in regular waves, but in irregular waves 
some occurred with all models. 

No evidence was found that large bulbs should 
not be used if found desirable for smooth-water 
performance. 

Much of the research into the effects of bulbs has 
been devoted to resistance and powering aspects. The 
effects on sea-going qualities must also be investigated 
before the decision is taken to apply a bulb for any 
particular case. 

The evidence seems to be that bulbs have little effect 
on pitching and if anything are beneficial in reducing 
such motions. Slamming and resultant hull damage 
are also feared, though in general there is little evi- 
dence that ships with bulbs have suffered any worse 
in this respect. Out-size bulbs do introduce problems 
in berthing and anchoring. Many warships today carry 
large sonar equipment forward, and certainly every 
effort should be made to house these in “bulbs” which 
will at least not add to the hull resistance at service 
speeds. 

A problem that has arisen in high-speed ships with 
bulbs is the occurrence of cavitation on the bulb sur- 
face, resulting in erosion and noise. The nose of the 
bulb should be elliptical rather than circular, and cal- 
culations should be made to ensure that the curvature 
is nowhere sharp enough to cause cavitation. Special 
attention should be paid to smoothing off weld beads 
and other roughnesses in this area. 

Large bulbs are now commonly fitted to big tankers 
and bulk carriers running a t  low Fn values, a t  which 
the wave-making resistance is relatively small. Re- 
ductions in resistance of approximately 5 percent in 
full load and 15 percent in the ballast condition have 
been obtained in model tests. These results are con- 
firmed in full-scale trials. In general about 1 knot in- 
crease in speed in the ballast condition is realized. Such 
gains are apparently possible on ships with block coef- 
ficients around 0.80 and at Froude number values of 
about 0.18. I t  is significant that the most substantial 
improvements are found in the ballast condition when 
the bulb is near the surface. The draft forward appears 
to be critical and care should be taken in choosing the 
ballast operating condition. 

The reasons for the large reduction in resistance are 
not entirely clear, but one effect of fitting such bulbs 

seems to be a reduction in the separation phenomena 
which experiments have shown to be present under 
the bows of some models, particularly those with 
strong U-shaped sections and hard bilges forward. 
Flow tests on certain models have shown that the pres- 
ence of a large ram bulb appears to stabilize the flow 
in this vicinity. 

I t  has been assumed generally in the past that the 
skin-friction resistance is chiefly a function of the wet- 
ted area and relatively insensitive to changes of shape 
of the hull. However, recent advances in the theoretical 
treatment of wave-making, mostly in Japan and di- 
rected towards obtaining a “waveless” form, have re- 
sulted in models which have shown quite large 
reductions in resistance at quite moderate speeds. The 
proportion of wave-making resistance at these speeds 
is such that these reductions in total resistance seem 
unlikely to be due only to wave-making. It suggests 
that the particular designs in question, which generally 
incorporate very large, protruding bulbs at the fore- 
foot, have also affected the flow around the hull in 
such a way as to reduce the average velocity and so 
the frictional resistance. Evidence pointing in this di- 
rection also occurs in a paper giving the results of 
model experiments on a cargo liner (R. Tsunoda, et  al. 
1963). The wave profile for the normal form has a 
trough following the bow crest, which indicates low 
pressure and high velocity around the hull in this re- 
gion, whereas the “waveless” bulb form, while being 
by no means waveless, and having a bow crest of about 
the same height as that of the conventional form, has 
no following trough, the water surface being always 
above the still waterline, Fig. 76. This suggests that 
the velocities over the hull, and so also the skin friction, 
are less with this type of form. This may be a further 
part of the explanation for the relatively large reduc- 
tion in total resistance found for such designs, even 
in large tankers at low values of the Froude number. 
It points to the necessity for studying the shape of 
the hull in order to reduce skin friction, pressure re- 
sistance as well as wave-making resistance. Such stud- 
ies are now being carried out. 

Much research remains to be done to gain a full 
understanding of the effects of large bulbs on slow, 
full ships. 

8.1 1 Cylindrical and Elliptical Bows (Spoon 
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CONVENTIONAL BOW 

f BT = 0.11 -.- 

17 18 19 2O-FP 

f BT"0.15 

f BT = 0.07 -.- 
7 7 
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3 3 

2 2 

1 1 

17 18 19 20 = FP 

Fig. 77 Body plans for models with C, of 0.825 

Table 23-Parameter Field Chosen for the MARIN Program 

L / B  6.5 
B/T 2.65 
C B  0 800 0 * 825 0 * 850 
fBr 0 0.07 0.11 0.15 0 0.07 0.11 0-15 0 0.07 0.11 0.15 
LCB 1.6 percent F 2.1 percent F 2.8 percent F 

~~~~ 

Bows). At MARIN, systematic experiments have 
been carried out on full-form ships (C, = 0.800, 0.825 
and 0.850) for which three cylindrical bows were de- 
signed (Muntjewerf, 1970). Table 23 gives the range 
of variables chosen for the experiments. The models 
represented a 183 m (600 ft)  bulkcarrier and a t  the 
same time a 244 m (800 ft) tanker. The body plans for 
the 0.825 block models are shown in Fig. 77. The test 
results were extrapolated according to the ITTC- 
Froude method, using the ITTC (1957) line with a cor- 
relation allowance C, = 0.00035 for the 183 m ships 
and C, = 0.00020 for the 244 m ships. 

Fig. 78 shows the optimum bow size as a function 
of Fn for different block coefficients and for two load- 
ing conditions. From this figure, it follows that for 

ballast as well as full load condition the optimum bow 
size increases with increasing Fn. Further it shows 
that the higher the block coefficient the larger the 
cylindrical bow should be. According to the results the 
optimum bow size for ballast condition is considerably 
smaller than for full load condition. 

Fig. 79 shows the reduction in effective power with 
an optimum cylindrical bow. This figure clearly shows 
that the advantages are most pronounced at 100 per- 
cent displacement. The highest reductions are obtained 
in the range of block coefficients between 0.825 and 
0.850. 

Using these results one often finds that a cylindrical 
bow has a slight negative effect in ballast especially 
at lower speeds. In Muntjewerf (1970) it also turns out 
that the improvements in the required power a t  the 
propeller are even a little more pronounced than the 
improvements in bare hull resistance. 

For a ship with C, = 0.85 experiments were carried 
out with a number of bow forms (Luthra, 1971). Fig. 
80 shows the parent form and the tested variations. 
The experiments were carried out a t  two drafts. Fig. 
81 shows the resistance results for the two loading 
conditions. For both drafts the elliptical bow forms 
turned out to have remarkably better resistance char- 

Next Page 
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which L ,  = 260 m, it follows that C, z 0. The re- 
sistance and effective power then become: 

RTS = 4 PSS vS2 x C T S  

= 0.5 x 1.0259 x 12898.9 x (14 x 0.5144)' 
x 0.002389 

= 819.789 kN (1°C) 

and R, = 835.574 kN (ATTC) 

PEs = 5904 kW (ITTC) 

and PEs = 6017 kW (ATTC) 

(c) Comparison between RTs and PEs calculated 
by the diferent methods. The values of resistance and 
effective power calculated by the different methods are 
summarized in Table 14. 

In this case the three-dimensional extrapolation 
method with the correlation allowance value according 
to Holtrop corresponds satisfactorily with the values 
derived from the two-dimensional method with the cor- 
relation allowance of 0. 

When not accounting for the correlation allowance 
in the three-dimensional method the respective RTs and 
PEs values are some 15 percent smaller. The differences 
between the ITTC-1957 and ATTC friction values only 
lead to about 2 Dercent differences in the resDective 
resistance and effective power values 

Methods of 

for both the 

Table 14-Calculated Values of Resistance and Effective 
Power 

R T S  PES 
RTs with without PEs with without 
allowance allowance allowance allowance 

Method (in kN) (in kN) (in kW) (in kW) 
3D-In'C-1957 811.2 711.7 5842 5125 
3D-ATTC 828.4 728.9 5966 5249 

819.8 - 5904 
835.6 - 6017 

2D - In'C-1957 - 
2D-ATTC - 

three dimensional and the two-dimensional procedures. 
These differences are small only because the adopted 
example concerns a model test with a 12 m (39 ft) long 
model. If a 2 m (6.5 ft) model had been used, these 
differences would have been nearly 10 percent because 
the large differences in the respective C,,, values oc- 
cur for Reynolds number values less than 1 x lo7. 
Below this value the ITTC line has a steeper slope and 
hence greater values for the same Rn. On using models 
with a length of 7 meters (23 ft) or more, resistance 
predictions for the ship will not often be influenced to 
a great extent whether the ATTC or ITTC line is used. 

The accuracy of both the two-dimensional and the 
three-dimensional extrapolation techniques depend to 
a large extent on the information available at individ- 
ual model basins relative to the value of the correlation 
allowance to be adopted. 

Section 7 
Presenting 

7.1 General. The most useful method of present- 
ing model resistance data depends upon the particular 
purpose for which they are to be used. There is no 
unanimity of opinion in the matter, and the ITTC Com- 
mittee on the presentation of data (now the Informa- 
tion Committee) has not recommended any generally 
acceptable method. 

Two points may be made in this respect: 
(a) I t  is desirable that the original model data be 

given, including measured speed and resistance, water 
temperature, method of turbulence stimulation, cross- 
sectional area of the tank, model dimensions and dis- 
placement and any other relevant information. The 
user can then convert them to any desired form. This 
policy has been followed by The Society of Naval Ar- 
chitects and Marine Engineers in its Model Resistance 
Data Sheets (undated). 

(b) If the data are presented in coefficient form, 
these latter should be nondimensional, so that they 
will have the same numerical value in any consistent 
system of units. Unfortunately, this practice has not 
been followed in the past, with the result that the naval 
architect should be familiar with a number of the more 

Model Resistance Data 
commonly used presentations. 

7.2 The CrRn Presentation. In research problems 
concerned with the separation of resistance into its 
components, methods of extrapolation to the ship, 
model-ship correlation allowances and the like, the re- 
sistance coefficient (Section 2.3) 

is usually used, plotted to a base of the logarithm of 
Reynolds number Rn = VL/v .  

Curves of this kind have been used in earlier sections 
of this chapter. In any consistent system of units, both 
CT and Rn are nondimensional. 

7.3 Design Presentations. For design purposes, a 
method is desired which will show the relative merits 
of different ship forms. 

Ships are usually designed to carry a given displace- 
ment a t  a specified speed. CT is not suitable for such 
cases, since it is based on wetted surface and not on 
displacement, and can lead to misleading presenta- 
tions. An obvious merit criterion is the resistance per 

Previous Page 
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unit displacement weight, RT/ W, which is nondimen- 
sional when RT and Ware expressed in the same units. 
This ratio is the basis of a number of presentations, 
which differ principally as regards the speed coefficient 
used as the base. 

7.4 The 0-0 System. R. E. Froude (1888) adopted 
the RT/W criterion in his “constant” system of nota- 
tion. 

In order to have a speed base which would also be 
nondimensional, he devised a coefficient @ which is the 
ratio of the ship’s speed to the speed of a wave having 
a length equal to one half of the side of a cube of the 
same volume of displacement as the ship. If this vol- 
ume is V, the wavelength i s  4V1’3, and the wave speed 
will be 

Hence 

If RT/ W is plotted directly to such a base, the values 
increase rapidly a t  high speeds, and the curve becomes 
very steep, obscuring some of its important charac- 
teristics, such as the wave-making humps and hollows. 
Froude therefore divided the ordinates by 02, and 
introduced a factor 1000 to avoid small numerical val- 
ues. The resistance “constant” is then 

Since at low speeds the resistance is mostly frictional 
and varies approximately as V, the @curves are 
nearly horizontal in this region. Any increase in the 
rate of variation of RT with V is shown by a rise in 
the curve, and these changes are very valuable in a 
diagnostic sense when appraising the merits of a hull 
form. In the foregoing equations, both @ and @ are 
non-dimensional. 

Since @ relates to the total resistance, its frictional 
component will vary with size of ship, and for presen- 
tation purposes it is usual to give the values of @ for 
a standard value. In the past this standard value was 
a length between perpendiculars of 121.92 m (400 ft). 
The ITTC in 1969, however, decided to adopt in addition 
a standard ship displacement volume of V = 10,000 
m3. I t  was also decided a t  that time that for the pre- 
sentation of resistance and propulsion data at  least 
two additional curves for other ship sizes be shown. 

For other ship sizes a correction must be applied. 
This correction depends on the ship length (for the 

calculation of the Reynolds number), the Froude num- 
ber value and the wetted surface @, where 

S - - -  wetted surface 
@ =  

(volume of displacementp V2/3 

7.5 The R,/ W VS. Fn or R,/ W vs. Fn System. The 
wave-making pattern and its associated resistance 
are largely dependent on the Froude number Fn = 
V/m. For many purposes, therefore, especially for 
ships with an important wave-making resistance com- 
ponent, it is useful to plot R T /  W against Fn. 

Very often the results of so-called standard series 
of hull forms are presented in the RR/  W vs. Fn form, 
where R,/ W is called the specific residual resistance 
coefficient. Use of a form factor will allow the deter- 
mination of the wave-making resistance coefficient, 
R,/W, in which case a R,/W vs. Fn representation 
can be given. 

A comparison between the residuary or wave-mak- 
ing resistances of two alternative designs should be 
carried out with care, since it ignores differences in 
frictional or viscous resistance, and the total resistance 
has to be computed in all cases to make a proper eval- 
uation. 

7.6 The R,/ W VS. Fn System. When curves of R T /  

W for a number of ships are plotted to a base of Fn 
for comparison, the relative merits of the designs at 
a given value of Fn will be shown by the order of the 
RT/ W curves. If we wish to introduce some function 
of speed into the ordinates to reduce the steepness of 
the curves and bring out the wave-making character- 
istics (which is one of the reasons for plotting on Fn), 
Telfer (1933) has shown that we can divide the ordinate 
RT/ W by ( V/\j2)2. To retain a non-dimensional quan- 
tity, however, it is possible to divide by ( V/,@)2 and 
obtain: 

g R T L  CTL = - 
W V  

When plotted against V / a ,  this leads to what Telfer 
has called a “compatible” presentation, correctly pre- 
serving the relative merits of comparable hull forms. 

7.7 Conversion Factors for Speed and Resistance 
Coefficients. In converting model resistance data 
from one form of presentation to another, the speed 
relationships given in Table 15 are useful. The factors 
for converting frequently used resistance coefficients 
are given in Table 16. 

C, defined by: 
The most important coefficients are: 

CTL defined by Equation (64), 



Table 15- Relationships for Converting Frequently Used Speed Coefficients 

Fn 
(nondimensional) 

0 
(non- 

dimensional) 

v/ w% 
(International 

units) 

p1/6 v/w"G s""m 

V/& 
(International 

FnV 
(non- 

dimensional) 

FnV 

FnV 

units) 

V/$ 

& 
JZ. v/& 

& 

Fn 
(nondimensional) 

Fn 

FnV 
(nondimensional) Fn 

0 
(nondimensional) 

V /  w"G 
(International 

units) 

V/& 
(International 

units) 

6 Fnv d47~L/V ' '~  Fn 0 in 
v) 

0 n 

' Fn, 
JzP V/& 

rri 
n Fn = V/m 

Fnv = V / w  
@ = & V / J p  
V = ship velocity (m / sec) 
V = displacement volume (m3) 
W = displacement weight (kNewton); W = pgV 
p = mass density, k g / L  (or t/m3) 
g = acceleration due to gravity (m/sec2) 

i c 
a 
rn 

NOTE: p = 0.999 k g / L  and 1.0259 k g l L  for fresh and salt water respectively at 15 deg C (59 deg F) and g = 9.81 m/sec2 (32 ft/sec2). 
NOTE: These notes also apply to Table 16. 



Table 16-Relationships for Converting Frequently Used Resistance Coefficients 

CT 
(non- 

dimensional) 

C T V  
(non- 

dimensional) 

cTV 

s /v2 /3  

c, 

125 
- CTV 
7T 

(Fb)' 
2 cTv 

L 
(p) c, 

x (4)" 9 c, 

2 

C T L  
(non- 

dimensional) 

0 
(non- 

dimensional) 

-- a 0  
125 s /v2 /3  

7T 

1250 

0 

7T 
- (Fnv)' 0 250 

($) @ 

(g3 0 

250 / 7~ 

2 5 0 / ~  

(non- 
dimensional) 

2 RT/W CT 
(nondimensional) C T  (Fn,)' S/V2/3 

S -. CT 
v'/3 

CTV 
(nondimensional) 

0 
(nondimensional) 

125 S/V2/3 CT 
7T 

250 C T L  -- 
7T L A %  

(nondimensional) 

R T /  W 
Fn' 

( - (Fn,)' W 
- L/V1/3 -2) R 

L S  (+) (F) C T L  

(nondimensional) 

RT 
w"'3v.2 

(International 
units) 

V = Ship velocity in m/sec. 

V = Displacement volume in m3 

W = Displacement weight (kNewton); = pgV 

p = Mass density, k g / L  (or t/m3) 

g = Acceleration due to gravity in m/sec.2 
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g R T L  
G I .  = w1/2 

by 
The well known (but outdated) admiralty constants 

are defined bv 

and 

c, = -. 

C, is related to the power-displacement coefficient C,, 
PE 

C, is related to the resistance-displacement coefficient 
CTV by 

Section 8 
Relation of Hull Form to Resistance 

8.1 Choice of Ship Dimensions. In merchant ships 
speed is seldom the dominant consideration, and the 
proportions and shape of the hull, as  a rule, cannot be 
chosen solely to attain minimum resistance. Neverthe- 
less, lower power and lower fuel costs have an impor- 
tant effect on the profits a ship can earn. 

Some containerships are capable of speeds as  high 
as  30 knots. Such ships have stimulated renewed in- 
terest in the design of hull forms which can achieve 
such speeds economically in smooth water and still 
have good seakeeping qualities and small loss of speed 
in rough weather. 

At the other end of the scale are the bulk carriers, 
such as  oil tankers and ore ships. Speed is not so 
important in such ships, because the minimum cost of 
transport per ton-mile is achieved by carrying as great 
a deadweight as  possible in one ship a t  moderate 
speeds. Ships have been built with deadweights in ex- 
cess of 500,000 t, with lengths such that  even for a 
speed of 15 knots the Froude number is as  low as  0.15. 
Restrictions on the drafts of such ships have increased 
the beam-draft ratios, and the block coefficients are in 
the 0.85 region. The efficient design of such ships poses 
many problems. 

The prospective owner usually specifies that  the new 
ship shall carry a certain deadweight a t  a particular 
speed, and the designer estimates the probable dis- 
placement and principal dimensions. The latter are usu- 
ally subject to restrictions not associated with 
resistance and propulsion. Length is expensive in first 
cost, is limited by docking and navigation restrictions, 
while added length increases scantlings, equipment 
and manning scales. From a resistance point of view, 
greater length for a given displacement will reduce 
the wave-making resistance but increase the frictional 
resistance, so that  longer lengths will be beneficial in 
ships running a t  high speeds and vice-versa. Longer 

lengths are also generally beneficial for behavior in 
rough seas (Chapter VIII, Vol. 111). 

An increase in draft, T, is generally beneficial for 
resistance, and is a cheap dimension in terms of cost. 
However, it may be limited by depths of harbors, ca- 
nals, rivers, and dock sills. 

The beam, B, is one of the governing factors in 
ensuring adequate stability, and a minimum value of 
B / T  is generally necessary on this account. An in- 
crease in B will increase the resistance unless it is 
accompanied by a corresponding reduction in fineness 
coefficient. In cases of low-speed ships, however, a 
small reduction in length and a compensating increase 
in beam, because of the resulting decrease in wetted 
surface, may result in little or no increase in resistance. 
This results in a cheaper ship and also meets the need 
for increased stability in ships with large superstruc- 
tures. This idea has been exploited in a number of 
large tankers. 

The minimum wetted surface for a given displace- 
ment is also sensitive to the B / T  ratio, the optimum 
value of which is about 2.25 for a block coefficient of 
0.80 and about 3.0 a t  0.50. However, the penalty for 
normal departures from these values is not very great. 
The effects of changes in B / T  on wave-making re- 
sistance can be studied from model-experiment results. 
Generally, stability considerations and limiting drafts 
usually preclude values below 2.25 for full ships and 
2.5 or even more for fine, higher speed ones. 

While such considerations may be of guidance to 
naval architects in the choice of dimensions, they must 
meet many other demands, and will be influenced to  
a large extent by their knowledge of the particulars 
of existing successful ships. The process of design is 
essentially an iterative one, in which the various ele- 
ments are changed until a proper balance is attained. 
In order to do this, parametric surveys have to be made 
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on the effects of changes in dimensions, hull form, 
machinery types, and so on. This is an area in which 
the high-speed computer can play an important role, 
enabling the designer to consider a fa r  greater number 
of possible solutions than could ever be made in the 
past. 

8.2 Choice of Form Coefficients. The approximate 
relation between the block coefficient C, and the 
Froude number Fn can be expressed by formulas orig- 
inally given by Alexander (van Lammeren, et al, 1948), 

- 0.595 (1.08 - C,) for trial speed 
V 

Z P  - 

___-  - 0.595 (1.05 - C,) for service speed 
G P  

V 

Troost (1955) has given a similar formula for sus- 
tained sea speed in terms of the prismatic coefficient 
C,, which is more in line with design practice: 

(65) __- ’’ 
JgL, 

- 0.55 - 0.48 C, 

where the trial speed is taken as 

V, = 1.06 V, (66) 

This sustained sea speed, V,, lies very close to that 
a t  which the C,-curve begins to rise steeply; i.e., to 
the speed a t  which the power begins to increase more 
rapidly than V3. If the power over the first part of the 
rise is assumed to vary as  V4 then Equation (66) is 
equivalent to saying that the power a t  the trial speed 
is about 25 percent greater than that a t  the sustained 
sea speed under trial conditions. This is in keeping 
with the general design practice that the service speed 
should be attained under trial conditions a t  80 percent 
of the maximum continuous power. 

The above relationships are intended as  rough 
guides to the designer and do not take the place of a 
careful analysis and comparison of alternative designs. 
For passenger liners, cross-channel ships and other 
craft in which high speed is important the relations in 
Equations (65) and (66) no longer apply. Comparative 
economic evaluations are  essential in these cases. 

Napier (1865) was one of the first who used a cost 
equation which he differentiated to find the optimum 
speed. Compared to this direct approach an iterative 
procedure is more versatile, requiring less simplifying 
assumptions and showing the penalties for departure 
from optimum configurations. Benford (1966,1967) has 
presented an optimization method in which the costs 
have been split up into components making up the 
building and operating costs. The revenues are deter- 
mined on the basis of the transport capacity with due 
allowances made for the bunker capacities required. 
Using appropriate economic criteria, the relative prof- 
itability of competing ship designs can be determined. 

Fisher (1972) has presented such an optimization 

procedure applied to the Australian ore trade. In this 
paper the economic criterion used is the Required 
Freight Rate. He also investigated the impact of var- 
iations of fuel costs, interest rates, insurance costs 
and construction costs on the Required Freight Rate. 

The above-mentioned procedures are valid and use- 
ful when costs (capital and operational) are known as  
general functions of the primary design parameters. 
These are, however, most often not known with 
enough accuracy. Fisher (1973) introduced a method 
based on the existence of a good (basic) design for 
which the full details are known. Optimization is car- 
ried out by varying the main parameters of this design, 
introducing errors of much smaller magnitude. 

Economic optimization studies can yield valuable in- 
formation concerning the relative merits of a design. 
However, as  the results of these methods rely heavily 
on hydrodynamic knowledge, information concerning 
cost levels and predictions of the future economic and 
political situation (amount of freight, insurance rates, 
shipping routes and so on), care should be taken in the 
interpretation of the results. 

The final decision on length and fullness should not 
be taken without considering the sea-going qualities 
of the ship. A short, full ship may well suffer such loss 
of speed in bad weather as to justify the extra cost of 
a longer, finer ship. The choice depends on many 
things, including the ocean conditions on the trade 
routes in question, particularly the length of the pre- 
dominant waves and the frequency of their occurrence. 
Thus to maintain a weekly service on the North At- 
lantic in winter, requiring speeds of 28 or 29 knots, 
the length of express liners cannot well be less than 
950 f t  (See Chapter VIII). 

Excessive fullness also promotes a tendency to bot- 
tom damage due to slamming. Flat areas on the bottom 
forward should be avoided. The floor lines should begin 
to lift immediately the parallel body ends, so as  to give 
a V-shape which will allow the hull to enter the water 
smoothly when the ship is pitching (Todd, 1945). The 
relative qualities of U and V-sections in avoiding bot- 
tom damage have been analyzed by Townsend (1960) 
of the U. S. Salvage Association, who showed the dan- 
gers in vertical stems and too-pronounced U-sections 
forward. These questions are discussed further in 
Chapter VIII, but it is essential to have in mind the 
importance of seagoing behavior from the very incep- 
tion of a new design. 

Fig. 61 shows typical @-curves for different types 
of ships (Todd, 1963). The wave-making resistance 
humps occur approximately at values of Fn equal to 
0.24, 0.30 and 0.48, and their importance depends upon 
the speed and fullness of the ship. The coaster, with 
a prismatic coefficient C, = 0.83 cannot be driven 
above Fn = 0.158 without an excessive increase in 
resistance, and as  shown in Fig. 61 this coincides with 
Troost’s definition of sustained sea speed. These 
speeds for the cargo ship and tanker also indicate the 
points where the resistance begins to increase rapidly. 



68 PRINCIPLES OF NAVAL ARCHITECTURE 
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Fig. 61 Typical @ curves 

In the trawler, with a finer hull form of C, = 0.57, 
the lower humps are not very marked, and a Fn value 
of 0.24 can be reached before the rise in the 0 curve 
begins. However, speed has great significance in these 
ships, to get to the fishing grounds quickly and to get 
home to market afterwards, and they are usually over- 
driven up to values of Fn = 0.30. 

The cross-channel ship, of C, = 0.58, can be driven 
to Fn = 0.33 without excessive resistance, for al- 
though the C, is the same as in the trawler, the length 
is perhaps twice as great, showing the advantage of 
length in delaying the onset of heavy wave-making. 

The destroyer, in which economy in the commercial 
sense is not paramount, normally has a top speed of 
Fn = 0.6 or more, well beyond the last hump at  about 
Fn = 0.48. 

When the principal dimensions and fullness coeffi- 
cients have been chosen, the resistance then depends 
chiefly upon the following elements of ship form: 

(a) Distribution of displacement along the length, 
as typified by the curve of cross-sectional areas and 
the LCB. 

(b) Shape of the LWL, particularly in the fore body. 
(c) Shape of the transverse sections, especially 

(d) Midship-section area coefficient. 
(e) Type of stern; i.e., raised counter, cruiser, tran- 

som, and so on. 
The midship-section coefficient C, varies with full- 

ness. In merchant ships with block coefficients around 
0.80, it may be as high as 0.995. As the fullness de- 
creases and the length of parallel body becomes 
shorter, it is necessary to ease the midship-section area 

near the ends. 

somewhat to avoid too pronounced shoulders in the 
lower waterlines. In Series 60 the relation between C,, 
C,, and C, is as follows: 

CB 0.800 0.750 0.700 0.650 0.600 
C, 0.994 0.990 0.986 0.982 0.978 
C p  0.805 0.758 0.710 0.661 0.614 

With still finer ships, C, is still smaller, being about 
0.93 on fast passenger liners, trawlers and tugs, and 
0.90 on cross-channel ships. 

The choice of the shape of section area and LWL 
curves depends upon the values of Fn and C,, and will 
also be influenced by the need to provide adequate 
stability. Naval architects must draw upon their own 
experience, with recourse to published design data, 
where there is much information on the best values 
or shapes for these elements of form for different kinds 
of ships. General guidance in this field has been given 
by Taylor, D.W. (1943), Lindblad (1961) and Todd 
(1945). The recommendations from the two last-named 
sources are summarized in Table 17. The ship types 
are arranged in order of decreasing block coefficients, 
from 0.80 for a slow-speed cargo ship to 0.52 for a 
cross-channel ship. As already mentioned, there is a 
corresponding reduction in C,, and with the finest 
ships this will approximately compensate for the re- 
duction in C,, so that C, tends to reach a steady value 
of around 0.59. Indeed, a t  the very highest Fn values, 
the C, can be increased with advantage, as first pointed 
out by Taylor, and in destroyers it may be as high as 
0.65. These points are illustrated in a chart given by 
Saunders (1957) showing the relations between speed- 
length ratio, prismatic coefficient, and displacement- 
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length ratio. This is reproduced in Fig. 62. The curves 
were based upon data from a variety of sources, and 
result in two pairs of empirical curves which define 
two “design lanes.” These apply to merchant and com- 
batant vessels of orthodox form, and not to special 
types such as fishing vessels and tugs. 

The load waterplane coefficient C ,  decreases with 
decreasing fullness, its value depending also to a con- 
siderable extent upon the type of transverse sections. 
For Series 60 it is related to the C, by the approximate 
formula 

C ,  = 0.18 + 0.86Cp 
In general C ,  will depend also on the stability re- 
quirements and sea keeping. 

In full ships considerable parallel body can be 
worked in with advantage, and the entrance can be 
short, the run being long and fine to minimize sepa- 
ration and form resistance. As C, decreases, so does 
parallel body, and the entrance is made longer to re- 

duce the increase in wave-making resistance, the LCB 
moving aft in consequence. Most of the reduction in 
C, is thus accomplished by fining the entrance, the 
change in the coefficient of the run being much less. 

The sectional area curve and load waterline follow 
a similar pattern. At low Fn values and high prismatic 
coefficients, both are slightly convex forward and aft. 
As Fn increases, they become straight and eventually 
S-shaped with a hollow near the stern. At Fn values 
of 0.45 and above, the hollow should disappear in the 
LWL, which should be straight or even slightly convex 
in destroyers and other high-speed types. In such ships, 
too, the onset of high wave-making resistance calls for 
as long a length as is compatible with the other design 
requirements. 

The information given in Table 17 can only be used 
for general guidance in the preliminary design stage. 
In any particular ship design, more detailed analyses, 
based upon model and full-scale data for closely similar 
ships, must later be made to determine the most suit- 
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Table 17-Variation of Form Coefficients and Elements of Hull Shape, Based on Lindblad (1961) and Todd (1945) 

Slow speed Medium speed 
Type of ship cargo ship cargo ship Cargo liners 

0.80 0.75 0.70 
0.99-0.995 0.985-0.99 0.98 

0.809-0.805 0.762-0.758 0.715 
0.88 0.84 0.81 

0.15-0.18 0.18-0.19 0.21 
L ercent 

trom rr 
J,p_pJ,- 35 

0.7 
25 

0.8 
12 

0.9 
E i y e c e n t  35 25 12 

0.7 0.8 0.9 LEB percent L~~ 1.5-2.5 fwd 1.0-2.0 fwd 0-1.0 aft  
from PP a 

Fwd Straight with 
U sections, 
slightly con- 
vex with V 
sections and 
raked stem 

Aft Straight or 
slightly con- 
vex with 
easy shoul- 
der 

Sectional area 
curve shape 

Straight with Straight with 
slight hollow some hollow 
a t  extreme forward giv- 
fore end ing S-shape 

Straight or Straight ex- 
slightly con- cept a t  ex- 
vex treme aft  

end 

Passenger and 
cargo, fruit 

ships 

0.65 
0.98 
0.664 
0.78 
0.24 

5 
1 .o 

1.0-2.0 aft 

S-Shape-fine 
entrance es- 
sential with 

ronounced K ollow for- 
ward 

Straight ex- 
cept a t  ex- 
treme aft  
end 

Fwd Slightly con- Slightly con- Sli htly hollow S-Shaped, hol- 
vex through- vex'or grward, or low forward 
out straight strai ht 

with7onger 
entrance I 

Half-angle of 
entrance on 
LWL (id 

Aft, Slightly con- Slightly con- Slightly con- Slightly con- 
vex. If possi- vex vex vex 
ble the slope 
should not 
exceed 20 
deg 

35 deg 27 deg 12 deg with 10 deg 
hollow L WL, 
16 dee if 

High-speed 
passenger liners, 

ferries, etc. 

0.60 
0.97 
0.62 
0.71 

0.24-0.30 
n 

1 .OLl.  1 
1.5-2.0 aft  

Fast passenger 
liners, trawlers, 

tugs 

0.55 
0.93 
0.59 
0.69 

0.24 -0.36 
0 

1.1-1.2 
2.0-2.8 aft  

Cross-channel 
ships 

0.54 -0.52 
0.9 15-0.905 
0.59 -0.575 
0.69 -0.675 
0.36 -0.45 

0 
1.2 

2.0-3.0 af t  

v 
0 

Destroyers 

0.46-0.54 
0.76-0.85 
0.56-0.64 
0.68-0.76 

0.45 and above 
0 

0.55 
0.5-2.0 af t  

S-Shape for Fn S-Shape at Fn S-Sha e with Maximum area 
= 0.24, becom- = 0.24 holEw for- aft  of mid- -D 

above this above Fn = = 0.36 be- Straight or z 
value, with ad- 0.27 comin slightly con- G 

vex area I- straigater curve for- v, in 
dition of bulb 

for 0.45 
ward 

Straight except S-Shape Strai ht with Good buttock 2 

ing straight straight ward a t  Fn ships. E 

V 

a t  extreme aft  hofow a t  ex- lines af t  and 
end treme aft  transom z P 

z 
slight hollow Fn = 0.30 with hollow, midshi s. 4 

value ings fuller quite W 

end stern 

9 Fine WL, almost Fine WL, S- Up to Fn = Maximum 
straight with shaped below 0.30 fine WL beam aft  of 

3 straight above Fn = Waterfne 
above this 0.3, WL end- forward c 

and straight, straight or 
or hollow even a little 
with bulb convex 

Full WL, nearly Full, straight Full WL, con- WL aft very 

transom 
stern and 
cover screws 

straight or convex vex full to su1t 

6 deg 8%-10 deg 6-7 deg below 4-11 deg 
Fn = 0.30. 
Above this 
speed, 9 deg 
with 
straight WL, 
6 deg with 
hollow and bulb 

L W L ~ S  
straight 
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able form together with estimates of the probable ef- 
fective and shaft powers. 

8.3 Design Data. Naval architects in designing a 
new ship must study the effects upon power of a num- 
ber of choices of hull form and proportions. Data for 
such comparisons are available in the publications of 
the technical societies and the technical press, to which 
they will add their own experience from past designs. 
Many of these data are derived from model experi- 
ments, and it is quite impossible to describe other than 
representative examples. 

8.4 Model Resistance Data Sheets, SNAME. A val- 
uable source of information exists in the data sheets 
published by The Society of Naval Architects and Ma- 
rine Engineers (1953-1966). These have been compiled 
for some 150 ships from the results of model experi- 
ments carried out in various towing tanks. All types 
of ships are included, it being one of the objects of the 
collection to give a variety of data for the benefit of 
those naval architects not having access to other 
sources or engaging in a new basic field of design. The 
sheets give all the principal form coefficients, the basic 
model data, and predicted values of RR/W and 0 to 
bases of VK/$ and 0, respectively. Area curves and 
lines plans are included. 

8.5 Methodical Series Experiments. The data given 
in the Society’s sheets and in many pubished papers 
are valuable guides in the design of closely similar 
ships. On the other hand, they refer to a group of 
completely unrelated forms, and it is difficult to de- 
termine the trends in resistance values with changes 
in proportions and coefficients or, what is equally im- 
portant, the penalties involved in specific changes. 

Information of this kind is obtained by running a 
series of models in which the principal characteristics 
are changed in a systematic manner. The results of 
such methodical series can be used to plot design 
charts which are of inestimable value to the designer. 

Such a series may be based upon a single parent 
form or upon a number of parents related to one an- 
other in some graphical or mathematical pattern. The 
prismatic coefficient can be changed by systematic var- 
iations in the curve of areas, while the proportions 
such as L/B and B/T can be varied by straight geo- 
metrical methods. 

8.6 Taylor’s Standard Series. A complete investi- 
gation of the effects of altering proportions using a 
single parent form was made by Admiral Taylor in the 
Experimental Model Basin (EMB), Washington, giving 
rise to the well-known Taylor’s Standard Series (Tay- 
lor, D.W., 1943). 

The original parent was patterned after the British 
cruiser Leviathan of 1900, which had a ram bow and 
twin-screw, cruiser stern. For the series parent, the 
ram was eliminated, the maximum section was moved 
to midlength, and a 3 percent bulb was adopted at the 
bow. The sectional-area curves and body lines for the 
other models were derived from the parent partly by 
mathematical means. The models were run a t  various 
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Fig. 63 Lines for the parent form of Taylor's Standard Series 

periods up to 1914, and the first full presentation of 
results was in the 1933 edition of Speed and Power 
of Ships. The data appeared as contours of residual 
resistance per tonne of displacement against prismatic 
coefficient and displacement-length ratio, each chart 
being for particular values of B/T and VK/$. 

These contours were derived by the methods in use 
a t  EMB in 1910; the model frictional resistance was 
determined by the use of frictional coefficients mea- 

sured on 20-ft planks in the Washington tank and the 
full-scale frictional resistance was calculated by using 
Tideman's ship coefficients. After some intermediate 
changes, the ATTC standard method was adopted in 
1947, the ship PE being increased by a model-ship cor- 
relation allowance of + 0.0004, as already described 
(Section 3.5). In view of this change, the Taylor data 
were reanalyzed, and the new contours based on the 
ATTC coefficients were published by Gertler (1954). 
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The lines of the parent form are shown in Fig. 63. 
The midship-section area coefficient was 0.925. The 
prismatic coefficients of the fore-and-aft bodies were 
equal, and the LCB was always amidships. The quan- 
tities varied were C,, B/T and W/(L/100)3, the mid- 
ship-section area coefficient C, remaining constant. 

The variations in L/B, B/T, and W/(L/100)3 were 
obtained by selecting different ratios of B/T and L/B 
and varying the offsets geometrically. 

The ranges of the variables covered in the Taylor’s 
Standard Series are: 

C, ....................................... 0.48 to 0.86 
B/T.. ............................ 2.25, 3.00 and 3.75 
W/(LwJ100)3 (English) .................. 20 to 250 
C, .............................................. .0.925 
V/(LwL)3 ....................... 0.70 to 8.75 x 

In presenting the reanalyzed results, Gertler used 
the nondimensional volumetric coefficient V/(LwL)3 in 
preference to W/(L/100)3. Contours of the wetted sur- 
face coefficient 

c, = s / J G  
were derived and given for three different values of 
B/T. 

In converting the Series results to the ATTC pre- 
sentation, Gertler went back to the original model data. 
In doing so, he took the opportunity of making certain 
corrections to the data, which had been omitted in the 
original Standard Series presentation, including the 
effects of temperature, the absence of turbulence stim- 
ulation and the interference between model and tank 
boundaries upon the measured resistance. 

To facilitate the calculation of PE for specific ships, 
Gertler gave charts of CR to a base of V/& C,, 

is nondimensional in any consistent equal to ___ 

system of units, as is V / z .  An auxiliary scale of 
V/& in units of knots and feet was incorporated 
on the charts. 

The design charts give contours of C, against 
V/& for various values of V/LwL3, each chart 
being for a particular value of C, and B/T, Fig. 64. 

For merit comparisons, Gertler used the @ - 0 
presentation for a ship of standard length of 121.92 m 
(400 ft)  on the L, in water of 3.5 percent salinity at 
15 deg C (59 F). The values of C, for this ship can be 
found from Fig. 21 of the publication by Gertler (1954), 
as a function of 0, VK/& or Fn. C, is obtained 
from the charts, so that C, = C, + C,, with the 
addition of the model-ship correlation allowance of 
+0.0004 if desired. 

RR 
XPSV’ 

@ can then be found from the equation 
@ = 39.78 @ CT (45) 

Gertler gives charts for the conversion of C, and Fn 
(or V K / d L )  to @ and 0. For a ship designed to carry 

B 
v) Lu 

3 
4 > 
5 
W PI 
u1 Y 

u- 
0 
PI 

9 
z 

1.60 

1.40 

1.20 

1.00 

0‘ 

t5 1.20 ; 
PI 

1.00 

Fig. 65 Variation in Taylor’s Standard Series P, with change of C, for a 
ship with L/V” = 8.7 

a given displacement a t  a given speed, curves of @ to 
a base of @ will give a merit comparison between 
various choices of dimensions, as described in Section 
7. 

Merit comparisons can also be obtained from the C, 
presentation for any particular design by calculating 
and plotting curves of the ratio of PE to that of the 
model used for reference. Such curves can also be used 
to find the effects of major changes in design param- 
eters. 

Such a comparison for ships of the destroyer type 
is shown in Fig. 65, taken from Gertler (1954). In this 
case, the displacement volume is 2720 m3 and the value 
of L/V‘ is 8.7. For values of Fn less than 0.30, the 
lowest PE is realized by using the smallest C, value 
of 0.50. At high speeds, the picture is different, and at 
Fn = 0.60, corresponding to 40 knots, the best C, is 
about 0.65 to 0.67. 

Figure 65 also shows that an increase in B/T causes 
a moderate increase in PE, but the effect may be larger 
in rough water than in smooth. 

In some other experiments, Taylor, D.W. (1908) in- 
vestigated the effects of shape of midship section on 
resistance. The models all had a Cp = 0.56, the same 
curve of areas, and the same maximum section area, 
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the LWL curves being very nearly the same shape. 
The midship-area coefficient C, varied from 0.7 to 1.1 
in the five models, based upon the beam at the LWL. 
The fuller area coefficient had a slight advantage up 
to Fn well above 0.33, but the difference in RR/W for 
the whole series was very small. Taylor therefore con- 
cluded that the shape of the midship section was not 
an important factor in determining residuary resist- 
ance. 

The method of calculating the resistance and effec- 
tive power from the Taylor Series charts can be illus- 
trated as follows. Consider a vessel with the following 
characteristics: 

L, = 121.92 m (400 ft) 
L ,  = 123.96 m (406.7 ft)  

V = 6612.55 m3 (233,520 ft3) 
B = 15.24 m (50 ft) 
T = 5.081 m (16.67 ft)  

B/ = 3.00 LwJV z = 6.61 
V / L ~ ~  = 3.47 x 10-3 

C, = 0.688 
C, = 0.698 
S = 2363.10 m2 (25436 ft’) 
V = 7.822 m/sec. (15.206 knots) 

V‘ = 18.770 m 
The full-scale Reynolds number is calculated as fol- 
lows: 

= 
8.16 x 10’ for salt water a t  15 deg C (59 F). and C,,, 
= 0.001570 according to the ITTC-1957 friction line 
(see Table 12). The residual resistance coefficient C, 
is determined from the appropriate Taylor’s Standard 
Series diagram for B/T = 3.0 and C, = 0.70 (which 
is close enough to the actual value of 0.698 for the 
appropriate Fn value of Fn = 7.822/ + 9.81 x 123.96 
= 0.224. From Fig. 64 it follows that CR = 0.000950. 
The correlation allowance for a ship length in between 
50 m and 150 m is 0.00035 or 0.00040 (see Table 13). 
On adopting the value of 0.00040 the total resistance 
coefficient becomes CT, = 0.001570 + 0.00095 + 
0.00040 = 0.00292. 

Rn = VL,/v = 7.822 x 123.96/1.1883 x 

Hence RTs = XpSV x CT, 
= 0.5 x 1.0259 x 2363.1 x (7,822)’ x 

0.00292 
= 216.56 kN 

= 1693.9 kW 
and PEs = R T S  x V = 216.56 x 7.822 

In using the Taylor Series results it should be borne 
in mind that the maximum midship coefficient value of 
the Series is only 0.925 and that the Taylor models 
have a deep cruiser stern suitable for a twin screw 
propulsion arrangement. Also the LCB location has 
not been optimized but is stationed at the midships 
location. 

Graff et  a1 (1964) presented the results of tests with 
Standard Taylor Series models with higher B/T ratios 
and with differing LCB positions. These supplementary 
tests were intended for use in predicting resistance 
properties of slender, fast ships. Accordingly, the 
models were tested up to a speed corresponding to Fn 
= 0.90. The effects of shallow water were also studied. 

8.7 Series 60. In 1948 the Society of Naval Ar- 
chitects, in cooperation with the ATTC, sponsored un- 
der the guidance of a technical panel the preparation 
of parent lines for a series of single-screw merchant 
ships. The parent lines were developed at the Taylor 
Model Basin and the model tests were carried out there 
under the Bureau of Ships Fundamental Hydrome- 
chanics Research Program. These models formed “Se- 
ries 60” in the Model Basin sequence, and the results 
were published by Todd (1963). 

The five parent models covered block coefficients 
from 0.60 to 0.80, and a range of values of L/B, B/T, 
displacement-length ratio and LCB position, as set out 
in Table 18. 

The length L, is that between perpendiculars, mea- 
sured from the centerline of rudder stock to the for- 
ward side of the stem on the designed load waterline. 
In presenting the ship results, L, was taken as 121.92 
m (400 ft) and the corresponding length on the water- 
line, L,, was 123.96 m (406.7 ft). The models all had 
a vertical stem and a stern with an aperture for a 
single screw. There was no bulb at the bow. The models 
were 6.10 m (20 ft) in length and were run in the large 

Table 18-Particulars of Series 60 Models 

CB 0.60 0.65 0.70 0.75 0.80 
C M  0.978 0.982 0.986 0.990 0.994 
C P  0.614 0.661 0.710 0.758 0.805 
L / B  6.5-8.5 6.25-8.25 6.00-8.00 5.75-7.75 5.50-7.50 
B / T ,  2.5-3.5 2.5-3.5 2.5-3.5 2.5-3.5 2.5-3.5 
L / V  5.60-7.50 5.32-7.16 5.05-6.84 4.79-6.55 4.55-6.27 

6.20-7.20 6.03-7.04 5.90-6.98 5.78-6.88 5.71-6.84 E PCt L P P  0 3.5 11.9 21.0 30.0 
2.48A to 2.468 to 2.05A to 0.48F to 0.76F to 

1.37F 2.55F 3.46F 3.51F 
(optimum (optimum (optimum (optimum (optimum 
1.69A) 1.01A) 0.25A) 2.60F) 2.70F) 

a L P P  

i; 6.2-8.7 7.3-9.6 9.7-12.9 19.8-25.9 38.9-47.8 
(Note: L,  is length of parallel midbody) 
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AP E FP 
STATIONS SPACED A L O N G  121.9 M (400 FT) B.P. LENGTH 

Fig. 66 Series 60-sectional area coefficient curves of parent models 

TMB tank with a width of 15.5 m (50.8 ft) and a depth 
of 6.7 m (22 ft). Turbulence stimulators were fitted. 

The models of most methodical series have been 
derived from a single parent form by changes in the 
area curve, as described for the Taylor’s Series, and 
proportional geometrical changes. When carried to 
cover very different proportions and to fullness coef- 
ficients suitable to very different values of Fn, such 
changes led to unrealistic forms, regardless of how 
good the parent lines may have been for the original 
design conditions. In Series 60 another approach was 
used. Five parent forms of C, = 0.60, 0.65, 0.70, 0.75 
and 0.80 were developed, each incorporating the fea- 
tures considered necessary for good resistance quali- 
ties at its appropriate value as deduced from results 
for successful ships. The sectional area and waterline 
curves for these parents were plotted and faired to a 
base of the prismatic coefficients of entrance and run 
and cross-faired with the area curves and body plans. 
Auxiliary curves showed the lengths of parallel body 
for each value of C, and the necessary lengths of 
entrance and run to be associated with these to give 
any desired position of LCB. The sectional area-coef- 
ficient curves for the five parent models are shown in 
Fig. 66. 

A number of models were then run to determine the 
optimum location of LCB for each block coefficient, 
their lines being derived from the design charts just 
described. The results of these tests are summarized 
in Fig. 67. This shows the optimum LCB locations and 
the corresponding minimum @ values. For a given 
value of C,, the optimum LCB location moves aft  as 
the value of @ is increased. When C, and @ are known, 

this figure will give the optimum LCB position and the 
corresponding minimum @-value if the proportions 
and lines of the ship conform with those of the Series 
60 parents. Thus, for a C, = 0.65 and a @ = 2.1, the 
best position of LCB is 1.45 percent of Lpp aft  of mid- 
ships, the corresponding minimum @ value for a 
length of 121.92 m (400 ft) being 0.73 and Fn = 0.244 
(based on Lpp). A point of considerable interest is the 
remarkable constancy of the minimum @-value at the 
Troost sustained sea speeds, which varies only be- 
tween 0.72 and 0.74 over the full range of block coef- 
ficient. 

The optimum location of LCB was then assumed to 
apply to all models of a given block coefficient, re- 
gardless of L/B and B/T and these ratios were varied 
on a number of models to cover the range of values 
shown in Table 18. The results were presented in two 
ways: 

(a) Contours of RR/W, lbs per long ton (2240 lb) 
of displacement, against C, and L/B each chart being 
for given values of B/T and VK/&. 

(b) Contours of @ for a length of 121.92 m (400 
ft) against C, and L/B, each chart being for given 
values of B/T and @. The @ values included a model- 
ship correlation allowance of 0.0004, which is suitable 
for calculations for ship lengths up to about 150 m 
(492 ft) in length. 

To demonstrate the use of the Series 60 results, 
calculations can again be carried out for the example 
adopted in Section 8.6 as follows: 

@ = & Fn, = fi V/@ 
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Fig. 67 Series 60 minimum @ values and optimum LCB position 

= 3.5449 x 7.822/49.81 x 18.77 
= 2.043 

From charts B.61 and B.62 of Todd (1963) the following 
values of @ can be found (for a vessel of 121.92 m 
length): 

@ = 2.0 @ = 2.1 
@ = 0.75 @ = 0.79 

By interpolation, for @ = 2.043, it follows that @ = 
0.768. Accordingly, 

= 0.0251 x 0.5 x 1.0259 X (18.770)2 x 

= 213.144 kN 
(7.822)' x 0.768 

and PEs = R,-V = 213.144 x 7.822 ~. 

= 1667.2 kW 
For design use, assuming that L, B, T and V are 

known, these charts enable <he resistance and effective 
power to be estimated over a range of speeds for a 
ship having Series 60 lines and an LCB in the position 
chosen for the parent forms. For any other position 
of LCB dictated by design needs, the change in RTs 
and PE can be estimated from the results of the aux- 
iliary LCB variation series. The contours of sectional 
area and load-waterline coefficients enable a body plan 
to be produced quickly which will fulfill all the fore- 
going design conditions. 

The data may also be used to explore the effects 
upon power of changes in principal dimensions and 
coefficients during feasibility studies, so as to ensure 
the best results within the design conditions or to de- 
termine the penalties involved in such changes. 

The contours can also be used for comparative pur- 
poses. If a new design has secondary characteristics 
which differ from those of its Series 60 equivalent, but 
model results are available for some other ship which 
more closely resembles it in these respects, the latter 
may be used as a "basic ship." Calculations of PE can 
be made from the contours for the Series 60 equiva- 
lents of both the new design and the basic ship. Then 
approximately 

PE for new ship = PE of Series 60 equivalent 
PE for basic ship 

PE for Series 60 equivalent basic ship 
Fig. 68 shows the predicted PE for a bulk carrier with 
C, = 0.78 derived in this way, .using a tanker as the 
basis ship, compared with the PE derived from actual 
model tests. 

Finally, the models of Series 60 were all run self- 
propelled, and Todd (1963) includes contours of wake 
fractions, thrust-deduction fractions and propulsive ef- 
ficiencies for a number of propeller diameters and 
power characteristics. These data, together with the 
PE values, enable close estimates to be made of the 
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delivered horsepower, P,, at the propeller. 
Lackenby, et  a1 (1970) presented the results of the 

Series 60 models in the form of @ values for a 121.92 
m (400 ft) ship based on both the Froude and the ITTC- 
1957 skin-friction lines. These @ values were pre- 
sented without any model-ship correlation allowance 
included, which will allow application to cases for 
which C, is not equal to 0.0004 more directly. 

8.8 Other Methodical Series of Merchant Ship 
Models. It is impossible to give in detail the results 
of the many other series of merchant ship models 
which have been run in different tanks. Herewith are 
references to some of the more important and an in- 
dication of their scope. For a full index see SNAME 
(1973). 

(a) British Maritime Technology, (Moon, et al, 
1961 and Lackenby et  al, 1966). This series covers 
variations in block coefficient from 0.65 to 0.80, and in 
LCB position, for a basic, single-screw ship having the 
following dimensions: 

L, = 121.92 m (400 ft) 
L ,  = 124.76 m (409.32 ft) 

B = 16.76 m (55.00 ft) 
T = 7.93 m, 6.4 m and 4.88 m (26 ft, 21 f t  and 16 

Besides the influence of C, and LCB, the influence of 
variations in parallel middle body and B/T were de- 
termined. The results are presented as @ values to a 
base of speed with correction curves for movement of 
LCB from the standard position. The @ values are 
based on the Froude friction coefficients, and curves 
are given for converting them to the basis of the ITTC- 
1957 friction line. 

(b) Swedish State Shipbuilding Experimental 
Tank, Gothenburg (SSPA): 

1. High-speed, twin-screw cargo liners (Lindblad, 
1951). Two series of models, Table 19, were run to 
investigate the effect of the position of LCB on re- 
sistance. 

2. Fast, single-screw cargo ship models (Nord- 
strom, 1948) and (1950). Two series of models, Table 
20, were run, covering the variations in length, B/T 
and LCB position. 

3. Tanker models (Edstrand, 1953-56). The parent 
form represented a single-screw tanker. The experi- 
ments covered variations in forebody section shape 
(from extreme V to extreme U), L/B ratios between 
7.2 to 8.1, B/T ratios of 2.3 and 2.5, C,-values of 0.725 
to 0.80, LCB positions from 0.3 to 3.0 percent of L,  
forward of amidship for the C, = 0.80 model. 

4. Single-screw cargo ship with C, = 0.525 to 0.750 
(Edstrand, et  al, 1956, and Freimanis, et  al, 1957-59). 
This work forms an extension of Nordstrom (1948) and 
(1950). Variations in L/B (from 6.54 to 8.14), in B/T 
(from 2.1 to 3.0), in LCB (from 1.0 to 4.0 percent of 
L, aft of amidship). Also, systematic changes in fore- 
and aft  sections and in waterline shape were studied. 

ft). 

5. Coaster models (Warholm, 1953). Variations in 
L/B (from 4.5 to 7 3 ,  in B/T (from 2.0 to 2.8), in C, 
(from 0.6 to 0.75) and in LCB (from 1 percent of L,  
forward to 2 percent L,  aft of amidship), were studied. 

(c) NPL Coaster Models. Experiments on an ex- 
tensive series of models of coasters have been carried 
out a t  the National Physical Laboratory, Teddington, 
England (Todd, 1931, 1934, 1938, 1940 and 1942, and 
Dawson 1952-60). They cover block coefficients be- 
tween 0.625 and 0.81, L/B ratios from 4.44 to 8.0 and 
B/T ratios from 2.05 to 2.75. The results are presented 
as curves of @ for a 60.96 m (200 ft) length to a base 

(d) Trawlers. Trawlers are usually of fairly fine 
form and run at relatively high Froude number values 
of 0.3 to 0.35, while the length-displacement ratios are 
relatively low. This combination of high Froude num- 
bers and low length-displacement ratios usually falls 
outside the range of most model series. 

Maintenance of sea speed is most important, as 
stated previously, and it is essential to provide ade- 
quate freeboard and flare at the bow to keep the ship 
as dry as possible in bad weather. 

Methodical series experiments on trawler forms 
have been made by Ridgely-Nevitt (1956) and (1963). 
The four parents had prismatic coefficients of 0.55, 
0.60, 0.65 and 0.70 with values of the length-displace- 
ment ratio L/V”3 ranging from 3.85 to 5.23. The lines 
were derived separately to suit each fullness, as in 
Series 60. The hulls have a cruiser stern, single-screw 
aperture, and no bulb. The series covered block coef- 

of 0. 

9000 

7500 

c 

5 6ooo 
Y 

b 
3 2 4500’ 

3000 

1500:: I0 Speed, knots 14 16 

Fig. 68 Comparison of P, from model tests of a bulk carrier with estimate 
from Series 60 charts. 
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Table 19 buttock planes with relatively gentle slope. 
3. Longitudinal center of buoyancy-Based on the 

results of preliminary model tests, location of the lon- Series C, on L,  L / B  B /T  LCB as pct Lpp from a 
A 7S4 2.4 pct aft to pct aft gitudinal center of buoyancy 2.5 percent of L,, forward 

of amidships was selected and held constant for the B 0.65 7.14 2.4 2.7 pct a f t  to 1.4 pct a f t  

ficients from 0.40 to 0.53, L/B ratios from 4.08 to 5.55 
and a B/T ratio of 2.30. The results are given as curves 
of @ to a base of 0. 

Methodical series experiments on trawlers have also 
been reported on by Lackenby (1959). Variations in 
midship coefficient C,,, (from 0.829 to 0.887), in beam- 
draft ratio B/T (from 2.0 to 2.75), and in length-dis- 
placement ratio L/V’’3 (from 4.35 to 5.10) were 
studied. 

(e) Full ship forms with low L/B ratios. System- 
atic series experiments on full ships with low L/B 
ratios were reported on by Keil et  a1 (1975). The effect 
of variations in L/B (from 2.73 to 4.74) and B/T (from 
2.40 to  10.00) were studied. The tested hull forms are 
characterized by a value of the block coefficient C, = 
0.76 and a value of the prismatic coefficient C, = 0.77 
(hence the midship coefficient C,,, = CJC, = 0.987). 
The length-displacement ratio L/V ‘ varied from 3.73 
to 5.13. The results are presented in the form C, = 
(l+k)C,, + mFn4 as a function of Froude number 
Fn. The values of the form factor k and the coefficient 
of Fn4 are given. 

The systematic series test program and analysis 
sponsored by the U.S. Maritime Administration (Rose- 
man, 1987) is also concerned with full ships. This pro- 
gram was carried out for a series of 16 models having 
the parameters defined in Figure 69. These parameters 
reflect the design trend toward low L/B ratios evident 
in the late 1960’s and early 1970’s for bulk-type vessels 
and are also applicable to restricted draft full forms 
with characteristically high values of breadth/draft, 
B/T. 

The single screw hull form parent has the following 
general characteristics: 

1. Entrance-Round waterline endings, similar to 
the cylindrical bow configuration of the NSMB series 
(Muntjewerf, 1970). The MarAd series differs from the 
NSMB series in that the forward stations have con- 
siderable V-form. 

2. Run-The very full ends associated with high 
values of C, and low values of L/B would necessarily 
result in blunt ends and flow separation for conven- 
tional hull forms. To minimize this effect, a buttock 
flow stern geometry was adopted, insuring flow along 

series. 

principal characteristics: 
The parent lines shown in Fig. 70 have the following 

0.875 
5.500 
3.000 
0.994 
0.117 
0.346 

The test program included resistance, propulsion, and 
maneuvering measurements in the Tracor-Hydronau- 
tics Ship Model Basin a t  Laurel, MD. The publication 
(Roseman, 1987) contains results of the data analysis, 
in the form of residuary resistance coefficient, C,, and 
hull efficiency factors, for systematic variations in C,, 
LP/B and B/T. Maneuverability characteristics are 
reported in the form of non-dimensional stability and 
control derivatives for a similar range of parameters. 

A comparison of expanded series predictions with 
corresponding data for conventional existing vessels 
of the same displacement and geometry indicates the 
following: 

1. The expanded series model resistance tends to 
be lower than the resistance of equivalent conventional 
hull forms with the same proportions and coefficients. 

2. Hull efficiency of the series models is low com- 
pared to values for equivalent prototypes of conven- 
tional form. 

3. The net power required for the series models 
tends to be less than required power for equivalent 
conventional hull forms. 

4. Coursekeeping characteristics of low Lp,/B, 
high B / T  forms are expected to be acceptable, based 
on analysis of the maneuvering data, provided that 
appropriate auto-pilot systems are installed. 

Further design data on ships of various kinds can 
be found in Section 8.12, Statistical Analysis of Model 
Data. 

8.9 Bodies of Revolution, Deeply-Submerged (Sub- 
marines). The resistance tests on a methodical series 
of bodies of revolution have been designed and run at 
Taylor Model Basin by Gertler (1950). These data en- 
able PE to be calculated for a variety of choices of hull 
forms, proportions and coefficients when making fea- 
sibility studies. 

The range of variables covered was as follows: 

Table 20 

Series C, on L~~ LIV’’~ L B/T LCB position ’ 
1 0.625 5.91 -7.5 to +15% 2.2 to 2.8 3 ct aft  to 1 ct fwd 
2 0.575 6.07 -5 to + 10% 2.1 to 3.0 3.5) pct aft  to 8.5 pct aft  

Variation in 
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(a) Without parallel body 
L / D  = 4 to 40 

C = 0.55 to 0.70 
Maximum section from nose = 0.36L to 0.52L 

Wetted surface coefficient C, = S / r D L  
L, = 0 

= 0.689 to 0.809 

(b) With  parallel body 
L / D  = 7.0 to 17.5 

C, = 0.685 to 0.840 

4.5 

B I T  

4 .O 

3.5 

3.0 

LPP‘B 
Fig. 69 Range of geometric parameters covered by MarAd Series 

Maximum section from nose = 0.28L to 0.16L (to 
beginning of 
parallel body) 

L, = 0.285L to 0.60L 
C, = 0.787 to 0.895 

(L, + L J l D  = 5 to 7 

Important information is also given on the resistance 
of appendages and the propulsive-efficiency factors. 

There have been proposals from time to time to build 
submarines for commercial purposes. The principal ad- 
vantages claimed for such ships are the elimination of 
wave-making resistance and independence of weather 
conditions. Volume for volume, the submarine has a 
greater wetted surface than the ordinary ship, and so 
starts off with the handicap of greater frictional re- 
sistance. The absence of wave-making resistance 
therefore does not make itself felt until relatively high 
Froude numbers are reached, perhaps in excess of Fn 
= 0.25. Because of cargo-handling problems, most pro- 
posals have been for oil or ore-carrying submarines, 
and these cargoes do not call for high speeds of trans- 
port. Other suggestions have been to use such ships 
to open up new ocean routes under the Arctic ice cap 
or into ice-bound ports, and there is no doubt of their 
great strategic military value. 

There are many difficulties in the development of 
such ships-the high initial cost, including that of the 
nuclear machinery, the need for skilled personnel and 
particularly the large drafts involved for building, 
docking, and operation. This latter feature would prob- 
ably impose an elliptical or rectangular cross section 
rather than circular, and this would detract from the 
saving in resistance due to the absence of wave-mak- 
ing. Information on such ships and data upon their 
resistance and propulsion features are to be found in 
Todd (1960) and Russo, et a1 (1960). 

8.10 Effect of Bulbous Bows on Resistance. D. w. 
Taylor, when developing the lines for his standard 
series from those of HMS Leviathan, suspected that 
the projecting ram bow played a definite part in its 
superior performance, and was also aware of the idea 
of a “second bow wave that would neutralize the first.” 
He pushed the ram bow further beneath the surface, 
gave it a more bulbous character and thus produced 
the first bulb bow designed as such. A bulb of this 
type was incorporated in the battleship USS Delaware 
in 1907, which ship had an outstanding performance. 
(Saunders, 1957, Vol I, p. 368, and Saunders, 1938-41, 
pt. 2) and Havelock (1928) calculated the surface wave 
pattern around a sphere immersed in a uniform 
stream. The most important feature of this pattern 
was a wave trough just aft  of the sphere, which sug- 
gested the possibility of partly cancelling the bow wave 
of the hull by locating a sphere below the surface in 
the neighborhood of the stem. Wigley (1935-36) car- 
ried out calculations of wave profiles and wave-making 
resistance based on Havelock’s work, and published 
the basic theory for the bulbous bow. 
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At low speeds Wigley found the total resistance to 
be increased owing to the additional frictional and form 
drag of the bulb. At high speeds, the reduction in wave 
resistance due to the interference between the wave 
systems of hull and bulb, if properly located, is more 
than sufficient to overcome the frictional and form drag 
of the bulb, and the net result is a reduction in total 
resistance. 

Fig. 71 shows details of one bulb design in three 
different locations and Fig. 72 the percentage change 
in the calculated resistance for a ship 121.92 m (400 
ft) in length (see the discussion by Todd on Inui (1962). 

The calculated results were confirmed by experiments 
on 4.88 m models, in which the sphere was faired into 
the hull by a cylinder. The reduction in resistance is 
greater the further the nose of the bulb projects for- 
ward of the stem, while in the farthest aft position 
there is a substantial increase in resistance. 

Wigley's principal conclusions were: 
(a) The useful speed range of a bulb is generally 

from about Fn = 0.24 to 0.57. 
(b) Unless the lines are extremely hollow, the best 

position for the bulb is with its center at the bow; that 
is, with its nose projecting forward of the hull. 
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(b) Short Run 

Fig. 70 (Continued) 
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ELEVATION 
I L W.L 

I I - 

NOSE OF BULB O N  1360F 
IS 22.8 M AFT OF EP (75 FT.) 

25FT (7.62 M) 
I 

PLAN U 

Fig. 71 Details of bulbs fitted to Models 1360 and 1478 (Wigleyl 

(Dimensions are for a ship 121.92 m (400 ft) in length, 11.43 m beam and 7.62 m draft) 

Fig. 72 Percentage change in resistance due to bulb 
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(c) The bulb should extend as low as possible, and 
should be as short longitudinally and as wide laterally 
as possible, consonant with fairness in the lines of the 
hull. 

(d) The top of the bulb should not approach too 
near to the water surface. 

As mentioned previously, two of the principal fea- 
tures of ship form which control the resistance are the 
shapes of the area and load-waterline curves, espe- 
cially a t  the forward end. Both of these can be altered 
materially by the use of a bulb. The area curve can 
be filled out a t  the extreme fore end by adding dis- 
placement near the forefoot in the shape of a bulb 
without altering the LWL, although there will be a 
forward movement of the LCB. Alternatively, without 
changing the total displacement, the LWL can be made 
finer to balance the volume added by the bulb. 

The forebody area curves for a ship with and without 
a bulb are shown in Fig. 73. The bulb is usually defined 
by two coefficients, f and t, introduced by Taylor, where 
f is a measure of the area of cross section at the 
forward perpendicular, FP, and t is a measure of the 
slope of the area curve a t  that point. 

For a ship without a bulb, Fig. 73(a), f is zero. If a 
tangent is drawn to the area curve a t  the FP and 
extended to cut the midship ordinate at B, then t is 
defined as the ratio AB/AC = 1.20/1.00 = 1.20. 

For a ship with a bulb, Fig. 73(b), the area curve is 
continued through to the FP, ignoring the final round- 
ing of the bulb, to give a fictitious area at that point, 
equal to EF. The coefficient f is the ratio of this area 
to the midship area, and in the case shown f = EF/ 
AC = 0.16/1.00 = 0.16. The ship is said to have “a 
16 percent bulb.” A tangent is drawn to the fictitious 
area curve a t  the FP, i.e., a t  the point E, and extended 
to cut the midship ordinate at  B. Then 

- BD - (AB - AD) (1.36 - 0.16) 
DC (AC - AD) (1.00 - 0.16) 

- - 

= 1.43 1.20 
0.84 

- -- 

The value of t is not a true tangent, but has the same 
value regardless of the scales on which the area curve 
is drawn. Saunders (1957) has called it the “terminal 
ratio.” 

Two typical bulb forms withfvalues of 0.045 and 
0.135 (4.5 and 13.5 percent bulbs) are shown in Fig. 
74. 

Many model experiments have been made to find the 
effects of bulbs upon resistance (Taylor, D. W., 1911; 
Bragg, 1930, and Lindblad, 1944 and 1948). 

While the results of these experiments are not al- 
together consistent, there is a general confirmation of 
Wigleys’ theoretical conclusion that the bulb is most 
beneficial a t  Fn = 0.24 to 0.57, but some tests show 
substantial benefits a t  considerably lower speeds than 
Fn = 0.24, due to possible effects of the bulb on the 
viscous resistance as well. 

Trawlers run a t  high values of Fn (0.30 to 0.37) and 
have large wave-making resistance. These are condi- 
tions which should be favorable to the use of a bulbous 
bow, and this has been confirmed by model experi- 
ments. Doust (1961) has shown that the resistance of 
good conventional designs can be reduced by 10 to 15 
percent through the use of a bulb, and that the pro- 
pulsive efficiency is also increased by 4 to 5 percent, 
so that reductions in PD of as much as 20 percent are 
possible in smooth water. In model tests in waves, the 
bulb-type trawler also experienced a smaller reduction 
in speed. To achieve improvements, the bulb must not 
be treated merely as an addition or appendage, but the 
whole forebody should be redesigned, a fine load 
waterline being used with half-angles of entrance 5 to 
10 deg less than those of a normal trawler, and with 
the LCB as far aft as possible. Doust recommends that 
the bulb area should not exceed 5 percent in order to 
avoid risk of slamming damage. 

Johnson (1958) in Sweden has tested models of traw- 
lers with ram bulbs having values up to 8 percent. The 
resistance was reduced at all speeds above Fn values 

CURVE OF SECTIONAL AREA 
COEFFICIENTS 

\ \  f . 0  

Y 
(0) FORM WITHOUT BULB 

(b)  FORM WITH BULB 

Fig. 73 Definition of bulb in terms of f and t 
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around 0.28 to 0.30, the decrease at  Fn = 0.36 being 
about 12 percent a t  the design draft, and 20 percent 
when trimmed by the stern. 

Professor Inui (1960, 1962) in Japan has devoted 
much effort to the design of bulbs, visualizing their 
use at  both stem and stern to annul the wave systems 
normally arising at  those points. In his analysis, he 
keeps the bow and stern systems separate and cancels 
each one by means of an additional distribution of 
sources and sinks or “singularities.” These latter must 
generate a wave system such that the resulting ele- 
mentary waves have approximately the same ampli- 
tude as the free waves from the bow or stern and are 
in inverse phase. His so-called “waveless” form is 
based upon this principle. 

Bulbs of the Inui design have been fitted to a number 
of ships. Comparative trials have been carried out on 
two Japanese ferryboats, the Murasaki Maru and the 
Kurenai Mum. The second ship was fitted with a large 
bulb, three times the size of the ordinary one, the 
diameter being 3.5 m (11.48 ft) and the displacement 
about 40 m3 (1412 ft3) (JSS, 1961). Thefvalue for this 
bulb was 16.7 percent as compared with 5.5 percent 
for the normal size. 

The two ships were run together and aerial photo- 
graphs confirmed the reduction in the size of the wave 
pattern. At 18.5 knots the engine output with the 5.5 
percent bulb was 4023 kW, whereas with the 16.7 per- 
cent bulb it was only 3494 kW, a reduction of 13.1 
percent, equivalent to an increase in speed of nearly 
half a knot for the same power. I t  was estimated that 
the increase over a similar ship with no bulb was about 
0.8 knot. 

Systematic tests have been carried out for the Mar- 

Table 2 l -Particulars of Maritime Administration Model 
Tests (Bulbous bows) 

L ,  = 189.59 m C, = 0.595 

L,Fp = 183.49 m C, = 0.970 

B = 26.21 m C, = 0.613 

T = 8.53 m L / B  = 7.23 

V = 25,278 m3 B / T  = 3.07 

L/Vh= 6.46 
Design sea speed = 23 knots; Fn = 0.274 

Bulb area, ercent 0 4.5 9.0 13.5 
i, (half-angye of 

entrance on LW&, 
deg 11.25 8.75 6.25 3.75 

LCB, percent L ,  aft  
of amidships 0.48 0.39 0.29 0.19 

PE (kWatt) 15347 15049 14453 14043 
Reduction in percent 0 2.0 5.5 8.5 

itime Administration at  the Davidson Laboratory to 
investigate the effects of different bows both in smooth 
water and in waves, (Dillon, et al, 1955). In their pref- 
ace the authors called attention to the fact that while 
some ships are built with sharp stems, often heavily 
raked, others, designed for similar operating condi- 
tions, are built with pronounced bulbous bows and 
vertical stems. They concluded that the lack of agree- 
ment between naval architects is due to an absence of 
objective information on the subject, especially in 
rough-water conditions. 

One of the reasons commonly given against the 
adoption of bulbs is the fear of rough-water effects, 
but the authors found little recorded complaint in this 
matter. However, the evidence gathered by Town- 
send (1960) (Section 8.2) in this context should not be 
overlooked. 

The particulars and the results of the Maritime Ad- 

--- MODEL 1448-2 MODEL 1448-1 
41/2 % BULB 

- 
13‘/2 % BULB 

Fig. 74 Comparison of body plans. 4.5 and 13.5 percent bulbs 
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ministration models are given in Table 21, and the lines 
for the models with 4.5 and 13.5 percent bulb are shown 
in Fig. 74. The resistance results in smooth water are 
shown in Fig. 75. At low speeds the smaller bulb 
showed the better performance, a t  high speeds the 
larger, the changeover occurring between Fn = 0.21 
and 0.24. The variation in bulb area was not carried 
sufficiently far to show a minimum resistance value. 

At a constant PE = 18,625 kW, the loss of speed in 
different waves with the 13.5 percent bulb is given in 
Table 22. The order of merit of the different bulbs in 
severe waves was the same as that in calm water a t  
the same speed, i.e., around 17 knots. 

The wide variation in bulb size was found to have 

only a small effect on power or speed and on pitching 
motion in head seas. The wave length L,and the period 
of encounter had a much greater effect on these char- 
acteristics than did bulb size. Hence, the authors con- 
cluded that, for this design, the choice of bulb could 
be based on the smooth-water performance. There was 

Table 22-Reduction in Speed for 13.5 Percent Bulb in 
Waves 

Wave length-shio length 
I . 2  

ratio L;/L, 0 0.25 0.50 0.75 0.875 1.00 1.15 1.25 
V, in knots 24.3 24.1 23.7 22.9 21.8 18.6 17.6 18.0 
Loss in V, in percent 0.0 0.8 1.7 4.6 9.2 22.1 26.3 25.0 
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- MODEL No. 2 0 5  WITHOUT BULB -4 6o ----- MODEL No. 2 0 5  WITH BULB - 4 0  

u) 

- 
20: 

0 

A.P I 2 3 4 5 6 7 a 9 

Fig. 76 Wove profiles, with and without bulb, at Fn = 0.1267 (designed speed) 
[Trunodu, et al, 1963) 

no slamming in regular waves, but in irregular waves 
some occurred with all models. 

No evidence was found that large bulbs should 
not be used if found desirable for smooth-water 
performance. 

Much of the research into the effects of bulbs has 
been devoted to resistance and powering aspects. The 
effects on sea-going qualities must also be investigated 
before the decision is taken to apply a bulb for any 
particular case. 

The evidence seems to be that bulbs have little effect 
on pitching and if anything are beneficial in reducing 
such motions. Slamming and resultant hull damage 
are also feared, though in general there is little evi- 
dence that ships with bulbs have suffered any worse 
in this respect. Out-size bulbs do introduce problems 
in berthing and anchoring. Many warships today carry 
large sonar equipment forward, and certainly every 
effort should be made to house these in “bulbs” which 
will at least not add to the hull resistance at service 
speeds. 

A problem that has arisen in high-speed ships with 
bulbs is the occurrence of cavitation on the bulb sur- 
face, resulting in erosion and noise. The nose of the 
bulb should be elliptical rather than circular, and cal- 
culations should be made to ensure that the curvature 
is nowhere sharp enough to cause cavitation. Special 
attention should be paid to smoothing off weld beads 
and other roughnesses in this area. 

Large bulbs are now commonly fitted to big tankers 
and bulk carriers running a t  low Fn values, a t  which 
the wave-making resistance is relatively small. Re- 
ductions in resistance of approximately 5 percent in 
full load and 15 percent in the ballast condition have 
been obtained in model tests. These results are con- 
firmed in full-scale trials. In general about 1 knot in- 
crease in speed in the ballast condition is realized. Such 
gains are apparently possible on ships with block coef- 
ficients around 0.80 and at Froude number values of 
about 0.18. I t  is significant that the most substantial 
improvements are found in the ballast condition when 
the bulb is near the surface. The draft forward appears 
to be critical and care should be taken in choosing the 
ballast operating condition. 

The reasons for the large reduction in resistance are 
not entirely clear, but one effect of fitting such bulbs 

seems to be a reduction in the separation phenomena 
which experiments have shown to be present under 
the bows of some models, particularly those with 
strong U-shaped sections and hard bilges forward. 
Flow tests on certain models have shown that the pres- 
ence of a large ram bulb appears to stabilize the flow 
in this vicinity. 

I t  has been assumed generally in the past that the 
skin-friction resistance is chiefly a function of the wet- 
ted area and relatively insensitive to changes of shape 
of the hull. However, recent advances in the theoretical 
treatment of wave-making, mostly in Japan and di- 
rected towards obtaining a “waveless” form, have re- 
sulted in models which have shown quite large 
reductions in resistance at quite moderate speeds. The 
proportion of wave-making resistance at these speeds 
is such that these reductions in total resistance seem 
unlikely to be due only to wave-making. It suggests 
that the particular designs in question, which generally 
incorporate very large, protruding bulbs at the fore- 
foot, have also affected the flow around the hull in 
such a way as to reduce the average velocity and so 
the frictional resistance. Evidence pointing in this di- 
rection also occurs in a paper giving the results of 
model experiments on a cargo liner (R. Tsunoda, et  al. 
1963). The wave profile for the normal form has a 
trough following the bow crest, which indicates low 
pressure and high velocity around the hull in this re- 
gion, whereas the “waveless” bulb form, while being 
by no means waveless, and having a bow crest of about 
the same height as that of the conventional form, has 
no following trough, the water surface being always 
above the still waterline, Fig. 76. This suggests that 
the velocities over the hull, and so also the skin friction, 
are less with this type of form. This may be a further 
part of the explanation for the relatively large reduc- 
tion in total resistance found for such designs, even 
in large tankers at low values of the Froude number. 
It points to the necessity for studying the shape of 
the hull in order to reduce skin friction, pressure re- 
sistance as well as wave-making resistance. Such stud- 
ies are now being carried out. 

Much research remains to be done to gain a full 
understanding of the effects of large bulbs on slow, 
full ships. 

8.1 1 Cylindrical and Elliptical Bows (Spoon 
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Fig. 77 Body plans for models with C, of 0.825 

Table 23-Parameter Field Chosen for the MARIN Program 

L / B  6.5 
B/T 2.65 
C B  0 800 0 * 825 0 * 850 
fBr 0 0.07 0.11 0.15 0 0.07 0.11 0-15 0 0.07 0.11 0.15 
LCB 1.6 percent F 2.1 percent F 2.8 percent F 

~~~~ 

Bows). At MARIN, systematic experiments have 
been carried out on full-form ships (C, = 0.800, 0.825 
and 0.850) for which three cylindrical bows were de- 
signed (Muntjewerf, 1970). Table 23 gives the range 
of variables chosen for the experiments. The models 
represented a 183 m (600 ft)  bulkcarrier and a t  the 
same time a 244 m (800 ft) tanker. The body plans for 
the 0.825 block models are shown in Fig. 77. The test 
results were extrapolated according to the ITTC- 
Froude method, using the ITTC (1957) line with a cor- 
relation allowance C, = 0.00035 for the 183 m ships 
and C, = 0.00020 for the 244 m ships. 

Fig. 78 shows the optimum bow size as a function 
of Fn for different block coefficients and for two load- 
ing conditions. From this figure, it follows that for 

ballast as well as full load condition the optimum bow 
size increases with increasing Fn. Further it shows 
that the higher the block coefficient the larger the 
cylindrical bow should be. According to the results the 
optimum bow size for ballast condition is considerably 
smaller than for full load condition. 

Fig. 79 shows the reduction in effective power with 
an optimum cylindrical bow. This figure clearly shows 
that the advantages are most pronounced at 100 per- 
cent displacement. The highest reductions are obtained 
in the range of block coefficients between 0.825 and 
0.850. 

Using these results one often finds that a cylindrical 
bow has a slight negative effect in ballast especially 
at lower speeds. In Muntjewerf (1970) it also turns out 
that the improvements in the required power a t  the 
propeller are even a little more pronounced than the 
improvements in bare hull resistance. 

For a ship with C, = 0.85 experiments were carried 
out with a number of bow forms (Luthra, 1971). Fig. 
80 shows the parent form and the tested variations. 
The experiments were carried out a t  two drafts. Fig. 
81 shows the resistance results for the two loading 
conditions. For both drafts the elliptical bow forms 
turned out to have remarkably better resistance char- 

Next Page 
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100'1. DISPLACEMENT 50.1. DISPLACEMENT 

9 0.119 0.149 0.179 Fn 0.209 

Fig. 78 Optimum bow size as a function of speed-length ratio for different block coefficients 
(Muntjewerf, 1970) 
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Fig. 79 Percentages reduction in effective power with optimum cylindrical bow 

acteristics. The knuckled elliptical bow form has a 
slightly lower resistance values compared to the 
smooth elliptical bow, the latter having higher building 
costs. 

In a later publication by Luthra (1975), experiments 
were reported in which the elliptical bow form was 
fitted with a bulb. This form has a lower resistance 
than the parent bow form without a bulb. For a ship 
with C, = 0.75 experiments with a spoon bow have 
also been carried out but the improvements in this 
case turned out to be only marginal. 

8.12 Statistical Analysis of Model Data. In addi- 
tion to the published results for methodical model se- 
ries, there exists a vast store of resistance data for 
the many models tested for specific designs. These are 

generally unrelated except in a generic way, but they 
contain the results of many changes made to hull 
forms in the effort to improve their performance. Such 
data might therefore be expected to yield valuable 
results if analyzed statistically. Attempts to do this in 
the past have been unsuccessful because of the arith- 
metical labor involved, but the advent of high-speed 
computers has changed the situation. 

The first application to ship model data was made 
by Doust, et a1 (1958-59) a t  the National Physical Lab- 
oratory in England. He chose fishing trawlers for the 
purpose, some 150 models of which had been run in 
the NPL tanks, making a homogeneous set of data for 
a class of ship in which wave-making resistance, the 
part principally susceptible to hull shape, contributed 

Previous Page 
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PARENT FORM 

BULBOUS BOW 

ELLIPTICAL BOW, SMOOTH 

---- ELLIPTICAL BOW, KNUCKLED 

Fig. 80 Parent form and tested variations of Luthra (1971, 1975) 

a substantial part of the total resistance. 
Doust applied regression-analysis techniques to 

these data. He selected six parameters as being the 
most important in determining the resistance coeffi- 
cient CTL, Equation (39), a t  particular values of Fn, 
writing 

CTL = gRTL/ WV‘ 

= f ( L / B ,  B/T, C,, Cp, LCB position, iE) 
= 0.00505 [a, + a, (B IT)  + a,(B/T)’ . . . , 

+ C P  + a29 CP] 

The terms contained no powers of any one parameter 
higher than the second. 

For four values of Fn (0.238, 0.268, 0.298 and 0.328) 
the values of a,--a,, were determined on the computer 
for the 150 trawler models. 

The accuracy of the analysis was first tested by 
applying the equation to calculate the resistance of the 
models used to derive the coefficients-what may be 
called “playing back” the data. It was found that CTL- 

values so calculated were within 3 percent of those 
measured in 95 percent of the cases, and within 5 
percent for 99 percent at Fn = 0.238, 0.268 and 0.328. 
At Fn = 0.298, where the rate of change of C,, with 
Fn, is quite high, the differences were within 5 percent 
for 85 percent of the models. Since an accuracy of 2 4  
percent in C,, is equivalent to 21 percent in speed, 
or say 1 I 8  of a knot, this is quite acceptable for pre- 
liminary design use. 

The next step was to use the regression equation to 
investigate the optimum choice of parameters to suit 
any given design requirements. The equation was ex- 
tended by two more terms, and four hulls designed to 
give optimum resistance performance over a range of 
prismatic coefficient were made and tested. The results 
for one of these are shown in Fig. 82, which indicates 
the closeness of the prediction (Doust, 1962-63). 

Fig. 83 shows the results of the four new designs 
a t  a Froude number value Fn = 0.329, compared with 
the original data on which the analysis was based. I t  
can be seen that the new designs, derived from the 
statistical analysis, all give results below the best ones 
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- PARENT FORM 
BULBOUS BOW ----- ELLIPTICAL FORM 

-..- ELLIPTICAL FORM (KNUCKLED) 
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Fig. 81 Resistance coefficients for two drofts 
(Luthro, 1971, 1975) 

previously attained, the maximum reduction for the 
fullest model being some 22 percent. 

The same methods have been applied by Doust (1963) 
to fas t  cargoliner models and to the prediction of pro- 
pulsive efficiencies for both classes of ship. 

Recently, Holtrop, et a1 (1982) published the results 
of a statistical analysis of the results of resistance and 
propulsion tests with 191 models of various types of 
ship carried out at MARIN. I t  was found that for 95 
percent of the cases the accuracy of the statistically- 
derived formulas is satisfactory in preliminary design 
work if the range of variables is within that given in 
Table 24. 

Holtrop, e t  a1 (1984), extended their method to in- 
clude the Series 64 hull forms (Yeh, 1965). Also better 
formulas were obtained for the higher speed ranges. 
The regression analysis is now based on the results 
for 334 models. 

The viscous resistance is calculated from: 

where 
CFO = friction coefficient according to the ITTC- 

1957 friction line according to the formula 
0.075 

cFO = (log Rn-2)’ 

Table 24-Range of variables for statistical power 
prediction method at MARIN 

Maximum C, L / B  B / T  
Ship type Froude 

number min max min max min max 
Tankers, bulk 0.24 0.73 0.85 5.1 7.1 2.4 3.2 
carriers (ocean) 
Trawlers. 0.38 0.55 0.65 3.9 6.3 2.1 3.0 
coasters, ’ tugs 
Containerships, 0.45 0.55 0.67 6.0 9.5 3.0 4.0 
destro e r  types 
Car g olner s 0.30 0.56 0.75 5.3 8.0 2.4 4.0 
Roll-on, roll-off 0.35 0.55 0.67 5.3 8.0 3.2 4.0 
ships; car-ferries 
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k ,  = form factor of bare hull L,/L = 1 - C p  + 0.06Cp LCB l(4Cp- 1 )  
The value of l + k ,  was derived statistically. The fol- 
lowing formula was found: 

1 + k,  (L/LR)0.1216 = 0.93 + (L3 0.4871~ 1 V)0.3649(1- (B/L)'.O6'' Cp)-0.6042 (T/L)0.4611 

in which c is a coefficient accounting for the specific 
shape of the afterbody and is given by 

If unknown, the wetted surface of the bare hull can 
be estimated from the following, statistically derived, 
formula: 

s = L(2T+ B ) c ~ ~ ' ~ ( 0 . 4 5 3 0  + 0.4425 CB - 0.2862 CM 
- 0.003467 BIT + 0.3696 Cwp) + 2.38 ABT/CB 

c = 1 + 0.011 Cstern in which 

3200 3, 

cstern = -25 for pram with gondola 
cstern = -10 for V-shaped sections 
c,,, = 
cstern = +10 for U-shaped sections with Hogner 

stern. 

T = average molded draft in m 
L = waterline length in m 
B = molded breadth in m 0 for normal section shape 

LCB = longitudinal center of buoyancy forward of 
(+), or abaft (-) midship as a percentage of 
L LR is the length of the run, which-if unknown-can 

be estimated from the following formula: A,, = cross-sectional area of bulb in the vertical 

)O 

Fig. 83 NPL trowler data for conventional 61-m (200 ft) BP forms. Design (trial) speed, Fn = 0.329 
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Table 25-Effective Form Factor Values k, for 
Different Appendages 

Type of appendage 
Rudder of single- 
screw ship 
S ade-type rudders OF twin-screw ships 
Skeg-rudders of 
twin-screw ships 
Shaft brackets 
Bossings 
Bil e keels 
Ski% ilizer fins 
Shafts 
Sonar dome 

Value of 
l+k ,  

1.3 to 1.5 

2.8 

1.5 to 2.0 

3.0 
2.0 
1.4 
2.8 
2.0 
2.7 

plane interesecting the stem contour at the 
water surface. 

All form coefficients are based on the length of the 
waterline L. 

The resistance of appendages was also analyzed and 
the results were presented in the form of an effective 
form factor, including the effect of appendages, Table 
25. 

1 + k =  1 + k, + [l + k ,  - (1 + k l ) ] h  
S t o t  

where 
k, = effective form factor of appendages 

Sap, = total wetted surface of appendages 
Stat = total wetted surface of bare hull and appen- 

The effective form factor is used in conjunction with 
a modified form of Equation (67); 

dages 

R, = X p V 2 C F o  St,t (1 + k) 
The effective value of k ,  when more than 1 appendage 
is to be accounted for can be determined as follows: 

in which S, and (1 + k 2 ) i  are the wetted area and 
appendage factor of the i th appendage. 

For the calculation of the wave-making resistance the 
following equation, derived by Havelock (1913), was 
adopted: 

C, + C, cos (hFn-’)) Rw - C -rnFn-,lg + e-mFn-2 le - -  
W 

In this equation, C, , C,, C,, A and m are coefficients 
which depend on the hull form. This expression de- 
scribes the wave-making resistance of two pressure 
disturbances of infinite width with the first term as a 

correction to account for the induction of the diverging 
waves. The distance between the centers of the dis- 
turbances AL can be regarded as the wave-making 
length. The interaction between the transverse waves, 
accounted for by the cosine term, results in the typical 
humps and hollows in the resistance curve. 

This formula was further simplified into the follow- 
ing formula: 

R w  
- W = C1C2C3ernaFnd + m, cos (AFn-,) 

Although the theoretical basis for this wave-resistance 
formula is relatively poor it has been used because the 
original Havelock formula is not very suitable for 
regression analyses. Moreover, a more elaborate the- 
oretical expression would require more detailed infor- 
mation on the lines plan and would therefore be less 
suitable for preliminary design purposes. 

It turned out that a better fit could be obtained by 
introducing a low-speed and a high-speed wave resist- 
ance formula. 

For the low-speed range (Fn 5 0.4) the following 
coefficients were derived: 

C ,  = 2223105 C43.7861 (T/Z3)1.07g6 (90 - iE)-1.3757 
with: C, = 0.2296 (B/L)0’3’3 for B I L  g 0.11 

C, = B/L  for 0.11 5 B I L  
i 0.25 

C, 0.5 - 0.0625 L / B  f;;r B I L  2 0.25 

m, = 0.01404 LIT - 1.7525 V1’31L - 4.7932 B I L  - C, 
Further d = -0.9, 

for C, 5 0.8 
for C, 2 0.8 

with C, = 8.0798 C, - 13.8673 C,Z + 6.9844 C: 
C, = 1.7301 - 0.7067 C, 

and 

in which C, = -1.69385 for L3/V 5 512 
for 512 5 L3/V 
5 1727 
for L3/V 2 1727 

for L / B  2 12 
for L I B  2 12 

m 2  = C, 0.4 e-OoS4 Fn-329 

C, ~ 1 . 6 9 3 8 5  -t (L/V1’’ - 8.0)/2.36 

c, = 0.0 

Lastly A = 1.446Cp - 0.03 L / B  
A = 1.446Cp - 0.36 

where i, denotes the half angle of entrance of the load 
waterline in degrees. The value C, accounts for the 
effect of a bulb. If no bulb is fitted, C,  = 1. The value 
of C, is found from: 

in which r, is the effective bulb radius, equivalent to: 
r B  = 0.56 

i represents the effective submergence of the bulb as 
determined by: 

i = T, - h, - 0 . 4 4 6 4 ~ ~  
in which T, = molded draft a t  the forward perpendic- 

ular 
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h, = height of the centroid of the area A,, R W  
above the base line. RT = %p VStot [CF ( l+k)  + C A I  + w W 

c, = 1 - 0.8AT/(BTCM) 
C ,  accounts for the influence of a transom stern on 
the wave resistance. AT is the immersed area of the 
transom at zero speed. 

If in the preliminary design stage the half-angle of 
entrance of the load waterline is unknown the follow- 
ing formula can be used: 

i, = 125.67 B/L - 162.25 C,Z + 234.32 Cp3 + 

in which T, = molded draft a t  the aft  perpendicular. 
For the high speed range (Fn 2 0.55) some of the 

above coefficients obev different relations: 

Cl = 

For intermediate speeds (0.4 5 Fn 5 0.55) an in- 

6919.3 CM-1.3346 (V/,3)2.00g* (L/B-2)1.4069 
m, = -7.2035 (B/L)0.326g (T/B)0.6054 

terpolation formula is suggested: 

5 = -!- [RW (Fn=0.4) + (10Fn - 4) {(Rw (Fn w w  
I =0.55)-Rw (Fn=.4)) /1.5 

The formula derived for the model-ship correlation al- 
lowance C, is: 

CA = 0.006 (LWL + - 0.00205 

which is valid for TJL, > 0.04. If TJL, < 0.04 
then the appropriate value of C, should be determined 
from: 

C, = 0.006 (LwL + 100)-o.16 - 0.00205 + 0.003 (LwL/7.5)o.5 CB4 C, (0.04 - T,/L,) 

where C, is the coefficient adopted to account for the 
influence of a bulb, and given above. 
The total resistance is then determined from 

the vaiious propulsion coefficients. These are given in 
Section 5,  Chapter VI. 

Of course, the present regression analysis reflects 
the statistics on which it is based. Despite the large 
number of ships it will therefore contain systematic 
errors when applied to ships that do not reflect the 
characteristics of this group. 

Other notable applications of regression analysis to 
model test results have been made by Sabit (1971), 
(1972), (1976) for the BMT methodical series tests, for 
the Series 60, and for the SSPA cargo liner series. Van 
Oortmerssen (1971), (1973) has derived statistical re- 
lations for small ships. A study carried out by Berger 
(1980) showed that no appreciable differences in ac- 
curacy occur among the results of using Gertler (1954), 
Guldhammer-Harvald (1974) or Holtrop-Mennen 
(1978). 

An important recent contribution by Lin, Day and 
Lin (1987) describes the development of a statistical 
prediction technique based on results of tests on 255 
models a t  DTRC. Although the ships in the data base 
are identified as naval auxiliaries, “they include de- 
signs for cargo ships, passenger liners and some am- 
phibious types,” both single and twin-screw. Statistical 
measures of prediction error are given for the new 
method in comparison with methods of Holtrop (1982, 
1984) and Tagano (1974.) 

Use of the statistically derived relations in a com- 
puter-aided design process forms a powerful tool in 
carrying out parametric studies for new designs, in 
order to investigate the effect of changes in size, pro- 
portions and fullness. Before such relations are put to 
use for such a purpose, however, one must make sure 
that the input data used to generate the relations are 
accurate and that the number of models or data points 
used is at least 3 times the number of terms in the 
resulting regression equation. 

Fairlie-Clarke (1975) gives a survey of the statistical 
theory related to regression analysis and applies this 
to a few cases. He shows that using this theory, ac- 
curate equations can be obtained. 

Section 9 
High-speed Craft and Advanced Marine Vehicles 

Considerable research has been carried out during that can be made in this way. The first category is 
the last decade on the resistance of various types of composed of round-bilge mono-hulls and planing craft; 
high-speed craft and advanced marine vehicles. Such the second of catamarans and Small Waterplane Area 
craft can be distinguished by the means adopted to Twin Hull (SWATH) ships. The third category is com- 
support their weight: through buoyancy, through hy- posed of surface-piercing and submerged foil hydrofoil 
drodynamic lift, through aerostatic lift, or through craft, while the fourth category is composed of air 
combinations of these. Fig. 84 displays the sub-division cushion vehicles (ACV) and surface effect ships (SES). 
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HIGH SPEED CRAFT AND ADVANCED MARINE VEHICLES 

MULTI -HULL HYDROFOIL AIR SUPPORTED CRAFT 

AIR-  CUSHION 
SURFACE EFFECTS VEHICLE 

SHIP (ACW 

SMALL WATER PLANE AREA SUBMERGED 
TWIN HULL FOILS 
(SWATH 1 

SURFACE- PIERCING (SES) 
FOfLS 

ROUND-BOTTOM 
H U L L  

H ARD-CHI NE 
PLANING 

Fig. 84 Main types of high-speed craft and advanced marine vehicles 

An overview of each of these craft types, including 
their application, technology and special attributes and 
limitations, is given in the Special Edition of the Naval 
Engineers Journal, “Modern Ships and Craft” (1985). 
A bibliography concerning model tests of high-speed 
marine vehicles may be found in Savitsky, et  a1 (1984). 
This section will identify those published series data 
and analytical methods that can be used to make es- 
timates of the resistance of high-speed craft. 

9.1 Round-Bilge Semi-Displacement Craft. The ge- 
ometry of these vessels is characterized by transom 
sterns, round bilges, a rise in after-body buttock lines 
and a maximum operational volume Froude number 
Fn, =: 2.5. A significant amount of information is avail- 
able on the resistance of high-speed, round-bilge craft. 
A summary of available data was recently presented 
by Van Oossanen (1982) and Muller-Graf (1980). 

(a) Nordstrom ’s Methodical Series. Nordstrom 
(1951) published the results of tests carried out at the 
Royal Institute of Technology in Stockholm with 14 
different round-bilge models, five of which were tested 
a t  more than one draft. Three of these models, each 
tested a t  three different drafts, form a small system- 
atic series. The hull form is shown in Fig. 85, along 
with other series to be discussed here. 

The results of resistance tests with these models, 
carried out in calm water, have been reanalyzed and 
included with the De Groot Series, following. 

(b) De Groot Series. De Groot (1955) published the 
results of tests with 31 round-bilge, high-speed full 
forms, seven of which were tested at two or more 
drafts. These models were tested a t  MARIN. Four of 

these 31 models, each tested a t  four drafts, constitute 
a small systematic series. Tests with these four models 
were also carried out in the towing tank of the Delft 
University of Technology. 

The results of resistance tests with all thirty-one 
models, carried out in calm water, were analyzed using 
the 1947 ATTC friction coefficients. De Groot derived 
a single graph showing the average resistance coeffi- 
cients of 76 models (including the Nordstrom data) as 
a function of the displacement-length ratio for the 
speed range corresponding to V K / g  = 1.0 to 3.5. 
Results are still often used as a standard to which the 
results of model resistance tests of fast, round-bilge 
hull forms are compared in order to arrive at a first 
approximation of the lines of a new design. 

To facilitate preparing a resistance prediction using 
such average data, the total model resistance values 
have been converted at MARIN to values of R,/ W by 
using the average value for the wetted surface of the 
models given by S = 2.75 and the 1947 ATTC 
friction coefficients with C, = 0. These residual re- 
sistance values given in Fig. 86 include the Norden- 
strom (1951) reanalyzed data. 

(c) Series 63 Methodical Tests. Results of resist- 
ance tests with models of five 15.24-m (50-ft) round- 
bilge utility boats were reported on by Beys (1963). 
These tests were carried out in the towing tank of the 
Davidson Laboratory of the Stevens Institute of Tech- 
nology. These models form a methodical series in that 
the body plans of all five models are geometrically 
similar. The parent model has a nominal length-beam 
ratio of four. The hull form is shown in Fig. 85. All 
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NORDSTROM METHODICAL SERIES 

SERIES 63 METHODICAL SERIES 

SERIES 64 METHODICAL SERIES 

SSPA METHODICAL SERIES 

NPL METHODICAL SERIES 

Fig. 85 Body plans, stem and stern outlines and design waterline 
of high-speed round-bilge methodical series 

other models were derived from this parent model by 
multiplying the waterline and buttock spacings of the 
parent model by a constant so as to obtain nominal L /  
B values of 2.5, 3.0, 4.0, 5.0 and 6.0. 

Results were analysed and plotted by van Oossanen 
(1982) in the same format as Fig. 86. The residual 
resistance values presented there were derived from 
the measured total resistance .by means of the 1947 
ATTC friction line with C, = 0. 
(d) Series 64 Methodical Tests. The Taylor Stan- 

dard Series models were run only up to a Froude num- 

ber Fn = 0.60. The continually increasing speeds 
demanded of naval ships eventually made it desirable 
to explore the resistance to higher values of Fn, and 
in 1959 DTRC began a new series of methodical model 
experiments. 

Series 64 (Yeh, 1965) consisted of low-wave-drag, 
displacement-type hulls, tested up to a speed corre- 
sponding to Fn = 1.50. Three parameters were chosen 
as the primary variables: block coefficient, C,, length- 
displacement ratio, L / V3, and beam-to-draft ratio, B/  
T. The prismatic coefficient C, was kept constant at 
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Fig. 86 Residual resistance-displacement weight ratio R,/ W 
derived from the averaged, total resistance of 

76 models compiled by De Groot (1955) 

0.63. The range of variables and other data are given 
in Tables 26 and 27. The models had a heavily raked 
stem, no bulb, fine entrance angles, and a transom 
stern with a round knuckle; see Fig. 85. The maximum 
area and maximum beam were at 60 and 70 percent 
of the length from the forward perpendicular, respec- 

Table 26-Dimensions and Coefficients for Series 64 
Models of B/T = 3.0 

For all models: 
B/T = 3.0 C, = 0.63 

LCB/L wL = 0.566 L E / L  = 0.60 C, = 0.761 
S c* C M  L/V lh Jz i E  

0.55 0.873 8.04 9.762 2.622 6.7 
8.94 11.447 5.8 

10.45 14.479 4.5 
0.45 0.714 8.59 9.762 2.675 6.7 

9.58 11.487 5.8 
11.26 14.643 4.5 

0.35 0.556 9.35 9.762 2.882 6.7 
10.45 11.551 5.8 
12.40 14.913 4.5 

tively, and the LCB was a t  56.6 percent of the length 
from forward. Twenty-seven models were made, all 
3.048 m in length, and towed without appendages or 
turbulence stimulation in the large tank a t  DTRC, 
which has a cross section 15.5 m x 6.7 m. 

Above a value of Fn = 0.90, the wave resistance is 
no longer an important factor, frictional resistance 
being dominant. At such high values of Fn it is there- 
fore necessary to keep the wetted surface to a mini- 
mum. Due to the rather extreme type of hull forms in 
this series (see Fig. 85), the resistance results for the 
individual models are not often used or referred to. 
Average resistance values for the complete series, 
however, are frequently adopted for use in parametric 
studies for slender ships and other purposes. For this 
reason the average residual resistance-displacement 
weight ratio RRl W, as a function of L/V‘I3 and Fnvl  
is shown in Fig. 87. In preparing this figure the data 
for LIV‘I3 = 11.26 and C, = 0.45 were not considered 
because of the “inconsistency” of these data with the 
results for the other models of the series. 

(e) SSPA Methodical Series. Lindgren, et  a1 (1968) 
presented the results of resistance tests with a me- 
thodical series of nine models of high-speed, round- 
bilge displacement vessels carried out at the Swedish 
State Shipbuilding Tank (SSPA). The hull form param- 
eters varied were L / V’I3 (values of 6 , 7  and 8) and B /  
T (values of 3.0, 3.5 and 4.0). The value of the block 
coefficient C, was kept equal to 0.40 for all models, 
resulting in L / B  values ranging from 4.62 to 8.20, 
since: 

The speed range covered corresponds to a range in 
the Froude number Fn from 0.4 to 1.2 (equivalent to 
a range in VK/& from 1.34 to 4.0). 

The residuary resistance values of the models were 
obtained by using the 1957 ITTC frictional resistance 
coefficients. Up to an Fn-value equal to about 0.90, the 
results for the three B / T  values are almost identical, 
leading to the observation that in the speed range 
between Fn = 0.4 and about 0.9 the length-displace- 
ment ratio is the only significant parameter. For this 
speed range the residuary resistance-displacement 
weight ratio RR1 W of this series is shown in Fig. 88, 
as a function of LIV’I3 and Fn,. The hull form of this 
series is also shown in Fig. 85. 

(f) NPL Methodical Series. Very useful resistance 
data on high-speed, round-bilge displacement forms 
have been published by Marwood, et  a1 (1969) and by 
Bailey (1976), based on the tests carried out at the Ship 
Division of the British National Physical Laboratory 
(now the National Maritime Institute) with a system- 
atic series of 22 models in which L / B  and B / T  were 
varied. Five models were tested having a L / B  value 
of 3.33 with B/T  values ranging from 3.19 to 10.21, 
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Fig. 87 Averaged value of the residual resistance-displacement weight 
ratio R E /  W of the Series 64 methodical models. 

six with L / B  equal to 4.54 with B/T values ranging 
from 1.72 to 6.87, four with L / B  equal to 5.41 with 
B/T values ranging from 1.94 to 4.86, four with L / B  
equal to 6.25 with B/T  values ranging from 1.93 to 
5.80 and three models with L / B  = 7.50 with B/T 
values ranging from 2.01 to 4.02. Other main hull form 
parameters were kept constant (C, = 0.397, C, = 
0.693 and the longitudinal center of buoyancy LCB 
was positioned 6.4 percent L aft of the midship section). 
The speed range covered corresponds to values of the 
Froude number ran ing from 0.3 to 1.20 (equivalent 
to a range in VK/& from 1.0 to 4.0). 

The residuary resistance values were calculated 
from the measured model resistance by subtracting 
the frictional resistance as determined by means of 
the 1957-ITTC skin friction formulation. The residuary 
resistance-displacement weight ratio was then plotted 
against L / V 3  for various Fnv-values for each L / B  
value. These graphs are reproduced here as Fig. 89. 
The hull form is shown in Fig. 85. 

@) Statistical Resistance Prediction Method De- 
rived by Mercier and Savitsky. Mercier, et  al (1973) 
carried out a regression analysis of the resistance re- 
sults obtained by Nordstrom (1951) for a small sys- 
tematic series (nine models), by De Groot (1955) for a 
small systematic series (12 models), by Beys (1963) for 
the series 63 (21 models), by Yeh (1965) for the series 
64 (27 models), by Lindgren, et  a1 (1968) for the SSPA 
series (nine models), and by Marwood, et  a1 (1969) for 
the NPL series (23 models). The results obtained by 
Clement, et  a1 (1963) for the Series 62 hard-chine hull 
forms (17 models) were also incorporated in the data 
base. 

Formulas were derived for the total resistance-dis- 
placement weight ratio R,/ W for eleven values of the 
volumetric Froude number, 1.0, 1.1-2.0, for a displace- 

97 

ment weight of 100,000 lb (445.0 kN). Four parameters 
were selected for inclusion in the resistance equations 
as independent variables. These are the displacement- 
length ratio, V3/ L, the beam-loading coefficient, C, 
= V/B3,  the square root of the an le of entrance of 
the load water line in degrees & and the ratio of 
transom area to maximum section area &/A,. 

Although the formulas derived by Mercier and Sav- 
itsky were originally intended for predicting the re- 
sistance of planing craft in the pre-planing, 
displacement mode, they can also be successfully used 
for predicting the resistance of displacement hulls, 
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Averaged value of the residual resistance-displacement weight ratio 
R,/ W of the SSPA methodical series. 
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Fig. 89 Averaged value of the residual resistance-displacement weight ratio R,/ W of the NPL methodical series with L/3 equal to 7.5. 

Table 27-Series 64 Residuary Resistance Coefficients C, for B / T  = 3.0 

0.55 0.45 

8.04 
3.155 
2.760 
2.629 
2.711 
2.524 
2.914 
3.219 
3.228 
3.067 
2.823 
2.542 
2.267 
2.025 
1.819 
1.647 
1.528 
1.441 
1.375 
1.333 
1.301 
1.298 
1.343 
1.421 
1.524 
1.628 

L I V %  
8.94 

2.775 
1.387 
1.233 
1.561 
2.072 
2.543 
2.624 
2.601 
2.409 
2.127 
1.880 
1.670 
1.510 
1.387 
1.299 
1.236 
1.197 
1.179 
1.168 
1.158 
1.162 
1.160 
1.156 
1.206 
1.258 

10.45 
2.340 
1.462 
1.300 
1.316 
1.497 
1.657 
1.600 
1.535 
1.430 
1.298 
1.179 
1.080 
.983 
.907 
.a53 
$27 
.814 
320 
.830 
242 
.849 
.853 
.858 
.859 
.861 

8.59 
3.419 
2.350 
2.278 
2.457 
2.564 
2.872 
3.069 
3.004 
2.774 
2.487 
2.210 
1.970 
1.765 
1.596 
1.466 
1.368 
1.313 
1.274 
1.250 
1.231 
1.221 
1.216 
1.212 
1.209 
1.209 

L I V h  
9.58 
3.017 
2.011 
1.788 
1.571 
1.368 
1.648 
1.785 
1.728 
1.614 
1.508 
1.379 
1.250 
1.130 
1.026 
.943 
388 
.863 
.850 
.850 
.857 
369 
2381 
.891 
399 
.907 

11.26 
3.847 
1.602 
1.424 
1.122 
.974 
.926 
.889 
.841 
.760 
.718 
.678 
.623 
.561 
,510 
,467 
.461 
.456 
,459 
.476 
.497 
.520 
.546 
,572 
,601 
,628 

9.35 
1.799 
1.124 
1.499 
1.574 
1.726 
1.798 
1.835 
1.812 
1.710 
1.546 
1.397 
1.261 
1.149 
1.069 
1.011 
.969 
.949 
.938 
.932 
.928 
.930 
.934 
.937 
.935 
.932 

LIV'S  
10.45 
2.129 
1.064 
1.300 
1.131 
1.192 
1.212 
1.194 
1.147 
1.077 
1.000 
.915 
.850 
.800 
.765 
.742 
.740 
.748 
.7 55 
.766 
.779 
.788 
.796 
.805 
209 
312 

12.40 
1.374 
1.030 
1.221 
1.202 
1.099 
1.030 
.953 
358 
.780 
.714 
.704 
.687 
.683 
.687 
.696 
.692 
.694 
.704 
.715 
.721 
.729 
.738 
.743 
.746 
.749 
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Table 28-Values of the Coefficients in Equation (88) as a Function of Fn, for 
W = 100,000 Ib in Sea Water at 15 "C using the 1947 ATTC Friction 

Coefficients with C, = O_. 
Fn, = 1.0 Fn, = 1.1 Fn, = 1.2 Fn, = 1.3 Fn, = 1.4 Fn, = 1.5 

A , 0.06473 0.10776 0.09483 0.03475 0.03013 0.03163 

A ,  -0.01030 -0.01634 -0.01540 -0.00978 -0.00664 0.0 
A ,  -0.06490 -0.13444 -0.13580 -0.05097 -0.05540 -0.10543 
A ,  0.0 0.0 -0.16046 -0.21880 -0.19359 -0.20540 
A ,  0.10628 0.18186 0.16803 0.10434 0.09612 0.06007 
A ,  0.97310 1.83080 1.55972 0.43510 0.51820 0.58230 
A ,  -0.00272 -0.00389 -0.00309 -0.00198 -0.00215 -0.00372 
A 0.01089 0.01467 0.03481 0.04113 0.03901 0.04794 
A,,  0.0 0.0 0.0 0.0 0.0 0.08317 
A, ,  - 1.40962 -2.46696 -2.15556 -0.92663 -0.95276 -0.70895 
A, ,  0.29136 0.47305 1.02992 1.06392 0.97757 1.19737 
A,, 0.02971 0.05877 0.05198 0.02209 0.02413 0.0 

A ,  -0.48680 -0.88787 -0.63720 0.0 0.0 0.0 

A ,  -0.00150 -0.00356 -0.00303 -0.00105 -0.00140 0.0 
Fn, = 1.6 

A ,  0.03194 
A ,  0.0 
A ,  0.0 
A ,  -0.08599 
A ,  -0.19442 
A ,  0.06191 
A ,  0.52049 
A ,  -0.00360 
A, ,  0.04436 
A,,  0.07366 
A, ,  -0.72057 
A , ,  1.18119 
A,, 0.0 
A ,  0.0 

Fn, = 1.7 
0.04343 
0.0 
0.0 

0.05487 
0.78195 

- 0.00332 
0.04187 
0.12147 

-0.95929 
- 1.01562 

0.0 
0.0 

-0.13289 
-0.18062 

Fn, = 1.8 
0.05036 
0.0 
0.0 

0.05099 
0.92859 

- 0.00308 
0.04111 
0.14928 

0.93144 
0.0 
0.0 

-0.15597 
-0.17813 

- 1.12178 

Fn, = 1.9 
0.05612 
0.0 
0.0 

-0.18661 
-0.18288 

0.04744 
1.18569 

0.04124 
0.18090 

- 1.38644 
0.784 14 
0.0 
0.0 

- 0.00244 

Fn, = 2.0 
0.05967 
0.0 
0.0 

- 0.19758 
0.20152 
0.04645 
1.30026 

- 0.00212 
0.04343 
0.19769 

- 1.55127 
0.78282 
0.0 
0.0 

since 101 of the 118 sets of model data used are those 
of round-bilge, displacement hulls. 

The general form of the resistance equation adopted 
by Mercier and Savitsky (1973) is as follows: 
RT/W = A ,  + AZX + A4U + ASW + A,XZ 

ATXU + A8XW AgZU + A&%' f A,, W2 + A18XV + AigZX2 + A24 U V  + A,, WUL (68) 
where X = V1/3/L, Z = V / B 3 ,  U = and W = 

The values of the coefficients A ,  to A 2 7  are given in 
Table 28 for the eleven values of the Froude number 
and a displacement weight of 100,000 lb (445.0 kN). 

In using Equation (68) it is essential to remain within 
the range of values of the independent variables used 
in the data base. Gross errors can occur otherwise. 
For other displacement values, water temperatures, 
friction coefficients or CA-values, Equation (68) can be 
corrected according to the following expression: 

AT/A,. 

(RT/U?corr  = ( R T /  U?Eo .  + 1 s  
(C; - CQ,, + 

where ( R T / W ) c o m  is the corrected value of R T /  W, ( R T /  

WE,, is the value of RT/ W according to Equation (88), 
C,l is friction coefficient for alternative displacement, 
water temperature or friction formulation, CQq, is fric- 
tion coefficient according to the 1947 ATTC friction 
formulation, CA is appropriate value of the model-ship 
correlation factor, S is wetted surface. 

An analysis of the still water values of the wetted 
surface of the models comprising the data base re- 
sulted in the following formula, with an accuracy of 
+. 9 percent for 95 percent of the cases comprising the 
data base. 
S/V"' = 2.262 4% 1 + 0.046 B/T [ 

+ 0.00287 (B/T)z]  (70) 

9.2 Planing Craft. The planing hull evolved to 
overcome the inherent hydrodynamic limitations as- 
sociated with high-speed operation of the traditional 
displacement hull. The interest in planing craft was 
given great impetus by the development of high-power 
light-weight engines which are an essential require- 
ment for this hull form. 

Briefly, the lines of traditional displacement ships 
have longitudinal and transverse curvature in order 
to minimize flow separation at the stern and bilges and 
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thus reduce drag. When run at high speeds, the dy- 
namic pressure on these convex surfaces is negative, 
resulting in large trim by the stern, and substantial 
increases in resistance. 

In contrast, the planing hull form is configured to 
develop positive dynamic pressures so that its draft 
decreases with increasing speed, enabling it to run 
higher and higher on the wave it is generating, thus 
avoiding the large drag increases experienced by dis- 
placement hulls when run at high speed. To attain 
positive dynamic pressures the planing hull avoids con- 
vex curvature of both the buttocks and transverse 
sections. Whereas, in the displacement hull, all means 
are taken to reduce flow separation, in a planing boat 
the straight buttock lines are cut off cleanly by the 
transom stern so as to induce early flow separation. 
The transverse section is typically a deadrise section 
with sharp intersection of the bottom and sides to form 
a hard chine from which the flow will also separate. 
Fig. 90 shows the relation between hydrostatic and 
hydrodynamic lift versus Fn for a typical planing hull. 

The step, sometimes adopted in planing hulls, is a 
sharp discontinuity across the bottom of the boat, 
either straight or V-shaped in plan form. The idea is 
that the boat will plane on two small areas, one just 
ahead of the step, one just ahead of the transom. By 
this means the total wetted surface may be reduced 
by 60 percent or more, but owing to the greater com- 
plexities of such designs practically all boats, other 
than racing craft, now have stepless hulls. 

Small, high-speed planing craft became possible in 
the 1930’s as a result of the development of power 
plants with a high power-weight ratio. The size of 
planing craft has steadily increased from the 17 m (55 
ft) long Coastal Motor Boat in England with a dis- 
placement volume of some 14 m3 and a speed of 46 
knots to the Russian Nanuchka class missile corvette 
displacing nearly 1000 m3 (35,280 ft’). An excellent 
summary of the development of the planing hull form 

has been given by Savitsky and Gore (1979) and Sav- 
itsky (1964). 

Information on resistance of planing hulls can be 
found in SNAME Bulletin 1-23, providing the data in- 
cluded in the “Small Craft Data Sheets” issued by the 
Society and explaining how they can be used in design 
(Clement, 1963). Whereas the resistance of round-bilge 
craft depends mainly on one parameter, L/V1I3,  that 
of high-speed planing boats depends on several, in- 
cluding LCG location and the relation between pro- 
jected planing bottom area and volume of displacement 
at rest, A,/ V2l3. Consequently, the practice of testing 
at standard values of these parameters is usually ad- 
hered to, and these conditions have also been used, 
where possible, in the SNAME sheets. They are: A,/ 

7.0 and LCG 6 percent L, abaft the centroid 
of A,. Here L, is defined to be the projected chine 
length. 

The principal parameters affecting the performance 
of planing hulls, including the above, are: 

(a) Length-beam ratio, L,/B,, where the mean 
beam over chines B ,  = A,/ L,. 

(b)  Size-weight ratio, defined by the coefficient A,/ 

(c) Longitudinal position of CG from center of area 
of A,. 
(6) Deadrise and its variation along the length. 
(e) Longitudinal curvature of buttock line B, / 4 

from CL. 
(f? Shape of chine in plan. 
(9) Shape of sections. 
The SNAME data sheets list the foregoing partic- 

ulars, together with hull lines, coefficients of form, 
loading, measured model results, dimensionless per- 
formance characteristics and PE and V, in knots for 
a boat of gross weight W = 44.5 kN (10,000 lb). 

Since displacement is the most important factor in 
the design of a boat, it is desirable to compare hull 

v2/3 = 

V2/3 
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i 
Fig. 91 Lines of stepless planing hull, Series 62 

forms on a basis of equal W or V by using the dimen- 
sionless ratios 

V /  w, R/ W,  S/ V213, L / V’13 and CG~%, / V1I3 

Wetted surface and trim angle are included in the 
data, because frictional resistance varies with wetted 
surface and wave-making resistance with trim angle. 

In cases where rough-water performance must be 
considered in the design of small high-speed craft, this 
consideration may require modification of hull dimen- 
sions and characteristics selected on the basis of min- 
imum resistance in smooth water (McGown, 1961). 

(a )  Series 62 Methodical Tests. Results of tests on 
a systematic series of models of planing hulls made 
a t  the DTRC have been given by Clement, e t  a1 (1963). 
Typical lines of these Series 62 models are shown in 
Fig. 91. The parent form was based upon an analysis 
of previous designs, including the features desirable 
for good steering qualities and good rough-water per- 
formance. Tests showed that the design had less re- 
sistance than any of the conventional stepless designs 
previously tested there. 

The range of parameters covered was: 

AP/V2I3 = 4.0 to 8.5 
Lp/Bpx = 2.0 to 7.0 
L,/B, = 2.36 to 8.56 

= 47.5 to 43.8 
Centroid of Apt as percent 
L, forward of transom 

The results for five models of Series 62 are shown 
in Fig. 92, where R/W and trim angle a are plotted 
against Fn,. These curves indicate the important ef- 
fects of L,/B, ratio on resistance-the form with the 
highest value of this ratio had the least drag both a t  
low and very high speeds. 

The high-speed data from the tests of Series 62 were 
found to collapse into a single graph when plotted in 
the form of contours C,, against R/ Wand lcp/b,  where 

R is total resistance 
1, is distance of center of gravity (or pressure) 

b is breadth over spray strips at longitudinal po- 
forward of transom 

sition of CG 
C,, is lift coefficient 

= W /  X p  V 2 b 2  in consistent units 

This graph is shown in Fig. 93 for a displacement 

0 0 > 2 4 5 6 

Fn P 

Fig. 92 Resistance/weight ratio and trim angle versus speed coefficient for 
five models of Series 62 
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4 p ’ b  

Fig. 93 R/W versus l , / b  with C,, as parameter, Series 62 

weight of 44.5 kN (10,000 lb). 
(b)  Series 65 methodical tests. To study the re- 

sistance characteristics of planing hulls particularly 
suitable for hydrofoil craft, the Series 65 planing hulls 
were designed and tested on a model scale a t  DTRC. 
The results of these tests were presented by Holling, 
et  a1 (1974) and by Hadler, et  a1 (1974). The Series 65 
planing hulls are based on the AG(EH) hydrofoil hull. 
This hull has moderate deadrise, fine bow entrance for 
easy wave penetration, hard chines for effective flow 
separation and minimal convex curvature to avoid the 
development of negative bottom pressures. The geo- 
metric characteristics of the resulting hulls are shown 
in Fig. 94 and compared for W = 10,000 lb with those 
of Series 62 in Table 29 (for other displacements see 
Hubble, 1974). The Series 65 hull form lends itself 
easily to tandem and canard foil configurations (Sec- 
tion 9.6) by terminating the lines a t  70 and 50 percent 
of the length, respectively, and increasing the station 
spacing. As a consequence of the need to test both 
types of hulls for these hydrofoil applications, seven 
models were developed around the airplane (full 
length) type configuration and designated Series 65-A 
and nine models around the canard configuration which 
are designated Series 65-B. Systematic variations in 
length-beam ratio, beam-draft ratio, and deadrise were 
developed for each configuration by multiplying the 
parent length, beam, and/or draft by factors of 1, 
1/Jz, $2, or 2. 

The results of the Series 62 and Series 65 model 
tests show that the LCG location has a marked effect 
on the resistance-displacement weight ratio R /  W. The 
minimum R/ W for values of Fn, < 2.5 usually occurs 
when the LCG location results in an initial trim value 
(for zero speed) close to zero. For values of Fn, > 3.0 
the minimum drag occurs as the LCG is shifted aft. 
Results also show that a t  the lower speeds, Fn, 5 2.0 
there is a tendency for the data to collapse into a very 

narrow band showing that the slenderness ratio, 
L / V 1 I 3  is the dominant characteristic in this speed 
range overshadowing other parameters. 

(c) Theoretical approach to planing craft design. 
Savitsky (1964) has given formulas for the lift and 
drag forces on planing hulls. These formulas are based 
on a large number of resistance tests with prismatic, 
or wedge-type surfaces, in which the trim angle, dead- 
rise angle, wetted length and length-beam ratio were 
varied systematically. 

Hadler (1966) presented a method to predict the per- 
formance of a planing hull. He used Savitsky’s for- 
mulas to calculate the hydrodynamic forces on the hull 
and an open water diagram to evaluate the propeller 
forces. The solution of the three equations of equilib- 
rium (sum of forces in X- and Z-direction and the sum 
of moments must be equal to zero) yields the three 
unknowns: trim angle, wetted length and rate of rev- 
olutions. The following approach is followed. 

Given the speed V,  the maximum beam over the 
chines or spray strips b, the displacement volume a t  
rest V ,  the following values are calculated: 

the displacement Froude number, Fn, = 

the Froude number based on b:C, = V / G  
the equivalent flat plate lift coefficient, C,, = 

V /  @F 

P g v  
%p V 2  b2 

to determine the trim angle for equilibrium: 
The following Savitsky formula can then be applied 

(71) C,, = TI.’ (0.012Ofi + .0055A5’*/C,2) 

h is mean wetted length-beam ratio, L,/b 
Vis speed, m/sec 

where 7 is trim angle, deg 
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MODELS 5198.4e66 -1,5204 MODELS 5251. 5249 MODELS 5250. 5248 

PT = 279’ 

MODELS 5236. 5208. 5238 

R T  =304O 

PT = 205‘ 

SERIES 65-A 

MODELS5188.5184, 5187 MODELS 5237.5240, 5239 

- 1, I@/- 
- 

B T  = 2 2 5 9  B T =  163’ 

SERIES 65-B 

Fig. 94. Body plans of series 65 hulls 

Table 29-Hull Characteristics of Series 62, Series 65 A and Series 65 B. (W = 10,000 Ib = 44.5 kN) 

MODEL L p  

SERIES 65-A 
5251 1.861 
5249 2.632 
5198 2.226 

5204 2.632 
5250 2.632 
5248 2.632 

5237 1.872 
5240 1.872 
5239 2.648 

4966-1 2.632 

SERIES 65-B 

5186 1.872 
5184 1.872 
5167 2.648 
5236 1.872 
5208 2.648 
4238 2.648 

4665 1.192 
4666 1.825 

4668 2.438 
4669 2.438 

SERIES 62. 

4667-1 2.438 

0.761 0.409 
1.076 0.409 
0.769 0.346 
0.761 0.284 
0.538 0.205 
0.761 0.289 
0.538 0.205 

1.101 0.588 
0.779 0.416 
1.101 0.416 
0.779 0.416 
0.550 0.294 
0.779 0.294 
0.550 0.294 
0.779 0.294 
0.550 0.208 

0.601 0.504 
0.903 0.495 
1.189 0.488 
0.884 0.363 
0.695 0.285 

B PT 

0.198 
0.198 
0.167 
0.140 
0.099 
0.140 
0.099 

0.792 
0.560 
0.560 
0.560 
0.396 
0.396 
0.396 
0.396 
0.280 

0.477 
0.422 
0.381 
0.285 
0.224 

B PX 

0.564 
0.564 
0.477 
0.399 
0.282 
0.399 
0.282 

0.798 
0.564 
0.564 
0.564 
0.399 
0.399 
0.399 
0.399 
0.282 

0.596 
0.596 
0.596 
0.443 
0.348 

L P  

B PA 

4.55 
6.44 
6.44 
9.10 

12.87 
9.10 

12.87 

3.18 
4.50 
6.36 
4.50 
6.36 
9.00 
6.36 
9.00 

12.73 

2.36 
3.69 
5.00 
6.72 
8.56 

- 

3.30 1.38 0.35 0.151 16.0 14.8 0.52 
4.66 1.38 0.35 O.EI 16.0 14.8 0.52 
4.66 1.38 0.35 0.151 22.1 20.5 0.52 
6.60 1.38 0.35 0.151 22.1 20.5 0.52 
9.34 1.38 0.35 0.151 22.1 20.5 0.52 
6.60 1.38 0.35 0.151 29.9 27.9 0.52 
9.34 1.38 0.35 0.151 29.9 27.9 0.52 

SERIES 65-B 
2.35 1.36 0.99 0.121 21.2 16.3 0.38 
3.32 1.36 0.99 0.121 21.2 16.3 0.38 
4.69 1.36 0.99 0.121 21.2 16.3 0.38 
3.32 1.36 0.99 0.121 28.7 22.5 0.38 
4.69 1.36 0.99 0.121 28.7 22.5 0.38 
6.64 1.36 0.99 0.121 28.7 22.5 0.38 
4.69 1.36 0.99 0.121 37.4 30.4 0.38 
6.64 1.36 0.99 0.121 37.4 30.4 0.38 
9.38 1.36 0.99 0.121 37.4 30.4 0.38 

SERIES 62 
2.00 1.18 0.80 0.145 13.0 12.5 0.41 
3.06 1.21 0.71 0.147 13.0 12.5 0.42 
4.09 1.22 0.64 0.149 13.0 12.5 0.43 
5.50 1.22 0.64 0.149 13.0 12.5 0.43 
7.00 1.22 0.64 0.149 13.0 12.5 0.43 

6 is beam of planing area, m 
g is acceleration of gravity, m / sec2 

The first term in this equation represents the dy- 
namic component of lift while the second term is the 
buoyant component of lift. At speed coefficients C, > 
10, there is little buoyant lift, so that, all other con- 
ditions being equal, lift varies as the speed squared. 

The lift coefficient for a finite deadrise C,, can then 

be calculated from C,, = C,, - 0.0O65j3CL,”” where 
j3 is the deadrise angle at the mid-chine position (deg.) 

Savitsky (1964) gives a formula for locating the dis- 
tance, p,  of the center of pressure forward of the 
transom. However, in many cases it may be assumed 
that the resultant normal force on the planing bottom, 
N, passes through the CG, i.e., p = LCG (Fig. 95). 
With appropriate values of C, and p / b  = LCG / b, the 
corresponding h and CL,lrl.l are then read off the 
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Fig. 95 Resultant normal force on planing bottom usually 
passes through CG 

nomograph, Fig. 96. (This graph by Koelbel is valid 
when the propeller thrust, the resistance force and the 
resultant of the planing force all act through the CG) 
Hence, the mean wetted length, L,, and trim angle, 
7,  can be determined. 

Savitsky also gives a formula to correct the mean 
wetted length ratio, h, to the keel wetted length ratio, 
hk if desired, 

hk = h - 0.03 f ’/z 

where the value of p should be taken at the mid-chine- 
length position. 

The value of A, should now be compared with the 
value of L,/b. If A, 2 ,  L,/b then the bow is not 
clear of the water and the craft is not fully planing. 
In that case the resistance may be calculated with 
the help of the formulas of Section 8.12. When h, 5 
L,/b, the bow is essentially clear of the water and 
the resistance can be predicted from the following 
equation: 

(73) 
where CFo is the friction coefficient according to the 
ITTC 1957 or the ATTC friction lines as a function of 

V, hb 
the Reynolds number, Rn, = - 

Here V, is the average bottom velocity, which is less 
than the forward planing velocity V owing to the fact 
that the planing bottom pressure is larger than the 
free-stream pressure. The following equation applies 
for zero deadrise: 

R, = W tan 7 + % p  VzAbzCF0/(co~ r cos p) 

V 

0.0120r’”)~’* 
V , = V ( l -  ,~ 

J h  cos T I  
(74) 

For other deadrise angles Savitsky (1964) gives con- 

1.8 2.2 2.6 3 .O 
5 
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1 

0 

c v = v /  f i  
Fig. 96 Nomogram for equilibrium conditions when all forces act through CG: A and C l b / r l  ’ for given values of C, and p/b (Koelbel) 
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venient graphs for the average bottom velocity. 
The first term of Equation (73) is the total pressure 

drag, while the second term is the frictional drag in 
the pressure area. There is additional frictional drag 
in the spray area. 

When the propeller thrust is not parallel to the vis- 
cous force vector and the lift force does not pass 
through the center of gravity (Fig. 95) the detailed 
procedure given by Savitsky (1964) should be used. 

(d) Example: consider a hard-chine hull with the 
following particulars: 

LF is flap chord, m 
cr is flap span-beam ratio 
d is flap deflection, deg. 

The drag increment due to the flap is: 
D, = 0.0052 SF (7 + d) (76) 

The flap moment about the trailing edge of the flap 

M, = 0.305 SF r0.6 b + L, (1 - cr)] 
may be represented by: 

whereas the flap hinge moment is: L ,  = 
b = 

V = 
LCG = 

25 m (82 ft) 
7.5 m (24.6 ft) (maximum chine beam) 

90 m3 (3,175 cu ft)  (displacement volume) 
10 m (32.8 ft) from the transom. 

fi = 15 deg (deadrise at mid-chine length) H F  = 0.0424 SFLF 
The flap effects are combined with the hull hydro- 

dynamic equations to obtain the equilibrium conditions 
For volumetric Froude number values of 1.5, 2.0, 3.0 
and 4.0, the following values are calculated for Cv, 
C,, and CLB. 

for a plancng hull with transom flaps. A detailed pro- 
cedure for this calculation is presented by Savitsky 
and Brown (1976). 

Fn, V(m/s) V, (knots) cv CL, C L P  
1.5 9.946 19.335 1.160 0.317 0.268 
2.0 13.261 25.780 1.546 0.179 0.144 
3.0 19.891 38.668 2.319 0.079 0.058 
4.0 26.522 51.559 3.092 0.045 0.030 

If all the forces on the hull pass through CG then the 
graph of Fig. 97 can be used. The value of p / b  is 

9.3 Catamarans The catamaran or twin-hull con- 
cept has been employed in high-speed craft design for 
several decades, and both sailing as well as powered 
catamarans are in use. For commercial purposes semi- 
planing type catamarans are predominant. The com- 
ponent hulls (demihulls) are of the planing type, fea- 
turing V-type sections and a cut-off transom stern. 

p / b  = LCG/b 
= 1017.5 = 1.333 

From Fig. 97 the following values for A and C , , J T ~ . ~  
are found from which T can be calculated. Subse- 
quently, RTmay be computed (W = pg V = 905 kN): 

Fn, C" P / b  A CL/7'.' T (deg) v, Rn (* C F O  RT (kN) 
1.5 1.160 1.333 3.25 0.100 2.85 9.8 2.02 0.001886 63.2 
2.0 1.546 1.333 2.60 0.044 2.93 13.1 2.15 0.001870 71.9 
3.0 2.319 1.333 2.15 0.024 2.23 19.7 2.67 0.00 181 6 81.4 
4.0 3.092 1.333 1.85 0.019 1.51 26.3 3.08 0.001781 93.1 

In the calculations the kinematic viscosity was taken 
as 1.188 x 

(e) Controllable transom$aps. Transom flaps have 
become accepted as a means of controlling the trim of 
power boats so as to optimize their performance. A 
study of flap effectiveness by Savitsky and Brown 
(1976) resulted in simple expressions for the increase 
in lift, drag and moment due to flaps and for the flap 
hinge moment. The following equations provide the 
flap-induced forces and moments. The lift increment 
SF(in N) due to the flap deflection is given by: 

m21s (Table 10, Section 6.4). 

SF = 0.205 LF d u b v2 (75) 2 

Here the symbols denote: 

The division of displacement and waterplane area 
between two relatively slender hulls results in a large 
deck area, good stability qualities and consequently a 
small rate and angle of roll. Yermotayev, et  a1 (1977) 
found that seakeeping qualities in terms of angle and 
rate of pitch are poor compared to a conventional hull. 
Active control of pitching motions by means of fins 
may eliminate this problem. 

The resistance of a catamaran is mainly affected by 
the wetted surface ratio (Sw/V2/3), the slenderness ra- 
tio (L /V ' /3) ,  and the hull spacing (s/L). The wetted 
surface ratio is relatively high compared with planing 
monohulls of the same displacement. Consequently, 
catamarans show poor performance at low speeds (Fn 
I 0.35) where skin friction is predominant. At higher 



106 PRINCIPLES OF NAVAL ARCHITECTURE 

-- INDICATION OF R T l W  FOR 
PLANING VESSEL OF 
EQUAL DISPLACEMENT 

//’ I 

Fig. 97 Typical resistance curve for catamaran and planing craft 
of equal displacement 

speeds (in the hump region, Fn z 0.5) the low trim 
angles associated with the slender demihulls of the 
catamaran lead to a favorable performance (Michell, 
1961, and Fry, et  a1 1972). This effect is clearly visible 
in Fig. 97, no pronounced hump being present in the 
resistance curve. At planing speeds (Froude numbers 
around 1.0) the equivalent monohull (of equal displace- 
ment) will show an advantage, as the hydrodynamic 
performance decreases with decreasing aspect ratio 
(the ratio of the wetted breadth of the demihull to its 
length) (Michell, 1961). The case is similar to that of 
a pair of biplane wings, and a single wing with the 
same total area and chord length but with twice as 
high an aspect ratio. 

Concerning the performance at high planing speeds, 
results by Clement (1961) of a comparison between a 
specific catamaran and a monohull may be mentioned. 
He found that the catamaran had less resistance at 
speeds in excess of Fn, = 4.6. At Fn, = 6.0 the 
catamaran had some 30 percent less resistance, this 
reduction increasing to about 45 percent at Fn, = 7.0. 
This advantage is due to the fact that at such high 
speeds the conventional boat is operating at a very 
small trim angle and high resistance, while the cata- 
maran operates at a higher trim angle nearer to that 
for minimum resistance. An indication of the relative 
performance of catamarans and planing vessels is 
given in Fig. 97. 

The hull spacing ratio is associated with interference 
effects between the component hulls. These effects con- 
sist of wave interference effects and body interference 
effects. Wave interference effects are due to the su- 
perposition of the two wave systems, each associated 

with a component hull in isolation. The body interfer- 
ence effects are caused by the change of flow around 
one demihull due to the presence of the other demihull. 
Several studies on interference effects on resistance 
have been undertaken, e.g. Fry et  a1 (1972), Sherman, 
et  a1 (1975), Yermotayev, et a1 (1977) and Ozawa, et  a1 
(1977). 

The main component of the changed velocity field 
associated with body interference effects results from 
the induced flow of one demihull at the location of the 
other one. This induced flow is due partly to thickness 
effects and partly to lift effects. Consequently, the re- 
sulting flow around a symmetrical demihull will be 
composed of a symmetrical and an asymmetrical part. 
Vollheim (1968) and Myazawa (1979) have carried out 
velocity studies by means of pressure measurements. 
These results referred to a displacement type of cat- 
amaran with symmetrical demihulls. Myazawa found 
an increase of the mean velocity both between the 
demihulls and on the outer sides. He also concluded 
that the asymmetrical contribution to the local velocity 
field was small. His results apparently do not agree 
with those of Vollheim, however. 

The asymmetrical onflow of one demihull and the 
possibly asymmetrical shape of that demihull will lead 
to hydrodynamic lift forces. On account of the finite 
aspect ratio, trailing vortices are shed leading to in- 
duced velocities around the other hull. This effect is 
believed to be of less importance. 

The wave interference may influence the resistance 
to a large extent. Everest (1968) showed from a wave 
pattern analysis that beneficial wave interference is 
achieved by the cancellation of part of the divergent 
wave systems of each demihull, whereas adverse wave 
interference arises on interaction of the transverse 
wave system. 

Fig. 98 shows the influence of the wave interference 
effects on the resistance obtained by Tasaki (1962) for 
a mathematical hull form. Here the wave interference 
factor is expressed by 

I 
- 1  00 

2 4 5 F” 
Interference-factor as a function of Froude number 

- 
Fig. 98 
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Fig. 99 Resistance of semi-planing catamarans as a function of speed-coefficient and hull spacing ( s / L )  
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wvd 

where R,, is the wave pattern resistance of the cat- 
amaran and Rwpd is the wave pattern resistance of one 
demihull. 

0:s O ~ O  0:s o!o smaller beneficial and adverse effects occur (Everest, 
1968). Theoretical and experimental evidence for sym- 
metrical demihulls indicates that wave interference be- 
comes significant a t  Fn-values of 0.2. Maximum 
beneficial effects occur at Fn 0.32 and s / L  z 0.3 
whereas adverse effects are most pronounced around 
Fn = 0.4. For asymmetrical demihulls, Everest (1969) 
and Turner, e t  a1 (1968) have made measurements. 

The generation of vertical hydrodynamic lift and the 
associated change of hull form because of trim and 
rise of the center of gravity, may have a significant 
effect on the interference effects. Therefore, for the 
semi-planing speed range other tendencies may be ex- 
pected, see Fig. 99. Fry, e t  a1 (1972) show model test 
results from which it may be concluded that the in- 
terference effects are small a t  speeds exceeding Fn = 
0.8. Only for small hull spacings do the effects still 
seem to be significant. These conclusions are in con- 
tradiction with those of Sherman, e t  a1 (1975) for which 
there is no satisfactory explanation presently. For 
measurements of planing catamarans with asgmmet- 

0 30 I I In general, experiments confirm this behavior but 
a 
f 

- 
Ffl  

STRUT-HULL INTERACTION i 

RESISTANCE COEFFICIENT 

Fig. 100 Typical wavemaking resistance coefficients versus Froude number 
single-strut-per-hull SWATH 

rical demihulls the work of Ozawa, e t  a1 (1977) and 
Sherman, et a1 (1975) may be mentioned. 

Design charts for planing catamarans have been 
published by Clement (1961). These are  based on model / /’ ‘4 tests. Application of these design charts is restricted 
to: 

low-aspect-ratio hulls, i.e., 0.1 5 AR 5 0.3, 
rn small deadrise angles, i.e., 0 deg 5 p 5 10 deg., 

---* high planing speeds, where buoyant forces are  q- I I I I I I I I I I I I ---- I I i small. Furthermore, the effects of interference between the 

hulls and of swag on the tunnel roof were not included. 

,--5 .. FORWARD STRUTS / 
1 ,.----& 

*..\ 
-.a 

I r / *FTSTRVn 

0 s  0.30 0% 0.40 0.45 050 055 0.60 - Fn 

/ ” \  

FORWARD STRUT-AFT STRUT 

Sherman, i t  al”(1975) modified Savitsky’s (1964) plan- 
ing performance prediction method for catamarans. 
The program does not include interference effects on 
drag and trim. Resistance due to spray interfering with 
the tunnel roof is again not included. 

9.4 Small Waterplane Area Twin Hull (SWATH) 
Ships. The SWATH concept is a type of catamaran 
that features two fully submerged hulls, each con- 
nected to an above-water, box-like deck structure by 
one or more relatively thin struts. See Fig. 84. Usually 
control surfaces are employed to reduce pitching mo- 
tions of the vessel. 

In the late sixties, the 190-ton 27-m (88 ft) SWATH 
SSP Kaimalino was designed as  a workboat for the 
US Naval Ocean Systems Center to have a speed of 
25 knots. This ship has been used to demonstrate the 

Fig. 101 Wavemaking resistance coefficients versus Froude number tandem SWATH concept and to Some Of the 
strut SWATH ogy. Results of theoretical and experimental studies 
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Fig. 103 Comparative residuary drag coefficients for contoured low and 

high speed tandem-strut designs 

have revealed interest in displacements of up to 30,000 
tons and in speeds of up to 40 knots (Savitsky, et  al, 
1981). 

The benefits of the SWATH concept are derived from 
their low motion responses and sustained speed ca- 
pability in waves. This behavior is similar to a con- 
ventional surface ship three times larger, due to the 
significantly reduced waterplane area, long natural 
pitching period and the submergence of the main bulk 
of the displacement volume (Savitsky, et  al, 1981). 

A SWATH ship has about a 75 percent larger wetted 
surface area compared to a single screw monohull frig- 
ate of equal displacement. Consequently SWATH ships 
incur a substantial frictional resistance penalty rela- 
tive to conventional surface ships (Lamb, et  al, 1979). 
This has to be compensated for (at least partly) by a 
reduced wave resistance, which can be obtained on 
account of the small waterplane area and the slender- 

ness of the struts. However, careful attention has to 
be directed to the required depth of submergence of 
the hulls and to possible unfavorable interactions be- 
tween the wave systems produced by the struts. 

The induced drag of control surfaces becomes sig- 
nificant as soon as appreciable forces are developed to 
counteract any pitch instabilities of the vessel. At 
speeds above the primary resistance hump, the spray 
resistance of struts becomes significant. 

Figs. 100 and 101 show typical curves taken from 
Numata (1981) for the components that make up the 
total wavemaking resistance. Fig. 100 holds for a sin- 
gle-strut per hull configuration, Fig. 101 for a tandem- 
strut configuration. The upper part of Fig. 100 shows 
the resistance curves disregarding interference be- 
tween starboard and port sides. I t  is clear from this 
figure that interactions between hulls and struts and 
between port and starboard can make up a large part 

Next Page 
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I Propulsion J. D. van Manen 
P. van Oossanen 

Section 1 
Powering of Ships 

1.1 Historical. A moving ship experiences resist- 
ing forces from the water and air which must be over- 
come by a thrust supplied by some thrust-producing 
mechanism. In the earliest days this consisted of man- 
ually-operated oars, which gave place in turn to  sails 
and then mechanical devices such as jets, paddle- 
wheels and propellers of many different forms (Todd, 
1946).' 

The earliest propulsive device to use mechanical 
power seems to have been of the jet type, using a 
prime-mover and a pump, patents for which were 
granted to Toogood and Hayes in Great Britain in 1661. 
Water is drawn in by the pump and delivered stern- 
wards as a jet at a higher velocity, the reaction pro- 
viding the thrust. At the speeds so far attained by 
ships, the jet is materially less efficient than other 
forms of propellers, and its use has been restricted to 
special types of craft. 

In 1801 there appeared the first steam-driven side- 
paddle ship, the Charlotte Dundas; built by Syming- 
ton for service on the Forth-Clyde Canal in Scotland. 
Six years later came the famous Clermont, con- 
structed by Robert Fulton for passenger service on 
the Hudson River in New York. 

The period from this time until about 1850 was the 
heyday of the paddle steamers. The first of them to 
cross the Atlantic was the American Savannah in 
1819-a full-rigged ship with auxiliary steam power- 
and then followed a line of familiar names, including 
the Canadian Royal William, the famous first Cun- 
arder Britannia in 1840, culminating in the last Cun- 
ard liner to be driven by paddles, the Scotia, in 1861. 

These side paddle-wheels were far from ideal for 
sea-going ships. The immersion varied with ship dis- 
placement, the wheels came out of the water when the 
ship rolled, causing erratic course-keeping, and they 

Complete references are listed a t  end of chapter. 

rine engineer's point of view, they were too slow-run- 
ning, involving the use of large, heavy engines. 
Because of the slow rate of turning they were rea- 
sonably efficient as a propulsive device, but their other 
operational weaknesses ensured their rapid decline 
from popularity once the screw propeller was proved 
to be an acceptable alternative. They have had a useful 
field among pleasure steamers and tugs plying in riv- 
ers and other protected waters. In such craft the draft 
does not change much and restrictions of draft due to 
shallow water prohibit the use of large screw propel- 
lers. Side paddles also give good maneuvering char- 
acteristics, but these latter can now be obtained by 
other means of propulsion which do not suffer from 
the drawbacks of paddle-wheels. 

Paddles have also been fitted at the sterns of many 
ships, as in the well-known river boats on the Missis- 
sippi and other American rivers. Such "stern-wheel- 
ers" are still in use, mainly as passenger carriers. 

The first proposal to use a screw propeller appears 
to have been made in England by Hooke in 1680, and 
its first actual use is generally attributed to Colonel 
Stevens in a steam-driven boat at New York in 1804. 
In 1828 a vessel 18 m (60 ft) long was successfully 
propelled by a screw propeller designed by Ressel, of 
Trieste, obtaining a speed of 6 knots, but this success 
was not followed by the Trieste engineers or ship- 
owners (Baker, 1944). The first practical applications 
came in 1836 by Ericsson in the US. and Pettit Smith 
in England. 

The screw propeller has many advantages over the 
paddle-wheel. I t  is not materially affected by normal 
changes in service draft, it is well protected from dam- 
age either by seas or collision, it does not increase the 
overall width of the ship, and it can be made to run 
much faster than paddles and still retain as good or 
better efficiency so that smaller, lighter, faster-running 
engines can be used. I t  rapidly superseded the paddle- 
wheel for all ocean-going ships, the first screw-pro- 
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pelled steamer to make the Atlantic crossing being the 
Great Britain in 1845. 

From that time the screw propeller has reigned su- 
preme in the realm of marine propulsion. I t  has proved 
extraordinarily adaptable in meeting the incessant 
quest for propellers to deliver more and more thrust 
under increasingly arduous conditions. While other de- 
vices have been adopted for certain particular types 
of ships and kinds of service, the screw propeller still 
has no real rival in the field of ship propulsion. 

Among the more common variants of the propeller, 
the use of a shroud ring or nozzle has been shown to 
have considerable advantages in heavily loaded pro- 
pellers, the ring or nozzle being shaped so as to deliver 
a forward thrust to the hull. The principal advantage 
is found in tugs, where the pull a t  the bollard for a 
given horsepower may be increased by as much as 40 
percent or more as compared with that given by an 
open propeller. At low towing speeds, a considerable 
advantage is still found, but this disappears with in- 
creasing speed, and when free-running the drag of the 
nozzle results in a loss of speed. In ships other than 
tugs, the advantage can be extended to higher speeds 
by using thinner nozzles, with some loss of thrust at 
the low speeds, and such arrangements in association 
with special forms of stern lines have been claimed to 
give good propulsive efficiencies. Good maneuverabil- 
ity can be obtained in such craft by arranging for the 
nozzle to swivel, and so act as a very efficient rudder 
by controlling the direction of the propeller race. 

Another type of propeller was used in the USS 
A l u m  as long ago as 1874 (Goldsworthy, 1939). This 
ship carried a fixed bow gun and had to be turned to 
aim the gun. To keep the ship steady in a tideway, 
where a rudder would be useless, a feathering paddle- 
wheel rotating about a vertical axis, invented by Fow- 
ler in Great Britain in 1870, was fitted at the stern, 
completely submerged (White, 1882). It was quite suc- 
cessful as a means of maneuvering the ship, but its 
propulsive efficiency was low. The modern version of 
this propeller consists of a large disk set flush with 
the lower surface of a flat counter and carrying a 
number of projecting vertical blades rather resembling 
spade rudders. As the disk revolves about a vertical 
axis, each of these blades turns about its own vertical 
axis, being so adjusted to the flow that the total thrust 
from all the blades is concentrated in one direction. 
This resultant “thrust-direction” can be controlled by 
varying the blade motions, so as to drive the ship 
ahead, astern or sideways. The device therefore lends 
itself essentially to craft which need to have great 
ability to maneuver. It also enables the equivalent of 
a large diameter, orthodox propeller to be fitted to 
ships which have to operate in shallow water, and the 
propeller can be driven through gearing by relatively 
light, high-speed diesel engines. Although its efficiency 
is not as high as that of the orthodox propeller, and 
its maintenance is probably more costly, the foregoing 

advantages have resulted in many applications to river 
steamers, tugs, and ferries. The vertical axis propeller 
is discussed further in Section 10.5. 

1.2 Types of Ship Machinery. In selecting the pro- 
pelling machinery for a given vessel, many factors 
must be taken into consideration, such as the weight, 
the space occupied, its first cost, reliability, length of 
life, flexibility and quietness of operation, cost of up- 
keep, cost of fuel consumed and last, but not least, its 
suitability for the type of propeller to be used. I t  is 
beyond the scope of this text to consider all the various 
drives which have been developed to meet these fac- 
tors, but a brief review of their advantages and dis- 
advantages will not be out of place. 

The reciprocating steam engine with two, three, or 
four cylinders dominated the field of ship propulsion 
until about 1910. Since then it has been almost entirely 
superseded by the steam turbine in the very high and 
intermediate-power ranges, and by the diesel engine 
in intermediate and low ranges. 

The steam reciprocating engine has exceptional con- 
trollability at all loads, is easily reversed (an important 
consideration in ships) and its most efficient range of 
revolutions per minute (RPM) matches that of the 
screw propeller. On the other hand, the complete plant 
is relatively heavy, occupies much space, and the out- 
put of power per cylinder is limited. Also, the steam 
cannot be expanded effectively to the low pressures 
obtainable in modern condensing apparatus, so that 
the fuel consumption is rather high, an average figure 
for a triple-expansion engine utilizing superheated 
steam being about 0.70 kg of oil per kWhr (1.15 lb per 
hphr). 

The first marine turbine was installed by Sir Charles 
Parsons in the Turbinia in 1894, a torpedo boat which 
attained a speed of 34 knots. Thereafter turbines made 
rapid progress and by 1906 were used to power the 
epoch-making battleship HMS Dreadnought and the 
famous Atlantic liner Mauretania. 

The turbine delivers a uniform turning effort, is em- 
inently suitable for large-unit power output, and can 
utilize very high-pressure inlet steam over a wide 
range of power to exhaust at very low pressures. The 
thermal efficiency is consequently reasonably high and 
the fuel consumption of large turbines is as low as 
0.30 kg of oil per kWhr (0.49 Ib per hphr). Under over- 
load conditions a turbine delivers approximately con- 
stant power for a given throttle setting. 

On the other hand, the turbine is nonreversible and 
its rotational speed for best economy is far in excess 
of the most efficient rpm of usual propeller types. 
These drawbacks make it necessary to install separate 
reversing turbines and to insert gears between the 
turbines and the propeller shaft to reduce the speed 
of the latter to values more suitable to the propeller. 

The mechanical geared drive has been used most 
widely up to the present. I t  permits the operation of 
engine and propeller at their most economical speeds 
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with a power loss in the gears of only 2 to 4 percent. 
A separate astern turbine is still required, which adds 
to cost, complexity, and power loss. 

The reduction in RPM between turbine and propeller 
shaft can also be attained by electrical means. The 
turbine in such an installation is directly coupled to a 
generator, both running at the same high speed for 
efficient operation. The generator supplies a motor di- 
rectly mounted on the propeller shaft, driving the lat- 
ter at the RPM most desirable for high propeller 
efficiency. This system eliminates any direct shafting 
between turbines and propeller, and so gives the naval 
architect greater freedom in laying out the general 
arrangement of the ship to best advantage. In twin- 
screw ships fitted with two sets of turboalternators, 
considerable economy can be achieved when using half 
power, such as when a passenger ship is cruising, by 
supplying both propulsion motors from one turbine. 
The turboelectric drive also eliminates the reversing 
turbine, gives great flexibility and rapidity of maneu- 
vering, and prevents racing of the propeller. 

These advantages are gained, however, at the ex- 
pense of rather high first cost and somewhat greater 
transmission losses. 

Internal-combustion engines used for ship propul- 
sion are generally reciprocating engines operating on 
the diesel’ principle (compression ignition) which have 
taken their name from the man who first developed 
them for practical use. They are built in all sizes, from 
those fitted in small pleasure boats to the very large 
types fitted in modern supertankers and passenger 
liners. The engines in the latter ships develop over 
2500 kW per cylinder, giving output as high as 30,000 
kW in 12 cylinders (40,200 hp). They are directly re- 
versible, occupy relatively little space, and have a very 
low fuel consumption, an average figure being around 
0.20 kg of oil per kWhr (0.328 lb per hphr). They are 
used in large single units directly coupled to the pro- 
peller or in sets of small units driving the propeller 
through electric or gear transmissions. Opposed to 
these advantages are the facts that diesel engines are 
usually heavier and more expensive, both in first cost 
and in upkeep than steam plants of corresponding size. 

The torque produced by a diesel engine is limited by 
the maximum pressure that may be developed in each 
cylinder. Therefore, when the engine is producing max- 
imum torque, it produces maximum power only at max- 
imum rpm. Consequently a diesel may produce a power 
directly proportional to the RPM for any throttle set- 
ting. 

This limitation leads to the problem of matching a 
diesel engine and a propeller. The resistance will in- 
crease with time because of fouling and the propeller 
thrust decreases for the same reason. Therefore the 

* After Rudolf Diesel, a German engineer (1858-1913). 

load on the prime mover will increase to maintain the 
same speed. This requires the designer to select the 
adequate propeller particulars (such as pitch) so that 
later, in the life of the vessel, the engine does not 
become overloaded or that it never produces its full 
capabilities, see Kresic et  a1 (1983). 

More recently, gas turbines have been developed in 
which the fuel is burned in compressed air and the 
resulting hot gases passed through the turbine. The 
gas turbine originated in aeronautical applications, and 
its progress has depended mostly upon the develop- 
ment of metals which could withstand the high pres- 
sures and temperatures. It has the advantages of 
dispensing with boilers, being light in weight and giv- 
ing a smooth, continuous drive. I t  is expensive in the 
quantity of fuel burned. One good operational char- 
acteristic is that it can quickly be brought on to full 
load without a long, warming-up period, some 15 min 
usually being sufficient after the warning to “raise 
steam” from cold. Marine gas turbines were fitted to 
a small number of merchant ships. But they are now 
frequently used in naval ships, sometimes associated 
with a diesel, steam turbine or smaller gas turbine. 
The latter are used for general cruising purposes, and 
the gas turbine is available at little or no notice when 
there is a demand for full power, both plants being 
connected to a common propeller shaft by clutches and 
gearing. The principal marine application so far has 
been to small and large destroyers and frigates and 
to smaller, high-speed craft, such as patrol craft and 
hydrofoils. 

Nuclear reactors have been installed on many naval 
ships and in a few merchant ships and ice breakers. 
They replace the boilers being used, through a heat 
exchanger, to raise steam which is then passed to a 
turbine in the normal way. They-also eliminate most 
of the weight and volume of fuel oil. The reactor can 
operate a t  full load indefinitely during the life of the 
charge of nuclear fuel, which enables the ship to main- 
tain high speed at sea without carrying a large quan- 
tity of consumable fuel. The weight saved, however, 
cannot as a rule be devoted to increase dead-weight 
earning capacity, for the weight of reactor and shield- 
ing will equal or exceed that of the boilers and fuel 
for the normal ship. 

1.3 Definition of Power. The various types of ma- 
rine engines are not all rated on the same basis, in- 
asmuch as it is inconvenient or impossible to measure 
their power output in exactly the same manner. Steam 
reciprocating engines are usually rated in terms of 
indicated power ( PI),  internal-combustion engines in 
terms of indicated power or brake power (PB), and 
turbine in shaft power (Ps). The term horsepower is 
still sometimes used, where 1 hp = 0.7457 kW. In 
English units 1 hp = 550 ft-lb per sec. 

Indicated power is measured in the cylinders by 
means of an instrument (an indicator) which records 
continuously the steam or gas pressure throughout 
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the length of the piston travel. From the resultant 
indicator card the mean effective pressure is measured 
and PI is calculated for top end and bottom end sep- 
arately: 

P, = 

where 

P M  is 
L is 
A is 
n is 

mean effective pressure, kN/m2 
length of piston stroke, m 
effective piston area, sq m 
number of working strokes per sec 

The total PI of the engine is found by adding those 
calculated separately for all the cylinders. 

Brake power is the power measured a t  the crank- 
shaft coupling by means of a mechanical, hydraulic or 
electrical brake. I t  is determined by a shop test and is 
calculated by the formula 

PB = 2nQn in kW 
where 

Q is brake torque, kN-m 
n is revolutions per sec 

Shaft power is the power transmitted through the 
shaft to the propeller. It is usually measured aboard 
ship as close to the propeller as possible by means of 
a torsionmeter. This instrument measures the angle 
of twist between two sections of the shaft, which angle 
is directly proportional to the torque transmitted. For 
a solid, circular shaft the shaft power is given by 

where 
d, = 
G =  

e =  
L, = 

n =  

shaft diameter, m 
shear modulus of elasticity of shaft ma- 
terial. kN/m2 
measured angle of twist, deg 
length of shaft over which 8 is measured, 
m 
revolutions per sec 

The shear modulus G for steel shafts is usually taken 
as 8.35 x lo7  kN/m2. 

For exact results, particularly with bored shafting, 
it is customary to calibrate the shaft by setting up the 
length of shafting on which the torsionmeter is to be 
used, subjecting it to known torques and measuring 
the angles of twist, and determining the calibration 
constant K = Q Ls /8  Ps can then be calculated di- 
rectly from any observed angle of twist and revolu- 
tions per second as 

e 
LS 

P, = K x - x 2 n n  

There is some power lost in the stern tube bearing 

and in any shaft tunnel bearings between the stern 
tube and the site of the torsionmeter. The power ac- 
tually delivered to the propeller is therefore somewhat 
less than that measured by the torsionmeter. This de- 
livered power is given the symbol PD. 

As the propeller advances through the water a t  a 
speed of advance VA, it delivers a thrust and the 
thrust power is 

P,= TVA 
Finally, the effective power is 

PE = RV 
1.4 Propulsive Efficiency. The efficiency of an en- 

gineering operation is generally defined as the ratio 
of the useful work or power obtained to that expended 
in carrying out the operation. 

In the case of a ship the useful power obtained is 
that used in overcoming the resistance to motion at a 
certain speed, which is represented by the effective 
power PE. 

The power put in to achieve this result is not so 
easily defined. In a ship with reciprocating engines, it 
can be measured by the power developed in the cyl- 
inders themselves as given by the indicated power, PI. 
The overall propulsive efficiency in this case would be 
expressed by the ratio PE/PI.  

In the case of turbines it is usual to measure the 
power in terms of the shaft power delivered to the 
shafting abaft the gearing, and the overall propulsive 
efficiency is PE/Ps. 

Since mechanical efficiencies, gear losses and shaft- 
transmission losses all vary from ship to ship, accord- 
ing to the type of machinery and general layout, and 
even in a given ship with the load a t  which the ma- 
chinery is operating at a particular time, it is difficult 
to define the hydrodynamic efficiency of a hull-propel- 
ler combination in terms of such an overall propulsive 
efficiency. 

A much more meaningful measure of efficiency of 
propulsion is the ratio of the useful power obtained, 
PE, to the power actually delivered to the propeller, 
PD. This ratio has been given the name quasi-pro- 
pulsive coefficient, and is defined as 

The shaft power is taken as the power delivered to the 
shaft by the main engines aft of the gearing and thrust 
block, so that the difference between P, and PD rep- 
resents the power lost in friction in the shaft bearings 
and stern tube. The ratio PD/Ps is called the shaft 
transmission efficiency. 

In this text, the propulsive efficiency is defined as 
follows: 
Propulsive efficiency = quasi-propulsive coefficient 

times shaft transmission efficiency 
or 
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or 

V P  = q D  x V S  

The shaft transmission loss is usually taken as about 
2 percent for ships with machinery aft and 3 percent 
for those with machinery amidships, but no very exact 
information exists on this point. It must be remem- 
bered also that when using the power measured by 
torsionmeter, the answer will depend on the position 

(2) 

of the meter along the shaft. To approach as closely 
as possible to the power delivered to the propeller, it 
should be as near to the stern tube as circumstances 
permit. I t  is often assumed that qs  = 1.0. 

The necessary brake power or indicated power in 
the turbines, diesel or steam-reciprocating engine, as 
the case may be, can be estimated in a particular design 
from the proper values of gear efficiency, mechanical 
efficiency and load factors. Values of these will be 
found in textbooks, handbooks and papers on marine 
engineering. 

Section 2 
Theory of Propeller Action 

2.1 Momentum Principle. Propellers derive their 
propulsive thrust by accelerating the fluid in which 
they work. This action is in accordance with Newton’s 
laws of motion, which state that force is required to 
alter the existing state of motion of any material body 
in magnitude or direction, and that the action of any 
two bodies upon one another is equal and opposite. 

Newton’s first law is expressed by the equation 
dv F = m -  
d t  (3) 

where 
F = force exerted on body 
m = mass of body 
dv _ -  - resulting acceleration of body 
dt 

Integrating between 0 and t seconds, we get 

[ Fdt = mv2 - mv,  (4) 

where v ,  and v2 are the velocities at  the beginning and 
end of the time interval. 

The expression 

Fdt 

is called the impulse of the force in the time interval 
zero to t, and the product of mass and velocity is called 
the momentum. The equation states that the impulse 
of the force in a given time interval is equal to the 
whole change in momentum produced by the force 
during this interval. In the special case when F is 
constant during the time interval, Equation (4) reduces 
to 

Ft = mv2 - mv, 

Furthermore, when the time interval is 1 see, 

F = mv2 - m v ,  
Hence in the case of a constant force the change in 

momentum in unit time is equal to the force which 
produced it. 

Momentum and impulse are vector quantities, and 
to determine the direction and magnitude of the final 
velocity when the direction and magnitude to the force 
and of the initial velocity are given, the rules of vector 
composition must be applied. 

2.2 General Discussion of Propeller Theories. The 
physical explanation of propeller action can be stated 
in rather simple terms, as shown in the preceding sec- 
tion, but the precise mathematical analysis presents 
considerable difficulties. As a result a satisfactory pro- 
peller theory which could explain all the observed facts 
and be useful for practical calculations was not de- 
veloped until comparatively recent times. 

The early propeller theories followed two indepen- 
dent lines of thought. In the first of these, the mo- 
mentum theories, the production of thrust was 
explained entirely by momentum changes taking place 
in the fluid. In the second, the blade-element theories, 
the propeller thrust was obtained by analyzing the 
forces acting on the various sections of the blades and 
then integrating these over the propeller radius. 

The momentum theories were based on correct fun- 
damental principles, but gave no indication of the pro- 
peller form which would produce the calculated thrust. 
The propeller was idealized as an “actuator disk” or 
some similar conception, which could cause an instan- 
taneous increase in pressure in the fluid passing 
through it. They led, however, to the important con- 
clusion that the efficiency of an ideal propeller has an 
upper limit which varies with the loading. The blade 
element theories, on the other hand, were capable of 
predicting the effects of various changes in propeller 
form, but led to the incorrect result that the efficiency 
of an ideal propeller was unity. 

The difference between the two groups of theories 
was not dispelled until the circulation theory developed 
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by Lanchester in aerodynamic research was applied to 
the propeller problem by Betz and Prandtl. This theory 
showed the relation between the momentum changes 
in the medium and the forces acting on the blade ele- 
ments, and its subsequent development finally led to 
the point where it is not only in good agreement with 
experimental results but also is flexible enough for 
practical design work. 

2.3 The Momentum Theory of Propeller Action. The 
momentum theories were originally due to Rankine 
(1865), Greenhill (1888) and Froude, R. E. (1889). In 
the ideal conception of the propeller, it is regarded as 
a “disk” or mechanism capable of imparting a sudden 
increase of pressure to the fluid passing through it, 
the method by which it does so being ignored. 

It is assumed that: 
( a )  The propeller imparts a uniform acceleration to 

all the fluid passing through it, so that the thrust 
thereby generated is uniformly distributed over the 
disk. 

( b )  The flow is frictionless. 
(c) There is an unlimited inflow of water to the pro- 

peller. 
The first assumption involves a contraction of the 

race column passing through the disk, and since this 
contraction cannot take place suddenly a t  the disk, the 
actual acceleration must occur outside the disk and be 
spread over a finite distance fore and aft. 

Consider a propeller disk of area A, advancing with 
uniform velocity V, into undisturbed fluid. The hydro- 
dynamic forces will be unchanged if we replace this 
system by a stationary disk in a uniform flow of the 
same velocity V,, as shown in Fig. 1. 

i PRES~URE p, 
..-.. I.-- 
-_ 

Fig. 1 Changes in pressure and velocity at propeller disk, momentum 
theory 

At the cross section 1, some distance well ahead of 
the disk, the velocity of the flow is V, and the pressure 
in the fluid is pl .  Well behind the screw, a t  section 3, 
the race column, i.e., the fluid which has passed 
through the screw disk and been acted upon by the 
pressure or thrust-producing mechanism there, will 
have some greater sternward velocity, which we may 
write as V, (1 + b) .  The fluid must acquire some of 
this increased velocity before it reaches the disk, and 
the velocity through it, a t  section 2, will be greater 
than V,, and we may write it as V, (1 + a), where a 
is an axial-inflow factor. 

The pressure in the race column, which is p 1  well 
ahead of the disk, will be reduced as the fluid ap- 
proaches the disk, since by Bernoulli’s law an increase 
in velocity is accompanied by a decrease in pressure. 
At the disk, the pressure is suddenly increased by some 
unspecified mechanism to some value greater than p 1, 

and then decreases again with the further acceleration 
in the race. If section 3 is so far aft of the disk that 
the contraction of the race may be assumed to have 
ceased, and if there is no rotation in the race, the 
pressure in the race at  section 3 will be p , ,  equal to 
that in the fluid outside the race. 

The quantity of water passing through the disk in 
unit time will be 

Q = V,(1 + a)A, 
Neglecting any effect of rotation which may be im- 

parted to the fluid, the change of momentum in unit 
time is 

p 4 W A l  + b) - V,l 
and this must be equal to the thrust T on the disk. 
Hence 

T = pQV,b 

= PA,( VJ“1 + a)b (5) 

The total work done per unit time (or the power 
expended) is equal to the increase in kinetic energy of 
the fluid, since we are neglecting friction, and if there 
is no rotation of the race the increase in kinetic energy 
in unit time is given by 

= p&(V,)2b (1 + b / 2 )  

= TV, (1 + b / 2 )  
This increase in kinetic energy has been provided by 

the work done on the water by the thrust, which is 
TV, (1 + a) in unit time. 

Hence we have 
TV, (1 + a) = TV, (1 + b / 2 )  
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or 
a = b / 2  

That is, one half of the sternward increase in velocity 
is acquired by the fluid before it reaches the disk. 

The useful work obtained from the screw, i.e., the 
work done upon the disk, is TVA, and so the power 
lost in the screw is 

TVA (1 + a )  - TVA = TVA.a 

= TvA.b/2 
The ideal efficiency q r  will be 

useful work obtained 
work expended 

= TV'/TVA (1 + a )  

771 = 

= 1/(1 + a)  (6)  
For many purposes, it is convenient to express 

the velocity increase bVA or, as we may also call it, 
the slip velocity, as a fraction of the speed through 
the fluid, VA. Denoting this slip ratio by s, we have 

S = b V A / v A  = b = 2 a  
Hence3 

1 n 

(7) 
L - 1 -- 

l + s / 2  2 + s  771 = 

Also, from Equation (5) and putting a = b / 2, we find 
T = PA,( VA)z (1 + b / 2 ) b  

= PA,( VA)z (1 + ~ 1 2 ) ~  

If the thrust loading coefficient is defined as 
rn 

In some texts, slip ratio s is defined as the ratio of the increase 
of the velocity in the race, bVA, to the final velocity in the race, 
( V, + bVA). In this case, 

bvA - b 
V A +  bVA 1 + b 

-- s =  

whence 

b s 
2 2(1 - s) 

a = - = -  

The ideal efficiency is then 

Eliminating s from (7) and (9), we find 

(10) 

This equation is of great practical importance, since 
it furnishes a simple criterion for the comparative ef- 
ficiencies of different propellers. It shows that a pro- 
peller working at a high load coefficient C, is less 
efficient than one working at a low coefficient: 

2 
77r = 

1 + (C, + 1)k 

CT 1 2 3 4 
qr 1.00 0.827 0.732 0.667 0.618 
It follows that the propeller with the largest disk 

area is in general the most efficient, other things being 
equal. 

When the speed of advance is zero, the efficiency is 
also zero, but the propeller still delivers thrust and 
absorbs power. The relation between thrust and power 
at zero speed of advance can be derived for an ideal 
propeller. 

The power P will be given by 
useful work obtained 

ideal efficiency P =  

+ (" + 'I' [from Equation (lo)] 
2 = TVA x 

When VA is very small CT will be very large in com- 
parison with unity, and we can write approximately 

P = TVA x - 
2 

Putting 
T CT = 

;PA,( vA)z 

this reduces to 

The value applies to an ideal propeller, but for an 
actual propeller it is much smaller. The value can be 
easily determined by a dock trial and serves as a con- 
venient measure of the relative thrusting ability of 
various propellers at zero speed. 

The Momentum Theory, Including Angular Mo- 
tion. In the simple momentum theory developed in 
the preceding section, the actuator disk was assumed 
to be capable of accelerating the fluid only in an axial 
direction. If we now assume a disk propeller which is 
capable of accelerating the fluid both axially and ro- 
tationally, we have the idealized form of the screw 
propeller. 

2.4 
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For angular motion there exists a momentum theo- 
rem similar to that for linear motion. If Q is the torque 
or moment of a force acting on a body about an axis 
of rotation 0, Ip  the mass polar moment of inertia of 
the body with respect to 0, and d d d t  the resulting 
angular acceleration of the body, then the equation 
equivalent to (3) is 

Q = I p d o / d t  
or 

Qdt  = I p d o  
Qd t  is the angular impulse and Ipdw the change in 
angular momentum, and the equation states that the 
angular impulse is equal to the change in angular 
momentum. 

If we consider now a time interval of 1 see during 
which the torque remains constant, the equation can 
be integrated to give 

Q = IAwz  - 01) (11) 
where o, and o2 are the initial and final angular ve- 
locities. 

To develop an expression for the efficiency of an 
ideal screw propeller with rotation of the race, we 
assume that the fluid has a translational velocity V, 
far ahead of the propeller and no rotational velocity, 
i.e., o, = 0. The disk has a rotational velocity of o, 
and in passing through it the fluid will acquire some 
angular velocity in the same direction as the disk. Well 
behind the screw, the race will have a translational 
velocity VA(l + b), as before, and a rotational velocity 
02, which we may write, by analogy, in the form 

o2 = o ( 1  - b ' )  
Some of this rotational velocity will be acquired by 

the fluid before it enters the screw disk, just as in the 
case of the sternward acceleration, and we can define 
a rotational inflow factor a' similar to the axial inflow 
factor a. The angular velocity of the disk relative to 
the water will be reduced in consequence from o to 
o ( 1  - a') .  

The total kinetic energy in the race will be increased 
by the energy of rotation, so that the effect will be to 
reduce the ideal efficiency. 

Both velocity components impressed on the fluid are 
assumed to be uniformly distributed over the disk. 
Dividing the latter into concentric annular elements of 
width d r  and area dA,, and assuming each element 
works independently of all the others, the thrust d T  
developed by any element is given, by analogy with 
Equation (5) as 

d T  = pdA0(VA) ' (1  + a ) b  

= pdA,,(VA)z(l + b / Z ) b  
The torque d Q  absorbed by the element is, by Equa- 

tion (ll),  

d Q  = d l p ( 0 ,  - 0) 

= d M r 2 w ,  
where 

d M  = mass of fluid passing through area d A ,  

d l ,  = moment of inertia of dM 
in unit time = pdA,V,(l + a)  

and 
r = radius of annular element 

Thus 
d Q  = pdAoV,(l  + u)r2w2 

The useful work performed by the element is d T v A .  
The power absorbed by the element is d Q o ,  which 
must be equal to the sum of the useful work and the 
energy losses. The kinetic-energy loss in translation 

= ;dM(bvA) '  

= i d T b V ,  

since 
dM x bV,  = change of momentum in fluid 

= d T  
The kinetic-energy loss in rotation 

= $dIp(wz) '  = i d Q o ,  

The energy-balance equation then gives 

dQw = d T v A  + $ d T b v A  -t i d Q w 2  

or 
d T v A  (1 + b I 2 )  = d Q  (O - 0 , / 2 )  

This shows that one half of the angular velocity is 
acquired by the fluid before it enters the disk, and by 
definition w , / 2  = a'o, so that 

d T v A ( l  4- a) = d Q o ( 1  - a')  
remembering that a = b 12. 

The efficiency of the element is 
useful work performed 

' I  = power absorbed 
= d T V , / d Q o  
= ( 1  - a ' ) / ( l  + a )  (12) 

The ideal efficiency for the simple actuator disk is 
Equation (6), 

' 1  = 1 / ( 1  + a)  
The factor ( 1  - a ' )  is always less than unity. It can 
be shown that Equation (12) is not only the ideal ef- 
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Fig. 2 Propeller-blade definitions 

ficiency of the blade element, but also the expression 
for the ideal efficiency of a screw propeller having the 
minimum kinetic-energy losses (Bienen, et al, 1924). It 
follows that the efficiency of an ideal screw propeller 
is less than that of an actuator disk propeller by the 
fraction (1 - a') or 

(0 - 0 , / 2 ) / 0  
2.5 Blade Element Theory of Screw Propeller. In 

the momentum theories of previous sections, the pro- 
peller was considered as a mechanism for increasing 
the momentum of the race, but no attempt was made 
to explain how this was done. 

In the blade-element theory, the propeller is consid- 
ered to be made up of a number of separate blades, 
which in turn can be divided into successive strips 
across the blades from leading to trailing edge, Fig. 
2. The forces acting on each strip are evaluated from 
a knowledge of the relative velocity of the strip to the 
water and the characteristics of the section shape. The 
elementary forces are then resolved into the elements 
of thrust dT in the forward direction and of torque dQ 
in the plane of propeller rotation. By plotting curves 
of dT and dQ along the blade from boss to tip, Fig. 3, 
curves of thrust and torque loading are obtained which 
on integration will give the total thrust T and torque 
Q on the whole propeller. The efficiency is then 

rv, 
yo = - 2 r n Q  

The force on a blade section set at an angle of in- 
cidence to the flow can be resolved into two compo- 
nents, the lift L and drag D, respectively, normal to 
and along the line of incident flow, Fig. 4. 

The angle between the face of the section and the 
incident flow is the angle of incidence a. 

The forces are usually expressed in the form of non- 
dimensional coefficients: 

L 
Lift coefficient, C, = ___ 

$ p A V n  

D 
Drag coefficient, C, = - 

$ p A V 2  

where 

p is mass density of fluid 
A is area of plan form of section 

V is velocity of incident flow 
= (chord x span) for rectangular shapes 

The efficiency of the section as a lifting device is 
measured by the ratio 

Lift - - cL - Utan y (see Fig. 4) 
Drag D C, 

The basic data on lift and drag are generally derived 
from tests with airfoils of constant cross-section in 
wind tunnels. These foils are arranged in the test sec- 
tion of the wind tunnel so that they span the section. 
In this way the measured lift and drag forces a t  var- 
ious angles of attack are representative of the so-called 
two-dimensional case corresponding to a foil with in- 
finite span, for which the distribution of the lift and 
drag force along the span is uniform. 

A common airfoil shape used today is the NACA 66 
(modified) thickness distribution, superimposed on the 
NACA, a = 0.8, mean line. Coordinates of these thick- 
ness and mean line distributions are given in Table 30. 
This modification of the NACA 66 section has been 
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Fig. 3 Blade-loading curves 
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Fig. 4 Forces on a blade section 

published by Brockett (1966). Fig. 5 shows the meaning 
of the symbols used in Table 1. 

When the results of tests on such sections are plot- 
ted, a number of interesting points emerge, Fig. 4: 

(a) The lift coefficient C, for small angles of incidence 
is a linear function of the angle of incidence a. 

(b)  At some larger value of a the lift coefficient 
ceases to increase Iizearly with a. 

(c) Zero lift does not occur a t  zero incidence, but at 
a small negative angle, called the angle of zero lift, 
a,. This is equal to -2 deg in Fig. 4. We can thus 
draw a zero lift line from the tail passing above the 
pitch face at an angle a, such that when the incident 
flow is along this line there will be no lifting force 
exerted on the section normal to the flow. When the 
angle of incidence to the pitch face is a, the hydro- 
dynamic angle of incidence a, is given by 

a, = Q g  + a 
(d) The drag coefficient remains small and more or 

less constant for small angles of incidence, but when 
the lift coefficient begins to fall off, the drag coefficient 
increases rapidly. 

(e) The lift / drag ratio is a maximum at a small angle 
of incidence, and for such sections to work efficiently 

Table 1-Ordinates for NACA 66 (Mod) Thickness 
Distribution and NACA a = 0.8 Camber Distribution 

Station, 
x / c  

percent 
0 

0.5 
0.75 
1.25 
2.5 
5.0 
7.5 

10.0 
15.0 
20.0 
25.0 
30.0 
35.0 
40.0 
45.0 
50.0 
55.0 
60.0 
65.0 
70.0 
75.0 
80.0 
85.0 
90.0 
95.0 
97.5 

100.0 

Thickness 
Ordinate, 

t / t  max 

0 
0.0665 
0.0812 
0.1044 
0.1466 
0.2066 
0.2525 
0.2907 
0.3521 
0.4000 
0.4363 
0.4637 
0.4832 
0.4952 
0.5 
0.4962 
0.4846 
0.4653 
0.4383 
0.4035 
0.3612 
0.3110 
0.2532 
0.1877 
0.1143 
0.748 
0.0333 

Camber 
Ordinate, 
f/fmm,, 

0 
0.0423 
0.0595 
0.0907 
0.1586 
0.2712 
0.3657 
0.4482 
0.5869 
0.6993 
0.7905 
0.8635 
0.9202 
0.9615 
0.9881 
1.0 
0.9971 
0.9786 
0.9434 
0.8892 
0.8121 
0.7027 
0.5425 
0.3588 
0.1713 
0.0823 

0 

the angle of incidence should be small. 
The ratio of span to chord is called the aspect ratio 

(AR). If this ratio were infinite, the flow past a section 
would be two-dimensional, and the lift distribution 
along the span would be uniform. With a finite span, 
a certain amount of "spilling" takes place a t  the ends, 
and the lift falls off to zero at those points. The results 
can be corrected from one aspect ratio to another, and 
are usually given for an AR of either 6 or infinity. 

One other feature of section behavior is of impor- 
tance in propeller work-the distribution of pressure 
around a section. An example for an airfoil shape is 
shown in Fig. 6. On the face of the section the pressure 
is increased above that in the free stream, being great- 
est quite close to the nose. On the back the pressure 
is decreased and has a marked peak some little distance 
from the nose. The lift force generated is the result 
of the differences in pressure on the two faces, and 

TRAILING EDGE LEADING EDGE 

1-X'. 

0.0 

Fig. 5 Symbols defining shape of airfoil 

X ' ~ ' l 0  I 



PROPULSION 137 

DECREASE 
OF 

PRESSURE 

I 

PRESSURE ON INCREASE 
OF 

PRESSURE 

Fig. 6 Pressure distribution on blade section 

for the type of pressure distribution shown in Fig. 6 
it is clear that they reinforce one another and that the 
reduction on the back contributes more to the lift than 
does the increase on the face. 

In a marine propeller, the surface of the blade facing 
aft, which experiences the increase in pressure when 
propelling the ship ahead, is called the face of the 
blade, the forward side being the back. In the simplest 
case, the face of a propeller blade is a portion of a 
true helical surface, i.e., a surface swept out by a 
straight line AB, Fig. 7, one end of which, A, advances 
at uniform speed along an axis 00', while the line 
itself rotates about the point A with uniform angular 
speed o. When the generating line has made a com- 
plete revolution and is in the position A'B', the distance 
it has advanced, AA', is called the face or geometrical 
pitch, P. 

Any cylinder coaxial with 00 will cut the helical 
surface in a helix, and the angle between any such 
helix and a surface normal to the axis, such as SS, is 
called the pitch angle +. The angle + will be constant 
for a given helix, i.e., at a given radius, but will increase 
in value from the tip of the blade inwards to the hub. 
In practice the pitch is not always the same at all radii, 
it being fairly common to have a reduced pitch towards 
the hub and, less usually, towards the tip. In such 
cases the pitch a t  0.7R is often taken as a represen- 
tative mean pitch, as this is approximately the point 
where the maximum lift is generated, Fig. 3. 

The shapes of blade outlines and sections vary 
greatly according to the type of ship for which the 
propeller is intended and to the individual designer's 
ideas. Fig. 8 shows a typical design and defines many 
of the terms in common use. 

Here skew is defined as the angular measure from 
the center of the chord of each section to the reference 

line. This line extends from the center of the hub 
through the center of the chord of the section at r = 
112 d, the hub radius. 

If we consider a section of the propeller blade at a 
radius r with a pitch angle + and pitch P, Fig. 9, and 
imagine the blade to be working in an unyielding me- 
dium, then in one revolution of the propeller it will 
advance from A to A', a distance P. If we unroll the 
cylinder of radius r into a flat surface, the helix traced 
out by A will develop into the straight line AM, and 

P tan + = - 27rr 

If the screw is turning at n-revolutions in unit time, 
then in that time it will advance a distance Pn and we 
can obtain a velocity diagram for the section, Fig. 10. 

In a real fluid, there will be a certain amount of 
yielding when the propeller is developing thrust and 
the screw will not advance a distance LM, equal to Pn, 
in unit time, but some smaller distance LS, the distance 
MS being called the slip, and the ratio M S / M L  = sR 
is called the real slip ratio and MAS the slip angle 
or geometrical slip angle. 

From Fig. 10, it is seen that 

Pn - VA = I - -  VA 
S R  = Pn Pn 

As in the case of the actuator disk, the working of 
the propeller blades and the development of thrust 
result in an acceleration of the water ahead of the 
propeller, so that the total axial inflow velocity a t  a 
particular blade section is increased from VA to VA(l + a), while the total rotational inflow velocity is de- 
creased from 27rnr to 27rnr (1 - a'), Fig. ll. 

I t  will be seen from the velocity diagram that both 
of the inflow factors a and a' result in a decrease in 
the angle of incidence at which the water meets the 
section to a value considerably below that which would 
obtain if they were neglected (from <AOC to 
<BOG'). The angle <BOG' is always small in an effi- 

I Is 
I 8' 

BLADE \ BLADE TIP 
\, HELIX 

I 
BLADE ROOT\ 

Fig. 7 Definition of helix 
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1: RAKE 

FACE OF R.H. PROPELLER 
LOOKING F R O M  AFT 

Fig. 8 Typical propeller drawing 

P Pitch ratio = - D 
t Blade thickness ratio = - 

D 
Pitch angle = 4 

Diameter D 

Pitch P 
No. of blades 4 

Disk area = area of tip circle = - Dz = A ,  

Developed area of blades, outside hub = A ,  

77 

4 

A Developed area ratio = DAR = -2 
A0 

Projected area of blades (on transverse plane) outside hub = A ,  
A Projected area ratio = PAR = -.C 
A0 

Blade width ratio = BWR = 
Max. blade width 

n 
&/length of blades (outside hub) 

D 
Mean width ratio = MWR = 

Fig. 9 Definition of pitch ongle 

I#J = Pitch angle of screw propeller 

Fig. 10 Definition of slip 

V h lS  - Pn - v Iteal slip ratio SR = M L  - - Pn -2 = I - Pn -* 
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Fig. 11 Blade velocity diagram 

cient propeller, usually in the region of 3 to 6 deg, at 
which angles the L / D  ratio is approximately at its 
maximum value. Thus although the induced velocities 
defined by a and a’ may be small in absolute terms as 
compared with the speeds of advance and rotation of 
the section, yet they have a major effect upon the angle 
of incidence and therefore upon the conditions under 
which the blade section works. From Fig. 11 we see 
that 

and the velocity of the water relative to the blade 
section is given by the vector V,, where 

The angle of incidence a is given by (4 - P I ) ,  where 
4 is the geometrical pitch angle. 

Suppose that the propeller has 2 blades, that the 
chord of the blades has a value c at radius n, and that 
the section of the blade at this point has lift and drag 
coefficients CL and C, at the angle of incidence a. Let 
the resultant lift and drag of an element of the pro- 
peller blade of length d r  along the blade be d L  and 
dD, respectively. Then 

d L  = $ p  x area x (velocity)’ x C, 

and 
( V A y ( l  + 

sin ‘ P I  dD = i p c d r Z  CD 

Since d L  and dD are, respectively, normal to and along 
the direction of the relative velocity V,, the thrust and 
torque contributed by these elements will be 

dT = d L  cos P I  - dD sin P I  
dQ = ( d L  sin P I  + dD cos PI)r 

The first expression can be written in the form 

= d L  (cos P I  - tan ysin P I )  
where 

cD. tan y = - in Fig. 4 
CL 

Hence 
cos P I  cos y - sin P I  sin y 

cos y 
dT  = d L  ( 

cos (PI + Y) = d L  cos y 
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(a) 
Fig. 12(0) Circulation flow 

( b )  

Fig. 12(b) Streamline flow around circular cylinder without circulation 

dT/dr and dQ/dr may now be plotted on a base of 
radius r and the total thrust T and torque Q obtained 
by integration, Fig. 3. Such curves show that most of 
the thrust and torque are developed over the outer 
part of the blade, the maxima occurring at about r = 
0.7R. 

The efficiency of the blade element is given by 

cos (PI + Y) 
cos Y 

V,dL 

cos y 

v, 1 - -- 
2rnr tan (PI  + y )  

1 - a' tan P I  
1 + a tan (PI  + y )  

- -~ [by Equation (14)]. 

The efficiency of the whole propeller will be 

The performance of each blade element can only be 
determined when values of a, a', C,, and y are known. 

C, and y can be found from test data on the partic- 
ular blade sections chosen. To find a and a', it is nec- 
essary to equate the thrust to the fore-and-aft 
momentum put into the race and the torque to the 
change in rotational momentum, as in the momentum 
theory. 

Writing 

CZCL cos (PI + Y> F =  
8 r r  sin ' P I  cos y 

Equation (16) becomes 

= F ~ ( V J ' ( I  + a)' x 4 r r  (18) 

From momentum considerations, the thrust developed 
by the blade element is given by 

Fig. 12(c) Streamline flow around o cylinder with circulation 
dr  

cos @ I  + Y) 

and similarly 
- 

or 
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This neglects any rotational momentum imparted to 
the race. 

Equating (18) and (19), we have 
2F(1 + a)  = b 

A similar expression can be derived for the rotational 
inflow factor a’. 

If we knew the ratio between a and b, i.e., what 
proportion of the ultimate race velocity is acquired at 
the position of the blade section, a could be determined. 
For the particular value of a = b l 2  derived from 
momentum considerations, we find 

F 
1 - F  

a = -  

In the early days a simplified blade-element theory 
was used in which the induced velocities were ignored, 
and the calculated thrusts, torques, and efficiencies 
differed considerably from those found in actual pro- 
peller performance. The comparison was improved 
when the induced velocity effects were included, but 
discrepancies still remained, owing principally to the 
neglect of the mutual interference between the pro- 
peller blades and the failure to allow for the falling 
off of the lift towards the blade tips. Later develop- 
ments in propeller theory have enabled these factors 
to be largely accounted for in modern design methods; 
see Section 8.4. 

2.6 Circulation Theory of Screw Propeller. The 
modern theoretical methods of propeller design are 
based upon the vortex theory first enunciated by F. 
W. Lanchester in his treatise Aerial Flight published 
in 1907. 

Consider the type of streamline flow shown in Fig. 
12(a), which is defined by the equation 

(20) ru = c = constant 
where 

r = radius vector drawn from 0 to any point 

u = velocity a t  any point, which is everywhere 
in the field 

normal to radius vector 

A 
w B A 

Fig. 14 Vortex of airplane wing with constant circulation 

An inner streamline of radius r, can be considered as 
representing the wall of a cylinder whose axis is nor- 
mal to the plane of the flow and around which the fluid 
circulates. When the radius r, is very small, we have 
what is known as a vortex tube or filament, because 
the law of velocity distribution expressed by Equation 
(20) applies with good approximation to the exterior 
field of the familiar vortex motions found in nature. 
Vortex filaments in ideal fluids have interesting prop- 
erties, among which may be mentioned that any given 
vortex filament is permanently composed of the same 
fluid particles and that it cannot terminate abruptly in 
the interior of the fluid but must either return on itself 
or terminate on the boundary of the fluid region. 

If the cylinder is placed in a uniform stream in such 
an ideal fluid, but without any such circulation flow, 
the streamlines will be symmetrical about the flow 
axis, and no force will be exerted upon the cylinder, 
Fig. 12(b). 

If now a circulation flow is imposed around the cyl- 
inder, the flow pattern is greatly changed, becoming 
asymmetrical as shown in Fig. 12(c). At the point E 
the velocity parallel to the flow axis is ( V, + u) while 
at F it is ( V, - u). This asymmetry of velocity distri- 
bution gives rise to a similar asymmetry in pressure 
distribution, the pressure at F being greater than that 
at E. As a result, a force is exerted on the cylinder at 
right angles to the direction of the uniform stream 
flow. The production of such a force on a rotating 
cylinder in a stream is called the Magnus effect after 
its discoverer, Magnus (1853). It has been used to pro- 
pel ships in place of sails in the Flettner rotor ship. 

To define the mathematical concept of circulation 
more clearly, let A and B in Fig. 13 be two points 
connected by any plane curve, and let w be a vector 
at the point P on the curve which makes the angle ( 
with the direction of the line element ds. Then the line 

n 

A 

Fig. 13 Line integral Fig. 15 Vortex system of airplane wing with varying circulation 
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integral between A and B is defined by the expression 

[ o cos t ds 

In the special case when the vector o denotes a 
velocity and the integration is performed around a 
closed curve, the line integral is called the circulation, 
r, and 

r = $ o cos t ds 

where the symbol $ indicates integration around a 
closed curve. 

This type of flow has the peculiarity that when a 
closed curve is drawn in the field and the line integral 
along this closed curve is evaluated, the circulation is 
zero when the curve does not surround the origin 0, 
but has the constant value 27rc when the curve sur- 
rounds the origin. 

Cqnsider the two points A and B in Fig. 12(a), which 
are connected by any curve whatsoever. By definition, 
the line integral along the curve is 

ras = I, w cos t ds 

In order to evaluate this integral, we replace the cho- 
sen curve by a stepped line consisting of short radial 
lines and circular arcs. The integration along the radial 
lines contributes nothing to the final value, since the 
line element and the velocity vector are normal to each 
other, and consequently cos t is zero. The integration 
along the circular arcs, however, yields a definite value, 
since in this case cos 6 is unity. 

Reasoning in this manner, we find for the value of 
the integral along the arbitrarily chosen curve 

B 

B 

rAB = ds = or d+ = 2 c+, (21) 

where is the angle included between the radii 
through A and B. The + sign applies when the inte- 
gration is made in one direction, the - sign when made 
in the reverse direction. It appears from this equation 
that the value of the line integral is independent of 
the path and depends only on the end points. It follows 
therefore that if we integrate from A to B along an 
arbitrary path such as ACB in Fig. 12(a), and then 
integrate in the reverse direction along any other path 
not surrounding the origin, such as BDA, the value of 
the integral around the closed loop ACBDA will be 
zero. On the other hand, if we integrate around a closed 
curve surrounding the origin 0, so that the angle I/J, 

in Equation (21) has the value 27r, the line integral 
around the loop, or the circulation, will have the value 
2lTc. 

The transverse force L acting on the cylinder with 
circulation in a uniform flow, as shown in Fig. 12(c), 
may be shown to be given by the equation 

L = prv, 

where 
p is mass density of fluid 
r = 277c is strength of circulation flow 
V, is velocity of uniform stream 

Equation (22) is known as the Kutta-Joukowski 
Equation, and is one of the great generalizations of 
mechanics, since it applies to all bodies regardless of 
their shape, the shape factor being contained in the 
circulation factor r. By the aid of this equation the 
mathematical discussion of propeller action is greatly 
simplified, because we do not have to consider the 
shape of the propeller blades until the very end, in the 
meantime regarding them merely as vortex filaments 
or lifting lines endowed with circulation. These lifting 
lines are regarded as having finite lengths, correspond- 
ing to the lengths of the blades, not terminating ab- 
ruptly a t  the tips, however, but having continuations, 
so-called tip vortices, at the free ends. Such contin- 
uations do exist at the tips of airplane wings and a t  
the tips and roots of propeller blades, as is readily 
shown by wind-tunnel or water-tunnel experiments. 
The lift produced by an aircraft wing or a propeller 
blade is the result of an increased pressure on the face 
and a decreased pressure on the back. Since the fluid 
follows the pressure gradient, it tends to spill over the 
free ends from the face to the back, creating powerful 
vortices downstream, the axes of which are practically 
at right angles to the axis of the wing or blade, and 
which form the boundaries of the fluid layer which has 
been in contact with the blade. 

The simpler case of an aircraft wing in flight through 
still air is illustrated in Fig. 14. The equivalent bound 
vortex in this case travels in a straight line a t  right 
angles to its axis. If the circulation of this bound vortex 
is assumed to be constant along its length, we have 
the simple system in which AA is the bound vortex 
and AB the free tip vortices already mentioned. This 
simple system is a useful concept and helps us to vis- 
ualize the phenomenon, but does not express ade- 
quately the actual flow conditions around the wing. In 
reality the lift of the wing decreases from a maximum 
value at midspan to zero at the ends, and so the cir- 
culation around the wing must vary likewise. Assum- 
ing that the circulation around the bound vortex AA 
varies continuously as shown by the curve r = f ( x )  
in Fig. 15, then it can be shown by interpreting cir- 
culation in terms of its original definition as a line 
integral that free vortices flow not only off the free 
ends but also all along the trailing edge of AA, forming 
together a vortex sheet. The strength of any individual 
vortex in the sheet is equal to the change in circulation 
a t  that point on AA. Thus, if at distances x1 and x, 
from midspan the circulation strengths are rl and rZ, 
respectively, the free vortex formed between x1 and 
x2 will have a strength equal to (I?, - r2). 
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Considering now two individual vortices in the sheet, 
located at opposite sides of the midspan, each lies in 
the velocity field of the other and thus must assume 
the downward velocity existing at that point of the 
field. Inasmuch as this is true for all the vortices in 
the sheet, it follows that the sheet as a whole assumes 
a downward velocity. I t  was shown by Prandtl (1979) 
that this downward velocity is constant across the 
sheet when the distribution function f ( x )  represents 
an ellipse. Along the vortex sheet, however, from AA 
to infinity at the right, the induced downward velocity 
is not constant but varies from the value u, a t  a very 
large distance from AA to the value u, /2  a t  AA. This 
can be proved rigorously by a theorem on vortex mo- 
tion which has an equivalent in electrodynamics and 
is known as the Biot-Savart law. In a general way its 
truth can be perceived by the following reasoning. Let 
the vortex system in Fig. 15 be supplemented by a like 
system extending from AA to infinity a t  the left. The 
whole infinitely long vortex system would then move 
downward with the velocity u, in accordance with the 
foregoing discussion. At AA this velocity would be 
composed in equal measure of that induced by vortices 
belonging to the supplementary system and by vor- 
tices belonging to the original system. Removing the 
supplementary system, and so reverting to the system 
shown in the figure, leaves only the value u / 2 at the 
location of the bound vortex. 

Similar conclusions were reached in the case of an 

advancing propeller blade (Prandtl, et  al, 1927). The 
vortex sheet in this case is the helicoidal layer of fluid 
trailing behind the blade, and the induced velocity, 
which is normal to the helicoidal layer and so tends to 
push the sheet astern along the propeller axis and to 
rotate it about this axis, is identical with the previously 
defined slip velocity. A theorem analogous to that just 
mentioned holds in this case also-that the induced 
velocity at the position of the bound vortex, i.e., at the 
propeller disk, is u,/2, or one half that at a great 
distance behind the propeller. 

Betz further developed the important theorem that 
a propeller blade will have the smallest energy losses 
resulting from the induced velocities when the heli- 
coidal vortex sheet is pushed astern along the shaft 
axis and rotated about this axis as though it were a 
rigid sheet. This theorem furnishes a simple and def- 
inite rule for the design of the propeller blade in prac- 
tice; in order to obtain the maximum propeller 
efficiency, which is usually the aim of the designer, the 
blades must be so designed that the inflow velocity is 
the same for every blade element. 

The application of the circulation theory to propeller 
design enables various refinements to be made to the 
simple blade-element theory already described. In par- 
ticular, it enables the induced velocity u, / 2 to be cal- 
culated, an so the axial and radial inflow factors a and 
a’. These questions, and other developments, are dis- 
cussed in detail in Section 8.4. 

Much of the knowledge about the performance of 
propellers has been gained from experiments with 
models. To study the laws governing their behavior, 
the model propeller is run without any hull ahead of 
it. These are referred to as open-water conditions. In 
the towing tank this is done by running the propeller 
on a long shaft projecting well ahead of a narrow 
propeller “boat,” containing the driving apparatus and 
attached to the towing carriage. The propeller ad- 
vances into undisturbed water, so that the speed of 
advance V, is known and the inflow is uniform over 
the disk. Records of thrust, torque, revolutions and 
speed are taken automatically over a range of values 
of the last two quantities. 

3.1 Dimensional analysis As in the case of resist- 
ance, we can obtain guidance on the laws governing 
model and ship similitude by applying dimensional 
analysis. 

The thrust of the propeller T could depend upon: 
(a)  Mass density of water, p.  
(b) Size of propeller, represented by diameter D. 

Section 3 
law of Similitude for Propellers 

(c) Speed of advance, V,. 
(d) Acceleration due to gravity, g .  
(e)  Speed of rotation, n. 
V) Pressure in the fluid, p .  
(g) Viscosity of the water, p .  
Writing 

T = f (paDbVACgdnepfpg)  
and introducing the proper dimensions, we have 

whence 
a = l - f - g  
b = 1 + 3 a  - c - d + f + g 
c = 2 - 2d - e - 2f - g  

and substituting a and c in the expression for b: 
b = 2 + d + e -g 
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Then from Equation (23): 

where v = plp.  
The expressions in the square brackets are all non- 

dimensional, and there is therefore no restriction di- 
mensionally on the exponents d, e, 3 and g. The form 
of the function f must be found by experiment, and 
may be different for each of the four terms. 

The equation may be written in the form 

Note that since the disk area of the propeller, A, = 
(.rr14)D2, is proportional to D2, the thrust coefficient 
can also be written in the form 

T 
k p ( VA) 

Equation (24) states in effect that if all the parameters 
on the right-hand side have the same values for two 
geometrically similar but different sized propellers, 
the flow patterns will be similar and the value of 
T/i P D ~ ( V , ) ~  will be the same for each. 

If the model and ship quantities are distinguished 
by the suffixes M and S, respectively, and if A is the 
linear scale ratio, then 

Ds/DM = h 

If the model propeller is run at the correct Froude 
speed of advance, then also 

Under these circumstances, the first term in Equa- 
tion (24) will be the same for model and ship, so that 
the first condition for similarity of flow is that the speed 
of advance of the model and ship propellers should be 
in accordance with Froude's law of comparison. 

The slip ratio has been defined as (1 - V,/Pn).  For 
geometrically similar propellers, therefore, the second 
condition of Equation (24)  that n D / V A  must be the 
same for model and ship, means that the slip ratio 
must be the same for each. Just  as in the case of 
resistance, the third quantity in Equation (24) is not 
the same for model and ship propellers when the for- 
mer is run in a towing tank, because the atmospheric 
pressure is not scaled down in the latter case. How- 
ever, since the forces on the propeller blades are 
caused by differences in pressure, they will not be 
affected by this fact unless cavitation occurs, in which 
case other kinds of tests must be made (see Section 
7.3). The last term, v l  V,D, is a Reynolds number, and 
it cannot be made the same if the model and ship speeds 
of advance follow Froude's law. I t  is concerned with 

the frictional resistance on the propeller blades, but 
as this is only a very small part of the total force on 
the blade, we can neglect the effect of viscosity in the 
first instance. However, it is necessary to make the 
model propeller as large as feasible within the other 
limitations of the huIl model scale, measuring ap a- 
ratus, and so on, in order to avoid as far as possi 1 le 
any laminar flow over the blades so as to reduce such 
Reynolds-number effect on the blade section drag to 
a minimum. 

With these reservations in mind, we can say that as 
long as gD/ (vA) and nD/ V, are the same in ship and 
model 

T a D2(VA)2 
The following relationships then hold: 

or 

or 
nM = ns x A% 

i.e., the model revolutions are higher than those of the 
full-scale ship propeller. 

The thrust power is given by P ,  = TVA, so that 

and 

If the model results were plotted as values of 
T+ 

and 

Q c, = 
k p  D 3 ( v A ) 2  

to a base of VA/nD or J ,  therefore, the values would 
be directly applicable to the ship, apart from any scale 
effects such as mentioned. This method is often used, 
but the coefficients have the disadvantage that they 
become infinite for zero speed of advance, a condition 
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KT Propeller efficiency (in open), qo = - x - 
257 KQ 

I I I I I I I 
10 0 8  06 0 4  02 0 -02  

SCALE OF SLIP RATIO 

Fig. 16 Typical curves of thrust, torque and efficiency for propeller in open 
water 

No. of blades = 4 
Face pitch ratio = 1.00 

sometimes occurring in practice, such as for a tug 
pulling at a stationary bollard or ship. 

Since J or V A / n D  is the same for model and ship, 
we can replace V, by n D  and obtain new coefficients 
which do not have this disadvantage: 

VA Advance ratio, J = - n D  

Thrust coefficient, KT = -L!--- p n 2 D 4  

Q Torque coefficient, KQ = ~ p n 2 D 5  

where KT, K,, and yo are functions of J. These coef- 
ficients are nondimensional in any consistent system 
of units. 

3.2 Open water tests. Typical open-water curves 
are shown in Fig. 16. These show that this propeller 
reaches its maximum efficiency at  a J-value of about 
0.85. Since in this particular case the face pitch ratio 
is 1.00, (1 - V,/Pn)  = (1 - V A / D n ) ,  and the scale 
of J is also a scale of (l-slip ratio). It will be noticed 
that the thrust does not vanish a t  J = 1.00, or zero 
slip ratio, but at some higher value nearer J = 1.10. 
This is due to the effect of the zero lift angles of the 
blade sections, so that the effective pitch is greater 
than the nominal or face pitch. The value of J a t  which 
the thrust does vanish can be used as a measure of 
the effective or analysis pitch ratio. 

In practice, in order to obtain as high a value of 
Reynolds number as possible for the flow over the 
blade sections, the requirement to run at the correct 
Froude number is often ignored. Instead, the open- 
water tests are carried out at a higher speed of ad- 
vance, the slip being varied to cover the necessary 
range by a variation in revolutions. In other cases, the 
slip range is covered by running at constant revolu- 
tions and different speeds of advance. Provided that 
the propeller is run with adequate immersion, so that 
there is no wave-making on the surface, the lack of 
Froude-number identity will not have any important 
effect. 

Section 4 
Interaction Between Hull and Propeller 

4.1 General. The preceding discussion has related and also increasing the velocity there, both of which 
to a propeller working in open water, in which con- effects augment the resistance of the ship above that 
dition it is advancing into undisturbed water. When it measured by towing the hull. 
is in its correct location behind the model or ship hull, Also, the relations between thrust, torque, and rev- 
the conditions are considerably modified. The propeller olutions in open water where the inflow is uniform, 
is now working in water which has been disturbed by cannot be expected to remain the same behind the hull 
the passage of the hull, and in general the water in the variable flow conditions experienced there. This 
around the stern has acquired a forward motion in the leads to the possibility of differing propeller efficiencies 
same direction as the ship. This forward-moving water in open water and behind the hull. 
is called the wake, and one of the results is that the 4.2 Wake. The difference between the ship speed 
propeller is no longer advancing relatively to the water V and the speed of advance V, may be called the wake 
at the same speed as the ship, V,  but at some lower speed. Froude expressed the wake speed as a fraction 
speed V,, called the speed of advance. of the speed of advance V,, calling this ratio the wake 

As we have seen, the propeller when developing fraction w F ,  so that 
thrust accelerates the water ahead of it, and this has 

(25) 
v -  VA the effect of lowering the pressure around the stern w ,  = VA 
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and 
V 

1 $. W F  

The expression (1 + w,) is called the Froude wake 
factor. 

For a forward wake wF is positive, but it may have 
small negative values in high-speed ships such as de- 
stroyers. 

Taylor introduced a different definition of wake frac- 
tion by expressing the wake speed as a fraction of the 
ship speed, so that 

(26) 
V -  v, 

V w =  

and 
V, = V(1 - w) 

This definition has much to recommend it, since a 
wake of 50 percent then means that the wake speed 
is 50 percent of the ship’s speed, whereas in the Froude 
notation a 50 percent wake implies that the wake speed 
is 33 percent of the ship’s speed. The Taylor definition 
is becoming more or less universal in current litera- 
ture, but the difference must be remembered when 
using older published data, particularly British, much 
of which gives Froude-wake values. The two are re- 
lated by the equations 

W F  w = -  
1 + W’P 

W 
W F  = - 

l - W  

The wake is due to three principal causes: 
(a )  The frictional drag of the hull causes a following 

current which increases in velocity and volume to- 
wards the stern, and produces there a wake having a 
considerable forward velocity relative to the surround- 
ing water. 

(b)  The streamline flow past the hull causes an in- 
creased pressure around the stern, where the stream- 
lines are closing in. This means that in this region the 
relative velocity of the water past the hull will be less 
than the ship’s speed and will appear as a forward or 
positive wake augmenting that due to friction. 

(c) The ship forms a wave pattern on the surface of 
the water, and the water particles in the crests have 
a forward velocity due to their orbital motion, while 
in the troughs the orbital velocity is sternward. This 
orbital velocity will give rise to a wake component 
which will be positive or negative according to whether 
there is a crest or a trough of the wave system in the 
vicinity of the propeller. 

The total wake is made up of these three compo- 
nents, and in the great majority of cases is positive. 
Exceptions arise in very high-speed craft such as de- 

stroyers and high-speed motor boats. At a speed of 34 
knots, the wave length of the system created by the 
ship will be some 200 m (656 ft), so that a destroyer 
100 m (328 ft) in length would have a trough in the 
vicinity of the propellers, and the wave wake will be 
negative. With such a fine hull the potential or stream- 
line wake would be small, and with large-diameter 
propellers much of the disk will be outside the fric- 
tional wake. Under these conditions the total wake 
over the propeller may be zero or slightly negative. 
Measurements of wake on destroyers have indeed 
shown the variation of wake with speed quite clearly 
as successive wave crests and troughs occurred at the 
stern (Newton, 1960). 

The wake fraction can be measured in a number of 
ways. If we are interested in details of the wake pat- 
tern, the wake velocity can be measured by pitot tubes, 
the axial, radial and tangential components being ob- 
tained in the neighborhood of the intended propeller 
position. Curves of equal wake velocity can then be 
drawn. Examples for the axial components are shown 
in Figs. 17 and 18(a) and (b), for a single-screw ship 
and two twin-screw ships, respectively. For the former 
the wake is most intense over the upper part of the 
disk, rather less so down the vertical centerline, and 
much smaller over the outer lower quadrants. In a 
twin-screw ship the average wake over the propeller 
disk will, as a rule, be less than in a single-screw ship 
of the same fullness, because of the different propeller 
location, but there will be a considerable concentration 
immediately behind the ends of the bossings or behind 
the struts in the case of open shafts. 

In both cases, the water flow has a general upward 
and inward direction, and this gives rise to further 
asymmetry so far as the propeller is concerned. 

As a propeller blade rotates, a section a t  any given 
radius passes through regions of very different wake 
concentrations. We can make the propeller with a pitch 
which varies from hub to tip in such a way as to suit 
the average circumferential wake at any particular 
radius. These average wakes can be found from wake 
diagrams such as those shown in Figs. 17 and 18 or 
can be measured by using vane wheels of different 
radii which integrate the wake around particular radial 
annuli. 

Wakes measured by such methods give the flow 
existing in the absence of the propeller, and are usually 
referred to as nominal wakes. They are modified when 
the propeller is present and developing thrust, and it 
is possible to deduce from the propeller performance 
behind the hull and in open water a wake factor which 
represents the efective wake as felt by the propeller. 

Suppose that a propeller driving a hull at V-knots 
develops a thrust T when turning a t  n-revolutions per 
unit time. Reference to the open-water curves for the 
propeller will show that at the same revolutions n the 
propeller will develop the thrust T a t  some lower speed 
V,. The latter is the effective speed of advance, and 
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the eflective wake fraction will be given by 
v- v, 

V W T  = 

This method of deriving the effective wake is based 
upon thrust identity in open water and behind the 
model. A similar wake fraction can be derived using 
identity of torque, and because of the difference in 
flow conditions behind the model and in open, the val- 
ues of thrust and torque-derived wakes are usually 
somewhat different. For model work thrust-identity 
wakes are to be preferred, because thrust can be mea- 
sured more accurately than torque. However, for com- 
parison with ship trial results, it is often necessary to 
use a torque-identity wake, since in most cases thrust- 
meters are not fitted to ships and the only basis of 
comparison is on the measured torques. 

The effect of the propeller in inducing an inflow ve- 
locity reduces the forward wake to some extent, the 
effective wake usually being three or four points lower 
than the nominal wake. 

The nonuniformity of the wake has other highly 
undesirable consequences. As the blades rotate, peri- 
odic forces and couples are created which are trans- 
mitted through the water and the shaft bearings to 

the ship and are one of the principal sources of huii 
vibration. The variation in inflow velocity also results 
in a periodic change in angle of attack on the blades, 
and consequently is conducive to the onset of cavita- 
tion with its resultant vibration, noise and blade ero- 
sion. For all these reasons great attention should be 
paid to the shape of the stern lines and of appendages 
such as bossings, together with propeller clearances, 
to ensure that the wake inequalities over the propeller 
are kept as small as possible. Assistance in this prob- 
lem can be obtained from model experiments in a cir- 
culating water channel, where the flow is made visible 
by tufts, dye, or other means, and by pitot-tube sur- 
veys in the towing tank. The effect of such forces on 
hull and machinery vibration are dealt with in Chapter 
VII, but the time to prevent or minimize them is in 
the early design stages, not when the ship is built. 

To obtain a better picture of the wake non-uniform- 
ity a Fourier analysis may be carried out. In that case 
the axial wake at a specific point in the propeller disk 
is written as: 

N 

w,(r) = 2 [an  (r) cos n4 + b ,  (r) sin n41 

where a ,  and b ,  are the amplitudes of the Fourier 
components, r is the radius and 4 is the angle of the 
point in the propeller plane. Hadler, et  a1 (1965) present 
a large collection of data on wake distributions mea- 
sured for a number of ships. They also show results 
of wake analysis using the above Fourier decomposi- 
tion and provide information on the fluctuations of the 
hydrodynamic pitch angle as the blade makes one ro- 
tation. 

To obtain an idea of the fluctuating forces on the 
propeller axis generated by the non-uniform velocity 
field, a simple analysis will be carried out, following a 
method proposed by Lewis (1935). The lift of a profile 
per unit span is given by: 

n = O  

L = l r p c p u 2  (27) 
because the lift coefficient for small hydrodynamic 
pitch angles equals 277p. Neglecting the fact that the 
lift direction does not coincide with the thrust direction, 
Equation (27) also holds for the thrust T of a propeller 
blade with unit span. The velocity Uis made up of the 
rotational speed and the advance speed, 

V = [or]2 + [V(l - w,)I2 

= 02r2  + V 2  (1 - 2w, + w,') 

= 0 2 r 2  + v2 + v2 - 2w,  v2 + w,2v2 

(28) 

with w ,  the axial wake. If the axial wake is symmetric 
with respect to the vertical through the propeller axis 
the decomposition contains only cosine-terms: 

(29) 
N 

w ,  = 2 a n  cos (n4)  
n=O 
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LOAD DISPLACEMENT, 
SPEED OF 20 KNOTS, 
TRANSVERSE SECTION, 
LOOKING FORWARD. 
WAKE SURVEY WAS 
MADE IN A PLANE 
PERPENDICULAR TO THE 
LONGITUDINAL AXIS AT A 
DISTANCE OF 1.76 M AFT 
OF STATION 18 Yz 
(STATION 20 IS AFT 
PERPENDICULAR). 

THE NUMBERS INDICATE ~ 

THE MAGNITUDE OF THE 
AXIAL WAKE FRACTION 
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Fig. 18(a) Wake diagram for TS ship fitted with shaft-struts 

7.93 M WL 
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Inserting (27) into (28) and combining the result with 
Equation (27), the following formula for the thrust per 
unit span may be obtained. 

(a) The wake pattern is mainly affected by aft  body 
shape. The variations in forebody have negligible ef- 
fect. 

(b) The amplitudes of the harmonics decrease with 
(30) increasing order both for the longitudinal and tangen- 

tial velocity component. The decrease is monotonic for 
open-stern ships but the even order amplitudes are 

with +.P the phase angle and 0 the instantaneous PO- relatively stronger for single-screw ships with con- 
sition of the blade, which may be given by 8 = ot - ventional sterns. % (m - 1). A similar relation may be obtained for the (c) The radial distributions of mean longitudinal ve- 
torque per unit span. Summarizing over all blades, one locity and volumetric mean velocity have characteris- obtains the following expression for the time-depen- tics shapes. The open-type stern tends to provide a 
dent thrust and torque: near uniform distribution with a magnitude compa- 

rable to the model speed. The single-screw ship with 
T(t)  = conventional stern provides a distribution with values 

lower a t  the inner radii and higher a t  the outer radii. 
The magnitudes depend on the fineness and shape of 
the afterbody; in general, the finer the stern, the higher 

(d) In most of the models analyzed, it has been found 
that the tangential velocity variation is large and sin- 
usoidual in nature due to the upward flow in the pro- 
peller plane, which in turn shows up predominantly in 
the 1st harmonic. This, in conjunction with a large 1st 
harmonic amplitude of the longitudinal velocity, will 
result in a shaft-frequency vibration when some im- 

N 

p = o  
T = A ,  cos (PO + + p )  

N c fkz cos ( k ~ w t  - + k z )  
k = O  

(31) 

N 

&(t) = k = O  c Q k z  cos ( k z w t  - < k z )  (32) the values. 

Similar relations can be found for the bending mo- 
ment (Hadler, et  al, 1965). This analysis leads to the 
following conclusions: 

(a) The unsteady thrust and torque are only deter- 
mined by the terms of the Fourier decomposition that 
are integer multiples of the number of blades. 

and horizontal side forces, F,, F,, are determined by 
the (kx + 1)th and (kx - 1)th terms of the Fourier 
series a t  integer multiples of blade frequency. 

for the number of 
blades ranging from 3 to 6 .  Note that this table gives 
the harmonic components of the axial wake field that 
contribute to the unsteady forces. It does not give the 
frequencies of the unsteady forces. 

In this way one may obtain a judicious choice of the 
number of blades, 2. Of course, the above analysis is 
only a simple approximation, but Hadler (1965) showed 
that this approach worked well for a few cases. 

Apart from the number of blades, the harmonic 
wake content determines the unsteady forces. This 
content and the amplitude of Fourier components de- 
pend on the hull form and possibly on speed. Hadler, 
et  a1 (1965) drew the following conc~usions on the basis 
of their results: 

(b )  The unsteady bending moments, Mz, My, vertical perfections exist in the blade geometry which will 
hydrodynamic unbalances. 

(e) In general, for minimizing the cavitation and vi- 
bration problems, the open-type stern, i.e., transom 
stern with struts supporting the shaft, is superior to 
the conventional type for the single-screw ship. 

(f) The rudder may have an effect on the mean lon- 
gitudinal velocity but does not have an appreciable 
effect on the derived quantities. 

(g )  The effect of variations in speed appears to be 
small. 

(h) The effect of propeller location in the aperture 
can be important. 

(i) Changes in displacement and trim may result in 
large variations in wake patterns and, consequently, 
in the cavitation and vibration characteristics. 

In this respect the conclusions of Van Manen (1965) 
may also be mentioned. H~ notes (based on tests with 
some 40 different ship models) that for prismatic coef- 

summarizes these 

Table 2-Influence of Harmonic Wake  Components on unsteady Forces and 
Moments. 

Harmonic Components 

2 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
3 x  X X X X X X 

X X X X X 
T , G  ;; X X X X 

6 x  X X X 

3 x x  x x  x x  x x  x x  x x  x x  

6 x  X X X X X X 

X X X X X X X 
My, F, 5 x X X X X X X X 
Mx, Fz 4 x x x 
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I 

Fig. 19 Dependence of wake distribution 

ficients of the aft  body between 0.73 and 0.79 in con- 
junction with four-bladed propellers there is an 80 
percent probability that the first harmonic of the 
torque fluctuation will be 6.5 percent of the mean 
torque. Also the first harmonic of the thrust fluctua- 
tions is 10 percent of the mean thrust. For a five-bladed 
propeller these percentages are 1.5 and 2 percent re- 
sepectively. Deviations larger than 2 percent did not 
occur on any tested model. Van Manen also noted that 
fine-ended vessels such as warships can have substan- 
tially greater fluctuations. 

The unsteady forces on the propeller blades and the 
possible occurrence of cavitation will also lead to fluc- 
tuating pressures on the ship hull. This problem may 
be more severe than the fluctuating forces on the pro- 
peller axis and bearings. For a detailed investigation 
the work of Van Oossanen, et  a1 (1972) may be men- 
tioned. 

Naturally one would want to know the detailed wake 
field once the lines plan has been established or at 

/' 
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on form of afterbody (Harvald, 1980) 

least the amplitude of the different harmonic once the 
main particulars of the ship have been determined. 
Also with this knowledge designers could make alter- 
ations in hull form to accommodate certain require- 
ments. 

Large efforts have been made towards the solution 
of the equations of motion of a turbulent viscous fluid 
to determine theoretically the expected wake distri- 
bution. The numerical problems encountered and the 
computer time required have until now prohibited the 
adequate solution of the problem. For a summary of 
present activities and for a summary of relevant lit- 
erature reference is made to the report of the Resist- 
ance Committee of the ITTC (1984). 

Experimentally a number of authors have tried to 
correlate hull form and wake distribution. Van Gent, 
et  a1 (1973) undertook an analysis, similar to the above- 
mentioned one of Hadler, of the wake field of large 
tankers with block coefficients between 0.82 and 0.85. 
Results for the lower harmonics for five tankers with 

Next Page 
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I Propulsion J. D. van Manen 
P. van Oossanen 

Section 1 
Powering of Ships 

1.1 Historical. A moving ship experiences resist- 
ing forces from the water and air which must be over- 
come by a thrust supplied by some thrust-producing 
mechanism. In the earliest days this consisted of man- 
ually-operated oars, which gave place in turn to  sails 
and then mechanical devices such as jets, paddle- 
wheels and propellers of many different forms (Todd, 
1946).' 

The earliest propulsive device to use mechanical 
power seems to have been of the jet type, using a 
prime-mover and a pump, patents for which were 
granted to Toogood and Hayes in Great Britain in 1661. 
Water is drawn in by the pump and delivered stern- 
wards as a jet at a higher velocity, the reaction pro- 
viding the thrust. At the speeds so far attained by 
ships, the jet is materially less efficient than other 
forms of propellers, and its use has been restricted to 
special types of craft. 

In 1801 there appeared the first steam-driven side- 
paddle ship, the Charlotte Dundas; built by Syming- 
ton for service on the Forth-Clyde Canal in Scotland. 
Six years later came the famous Clermont, con- 
structed by Robert Fulton for passenger service on 
the Hudson River in New York. 

The period from this time until about 1850 was the 
heyday of the paddle steamers. The first of them to 
cross the Atlantic was the American Savannah in 
1819-a full-rigged ship with auxiliary steam power- 
and then followed a line of familiar names, including 
the Canadian Royal William, the famous first Cun- 
arder Britannia in 1840, culminating in the last Cun- 
ard liner to be driven by paddles, the Scotia, in 1861. 

These side paddle-wheels were far from ideal for 
sea-going ships. The immersion varied with ship dis- 
placement, the wheels came out of the water when the 
ship rolled, causing erratic course-keeping, and they 

Complete references are listed a t  end of chapter. 

rine engineer's point of view, they were too slow-run- 
ning, involving the use of large, heavy engines. 
Because of the slow rate of turning they were rea- 
sonably efficient as a propulsive device, but their other 
operational weaknesses ensured their rapid decline 
from popularity once the screw propeller was proved 
to be an acceptable alternative. They have had a useful 
field among pleasure steamers and tugs plying in riv- 
ers and other protected waters. In such craft the draft 
does not change much and restrictions of draft due to 
shallow water prohibit the use of large screw propel- 
lers. Side paddles also give good maneuvering char- 
acteristics, but these latter can now be obtained by 
other means of propulsion which do not suffer from 
the drawbacks of paddle-wheels. 

Paddles have also been fitted at the sterns of many 
ships, as in the well-known river boats on the Missis- 
sippi and other American rivers. Such "stern-wheel- 
ers" are still in use, mainly as passenger carriers. 

The first proposal to use a screw propeller appears 
to have been made in England by Hooke in 1680, and 
its first actual use is generally attributed to Colonel 
Stevens in a steam-driven boat at New York in 1804. 
In 1828 a vessel 18 m (60 ft) long was successfully 
propelled by a screw propeller designed by Ressel, of 
Trieste, obtaining a speed of 6 knots, but this success 
was not followed by the Trieste engineers or ship- 
owners (Baker, 1944). The first practical applications 
came in 1836 by Ericsson in the US. and Pettit Smith 
in England. 

The screw propeller has many advantages over the 
paddle-wheel. I t  is not materially affected by normal 
changes in service draft, it is well protected from dam- 
age either by seas or collision, it does not increase the 
overall width of the ship, and it can be made to run 
much faster than paddles and still retain as good or 
better efficiency so that smaller, lighter, faster-running 
engines can be used. I t  rapidly superseded the paddle- 
wheel for all ocean-going ships, the first screw-pro- 
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pelled steamer to make the Atlantic crossing being the 
Great Britain in 1845. 

From that time the screw propeller has reigned su- 
preme in the realm of marine propulsion. I t  has proved 
extraordinarily adaptable in meeting the incessant 
quest for propellers to deliver more and more thrust 
under increasingly arduous conditions. While other de- 
vices have been adopted for certain particular types 
of ships and kinds of service, the screw propeller still 
has no real rival in the field of ship propulsion. 

Among the more common variants of the propeller, 
the use of a shroud ring or nozzle has been shown to 
have considerable advantages in heavily loaded pro- 
pellers, the ring or nozzle being shaped so as to deliver 
a forward thrust to the hull. The principal advantage 
is found in tugs, where the pull a t  the bollard for a 
given horsepower may be increased by as much as 40 
percent or more as compared with that given by an 
open propeller. At low towing speeds, a considerable 
advantage is still found, but this disappears with in- 
creasing speed, and when free-running the drag of the 
nozzle results in a loss of speed. In ships other than 
tugs, the advantage can be extended to higher speeds 
by using thinner nozzles, with some loss of thrust at 
the low speeds, and such arrangements in association 
with special forms of stern lines have been claimed to 
give good propulsive efficiencies. Good maneuverabil- 
ity can be obtained in such craft by arranging for the 
nozzle to swivel, and so act as a very efficient rudder 
by controlling the direction of the propeller race. 

Another type of propeller was used in the USS 
A l u m  as long ago as 1874 (Goldsworthy, 1939). This 
ship carried a fixed bow gun and had to be turned to 
aim the gun. To keep the ship steady in a tideway, 
where a rudder would be useless, a feathering paddle- 
wheel rotating about a vertical axis, invented by Fow- 
ler in Great Britain in 1870, was fitted at the stern, 
completely submerged (White, 1882). It was quite suc- 
cessful as a means of maneuvering the ship, but its 
propulsive efficiency was low. The modern version of 
this propeller consists of a large disk set flush with 
the lower surface of a flat counter and carrying a 
number of projecting vertical blades rather resembling 
spade rudders. As the disk revolves about a vertical 
axis, each of these blades turns about its own vertical 
axis, being so adjusted to the flow that the total thrust 
from all the blades is concentrated in one direction. 
This resultant “thrust-direction” can be controlled by 
varying the blade motions, so as to drive the ship 
ahead, astern or sideways. The device therefore lends 
itself essentially to craft which need to have great 
ability to maneuver. It also enables the equivalent of 
a large diameter, orthodox propeller to be fitted to 
ships which have to operate in shallow water, and the 
propeller can be driven through gearing by relatively 
light, high-speed diesel engines. Although its efficiency 
is not as high as that of the orthodox propeller, and 
its maintenance is probably more costly, the foregoing 

advantages have resulted in many applications to river 
steamers, tugs, and ferries. The vertical axis propeller 
is discussed further in Section 10.5. 

1.2 Types of Ship Machinery. In selecting the pro- 
pelling machinery for a given vessel, many factors 
must be taken into consideration, such as the weight, 
the space occupied, its first cost, reliability, length of 
life, flexibility and quietness of operation, cost of up- 
keep, cost of fuel consumed and last, but not least, its 
suitability for the type of propeller to be used. I t  is 
beyond the scope of this text to consider all the various 
drives which have been developed to meet these fac- 
tors, but a brief review of their advantages and dis- 
advantages will not be out of place. 

The reciprocating steam engine with two, three, or 
four cylinders dominated the field of ship propulsion 
until about 1910. Since then it has been almost entirely 
superseded by the steam turbine in the very high and 
intermediate-power ranges, and by the diesel engine 
in intermediate and low ranges. 

The steam reciprocating engine has exceptional con- 
trollability at all loads, is easily reversed (an important 
consideration in ships) and its most efficient range of 
revolutions per minute (RPM) matches that of the 
screw propeller. On the other hand, the complete plant 
is relatively heavy, occupies much space, and the out- 
put of power per cylinder is limited. Also, the steam 
cannot be expanded effectively to the low pressures 
obtainable in modern condensing apparatus, so that 
the fuel consumption is rather high, an average figure 
for a triple-expansion engine utilizing superheated 
steam being about 0.70 kg of oil per kWhr (1.15 lb per 
hphr). 

The first marine turbine was installed by Sir Charles 
Parsons in the Turbinia in 1894, a torpedo boat which 
attained a speed of 34 knots. Thereafter turbines made 
rapid progress and by 1906 were used to power the 
epoch-making battleship HMS Dreadnought and the 
famous Atlantic liner Mauretania. 

The turbine delivers a uniform turning effort, is em- 
inently suitable for large-unit power output, and can 
utilize very high-pressure inlet steam over a wide 
range of power to exhaust at very low pressures. The 
thermal efficiency is consequently reasonably high and 
the fuel consumption of large turbines is as low as 
0.30 kg of oil per kWhr (0.49 Ib per hphr). Under over- 
load conditions a turbine delivers approximately con- 
stant power for a given throttle setting. 

On the other hand, the turbine is nonreversible and 
its rotational speed for best economy is far in excess 
of the most efficient rpm of usual propeller types. 
These drawbacks make it necessary to install separate 
reversing turbines and to insert gears between the 
turbines and the propeller shaft to reduce the speed 
of the latter to values more suitable to the propeller. 

The mechanical geared drive has been used most 
widely up to the present. I t  permits the operation of 
engine and propeller at their most economical speeds 



PROPULSION 129 

with a power loss in the gears of only 2 to 4 percent. 
A separate astern turbine is still required, which adds 
to cost, complexity, and power loss. 

The reduction in RPM between turbine and propeller 
shaft can also be attained by electrical means. The 
turbine in such an installation is directly coupled to a 
generator, both running at the same high speed for 
efficient operation. The generator supplies a motor di- 
rectly mounted on the propeller shaft, driving the lat- 
ter at the RPM most desirable for high propeller 
efficiency. This system eliminates any direct shafting 
between turbines and propeller, and so gives the naval 
architect greater freedom in laying out the general 
arrangement of the ship to best advantage. In twin- 
screw ships fitted with two sets of turboalternators, 
considerable economy can be achieved when using half 
power, such as when a passenger ship is cruising, by 
supplying both propulsion motors from one turbine. 
The turboelectric drive also eliminates the reversing 
turbine, gives great flexibility and rapidity of maneu- 
vering, and prevents racing of the propeller. 

These advantages are gained, however, at the ex- 
pense of rather high first cost and somewhat greater 
transmission losses. 

Internal-combustion engines used for ship propul- 
sion are generally reciprocating engines operating on 
the diesel’ principle (compression ignition) which have 
taken their name from the man who first developed 
them for practical use. They are built in all sizes, from 
those fitted in small pleasure boats to the very large 
types fitted in modern supertankers and passenger 
liners. The engines in the latter ships develop over 
2500 kW per cylinder, giving output as high as 30,000 
kW in 12 cylinders (40,200 hp). They are directly re- 
versible, occupy relatively little space, and have a very 
low fuel consumption, an average figure being around 
0.20 kg of oil per kWhr (0.328 lb per hphr). They are 
used in large single units directly coupled to the pro- 
peller or in sets of small units driving the propeller 
through electric or gear transmissions. Opposed to 
these advantages are the facts that diesel engines are 
usually heavier and more expensive, both in first cost 
and in upkeep than steam plants of corresponding size. 

The torque produced by a diesel engine is limited by 
the maximum pressure that may be developed in each 
cylinder. Therefore, when the engine is producing max- 
imum torque, it produces maximum power only at max- 
imum rpm. Consequently a diesel may produce a power 
directly proportional to the RPM for any throttle set- 
ting. 

This limitation leads to the problem of matching a 
diesel engine and a propeller. The resistance will in- 
crease with time because of fouling and the propeller 
thrust decreases for the same reason. Therefore the 

* After Rudolf Diesel, a German engineer (1858-1913). 

load on the prime mover will increase to maintain the 
same speed. This requires the designer to select the 
adequate propeller particulars (such as pitch) so that 
later, in the life of the vessel, the engine does not 
become overloaded or that it never produces its full 
capabilities, see Kresic et  a1 (1983). 

More recently, gas turbines have been developed in 
which the fuel is burned in compressed air and the 
resulting hot gases passed through the turbine. The 
gas turbine originated in aeronautical applications, and 
its progress has depended mostly upon the develop- 
ment of metals which could withstand the high pres- 
sures and temperatures. It has the advantages of 
dispensing with boilers, being light in weight and giv- 
ing a smooth, continuous drive. I t  is expensive in the 
quantity of fuel burned. One good operational char- 
acteristic is that it can quickly be brought on to full 
load without a long, warming-up period, some 15 min 
usually being sufficient after the warning to “raise 
steam” from cold. Marine gas turbines were fitted to 
a small number of merchant ships. But they are now 
frequently used in naval ships, sometimes associated 
with a diesel, steam turbine or smaller gas turbine. 
The latter are used for general cruising purposes, and 
the gas turbine is available at little or no notice when 
there is a demand for full power, both plants being 
connected to a common propeller shaft by clutches and 
gearing. The principal marine application so far has 
been to small and large destroyers and frigates and 
to smaller, high-speed craft, such as patrol craft and 
hydrofoils. 

Nuclear reactors have been installed on many naval 
ships and in a few merchant ships and ice breakers. 
They replace the boilers being used, through a heat 
exchanger, to raise steam which is then passed to a 
turbine in the normal way. They-also eliminate most 
of the weight and volume of fuel oil. The reactor can 
operate a t  full load indefinitely during the life of the 
charge of nuclear fuel, which enables the ship to main- 
tain high speed at sea without carrying a large quan- 
tity of consumable fuel. The weight saved, however, 
cannot as a rule be devoted to increase dead-weight 
earning capacity, for the weight of reactor and shield- 
ing will equal or exceed that of the boilers and fuel 
for the normal ship. 

1.3 Definition of Power. The various types of ma- 
rine engines are not all rated on the same basis, in- 
asmuch as it is inconvenient or impossible to measure 
their power output in exactly the same manner. Steam 
reciprocating engines are usually rated in terms of 
indicated power ( PI),  internal-combustion engines in 
terms of indicated power or brake power (PB), and 
turbine in shaft power (Ps). The term horsepower is 
still sometimes used, where 1 hp = 0.7457 kW. In 
English units 1 hp = 550 ft-lb per sec. 

Indicated power is measured in the cylinders by 
means of an instrument (an indicator) which records 
continuously the steam or gas pressure throughout 
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the length of the piston travel. From the resultant 
indicator card the mean effective pressure is measured 
and PI is calculated for top end and bottom end sep- 
arately: 

P, = 

where 

P M  is 
L is 
A is 
n is 

mean effective pressure, kN/m2 
length of piston stroke, m 
effective piston area, sq m 
number of working strokes per sec 

The total PI of the engine is found by adding those 
calculated separately for all the cylinders. 

Brake power is the power measured a t  the crank- 
shaft coupling by means of a mechanical, hydraulic or 
electrical brake. I t  is determined by a shop test and is 
calculated by the formula 

PB = 2nQn in kW 
where 

Q is brake torque, kN-m 
n is revolutions per sec 

Shaft power is the power transmitted through the 
shaft to the propeller. It is usually measured aboard 
ship as close to the propeller as possible by means of 
a torsionmeter. This instrument measures the angle 
of twist between two sections of the shaft, which angle 
is directly proportional to the torque transmitted. For 
a solid, circular shaft the shaft power is given by 

where 
d, = 
G =  

e =  
L, = 

n =  

shaft diameter, m 
shear modulus of elasticity of shaft ma- 
terial. kN/m2 
measured angle of twist, deg 
length of shaft over which 8 is measured, 
m 
revolutions per sec 

The shear modulus G for steel shafts is usually taken 
as 8.35 x lo7  kN/m2. 

For exact results, particularly with bored shafting, 
it is customary to calibrate the shaft by setting up the 
length of shafting on which the torsionmeter is to be 
used, subjecting it to known torques and measuring 
the angles of twist, and determining the calibration 
constant K = Q Ls /8  Ps can then be calculated di- 
rectly from any observed angle of twist and revolu- 
tions per second as 

e 
LS 

P, = K x - x 2 n n  

There is some power lost in the stern tube bearing 

and in any shaft tunnel bearings between the stern 
tube and the site of the torsionmeter. The power ac- 
tually delivered to the propeller is therefore somewhat 
less than that measured by the torsionmeter. This de- 
livered power is given the symbol PD. 

As the propeller advances through the water a t  a 
speed of advance VA, it delivers a thrust and the 
thrust power is 

P,= TVA 
Finally, the effective power is 

PE = RV 
1.4 Propulsive Efficiency. The efficiency of an en- 

gineering operation is generally defined as the ratio 
of the useful work or power obtained to that expended 
in carrying out the operation. 

In the case of a ship the useful power obtained is 
that used in overcoming the resistance to motion at a 
certain speed, which is represented by the effective 
power PE. 

The power put in to achieve this result is not so 
easily defined. In a ship with reciprocating engines, it 
can be measured by the power developed in the cyl- 
inders themselves as given by the indicated power, PI. 
The overall propulsive efficiency in this case would be 
expressed by the ratio PE/PI.  

In the case of turbines it is usual to measure the 
power in terms of the shaft power delivered to the 
shafting abaft the gearing, and the overall propulsive 
efficiency is PE/Ps. 

Since mechanical efficiencies, gear losses and shaft- 
transmission losses all vary from ship to ship, accord- 
ing to the type of machinery and general layout, and 
even in a given ship with the load a t  which the ma- 
chinery is operating at a particular time, it is difficult 
to define the hydrodynamic efficiency of a hull-propel- 
ler combination in terms of such an overall propulsive 
efficiency. 

A much more meaningful measure of efficiency of 
propulsion is the ratio of the useful power obtained, 
PE, to the power actually delivered to the propeller, 
PD. This ratio has been given the name quasi-pro- 
pulsive coefficient, and is defined as 

The shaft power is taken as the power delivered to the 
shaft by the main engines aft of the gearing and thrust 
block, so that the difference between P, and PD rep- 
resents the power lost in friction in the shaft bearings 
and stern tube. The ratio PD/Ps is called the shaft 
transmission efficiency. 

In this text, the propulsive efficiency is defined as 
follows: 
Propulsive efficiency = quasi-propulsive coefficient 

times shaft transmission efficiency 
or 
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or 

V P  = q D  x V S  

The shaft transmission loss is usually taken as about 
2 percent for ships with machinery aft and 3 percent 
for those with machinery amidships, but no very exact 
information exists on this point. It must be remem- 
bered also that when using the power measured by 
torsionmeter, the answer will depend on the position 

(2) 

of the meter along the shaft. To approach as closely 
as possible to the power delivered to the propeller, it 
should be as near to the stern tube as circumstances 
permit. I t  is often assumed that qs  = 1.0. 

The necessary brake power or indicated power in 
the turbines, diesel or steam-reciprocating engine, as 
the case may be, can be estimated in a particular design 
from the proper values of gear efficiency, mechanical 
efficiency and load factors. Values of these will be 
found in textbooks, handbooks and papers on marine 
engineering. 

Section 2 
Theory of Propeller Action 

2.1 Momentum Principle. Propellers derive their 
propulsive thrust by accelerating the fluid in which 
they work. This action is in accordance with Newton’s 
laws of motion, which state that force is required to 
alter the existing state of motion of any material body 
in magnitude or direction, and that the action of any 
two bodies upon one another is equal and opposite. 

Newton’s first law is expressed by the equation 
dv F = m -  
d t  (3) 

where 
F = force exerted on body 
m = mass of body 
dv _ -  - resulting acceleration of body 
dt 

Integrating between 0 and t seconds, we get 

[ Fdt = mv2 - mv,  (4) 

where v ,  and v2 are the velocities at  the beginning and 
end of the time interval. 

The expression 

Fdt 

is called the impulse of the force in the time interval 
zero to t, and the product of mass and velocity is called 
the momentum. The equation states that the impulse 
of the force in a given time interval is equal to the 
whole change in momentum produced by the force 
during this interval. In the special case when F is 
constant during the time interval, Equation (4) reduces 
to 

Ft = mv2 - mv, 

Furthermore, when the time interval is 1 see, 

F = mv2 - m v ,  
Hence in the case of a constant force the change in 

momentum in unit time is equal to the force which 
produced it. 

Momentum and impulse are vector quantities, and 
to determine the direction and magnitude of the final 
velocity when the direction and magnitude to the force 
and of the initial velocity are given, the rules of vector 
composition must be applied. 

2.2 General Discussion of Propeller Theories. The 
physical explanation of propeller action can be stated 
in rather simple terms, as shown in the preceding sec- 
tion, but the precise mathematical analysis presents 
considerable difficulties. As a result a satisfactory pro- 
peller theory which could explain all the observed facts 
and be useful for practical calculations was not de- 
veloped until comparatively recent times. 

The early propeller theories followed two indepen- 
dent lines of thought. In the first of these, the mo- 
mentum theories, the production of thrust was 
explained entirely by momentum changes taking place 
in the fluid. In the second, the blade-element theories, 
the propeller thrust was obtained by analyzing the 
forces acting on the various sections of the blades and 
then integrating these over the propeller radius. 

The momentum theories were based on correct fun- 
damental principles, but gave no indication of the pro- 
peller form which would produce the calculated thrust. 
The propeller was idealized as an “actuator disk” or 
some similar conception, which could cause an instan- 
taneous increase in pressure in the fluid passing 
through it. They led, however, to the important con- 
clusion that the efficiency of an ideal propeller has an 
upper limit which varies with the loading. The blade 
element theories, on the other hand, were capable of 
predicting the effects of various changes in propeller 
form, but led to the incorrect result that the efficiency 
of an ideal propeller was unity. 

The difference between the two groups of theories 
was not dispelled until the circulation theory developed 
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by Lanchester in aerodynamic research was applied to 
the propeller problem by Betz and Prandtl. This theory 
showed the relation between the momentum changes 
in the medium and the forces acting on the blade ele- 
ments, and its subsequent development finally led to 
the point where it is not only in good agreement with 
experimental results but also is flexible enough for 
practical design work. 

2.3 The Momentum Theory of Propeller Action. The 
momentum theories were originally due to Rankine 
(1865), Greenhill (1888) and Froude, R. E. (1889). In 
the ideal conception of the propeller, it is regarded as 
a “disk” or mechanism capable of imparting a sudden 
increase of pressure to the fluid passing through it, 
the method by which it does so being ignored. 

It is assumed that: 
( a )  The propeller imparts a uniform acceleration to 

all the fluid passing through it, so that the thrust 
thereby generated is uniformly distributed over the 
disk. 

( b )  The flow is frictionless. 
(c) There is an unlimited inflow of water to the pro- 

peller. 
The first assumption involves a contraction of the 

race column passing through the disk, and since this 
contraction cannot take place suddenly a t  the disk, the 
actual acceleration must occur outside the disk and be 
spread over a finite distance fore and aft. 

Consider a propeller disk of area A, advancing with 
uniform velocity V, into undisturbed fluid. The hydro- 
dynamic forces will be unchanged if we replace this 
system by a stationary disk in a uniform flow of the 
same velocity V,, as shown in Fig. 1. 

i PRES~URE p, 
..-.. I.-- 
-_ 

Fig. 1 Changes in pressure and velocity at propeller disk, momentum 
theory 

At the cross section 1, some distance well ahead of 
the disk, the velocity of the flow is V, and the pressure 
in the fluid is pl .  Well behind the screw, a t  section 3, 
the race column, i.e., the fluid which has passed 
through the screw disk and been acted upon by the 
pressure or thrust-producing mechanism there, will 
have some greater sternward velocity, which we may 
write as V, (1 + b) .  The fluid must acquire some of 
this increased velocity before it reaches the disk, and 
the velocity through it, a t  section 2, will be greater 
than V,, and we may write it as V, (1 + a), where a 
is an axial-inflow factor. 

The pressure in the race column, which is p 1  well 
ahead of the disk, will be reduced as the fluid ap- 
proaches the disk, since by Bernoulli’s law an increase 
in velocity is accompanied by a decrease in pressure. 
At the disk, the pressure is suddenly increased by some 
unspecified mechanism to some value greater than p 1, 

and then decreases again with the further acceleration 
in the race. If section 3 is so far aft of the disk that 
the contraction of the race may be assumed to have 
ceased, and if there is no rotation in the race, the 
pressure in the race at  section 3 will be p , ,  equal to 
that in the fluid outside the race. 

The quantity of water passing through the disk in 
unit time will be 

Q = V,(1 + a)A, 
Neglecting any effect of rotation which may be im- 

parted to the fluid, the change of momentum in unit 
time is 

p 4 W A l  + b) - V,l 
and this must be equal to the thrust T on the disk. 
Hence 

T = pQV,b 

= PA,( VJ“1 + a)b (5) 

The total work done per unit time (or the power 
expended) is equal to the increase in kinetic energy of 
the fluid, since we are neglecting friction, and if there 
is no rotation of the race the increase in kinetic energy 
in unit time is given by 

= p&(V,)2b (1 + b / 2 )  

= TV, (1 + b / 2 )  
This increase in kinetic energy has been provided by 

the work done on the water by the thrust, which is 
TV, (1 + a) in unit time. 

Hence we have 
TV, (1 + a) = TV, (1 + b / 2 )  
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or 
a = b / 2  

That is, one half of the sternward increase in velocity 
is acquired by the fluid before it reaches the disk. 

The useful work obtained from the screw, i.e., the 
work done upon the disk, is TVA, and so the power 
lost in the screw is 

TVA (1 + a )  - TVA = TVA.a 

= TvA.b/2 
The ideal efficiency q r  will be 

useful work obtained 
work expended 

= TV'/TVA (1 + a )  

771 = 

= 1/(1 + a)  (6)  
For many purposes, it is convenient to express 

the velocity increase bVA or, as we may also call it, 
the slip velocity, as a fraction of the speed through 
the fluid, VA. Denoting this slip ratio by s, we have 

S = b V A / v A  = b = 2 a  
Hence3 

1 n 

(7) 
L - 1 -- 

l + s / 2  2 + s  771 = 

Also, from Equation (5) and putting a = b / 2, we find 
T = PA,( VA)z (1 + b / 2 ) b  

= PA,( VA)z (1 + ~ 1 2 ) ~  

If the thrust loading coefficient is defined as 
rn 

In some texts, slip ratio s is defined as the ratio of the increase 
of the velocity in the race, bVA, to the final velocity in the race, 
( V, + bVA). In this case, 

bvA - b 
V A +  bVA 1 + b 

-- s =  

whence 

b s 
2 2(1 - s) 

a = - = -  

The ideal efficiency is then 

Eliminating s from (7) and (9), we find 

(10) 

This equation is of great practical importance, since 
it furnishes a simple criterion for the comparative ef- 
ficiencies of different propellers. It shows that a pro- 
peller working at a high load coefficient C, is less 
efficient than one working at a low coefficient: 

2 
77r = 

1 + (C, + 1)k 

CT 1 2 3 4 
qr 1.00 0.827 0.732 0.667 0.618 
It follows that the propeller with the largest disk 

area is in general the most efficient, other things being 
equal. 

When the speed of advance is zero, the efficiency is 
also zero, but the propeller still delivers thrust and 
absorbs power. The relation between thrust and power 
at zero speed of advance can be derived for an ideal 
propeller. 

The power P will be given by 
useful work obtained 

ideal efficiency P =  

+ (" + 'I' [from Equation (lo)] 
2 = TVA x 

When VA is very small CT will be very large in com- 
parison with unity, and we can write approximately 

P = TVA x - 
2 

Putting 
T CT = 

;PA,( vA)z 

this reduces to 

The value applies to an ideal propeller, but for an 
actual propeller it is much smaller. The value can be 
easily determined by a dock trial and serves as a con- 
venient measure of the relative thrusting ability of 
various propellers at zero speed. 

The Momentum Theory, Including Angular Mo- 
tion. In the simple momentum theory developed in 
the preceding section, the actuator disk was assumed 
to be capable of accelerating the fluid only in an axial 
direction. If we now assume a disk propeller which is 
capable of accelerating the fluid both axially and ro- 
tationally, we have the idealized form of the screw 
propeller. 

2.4 
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For angular motion there exists a momentum theo- 
rem similar to that for linear motion. If Q is the torque 
or moment of a force acting on a body about an axis 
of rotation 0, Ip  the mass polar moment of inertia of 
the body with respect to 0, and d d d t  the resulting 
angular acceleration of the body, then the equation 
equivalent to (3) is 

Q = I p d o / d t  
or 

Qdt  = I p d o  
Qd t  is the angular impulse and Ipdw the change in 
angular momentum, and the equation states that the 
angular impulse is equal to the change in angular 
momentum. 

If we consider now a time interval of 1 see during 
which the torque remains constant, the equation can 
be integrated to give 

Q = IAwz  - 01) (11) 
where o, and o2 are the initial and final angular ve- 
locities. 

To develop an expression for the efficiency of an 
ideal screw propeller with rotation of the race, we 
assume that the fluid has a translational velocity V, 
far ahead of the propeller and no rotational velocity, 
i.e., o, = 0. The disk has a rotational velocity of o, 
and in passing through it the fluid will acquire some 
angular velocity in the same direction as the disk. Well 
behind the screw, the race will have a translational 
velocity VA(l + b), as before, and a rotational velocity 
02, which we may write, by analogy, in the form 

o2 = o ( 1  - b ' )  
Some of this rotational velocity will be acquired by 

the fluid before it enters the screw disk, just as in the 
case of the sternward acceleration, and we can define 
a rotational inflow factor a' similar to the axial inflow 
factor a. The angular velocity of the disk relative to 
the water will be reduced in consequence from o to 
o ( 1  - a') .  

The total kinetic energy in the race will be increased 
by the energy of rotation, so that the effect will be to 
reduce the ideal efficiency. 

Both velocity components impressed on the fluid are 
assumed to be uniformly distributed over the disk. 
Dividing the latter into concentric annular elements of 
width d r  and area dA,, and assuming each element 
works independently of all the others, the thrust d T  
developed by any element is given, by analogy with 
Equation (5) as 

d T  = pdA0(VA) ' (1  + a ) b  

= pdA,,(VA)z(l + b / Z ) b  
The torque d Q  absorbed by the element is, by Equa- 

tion (ll),  

d Q  = d l p ( 0 ,  - 0) 

= d M r 2 w ,  
where 

d M  = mass of fluid passing through area d A ,  

d l ,  = moment of inertia of dM 
in unit time = pdA,V,(l + a)  

and 
r = radius of annular element 

Thus 
d Q  = pdAoV,(l  + u)r2w2 

The useful work performed by the element is d T v A .  
The power absorbed by the element is d Q o ,  which 
must be equal to the sum of the useful work and the 
energy losses. The kinetic-energy loss in translation 

= ;dM(bvA) '  

= i d T b V ,  

since 
dM x bV,  = change of momentum in fluid 

= d T  
The kinetic-energy loss in rotation 

= $dIp(wz) '  = i d Q o ,  

The energy-balance equation then gives 

dQw = d T v A  + $ d T b v A  -t i d Q w 2  

or 
d T v A  (1 + b I 2 )  = d Q  (O - 0 , / 2 )  

This shows that one half of the angular velocity is 
acquired by the fluid before it enters the disk, and by 
definition w , / 2  = a'o, so that 

d T v A ( l  4- a) = d Q o ( 1  - a')  
remembering that a = b 12. 

The efficiency of the element is 
useful work performed 

' I  = power absorbed 
= d T V , / d Q o  
= ( 1  - a ' ) / ( l  + a )  (12) 

The ideal efficiency for the simple actuator disk is 
Equation (6), 

' 1  = 1 / ( 1  + a)  
The factor ( 1  - a ' )  is always less than unity. It can 
be shown that Equation (12) is not only the ideal ef- 
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Fig. 2 Propeller-blade definitions 

ficiency of the blade element, but also the expression 
for the ideal efficiency of a screw propeller having the 
minimum kinetic-energy losses (Bienen, et al, 1924). It 
follows that the efficiency of an ideal screw propeller 
is less than that of an actuator disk propeller by the 
fraction (1 - a') or 

(0 - 0 , / 2 ) / 0  
2.5 Blade Element Theory of Screw Propeller. In 

the momentum theories of previous sections, the pro- 
peller was considered as a mechanism for increasing 
the momentum of the race, but no attempt was made 
to explain how this was done. 

In the blade-element theory, the propeller is consid- 
ered to be made up of a number of separate blades, 
which in turn can be divided into successive strips 
across the blades from leading to trailing edge, Fig. 
2. The forces acting on each strip are evaluated from 
a knowledge of the relative velocity of the strip to the 
water and the characteristics of the section shape. The 
elementary forces are then resolved into the elements 
of thrust dT in the forward direction and of torque dQ 
in the plane of propeller rotation. By plotting curves 
of dT and dQ along the blade from boss to tip, Fig. 3, 
curves of thrust and torque loading are obtained which 
on integration will give the total thrust T and torque 
Q on the whole propeller. The efficiency is then 

rv, 
yo = - 2 r n Q  

The force on a blade section set at an angle of in- 
cidence to the flow can be resolved into two compo- 
nents, the lift L and drag D, respectively, normal to 
and along the line of incident flow, Fig. 4. 

The angle between the face of the section and the 
incident flow is the angle of incidence a. 

The forces are usually expressed in the form of non- 
dimensional coefficients: 

L 
Lift coefficient, C, = ___ 

$ p A V n  

D 
Drag coefficient, C, = - 

$ p A V 2  

where 

p is mass density of fluid 
A is area of plan form of section 

V is velocity of incident flow 
= (chord x span) for rectangular shapes 

The efficiency of the section as a lifting device is 
measured by the ratio 

Lift - - cL - Utan y (see Fig. 4) 
Drag D C, 

The basic data on lift and drag are generally derived 
from tests with airfoils of constant cross-section in 
wind tunnels. These foils are arranged in the test sec- 
tion of the wind tunnel so that they span the section. 
In this way the measured lift and drag forces a t  var- 
ious angles of attack are representative of the so-called 
two-dimensional case corresponding to a foil with in- 
finite span, for which the distribution of the lift and 
drag force along the span is uniform. 

A common airfoil shape used today is the NACA 66 
(modified) thickness distribution, superimposed on the 
NACA, a = 0.8, mean line. Coordinates of these thick- 
ness and mean line distributions are given in Table 30. 
This modification of the NACA 66 section has been 

-+ 
\ 1 \ 

I 
I 
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Fig. 3 Blade-loading curves 

-+r 
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Fig. 4 Forces on a blade section 

published by Brockett (1966). Fig. 5 shows the meaning 
of the symbols used in Table 1. 

When the results of tests on such sections are plot- 
ted, a number of interesting points emerge, Fig. 4: 

(a) The lift coefficient C, for small angles of incidence 
is a linear function of the angle of incidence a. 

(b)  At some larger value of a the lift coefficient 
ceases to increase Iizearly with a. 

(c) Zero lift does not occur a t  zero incidence, but at 
a small negative angle, called the angle of zero lift, 
a,. This is equal to -2 deg in Fig. 4. We can thus 
draw a zero lift line from the tail passing above the 
pitch face at an angle a, such that when the incident 
flow is along this line there will be no lifting force 
exerted on the section normal to the flow. When the 
angle of incidence to the pitch face is a, the hydro- 
dynamic angle of incidence a, is given by 

a, = Q g  + a 
(d) The drag coefficient remains small and more or 

less constant for small angles of incidence, but when 
the lift coefficient begins to fall off, the drag coefficient 
increases rapidly. 

(e) The lift / drag ratio is a maximum at a small angle 
of incidence, and for such sections to work efficiently 

Table 1-Ordinates for NACA 66 (Mod) Thickness 
Distribution and NACA a = 0.8 Camber Distribution 

Station, 
x / c  

percent 
0 

0.5 
0.75 
1.25 
2.5 
5.0 
7.5 

10.0 
15.0 
20.0 
25.0 
30.0 
35.0 
40.0 
45.0 
50.0 
55.0 
60.0 
65.0 
70.0 
75.0 
80.0 
85.0 
90.0 
95.0 
97.5 

100.0 

Thickness 
Ordinate, 

t / t  max 

0 
0.0665 
0.0812 
0.1044 
0.1466 
0.2066 
0.2525 
0.2907 
0.3521 
0.4000 
0.4363 
0.4637 
0.4832 
0.4952 
0.5 
0.4962 
0.4846 
0.4653 
0.4383 
0.4035 
0.3612 
0.3110 
0.2532 
0.1877 
0.1143 
0.748 
0.0333 

Camber 
Ordinate, 
f/fmm,, 

0 
0.0423 
0.0595 
0.0907 
0.1586 
0.2712 
0.3657 
0.4482 
0.5869 
0.6993 
0.7905 
0.8635 
0.9202 
0.9615 
0.9881 
1.0 
0.9971 
0.9786 
0.9434 
0.8892 
0.8121 
0.7027 
0.5425 
0.3588 
0.1713 
0.0823 

0 

the angle of incidence should be small. 
The ratio of span to chord is called the aspect ratio 

(AR). If this ratio were infinite, the flow past a section 
would be two-dimensional, and the lift distribution 
along the span would be uniform. With a finite span, 
a certain amount of "spilling" takes place a t  the ends, 
and the lift falls off to zero at those points. The results 
can be corrected from one aspect ratio to another, and 
are usually given for an AR of either 6 or infinity. 

One other feature of section behavior is of impor- 
tance in propeller work-the distribution of pressure 
around a section. An example for an airfoil shape is 
shown in Fig. 6. On the face of the section the pressure 
is increased above that in the free stream, being great- 
est quite close to the nose. On the back the pressure 
is decreased and has a marked peak some little distance 
from the nose. The lift force generated is the result 
of the differences in pressure on the two faces, and 

TRAILING EDGE LEADING EDGE 

1-X'. 

0.0 

Fig. 5 Symbols defining shape of airfoil 

X ' ~ ' l 0  I 
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OF 
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Fig. 6 Pressure distribution on blade section 

for the type of pressure distribution shown in Fig. 6 
it is clear that they reinforce one another and that the 
reduction on the back contributes more to the lift than 
does the increase on the face. 

In a marine propeller, the surface of the blade facing 
aft, which experiences the increase in pressure when 
propelling the ship ahead, is called the face of the 
blade, the forward side being the back. In the simplest 
case, the face of a propeller blade is a portion of a 
true helical surface, i.e., a surface swept out by a 
straight line AB, Fig. 7, one end of which, A, advances 
at uniform speed along an axis 00', while the line 
itself rotates about the point A with uniform angular 
speed o. When the generating line has made a com- 
plete revolution and is in the position A'B', the distance 
it has advanced, AA', is called the face or geometrical 
pitch, P. 

Any cylinder coaxial with 00 will cut the helical 
surface in a helix, and the angle between any such 
helix and a surface normal to the axis, such as SS, is 
called the pitch angle +. The angle + will be constant 
for a given helix, i.e., at a given radius, but will increase 
in value from the tip of the blade inwards to the hub. 
In practice the pitch is not always the same at all radii, 
it being fairly common to have a reduced pitch towards 
the hub and, less usually, towards the tip. In such 
cases the pitch a t  0.7R is often taken as a represen- 
tative mean pitch, as this is approximately the point 
where the maximum lift is generated, Fig. 3. 

The shapes of blade outlines and sections vary 
greatly according to the type of ship for which the 
propeller is intended and to the individual designer's 
ideas. Fig. 8 shows a typical design and defines many 
of the terms in common use. 

Here skew is defined as the angular measure from 
the center of the chord of each section to the reference 

line. This line extends from the center of the hub 
through the center of the chord of the section at r = 
112 d, the hub radius. 

If we consider a section of the propeller blade at a 
radius r with a pitch angle + and pitch P, Fig. 9, and 
imagine the blade to be working in an unyielding me- 
dium, then in one revolution of the propeller it will 
advance from A to A', a distance P. If we unroll the 
cylinder of radius r into a flat surface, the helix traced 
out by A will develop into the straight line AM, and 

P tan + = - 27rr 

If the screw is turning at n-revolutions in unit time, 
then in that time it will advance a distance Pn and we 
can obtain a velocity diagram for the section, Fig. 10. 

In a real fluid, there will be a certain amount of 
yielding when the propeller is developing thrust and 
the screw will not advance a distance LM, equal to Pn, 
in unit time, but some smaller distance LS, the distance 
MS being called the slip, and the ratio M S / M L  = sR 
is called the real slip ratio and MAS the slip angle 
or geometrical slip angle. 

From Fig. 10, it is seen that 

Pn - VA = I - -  VA 
S R  = Pn Pn 

As in the case of the actuator disk, the working of 
the propeller blades and the development of thrust 
result in an acceleration of the water ahead of the 
propeller, so that the total axial inflow velocity a t  a 
particular blade section is increased from VA to VA(l + a), while the total rotational inflow velocity is de- 
creased from 27rnr to 27rnr (1 - a'), Fig. ll. 

I t  will be seen from the velocity diagram that both 
of the inflow factors a and a' result in a decrease in 
the angle of incidence at which the water meets the 
section to a value considerably below that which would 
obtain if they were neglected (from <AOC to 
<BOG'). The angle <BOG' is always small in an effi- 

I Is 
I 8' 

BLADE \ BLADE TIP 
\, HELIX 

I 
BLADE ROOT\ 

Fig. 7 Definition of helix 
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1: RAKE 

FACE OF R.H. PROPELLER 
LOOKING F R O M  AFT 

Fig. 8 Typical propeller drawing 

P Pitch ratio = - D 
t Blade thickness ratio = - 

D 
Pitch angle = 4 

Diameter D 

Pitch P 
No. of blades 4 

Disk area = area of tip circle = - Dz = A ,  

Developed area of blades, outside hub = A ,  

77 

4 

A Developed area ratio = DAR = -2 
A0 

Projected area of blades (on transverse plane) outside hub = A ,  
A Projected area ratio = PAR = -.C 
A0 

Blade width ratio = BWR = 
Max. blade width 

n 
&/length of blades (outside hub) 

D 
Mean width ratio = MWR = 

Fig. 9 Definition of pitch ongle 

I#J = Pitch angle of screw propeller 

Fig. 10 Definition of slip 

V h lS  - Pn - v Iteal slip ratio SR = M L  - - Pn -2 = I - Pn -* 
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Fig. 11 Blade velocity diagram 

cient propeller, usually in the region of 3 to 6 deg, at 
which angles the L / D  ratio is approximately at its 
maximum value. Thus although the induced velocities 
defined by a and a’ may be small in absolute terms as 
compared with the speeds of advance and rotation of 
the section, yet they have a major effect upon the angle 
of incidence and therefore upon the conditions under 
which the blade section works. From Fig. 11 we see 
that 

and the velocity of the water relative to the blade 
section is given by the vector V,, where 

The angle of incidence a is given by (4 - P I ) ,  where 
4 is the geometrical pitch angle. 

Suppose that the propeller has 2 blades, that the 
chord of the blades has a value c at radius n, and that 
the section of the blade at this point has lift and drag 
coefficients CL and C, at the angle of incidence a. Let 
the resultant lift and drag of an element of the pro- 
peller blade of length d r  along the blade be d L  and 
dD, respectively. Then 

d L  = $ p  x area x (velocity)’ x C, 

and 
( V A y ( l  + 

sin ‘ P I  dD = i p c d r Z  CD 

Since d L  and dD are, respectively, normal to and along 
the direction of the relative velocity V,, the thrust and 
torque contributed by these elements will be 

dT = d L  cos P I  - dD sin P I  
dQ = ( d L  sin P I  + dD cos PI)r 

The first expression can be written in the form 

= d L  (cos P I  - tan ysin P I )  
where 

cD. tan y = - in Fig. 4 
CL 

Hence 
cos P I  cos y - sin P I  sin y 

cos y 
dT  = d L  ( 

cos (PI + Y) = d L  cos y 
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(a) 
Fig. 12(0) Circulation flow 

( b )  

Fig. 12(b) Streamline flow around circular cylinder without circulation 

dT/dr and dQ/dr may now be plotted on a base of 
radius r and the total thrust T and torque Q obtained 
by integration, Fig. 3. Such curves show that most of 
the thrust and torque are developed over the outer 
part of the blade, the maxima occurring at about r = 
0.7R. 

The efficiency of the blade element is given by 

cos (PI + Y) 
cos Y 

V,dL 

cos y 

v, 1 - -- 
2rnr tan (PI  + y )  

1 - a' tan P I  
1 + a tan (PI  + y )  

- -~ [by Equation (14)]. 

The efficiency of the whole propeller will be 

The performance of each blade element can only be 
determined when values of a, a', C,, and y are known. 

C, and y can be found from test data on the partic- 
ular blade sections chosen. To find a and a', it is nec- 
essary to equate the thrust to the fore-and-aft 
momentum put into the race and the torque to the 
change in rotational momentum, as in the momentum 
theory. 

Writing 

CZCL cos (PI + Y> F =  
8 r r  sin ' P I  cos y 

Equation (16) becomes 

= F ~ ( V J ' ( I  + a)' x 4 r r  (18) 

From momentum considerations, the thrust developed 
by the blade element is given by 

Fig. 12(c) Streamline flow around o cylinder with circulation 
dr  

cos @ I  + Y) 

and similarly 
- 

or 
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This neglects any rotational momentum imparted to 
the race. 

Equating (18) and (19), we have 
2F(1 + a)  = b 

A similar expression can be derived for the rotational 
inflow factor a’. 

If we knew the ratio between a and b, i.e., what 
proportion of the ultimate race velocity is acquired at 
the position of the blade section, a could be determined. 
For the particular value of a = b l 2  derived from 
momentum considerations, we find 

F 
1 - F  

a = -  

In the early days a simplified blade-element theory 
was used in which the induced velocities were ignored, 
and the calculated thrusts, torques, and efficiencies 
differed considerably from those found in actual pro- 
peller performance. The comparison was improved 
when the induced velocity effects were included, but 
discrepancies still remained, owing principally to the 
neglect of the mutual interference between the pro- 
peller blades and the failure to allow for the falling 
off of the lift towards the blade tips. Later develop- 
ments in propeller theory have enabled these factors 
to be largely accounted for in modern design methods; 
see Section 8.4. 

2.6 Circulation Theory of Screw Propeller. The 
modern theoretical methods of propeller design are 
based upon the vortex theory first enunciated by F. 
W. Lanchester in his treatise Aerial Flight published 
in 1907. 

Consider the type of streamline flow shown in Fig. 
12(a), which is defined by the equation 

(20) ru = c = constant 
where 

r = radius vector drawn from 0 to any point 

u = velocity a t  any point, which is everywhere 
in the field 

normal to radius vector 

A 
w B A 

Fig. 14 Vortex of airplane wing with constant circulation 

An inner streamline of radius r, can be considered as 
representing the wall of a cylinder whose axis is nor- 
mal to the plane of the flow and around which the fluid 
circulates. When the radius r, is very small, we have 
what is known as a vortex tube or filament, because 
the law of velocity distribution expressed by Equation 
(20) applies with good approximation to the exterior 
field of the familiar vortex motions found in nature. 
Vortex filaments in ideal fluids have interesting prop- 
erties, among which may be mentioned that any given 
vortex filament is permanently composed of the same 
fluid particles and that it cannot terminate abruptly in 
the interior of the fluid but must either return on itself 
or terminate on the boundary of the fluid region. 

If the cylinder is placed in a uniform stream in such 
an ideal fluid, but without any such circulation flow, 
the streamlines will be symmetrical about the flow 
axis, and no force will be exerted upon the cylinder, 
Fig. 12(b). 

If now a circulation flow is imposed around the cyl- 
inder, the flow pattern is greatly changed, becoming 
asymmetrical as shown in Fig. 12(c). At the point E 
the velocity parallel to the flow axis is ( V, + u) while 
at F it is ( V, - u). This asymmetry of velocity distri- 
bution gives rise to a similar asymmetry in pressure 
distribution, the pressure at F being greater than that 
at E. As a result, a force is exerted on the cylinder at 
right angles to the direction of the uniform stream 
flow. The production of such a force on a rotating 
cylinder in a stream is called the Magnus effect after 
its discoverer, Magnus (1853). It has been used to pro- 
pel ships in place of sails in the Flettner rotor ship. 

To define the mathematical concept of circulation 
more clearly, let A and B in Fig. 13 be two points 
connected by any plane curve, and let w be a vector 
at the point P on the curve which makes the angle ( 
with the direction of the line element ds. Then the line 

n 

A 

Fig. 13 Line integral Fig. 15 Vortex system of airplane wing with varying circulation 
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integral between A and B is defined by the expression 

[ o cos t ds 

In the special case when the vector o denotes a 
velocity and the integration is performed around a 
closed curve, the line integral is called the circulation, 
r, and 

r = $ o cos t ds 

where the symbol $ indicates integration around a 
closed curve. 

This type of flow has the peculiarity that when a 
closed curve is drawn in the field and the line integral 
along this closed curve is evaluated, the circulation is 
zero when the curve does not surround the origin 0, 
but has the constant value 27rc when the curve sur- 
rounds the origin. 

Cqnsider the two points A and B in Fig. 12(a), which 
are connected by any curve whatsoever. By definition, 
the line integral along the curve is 

ras = I, w cos t ds 

In order to evaluate this integral, we replace the cho- 
sen curve by a stepped line consisting of short radial 
lines and circular arcs. The integration along the radial 
lines contributes nothing to the final value, since the 
line element and the velocity vector are normal to each 
other, and consequently cos t is zero. The integration 
along the circular arcs, however, yields a definite value, 
since in this case cos 6 is unity. 

Reasoning in this manner, we find for the value of 
the integral along the arbitrarily chosen curve 

B 

B 

rAB = ds = or d+ = 2 c+, (21) 

where is the angle included between the radii 
through A and B. The + sign applies when the inte- 
gration is made in one direction, the - sign when made 
in the reverse direction. It appears from this equation 
that the value of the line integral is independent of 
the path and depends only on the end points. It follows 
therefore that if we integrate from A to B along an 
arbitrary path such as ACB in Fig. 12(a), and then 
integrate in the reverse direction along any other path 
not surrounding the origin, such as BDA, the value of 
the integral around the closed loop ACBDA will be 
zero. On the other hand, if we integrate around a closed 
curve surrounding the origin 0, so that the angle I/J, 

in Equation (21) has the value 27r, the line integral 
around the loop, or the circulation, will have the value 
2lTc. 

The transverse force L acting on the cylinder with 
circulation in a uniform flow, as shown in Fig. 12(c), 
may be shown to be given by the equation 

L = prv, 

where 
p is mass density of fluid 
r = 277c is strength of circulation flow 
V, is velocity of uniform stream 

Equation (22) is known as the Kutta-Joukowski 
Equation, and is one of the great generalizations of 
mechanics, since it applies to all bodies regardless of 
their shape, the shape factor being contained in the 
circulation factor r. By the aid of this equation the 
mathematical discussion of propeller action is greatly 
simplified, because we do not have to consider the 
shape of the propeller blades until the very end, in the 
meantime regarding them merely as vortex filaments 
or lifting lines endowed with circulation. These lifting 
lines are regarded as having finite lengths, correspond- 
ing to the lengths of the blades, not terminating ab- 
ruptly a t  the tips, however, but having continuations, 
so-called tip vortices, at the free ends. Such contin- 
uations do exist at the tips of airplane wings and a t  
the tips and roots of propeller blades, as is readily 
shown by wind-tunnel or water-tunnel experiments. 
The lift produced by an aircraft wing or a propeller 
blade is the result of an increased pressure on the face 
and a decreased pressure on the back. Since the fluid 
follows the pressure gradient, it tends to spill over the 
free ends from the face to the back, creating powerful 
vortices downstream, the axes of which are practically 
at right angles to the axis of the wing or blade, and 
which form the boundaries of the fluid layer which has 
been in contact with the blade. 

The simpler case of an aircraft wing in flight through 
still air is illustrated in Fig. 14. The equivalent bound 
vortex in this case travels in a straight line a t  right 
angles to its axis. If the circulation of this bound vortex 
is assumed to be constant along its length, we have 
the simple system in which AA is the bound vortex 
and AB the free tip vortices already mentioned. This 
simple system is a useful concept and helps us to vis- 
ualize the phenomenon, but does not express ade- 
quately the actual flow conditions around the wing. In 
reality the lift of the wing decreases from a maximum 
value at midspan to zero at the ends, and so the cir- 
culation around the wing must vary likewise. Assum- 
ing that the circulation around the bound vortex AA 
varies continuously as shown by the curve r = f ( x )  
in Fig. 15, then it can be shown by interpreting cir- 
culation in terms of its original definition as a line 
integral that free vortices flow not only off the free 
ends but also all along the trailing edge of AA, forming 
together a vortex sheet. The strength of any individual 
vortex in the sheet is equal to the change in circulation 
a t  that point on AA. Thus, if at distances x1 and x, 
from midspan the circulation strengths are rl and rZ, 
respectively, the free vortex formed between x1 and 
x2 will have a strength equal to (I?, - r2). 



PROPULSION 143 

Considering now two individual vortices in the sheet, 
located at opposite sides of the midspan, each lies in 
the velocity field of the other and thus must assume 
the downward velocity existing at that point of the 
field. Inasmuch as this is true for all the vortices in 
the sheet, it follows that the sheet as a whole assumes 
a downward velocity. I t  was shown by Prandtl (1979) 
that this downward velocity is constant across the 
sheet when the distribution function f ( x )  represents 
an ellipse. Along the vortex sheet, however, from AA 
to infinity at the right, the induced downward velocity 
is not constant but varies from the value u, a t  a very 
large distance from AA to the value u, /2  a t  AA. This 
can be proved rigorously by a theorem on vortex mo- 
tion which has an equivalent in electrodynamics and 
is known as the Biot-Savart law. In a general way its 
truth can be perceived by the following reasoning. Let 
the vortex system in Fig. 15 be supplemented by a like 
system extending from AA to infinity a t  the left. The 
whole infinitely long vortex system would then move 
downward with the velocity u, in accordance with the 
foregoing discussion. At AA this velocity would be 
composed in equal measure of that induced by vortices 
belonging to the supplementary system and by vor- 
tices belonging to the original system. Removing the 
supplementary system, and so reverting to the system 
shown in the figure, leaves only the value u / 2 at the 
location of the bound vortex. 

Similar conclusions were reached in the case of an 

advancing propeller blade (Prandtl, et  al, 1927). The 
vortex sheet in this case is the helicoidal layer of fluid 
trailing behind the blade, and the induced velocity, 
which is normal to the helicoidal layer and so tends to 
push the sheet astern along the propeller axis and to 
rotate it about this axis, is identical with the previously 
defined slip velocity. A theorem analogous to that just 
mentioned holds in this case also-that the induced 
velocity at the position of the bound vortex, i.e., at the 
propeller disk, is u,/2, or one half that at a great 
distance behind the propeller. 

Betz further developed the important theorem that 
a propeller blade will have the smallest energy losses 
resulting from the induced velocities when the heli- 
coidal vortex sheet is pushed astern along the shaft 
axis and rotated about this axis as though it were a 
rigid sheet. This theorem furnishes a simple and def- 
inite rule for the design of the propeller blade in prac- 
tice; in order to obtain the maximum propeller 
efficiency, which is usually the aim of the designer, the 
blades must be so designed that the inflow velocity is 
the same for every blade element. 

The application of the circulation theory to propeller 
design enables various refinements to be made to the 
simple blade-element theory already described. In par- 
ticular, it enables the induced velocity u, / 2 to be cal- 
culated, an so the axial and radial inflow factors a and 
a’. These questions, and other developments, are dis- 
cussed in detail in Section 8.4. 

Much of the knowledge about the performance of 
propellers has been gained from experiments with 
models. To study the laws governing their behavior, 
the model propeller is run without any hull ahead of 
it. These are referred to as open-water conditions. In 
the towing tank this is done by running the propeller 
on a long shaft projecting well ahead of a narrow 
propeller “boat,” containing the driving apparatus and 
attached to the towing carriage. The propeller ad- 
vances into undisturbed water, so that the speed of 
advance V, is known and the inflow is uniform over 
the disk. Records of thrust, torque, revolutions and 
speed are taken automatically over a range of values 
of the last two quantities. 

3.1 Dimensional analysis As in the case of resist- 
ance, we can obtain guidance on the laws governing 
model and ship similitude by applying dimensional 
analysis. 

The thrust of the propeller T could depend upon: 
(a)  Mass density of water, p.  
(b) Size of propeller, represented by diameter D. 

Section 3 
law of Similitude for Propellers 

(c) Speed of advance, V,. 
(d) Acceleration due to gravity, g .  
(e)  Speed of rotation, n. 
V) Pressure in the fluid, p .  
(g) Viscosity of the water, p .  
Writing 

T = f (paDbVACgdnepfpg)  
and introducing the proper dimensions, we have 

whence 
a = l - f - g  
b = 1 + 3 a  - c - d + f + g 
c = 2 - 2d - e - 2f - g  

and substituting a and c in the expression for b: 
b = 2 + d + e -g 
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Then from Equation (23): 

where v = plp.  
The expressions in the square brackets are all non- 

dimensional, and there is therefore no restriction di- 
mensionally on the exponents d, e, 3 and g. The form 
of the function f must be found by experiment, and 
may be different for each of the four terms. 

The equation may be written in the form 

Note that since the disk area of the propeller, A, = 
(.rr14)D2, is proportional to D2, the thrust coefficient 
can also be written in the form 

T 
k p ( VA) 

Equation (24) states in effect that if all the parameters 
on the right-hand side have the same values for two 
geometrically similar but different sized propellers, 
the flow patterns will be similar and the value of 
T/i P D ~ ( V , ) ~  will be the same for each. 

If the model and ship quantities are distinguished 
by the suffixes M and S, respectively, and if A is the 
linear scale ratio, then 

Ds/DM = h 

If the model propeller is run at the correct Froude 
speed of advance, then also 

Under these circumstances, the first term in Equa- 
tion (24) will be the same for model and ship, so that 
the first condition for similarity of flow is that the speed 
of advance of the model and ship propellers should be 
in accordance with Froude's law of comparison. 

The slip ratio has been defined as (1 - V,/Pn).  For 
geometrically similar propellers, therefore, the second 
condition of Equation (24)  that n D / V A  must be the 
same for model and ship, means that the slip ratio 
must be the same for each. Just  as in the case of 
resistance, the third quantity in Equation (24) is not 
the same for model and ship propellers when the for- 
mer is run in a towing tank, because the atmospheric 
pressure is not scaled down in the latter case. How- 
ever, since the forces on the propeller blades are 
caused by differences in pressure, they will not be 
affected by this fact unless cavitation occurs, in which 
case other kinds of tests must be made (see Section 
7.3). The last term, v l  V,D, is a Reynolds number, and 
it cannot be made the same if the model and ship speeds 
of advance follow Froude's law. I t  is concerned with 

the frictional resistance on the propeller blades, but 
as this is only a very small part of the total force on 
the blade, we can neglect the effect of viscosity in the 
first instance. However, it is necessary to make the 
model propeller as large as feasible within the other 
limitations of the huIl model scale, measuring ap a- 
ratus, and so on, in order to avoid as far as possi 1 le 
any laminar flow over the blades so as to reduce such 
Reynolds-number effect on the blade section drag to 
a minimum. 

With these reservations in mind, we can say that as 
long as gD/ (vA) and nD/ V, are the same in ship and 
model 

T a D2(VA)2 
The following relationships then hold: 

or 

or 
nM = ns x A% 

i.e., the model revolutions are higher than those of the 
full-scale ship propeller. 

The thrust power is given by P ,  = TVA, so that 

and 

If the model results were plotted as values of 
T+ 

and 

Q c, = 
k p  D 3 ( v A ) 2  

to a base of VA/nD or J ,  therefore, the values would 
be directly applicable to the ship, apart from any scale 
effects such as mentioned. This method is often used, 
but the coefficients have the disadvantage that they 
become infinite for zero speed of advance, a condition 
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KT Propeller efficiency (in open), qo = - x - 
257 KQ 

I I I I I I I 
10 0 8  06 0 4  02 0 -02  

SCALE OF SLIP RATIO 

Fig. 16 Typical curves of thrust, torque and efficiency for propeller in open 
water 

No. of blades = 4 
Face pitch ratio = 1.00 

sometimes occurring in practice, such as for a tug 
pulling at a stationary bollard or ship. 

Since J or V A / n D  is the same for model and ship, 
we can replace V, by n D  and obtain new coefficients 
which do not have this disadvantage: 

VA Advance ratio, J = - n D  

Thrust coefficient, KT = -L!--- p n 2 D 4  

Q Torque coefficient, KQ = ~ p n 2 D 5  

where KT, K,, and yo are functions of J. These coef- 
ficients are nondimensional in any consistent system 
of units. 

3.2 Open water tests. Typical open-water curves 
are shown in Fig. 16. These show that this propeller 
reaches its maximum efficiency at  a J-value of about 
0.85. Since in this particular case the face pitch ratio 
is 1.00, (1 - V,/Pn)  = (1 - V A / D n ) ,  and the scale 
of J is also a scale of (l-slip ratio). It will be noticed 
that the thrust does not vanish a t  J = 1.00, or zero 
slip ratio, but at some higher value nearer J = 1.10. 
This is due to the effect of the zero lift angles of the 
blade sections, so that the effective pitch is greater 
than the nominal or face pitch. The value of J a t  which 
the thrust does vanish can be used as a measure of 
the effective or analysis pitch ratio. 

In practice, in order to obtain as high a value of 
Reynolds number as possible for the flow over the 
blade sections, the requirement to run at the correct 
Froude number is often ignored. Instead, the open- 
water tests are carried out at a higher speed of ad- 
vance, the slip being varied to cover the necessary 
range by a variation in revolutions. In other cases, the 
slip range is covered by running at constant revolu- 
tions and different speeds of advance. Provided that 
the propeller is run with adequate immersion, so that 
there is no wave-making on the surface, the lack of 
Froude-number identity will not have any important 
effect. 

Section 4 
Interaction Between Hull and Propeller 

4.1 General. The preceding discussion has related and also increasing the velocity there, both of which 
to a propeller working in open water, in which con- effects augment the resistance of the ship above that 
dition it is advancing into undisturbed water. When it measured by towing the hull. 
is in its correct location behind the model or ship hull, Also, the relations between thrust, torque, and rev- 
the conditions are considerably modified. The propeller olutions in open water where the inflow is uniform, 
is now working in water which has been disturbed by cannot be expected to remain the same behind the hull 
the passage of the hull, and in general the water in the variable flow conditions experienced there. This 
around the stern has acquired a forward motion in the leads to the possibility of differing propeller efficiencies 
same direction as the ship. This forward-moving water in open water and behind the hull. 
is called the wake, and one of the results is that the 4.2 Wake. The difference between the ship speed 
propeller is no longer advancing relatively to the water V and the speed of advance V, may be called the wake 
at the same speed as the ship, V,  but at some lower speed. Froude expressed the wake speed as a fraction 
speed V,, called the speed of advance. of the speed of advance V,, calling this ratio the wake 

As we have seen, the propeller when developing fraction w F ,  so that 
thrust accelerates the water ahead of it, and this has 

(25) 
v -  VA the effect of lowering the pressure around the stern w ,  = VA 
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and 
V 

1 $. W F  

The expression (1 + w,) is called the Froude wake 
factor. 

For a forward wake wF is positive, but it may have 
small negative values in high-speed ships such as de- 
stroyers. 

Taylor introduced a different definition of wake frac- 
tion by expressing the wake speed as a fraction of the 
ship speed, so that 

(26) 
V -  v, 

V w =  

and 
V, = V(1 - w) 

This definition has much to recommend it, since a 
wake of 50 percent then means that the wake speed 
is 50 percent of the ship’s speed, whereas in the Froude 
notation a 50 percent wake implies that the wake speed 
is 33 percent of the ship’s speed. The Taylor definition 
is becoming more or less universal in current litera- 
ture, but the difference must be remembered when 
using older published data, particularly British, much 
of which gives Froude-wake values. The two are re- 
lated by the equations 

W F  w = -  
1 + W’P 

W 
W F  = - 

l - W  

The wake is due to three principal causes: 
(a )  The frictional drag of the hull causes a following 

current which increases in velocity and volume to- 
wards the stern, and produces there a wake having a 
considerable forward velocity relative to the surround- 
ing water. 

(b)  The streamline flow past the hull causes an in- 
creased pressure around the stern, where the stream- 
lines are closing in. This means that in this region the 
relative velocity of the water past the hull will be less 
than the ship’s speed and will appear as a forward or 
positive wake augmenting that due to friction. 

(c) The ship forms a wave pattern on the surface of 
the water, and the water particles in the crests have 
a forward velocity due to their orbital motion, while 
in the troughs the orbital velocity is sternward. This 
orbital velocity will give rise to a wake component 
which will be positive or negative according to whether 
there is a crest or a trough of the wave system in the 
vicinity of the propeller. 

The total wake is made up of these three compo- 
nents, and in the great majority of cases is positive. 
Exceptions arise in very high-speed craft such as de- 

stroyers and high-speed motor boats. At a speed of 34 
knots, the wave length of the system created by the 
ship will be some 200 m (656 ft), so that a destroyer 
100 m (328 ft) in length would have a trough in the 
vicinity of the propellers, and the wave wake will be 
negative. With such a fine hull the potential or stream- 
line wake would be small, and with large-diameter 
propellers much of the disk will be outside the fric- 
tional wake. Under these conditions the total wake 
over the propeller may be zero or slightly negative. 
Measurements of wake on destroyers have indeed 
shown the variation of wake with speed quite clearly 
as successive wave crests and troughs occurred at the 
stern (Newton, 1960). 

The wake fraction can be measured in a number of 
ways. If we are interested in details of the wake pat- 
tern, the wake velocity can be measured by pitot tubes, 
the axial, radial and tangential components being ob- 
tained in the neighborhood of the intended propeller 
position. Curves of equal wake velocity can then be 
drawn. Examples for the axial components are shown 
in Figs. 17 and 18(a) and (b), for a single-screw ship 
and two twin-screw ships, respectively. For the former 
the wake is most intense over the upper part of the 
disk, rather less so down the vertical centerline, and 
much smaller over the outer lower quadrants. In a 
twin-screw ship the average wake over the propeller 
disk will, as a rule, be less than in a single-screw ship 
of the same fullness, because of the different propeller 
location, but there will be a considerable concentration 
immediately behind the ends of the bossings or behind 
the struts in the case of open shafts. 

In both cases, the water flow has a general upward 
and inward direction, and this gives rise to further 
asymmetry so far as the propeller is concerned. 

As a propeller blade rotates, a section a t  any given 
radius passes through regions of very different wake 
concentrations. We can make the propeller with a pitch 
which varies from hub to tip in such a way as to suit 
the average circumferential wake at any particular 
radius. These average wakes can be found from wake 
diagrams such as those shown in Figs. 17 and 18 or 
can be measured by using vane wheels of different 
radii which integrate the wake around particular radial 
annuli. 

Wakes measured by such methods give the flow 
existing in the absence of the propeller, and are usually 
referred to as nominal wakes. They are modified when 
the propeller is present and developing thrust, and it 
is possible to deduce from the propeller performance 
behind the hull and in open water a wake factor which 
represents the efective wake as felt by the propeller. 

Suppose that a propeller driving a hull at V-knots 
develops a thrust T when turning a t  n-revolutions per 
unit time. Reference to the open-water curves for the 
propeller will show that at the same revolutions n the 
propeller will develop the thrust T a t  some lower speed 
V,. The latter is the effective speed of advance, and 
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the eflective wake fraction will be given by 
v- v, 

V W T  = 

This method of deriving the effective wake is based 
upon thrust identity in open water and behind the 
model. A similar wake fraction can be derived using 
identity of torque, and because of the difference in 
flow conditions behind the model and in open, the val- 
ues of thrust and torque-derived wakes are usually 
somewhat different. For model work thrust-identity 
wakes are to be preferred, because thrust can be mea- 
sured more accurately than torque. However, for com- 
parison with ship trial results, it is often necessary to 
use a torque-identity wake, since in most cases thrust- 
meters are not fitted to ships and the only basis of 
comparison is on the measured torques. 

The effect of the propeller in inducing an inflow ve- 
locity reduces the forward wake to some extent, the 
effective wake usually being three or four points lower 
than the nominal wake. 

The nonuniformity of the wake has other highly 
undesirable consequences. As the blades rotate, peri- 
odic forces and couples are created which are trans- 
mitted through the water and the shaft bearings to 

the ship and are one of the principal sources of huii 
vibration. The variation in inflow velocity also results 
in a periodic change in angle of attack on the blades, 
and consequently is conducive to the onset of cavita- 
tion with its resultant vibration, noise and blade ero- 
sion. For all these reasons great attention should be 
paid to the shape of the stern lines and of appendages 
such as bossings, together with propeller clearances, 
to ensure that the wake inequalities over the propeller 
are kept as small as possible. Assistance in this prob- 
lem can be obtained from model experiments in a cir- 
culating water channel, where the flow is made visible 
by tufts, dye, or other means, and by pitot-tube sur- 
veys in the towing tank. The effect of such forces on 
hull and machinery vibration are dealt with in Chapter 
VII, but the time to prevent or minimize them is in 
the early design stages, not when the ship is built. 

To obtain a better picture of the wake non-uniform- 
ity a Fourier analysis may be carried out. In that case 
the axial wake at a specific point in the propeller disk 
is written as: 

N 

w,(r) = 2 [an  (r) cos n4 + b ,  (r) sin n41 

where a ,  and b ,  are the amplitudes of the Fourier 
components, r is the radius and 4 is the angle of the 
point in the propeller plane. Hadler, et  a1 (1965) present 
a large collection of data on wake distributions mea- 
sured for a number of ships. They also show results 
of wake analysis using the above Fourier decomposi- 
tion and provide information on the fluctuations of the 
hydrodynamic pitch angle as the blade makes one ro- 
tation. 

To obtain an idea of the fluctuating forces on the 
propeller axis generated by the non-uniform velocity 
field, a simple analysis will be carried out, following a 
method proposed by Lewis (1935). The lift of a profile 
per unit span is given by: 

n = O  

L = l r p c p u 2  (27) 
because the lift coefficient for small hydrodynamic 
pitch angles equals 277p. Neglecting the fact that the 
lift direction does not coincide with the thrust direction, 
Equation (27) also holds for the thrust T of a propeller 
blade with unit span. The velocity Uis made up of the 
rotational speed and the advance speed, 

V = [or]2 + [V(l - w,)I2 

= 02r2  + V 2  (1 - 2w, + w,') 

= 0 2 r 2  + v2 + v2 - 2w,  v2 + w,2v2 

(28) 

with w ,  the axial wake. If the axial wake is symmetric 
with respect to the vertical through the propeller axis 
the decomposition contains only cosine-terms: 

(29) 
N 

w ,  = 2 a n  cos (n4)  
n=O 
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LOAD DISPLACEMENT, 
SPEED OF 20 KNOTS, 
TRANSVERSE SECTION, 
LOOKING FORWARD. 
WAKE SURVEY WAS 
MADE IN A PLANE 
PERPENDICULAR TO THE 
LONGITUDINAL AXIS AT A 
DISTANCE OF 1.76 M AFT 
OF STATION 18 Yz 
(STATION 20 IS AFT 
PERPENDICULAR). 

THE NUMBERS INDICATE ~ 

THE MAGNITUDE OF THE 
AXIAL WAKE FRACTION 
W, WHERE 
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Fig. 18(a) Wake diagram for TS ship fitted with shaft-struts 

7.93 M WL 
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Inserting (27) into (28) and combining the result with 
Equation (27), the following formula for the thrust per 
unit span may be obtained. 

(a) The wake pattern is mainly affected by aft  body 
shape. The variations in forebody have negligible ef- 
fect. 

(b) The amplitudes of the harmonics decrease with 
(30) increasing order both for the longitudinal and tangen- 

tial velocity component. The decrease is monotonic for 
open-stern ships but the even order amplitudes are 

with +.P the phase angle and 0 the instantaneous PO- relatively stronger for single-screw ships with con- 
sition of the blade, which may be given by 8 = ot - ventional sterns. % (m - 1). A similar relation may be obtained for the (c) The radial distributions of mean longitudinal ve- 
torque per unit span. Summarizing over all blades, one locity and volumetric mean velocity have characteris- obtains the following expression for the time-depen- tics shapes. The open-type stern tends to provide a 
dent thrust and torque: near uniform distribution with a magnitude compa- 

rable to the model speed. The single-screw ship with 
T(t)  = conventional stern provides a distribution with values 

lower a t  the inner radii and higher a t  the outer radii. 
The magnitudes depend on the fineness and shape of 
the afterbody; in general, the finer the stern, the higher 

(d) In most of the models analyzed, it has been found 
that the tangential velocity variation is large and sin- 
usoidual in nature due to the upward flow in the pro- 
peller plane, which in turn shows up predominantly in 
the 1st harmonic. This, in conjunction with a large 1st 
harmonic amplitude of the longitudinal velocity, will 
result in a shaft-frequency vibration when some im- 

N 

p = o  
T = A ,  cos (PO + + p )  

N c fkz cos ( k ~ w t  - + k z )  
k = O  

(31) 

N 

&(t) = k = O  c Q k z  cos ( k z w t  - < k z )  (32) the values. 

Similar relations can be found for the bending mo- 
ment (Hadler, et  al, 1965). This analysis leads to the 
following conclusions: 

(a) The unsteady thrust and torque are only deter- 
mined by the terms of the Fourier decomposition that 
are integer multiples of the number of blades. 

and horizontal side forces, F,, F,, are determined by 
the (kx + 1)th and (kx - 1)th terms of the Fourier 
series a t  integer multiples of blade frequency. 

for the number of 
blades ranging from 3 to 6 .  Note that this table gives 
the harmonic components of the axial wake field that 
contribute to the unsteady forces. It does not give the 
frequencies of the unsteady forces. 

In this way one may obtain a judicious choice of the 
number of blades, 2. Of course, the above analysis is 
only a simple approximation, but Hadler (1965) showed 
that this approach worked well for a few cases. 

Apart from the number of blades, the harmonic 
wake content determines the unsteady forces. This 
content and the amplitude of Fourier components de- 
pend on the hull form and possibly on speed. Hadler, 
et  a1 (1965) drew the following conc~usions on the basis 
of their results: 

(b )  The unsteady bending moments, Mz, My, vertical perfections exist in the blade geometry which will 
hydrodynamic unbalances. 

(e) In general, for minimizing the cavitation and vi- 
bration problems, the open-type stern, i.e., transom 
stern with struts supporting the shaft, is superior to 
the conventional type for the single-screw ship. 

(f) The rudder may have an effect on the mean lon- 
gitudinal velocity but does not have an appreciable 
effect on the derived quantities. 

(g )  The effect of variations in speed appears to be 
small. 

(h) The effect of propeller location in the aperture 
can be important. 

(i) Changes in displacement and trim may result in 
large variations in wake patterns and, consequently, 
in the cavitation and vibration characteristics. 

In this respect the conclusions of Van Manen (1965) 
may also be mentioned. H~ notes (based on tests with 
some 40 different ship models) that for prismatic coef- 

summarizes these 

Table 2-Influence of Harmonic Wake  Components on unsteady Forces and 
Moments. 

Harmonic Components 

2 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
3 x  X X X X X X 

X X X X X 
T , G  ;; X X X X 

6 x  X X X 

3 x x  x x  x x  x x  x x  x x  x x  

6 x  X X X X X X 

X X X X X X X 
My, F, 5 x X X X X X X X 
Mx, Fz 4 x x x 
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I 

Fig. 19 Dependence of wake distribution 

ficients of the aft  body between 0.73 and 0.79 in con- 
junction with four-bladed propellers there is an 80 
percent probability that the first harmonic of the 
torque fluctuation will be 6.5 percent of the mean 
torque. Also the first harmonic of the thrust fluctua- 
tions is 10 percent of the mean thrust. For a five-bladed 
propeller these percentages are 1.5 and 2 percent re- 
sepectively. Deviations larger than 2 percent did not 
occur on any tested model. Van Manen also noted that 
fine-ended vessels such as warships can have substan- 
tially greater fluctuations. 

The unsteady forces on the propeller blades and the 
possible occurrence of cavitation will also lead to fluc- 
tuating pressures on the ship hull. This problem may 
be more severe than the fluctuating forces on the pro- 
peller axis and bearings. For a detailed investigation 
the work of Van Oossanen, et  a1 (1972) may be men- 
tioned. 

Naturally one would want to know the detailed wake 
field once the lines plan has been established or at 

/' 
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on form of afterbody (Harvald, 1980) 

least the amplitude of the different harmonic once the 
main particulars of the ship have been determined. 
Also with this knowledge designers could make alter- 
ations in hull form to accommodate certain require- 
ments. 

Large efforts have been made towards the solution 
of the equations of motion of a turbulent viscous fluid 
to determine theoretically the expected wake distri- 
bution. The numerical problems encountered and the 
computer time required have until now prohibited the 
adequate solution of the problem. For a summary of 
present activities and for a summary of relevant lit- 
erature reference is made to the report of the Resist- 
ance Committee of the ITTC (1984). 

Experimentally a number of authors have tried to 
correlate hull form and wake distribution. Van Gent, 
et  a1 (1973) undertook an analysis, similar to the above- 
mentioned one of Hadler, of the wake field of large 
tankers with block coefficients between 0.82 and 0.85. 
Results for the lower harmonics for five tankers with 

Next Page 
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I Propulsion J. D. van Manen 
P. van Oossanen 

Section 1 
Powering of Ships 

1.1 Historical. A moving ship experiences resist- 
ing forces from the water and air which must be over- 
come by a thrust supplied by some thrust-producing 
mechanism. In the earliest days this consisted of man- 
ually-operated oars, which gave place in turn to  sails 
and then mechanical devices such as jets, paddle- 
wheels and propellers of many different forms (Todd, 
1946).' 

The earliest propulsive device to use mechanical 
power seems to have been of the jet type, using a 
prime-mover and a pump, patents for which were 
granted to Toogood and Hayes in Great Britain in 1661. 
Water is drawn in by the pump and delivered stern- 
wards as a jet at a higher velocity, the reaction pro- 
viding the thrust. At the speeds so far attained by 
ships, the jet is materially less efficient than other 
forms of propellers, and its use has been restricted to 
special types of craft. 

In 1801 there appeared the first steam-driven side- 
paddle ship, the Charlotte Dundas; built by Syming- 
ton for service on the Forth-Clyde Canal in Scotland. 
Six years later came the famous Clermont, con- 
structed by Robert Fulton for passenger service on 
the Hudson River in New York. 

The period from this time until about 1850 was the 
heyday of the paddle steamers. The first of them to 
cross the Atlantic was the American Savannah in 
1819-a full-rigged ship with auxiliary steam power- 
and then followed a line of familiar names, including 
the Canadian Royal William, the famous first Cun- 
arder Britannia in 1840, culminating in the last Cun- 
ard liner to be driven by paddles, the Scotia, in 1861. 

These side paddle-wheels were far from ideal for 
sea-going ships. The immersion varied with ship dis- 
placement, the wheels came out of the water when the 
ship rolled, causing erratic course-keeping, and they 

Complete references are listed a t  end of chapter. 

rine engineer's point of view, they were too slow-run- 
ning, involving the use of large, heavy engines. 
Because of the slow rate of turning they were rea- 
sonably efficient as a propulsive device, but their other 
operational weaknesses ensured their rapid decline 
from popularity once the screw propeller was proved 
to be an acceptable alternative. They have had a useful 
field among pleasure steamers and tugs plying in riv- 
ers and other protected waters. In such craft the draft 
does not change much and restrictions of draft due to 
shallow water prohibit the use of large screw propel- 
lers. Side paddles also give good maneuvering char- 
acteristics, but these latter can now be obtained by 
other means of propulsion which do not suffer from 
the drawbacks of paddle-wheels. 

Paddles have also been fitted at the sterns of many 
ships, as in the well-known river boats on the Missis- 
sippi and other American rivers. Such "stern-wheel- 
ers" are still in use, mainly as passenger carriers. 

The first proposal to use a screw propeller appears 
to have been made in England by Hooke in 1680, and 
its first actual use is generally attributed to Colonel 
Stevens in a steam-driven boat at New York in 1804. 
In 1828 a vessel 18 m (60 ft) long was successfully 
propelled by a screw propeller designed by Ressel, of 
Trieste, obtaining a speed of 6 knots, but this success 
was not followed by the Trieste engineers or ship- 
owners (Baker, 1944). The first practical applications 
came in 1836 by Ericsson in the US. and Pettit Smith 
in England. 

The screw propeller has many advantages over the 
paddle-wheel. I t  is not materially affected by normal 
changes in service draft, it is well protected from dam- 
age either by seas or collision, it does not increase the 
overall width of the ship, and it can be made to run 
much faster than paddles and still retain as good or 
better efficiency so that smaller, lighter, faster-running 
engines can be used. I t  rapidly superseded the paddle- 
wheel for all ocean-going ships, the first screw-pro- 
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pelled steamer to make the Atlantic crossing being the 
Great Britain in 1845. 

From that time the screw propeller has reigned su- 
preme in the realm of marine propulsion. I t  has proved 
extraordinarily adaptable in meeting the incessant 
quest for propellers to deliver more and more thrust 
under increasingly arduous conditions. While other de- 
vices have been adopted for certain particular types 
of ships and kinds of service, the screw propeller still 
has no real rival in the field of ship propulsion. 

Among the more common variants of the propeller, 
the use of a shroud ring or nozzle has been shown to 
have considerable advantages in heavily loaded pro- 
pellers, the ring or nozzle being shaped so as to deliver 
a forward thrust to the hull. The principal advantage 
is found in tugs, where the pull a t  the bollard for a 
given horsepower may be increased by as much as 40 
percent or more as compared with that given by an 
open propeller. At low towing speeds, a considerable 
advantage is still found, but this disappears with in- 
creasing speed, and when free-running the drag of the 
nozzle results in a loss of speed. In ships other than 
tugs, the advantage can be extended to higher speeds 
by using thinner nozzles, with some loss of thrust at 
the low speeds, and such arrangements in association 
with special forms of stern lines have been claimed to 
give good propulsive efficiencies. Good maneuverabil- 
ity can be obtained in such craft by arranging for the 
nozzle to swivel, and so act as a very efficient rudder 
by controlling the direction of the propeller race. 

Another type of propeller was used in the USS 
A l u m  as long ago as 1874 (Goldsworthy, 1939). This 
ship carried a fixed bow gun and had to be turned to 
aim the gun. To keep the ship steady in a tideway, 
where a rudder would be useless, a feathering paddle- 
wheel rotating about a vertical axis, invented by Fow- 
ler in Great Britain in 1870, was fitted at the stern, 
completely submerged (White, 1882). It was quite suc- 
cessful as a means of maneuvering the ship, but its 
propulsive efficiency was low. The modern version of 
this propeller consists of a large disk set flush with 
the lower surface of a flat counter and carrying a 
number of projecting vertical blades rather resembling 
spade rudders. As the disk revolves about a vertical 
axis, each of these blades turns about its own vertical 
axis, being so adjusted to the flow that the total thrust 
from all the blades is concentrated in one direction. 
This resultant “thrust-direction” can be controlled by 
varying the blade motions, so as to drive the ship 
ahead, astern or sideways. The device therefore lends 
itself essentially to craft which need to have great 
ability to maneuver. It also enables the equivalent of 
a large diameter, orthodox propeller to be fitted to 
ships which have to operate in shallow water, and the 
propeller can be driven through gearing by relatively 
light, high-speed diesel engines. Although its efficiency 
is not as high as that of the orthodox propeller, and 
its maintenance is probably more costly, the foregoing 

advantages have resulted in many applications to river 
steamers, tugs, and ferries. The vertical axis propeller 
is discussed further in Section 10.5. 

1.2 Types of Ship Machinery. In selecting the pro- 
pelling machinery for a given vessel, many factors 
must be taken into consideration, such as the weight, 
the space occupied, its first cost, reliability, length of 
life, flexibility and quietness of operation, cost of up- 
keep, cost of fuel consumed and last, but not least, its 
suitability for the type of propeller to be used. I t  is 
beyond the scope of this text to consider all the various 
drives which have been developed to meet these fac- 
tors, but a brief review of their advantages and dis- 
advantages will not be out of place. 

The reciprocating steam engine with two, three, or 
four cylinders dominated the field of ship propulsion 
until about 1910. Since then it has been almost entirely 
superseded by the steam turbine in the very high and 
intermediate-power ranges, and by the diesel engine 
in intermediate and low ranges. 

The steam reciprocating engine has exceptional con- 
trollability at all loads, is easily reversed (an important 
consideration in ships) and its most efficient range of 
revolutions per minute (RPM) matches that of the 
screw propeller. On the other hand, the complete plant 
is relatively heavy, occupies much space, and the out- 
put of power per cylinder is limited. Also, the steam 
cannot be expanded effectively to the low pressures 
obtainable in modern condensing apparatus, so that 
the fuel consumption is rather high, an average figure 
for a triple-expansion engine utilizing superheated 
steam being about 0.70 kg of oil per kWhr (1.15 lb per 
hphr). 

The first marine turbine was installed by Sir Charles 
Parsons in the Turbinia in 1894, a torpedo boat which 
attained a speed of 34 knots. Thereafter turbines made 
rapid progress and by 1906 were used to power the 
epoch-making battleship HMS Dreadnought and the 
famous Atlantic liner Mauretania. 

The turbine delivers a uniform turning effort, is em- 
inently suitable for large-unit power output, and can 
utilize very high-pressure inlet steam over a wide 
range of power to exhaust at very low pressures. The 
thermal efficiency is consequently reasonably high and 
the fuel consumption of large turbines is as low as 
0.30 kg of oil per kWhr (0.49 Ib per hphr). Under over- 
load conditions a turbine delivers approximately con- 
stant power for a given throttle setting. 

On the other hand, the turbine is nonreversible and 
its rotational speed for best economy is far in excess 
of the most efficient rpm of usual propeller types. 
These drawbacks make it necessary to install separate 
reversing turbines and to insert gears between the 
turbines and the propeller shaft to reduce the speed 
of the latter to values more suitable to the propeller. 

The mechanical geared drive has been used most 
widely up to the present. I t  permits the operation of 
engine and propeller at their most economical speeds 
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with a power loss in the gears of only 2 to 4 percent. 
A separate astern turbine is still required, which adds 
to cost, complexity, and power loss. 

The reduction in RPM between turbine and propeller 
shaft can also be attained by electrical means. The 
turbine in such an installation is directly coupled to a 
generator, both running at the same high speed for 
efficient operation. The generator supplies a motor di- 
rectly mounted on the propeller shaft, driving the lat- 
ter at the RPM most desirable for high propeller 
efficiency. This system eliminates any direct shafting 
between turbines and propeller, and so gives the naval 
architect greater freedom in laying out the general 
arrangement of the ship to best advantage. In twin- 
screw ships fitted with two sets of turboalternators, 
considerable economy can be achieved when using half 
power, such as when a passenger ship is cruising, by 
supplying both propulsion motors from one turbine. 
The turboelectric drive also eliminates the reversing 
turbine, gives great flexibility and rapidity of maneu- 
vering, and prevents racing of the propeller. 

These advantages are gained, however, at the ex- 
pense of rather high first cost and somewhat greater 
transmission losses. 

Internal-combustion engines used for ship propul- 
sion are generally reciprocating engines operating on 
the diesel’ principle (compression ignition) which have 
taken their name from the man who first developed 
them for practical use. They are built in all sizes, from 
those fitted in small pleasure boats to the very large 
types fitted in modern supertankers and passenger 
liners. The engines in the latter ships develop over 
2500 kW per cylinder, giving output as high as 30,000 
kW in 12 cylinders (40,200 hp). They are directly re- 
versible, occupy relatively little space, and have a very 
low fuel consumption, an average figure being around 
0.20 kg of oil per kWhr (0.328 lb per hphr). They are 
used in large single units directly coupled to the pro- 
peller or in sets of small units driving the propeller 
through electric or gear transmissions. Opposed to 
these advantages are the facts that diesel engines are 
usually heavier and more expensive, both in first cost 
and in upkeep than steam plants of corresponding size. 

The torque produced by a diesel engine is limited by 
the maximum pressure that may be developed in each 
cylinder. Therefore, when the engine is producing max- 
imum torque, it produces maximum power only at max- 
imum rpm. Consequently a diesel may produce a power 
directly proportional to the RPM for any throttle set- 
ting. 

This limitation leads to the problem of matching a 
diesel engine and a propeller. The resistance will in- 
crease with time because of fouling and the propeller 
thrust decreases for the same reason. Therefore the 

* After Rudolf Diesel, a German engineer (1858-1913). 

load on the prime mover will increase to maintain the 
same speed. This requires the designer to select the 
adequate propeller particulars (such as pitch) so that 
later, in the life of the vessel, the engine does not 
become overloaded or that it never produces its full 
capabilities, see Kresic et  a1 (1983). 

More recently, gas turbines have been developed in 
which the fuel is burned in compressed air and the 
resulting hot gases passed through the turbine. The 
gas turbine originated in aeronautical applications, and 
its progress has depended mostly upon the develop- 
ment of metals which could withstand the high pres- 
sures and temperatures. It has the advantages of 
dispensing with boilers, being light in weight and giv- 
ing a smooth, continuous drive. I t  is expensive in the 
quantity of fuel burned. One good operational char- 
acteristic is that it can quickly be brought on to full 
load without a long, warming-up period, some 15 min 
usually being sufficient after the warning to “raise 
steam” from cold. Marine gas turbines were fitted to 
a small number of merchant ships. But they are now 
frequently used in naval ships, sometimes associated 
with a diesel, steam turbine or smaller gas turbine. 
The latter are used for general cruising purposes, and 
the gas turbine is available at little or no notice when 
there is a demand for full power, both plants being 
connected to a common propeller shaft by clutches and 
gearing. The principal marine application so far has 
been to small and large destroyers and frigates and 
to smaller, high-speed craft, such as patrol craft and 
hydrofoils. 

Nuclear reactors have been installed on many naval 
ships and in a few merchant ships and ice breakers. 
They replace the boilers being used, through a heat 
exchanger, to raise steam which is then passed to a 
turbine in the normal way. They-also eliminate most 
of the weight and volume of fuel oil. The reactor can 
operate a t  full load indefinitely during the life of the 
charge of nuclear fuel, which enables the ship to main- 
tain high speed at sea without carrying a large quan- 
tity of consumable fuel. The weight saved, however, 
cannot as a rule be devoted to increase dead-weight 
earning capacity, for the weight of reactor and shield- 
ing will equal or exceed that of the boilers and fuel 
for the normal ship. 

1.3 Definition of Power. The various types of ma- 
rine engines are not all rated on the same basis, in- 
asmuch as it is inconvenient or impossible to measure 
their power output in exactly the same manner. Steam 
reciprocating engines are usually rated in terms of 
indicated power ( PI),  internal-combustion engines in 
terms of indicated power or brake power (PB), and 
turbine in shaft power (Ps). The term horsepower is 
still sometimes used, where 1 hp = 0.7457 kW. In 
English units 1 hp = 550 ft-lb per sec. 

Indicated power is measured in the cylinders by 
means of an instrument (an indicator) which records 
continuously the steam or gas pressure throughout 
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the length of the piston travel. From the resultant 
indicator card the mean effective pressure is measured 
and PI is calculated for top end and bottom end sep- 
arately: 

P, = 

where 

P M  is 
L is 
A is 
n is 

mean effective pressure, kN/m2 
length of piston stroke, m 
effective piston area, sq m 
number of working strokes per sec 

The total PI of the engine is found by adding those 
calculated separately for all the cylinders. 

Brake power is the power measured a t  the crank- 
shaft coupling by means of a mechanical, hydraulic or 
electrical brake. I t  is determined by a shop test and is 
calculated by the formula 

PB = 2nQn in kW 
where 

Q is brake torque, kN-m 
n is revolutions per sec 

Shaft power is the power transmitted through the 
shaft to the propeller. It is usually measured aboard 
ship as close to the propeller as possible by means of 
a torsionmeter. This instrument measures the angle 
of twist between two sections of the shaft, which angle 
is directly proportional to the torque transmitted. For 
a solid, circular shaft the shaft power is given by 

where 
d, = 
G =  

e =  
L, = 

n =  

shaft diameter, m 
shear modulus of elasticity of shaft ma- 
terial. kN/m2 
measured angle of twist, deg 
length of shaft over which 8 is measured, 
m 
revolutions per sec 

The shear modulus G for steel shafts is usually taken 
as 8.35 x lo7  kN/m2. 

For exact results, particularly with bored shafting, 
it is customary to calibrate the shaft by setting up the 
length of shafting on which the torsionmeter is to be 
used, subjecting it to known torques and measuring 
the angles of twist, and determining the calibration 
constant K = Q Ls /8  Ps can then be calculated di- 
rectly from any observed angle of twist and revolu- 
tions per second as 

e 
LS 

P, = K x - x 2 n n  

There is some power lost in the stern tube bearing 

and in any shaft tunnel bearings between the stern 
tube and the site of the torsionmeter. The power ac- 
tually delivered to the propeller is therefore somewhat 
less than that measured by the torsionmeter. This de- 
livered power is given the symbol PD. 

As the propeller advances through the water a t  a 
speed of advance VA, it delivers a thrust and the 
thrust power is 

P,= TVA 
Finally, the effective power is 

PE = RV 
1.4 Propulsive Efficiency. The efficiency of an en- 

gineering operation is generally defined as the ratio 
of the useful work or power obtained to that expended 
in carrying out the operation. 

In the case of a ship the useful power obtained is 
that used in overcoming the resistance to motion at a 
certain speed, which is represented by the effective 
power PE. 

The power put in to achieve this result is not so 
easily defined. In a ship with reciprocating engines, it 
can be measured by the power developed in the cyl- 
inders themselves as given by the indicated power, PI. 
The overall propulsive efficiency in this case would be 
expressed by the ratio PE/PI.  

In the case of turbines it is usual to measure the 
power in terms of the shaft power delivered to the 
shafting abaft the gearing, and the overall propulsive 
efficiency is PE/Ps. 

Since mechanical efficiencies, gear losses and shaft- 
transmission losses all vary from ship to ship, accord- 
ing to the type of machinery and general layout, and 
even in a given ship with the load a t  which the ma- 
chinery is operating at a particular time, it is difficult 
to define the hydrodynamic efficiency of a hull-propel- 
ler combination in terms of such an overall propulsive 
efficiency. 

A much more meaningful measure of efficiency of 
propulsion is the ratio of the useful power obtained, 
PE, to the power actually delivered to the propeller, 
PD. This ratio has been given the name quasi-pro- 
pulsive coefficient, and is defined as 

The shaft power is taken as the power delivered to the 
shaft by the main engines aft of the gearing and thrust 
block, so that the difference between P, and PD rep- 
resents the power lost in friction in the shaft bearings 
and stern tube. The ratio PD/Ps is called the shaft 
transmission efficiency. 

In this text, the propulsive efficiency is defined as 
follows: 
Propulsive efficiency = quasi-propulsive coefficient 

times shaft transmission efficiency 
or 
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or 

V P  = q D  x V S  

The shaft transmission loss is usually taken as about 
2 percent for ships with machinery aft and 3 percent 
for those with machinery amidships, but no very exact 
information exists on this point. It must be remem- 
bered also that when using the power measured by 
torsionmeter, the answer will depend on the position 

(2) 

of the meter along the shaft. To approach as closely 
as possible to the power delivered to the propeller, it 
should be as near to the stern tube as circumstances 
permit. I t  is often assumed that qs  = 1.0. 

The necessary brake power or indicated power in 
the turbines, diesel or steam-reciprocating engine, as 
the case may be, can be estimated in a particular design 
from the proper values of gear efficiency, mechanical 
efficiency and load factors. Values of these will be 
found in textbooks, handbooks and papers on marine 
engineering. 

Section 2 
Theory of Propeller Action 

2.1 Momentum Principle. Propellers derive their 
propulsive thrust by accelerating the fluid in which 
they work. This action is in accordance with Newton’s 
laws of motion, which state that force is required to 
alter the existing state of motion of any material body 
in magnitude or direction, and that the action of any 
two bodies upon one another is equal and opposite. 

Newton’s first law is expressed by the equation 
dv F = m -  
d t  (3) 

where 
F = force exerted on body 
m = mass of body 
dv _ -  - resulting acceleration of body 
dt 

Integrating between 0 and t seconds, we get 

[ Fdt = mv2 - mv,  (4) 

where v ,  and v2 are the velocities at  the beginning and 
end of the time interval. 

The expression 

Fdt 

is called the impulse of the force in the time interval 
zero to t, and the product of mass and velocity is called 
the momentum. The equation states that the impulse 
of the force in a given time interval is equal to the 
whole change in momentum produced by the force 
during this interval. In the special case when F is 
constant during the time interval, Equation (4) reduces 
to 

Ft = mv2 - mv, 

Furthermore, when the time interval is 1 see, 

F = mv2 - m v ,  
Hence in the case of a constant force the change in 

momentum in unit time is equal to the force which 
produced it. 

Momentum and impulse are vector quantities, and 
to determine the direction and magnitude of the final 
velocity when the direction and magnitude to the force 
and of the initial velocity are given, the rules of vector 
composition must be applied. 

2.2 General Discussion of Propeller Theories. The 
physical explanation of propeller action can be stated 
in rather simple terms, as shown in the preceding sec- 
tion, but the precise mathematical analysis presents 
considerable difficulties. As a result a satisfactory pro- 
peller theory which could explain all the observed facts 
and be useful for practical calculations was not de- 
veloped until comparatively recent times. 

The early propeller theories followed two indepen- 
dent lines of thought. In the first of these, the mo- 
mentum theories, the production of thrust was 
explained entirely by momentum changes taking place 
in the fluid. In the second, the blade-element theories, 
the propeller thrust was obtained by analyzing the 
forces acting on the various sections of the blades and 
then integrating these over the propeller radius. 

The momentum theories were based on correct fun- 
damental principles, but gave no indication of the pro- 
peller form which would produce the calculated thrust. 
The propeller was idealized as an “actuator disk” or 
some similar conception, which could cause an instan- 
taneous increase in pressure in the fluid passing 
through it. They led, however, to the important con- 
clusion that the efficiency of an ideal propeller has an 
upper limit which varies with the loading. The blade 
element theories, on the other hand, were capable of 
predicting the effects of various changes in propeller 
form, but led to the incorrect result that the efficiency 
of an ideal propeller was unity. 

The difference between the two groups of theories 
was not dispelled until the circulation theory developed 
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by Lanchester in aerodynamic research was applied to 
the propeller problem by Betz and Prandtl. This theory 
showed the relation between the momentum changes 
in the medium and the forces acting on the blade ele- 
ments, and its subsequent development finally led to 
the point where it is not only in good agreement with 
experimental results but also is flexible enough for 
practical design work. 

2.3 The Momentum Theory of Propeller Action. The 
momentum theories were originally due to Rankine 
(1865), Greenhill (1888) and Froude, R. E. (1889). In 
the ideal conception of the propeller, it is regarded as 
a “disk” or mechanism capable of imparting a sudden 
increase of pressure to the fluid passing through it, 
the method by which it does so being ignored. 

It is assumed that: 
( a )  The propeller imparts a uniform acceleration to 

all the fluid passing through it, so that the thrust 
thereby generated is uniformly distributed over the 
disk. 

( b )  The flow is frictionless. 
(c) There is an unlimited inflow of water to the pro- 

peller. 
The first assumption involves a contraction of the 

race column passing through the disk, and since this 
contraction cannot take place suddenly a t  the disk, the 
actual acceleration must occur outside the disk and be 
spread over a finite distance fore and aft. 

Consider a propeller disk of area A, advancing with 
uniform velocity V, into undisturbed fluid. The hydro- 
dynamic forces will be unchanged if we replace this 
system by a stationary disk in a uniform flow of the 
same velocity V,, as shown in Fig. 1. 

i PRES~URE p, 
..-.. I.-- 
-_ 

Fig. 1 Changes in pressure and velocity at propeller disk, momentum 
theory 

At the cross section 1, some distance well ahead of 
the disk, the velocity of the flow is V, and the pressure 
in the fluid is pl .  Well behind the screw, a t  section 3, 
the race column, i.e., the fluid which has passed 
through the screw disk and been acted upon by the 
pressure or thrust-producing mechanism there, will 
have some greater sternward velocity, which we may 
write as V, (1 + b) .  The fluid must acquire some of 
this increased velocity before it reaches the disk, and 
the velocity through it, a t  section 2, will be greater 
than V,, and we may write it as V, (1 + a), where a 
is an axial-inflow factor. 

The pressure in the race column, which is p 1  well 
ahead of the disk, will be reduced as the fluid ap- 
proaches the disk, since by Bernoulli’s law an increase 
in velocity is accompanied by a decrease in pressure. 
At the disk, the pressure is suddenly increased by some 
unspecified mechanism to some value greater than p 1, 

and then decreases again with the further acceleration 
in the race. If section 3 is so far aft of the disk that 
the contraction of the race may be assumed to have 
ceased, and if there is no rotation in the race, the 
pressure in the race at  section 3 will be p , ,  equal to 
that in the fluid outside the race. 

The quantity of water passing through the disk in 
unit time will be 

Q = V,(1 + a)A, 
Neglecting any effect of rotation which may be im- 

parted to the fluid, the change of momentum in unit 
time is 

p 4 W A l  + b) - V,l 
and this must be equal to the thrust T on the disk. 
Hence 

T = pQV,b 

= PA,( VJ“1 + a)b (5) 

The total work done per unit time (or the power 
expended) is equal to the increase in kinetic energy of 
the fluid, since we are neglecting friction, and if there 
is no rotation of the race the increase in kinetic energy 
in unit time is given by 

= p&(V,)2b (1 + b / 2 )  

= TV, (1 + b / 2 )  
This increase in kinetic energy has been provided by 

the work done on the water by the thrust, which is 
TV, (1 + a) in unit time. 

Hence we have 
TV, (1 + a) = TV, (1 + b / 2 )  
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or 
a = b / 2  

That is, one half of the sternward increase in velocity 
is acquired by the fluid before it reaches the disk. 

The useful work obtained from the screw, i.e., the 
work done upon the disk, is TVA, and so the power 
lost in the screw is 

TVA (1 + a )  - TVA = TVA.a 

= TvA.b/2 
The ideal efficiency q r  will be 

useful work obtained 
work expended 

= TV'/TVA (1 + a )  

771 = 

= 1/(1 + a)  (6)  
For many purposes, it is convenient to express 

the velocity increase bVA or, as we may also call it, 
the slip velocity, as a fraction of the speed through 
the fluid, VA. Denoting this slip ratio by s, we have 

S = b V A / v A  = b = 2 a  
Hence3 

1 n 

(7) 
L - 1 -- 

l + s / 2  2 + s  771 = 

Also, from Equation (5) and putting a = b / 2, we find 
T = PA,( VA)z (1 + b / 2 ) b  

= PA,( VA)z (1 + ~ 1 2 ) ~  

If the thrust loading coefficient is defined as 
rn 

In some texts, slip ratio s is defined as the ratio of the increase 
of the velocity in the race, bVA, to the final velocity in the race, 
( V, + bVA). In this case, 

bvA - b 
V A +  bVA 1 + b 

-- s =  

whence 

b s 
2 2(1 - s) 

a = - = -  

The ideal efficiency is then 

Eliminating s from (7) and (9), we find 

(10) 

This equation is of great practical importance, since 
it furnishes a simple criterion for the comparative ef- 
ficiencies of different propellers. It shows that a pro- 
peller working at a high load coefficient C, is less 
efficient than one working at a low coefficient: 

2 
77r = 

1 + (C, + 1)k 

CT 1 2 3 4 
qr 1.00 0.827 0.732 0.667 0.618 
It follows that the propeller with the largest disk 

area is in general the most efficient, other things being 
equal. 

When the speed of advance is zero, the efficiency is 
also zero, but the propeller still delivers thrust and 
absorbs power. The relation between thrust and power 
at zero speed of advance can be derived for an ideal 
propeller. 

The power P will be given by 
useful work obtained 

ideal efficiency P =  

+ (" + 'I' [from Equation (lo)] 
2 = TVA x 

When VA is very small CT will be very large in com- 
parison with unity, and we can write approximately 

P = TVA x - 
2 

Putting 
T CT = 

;PA,( vA)z 

this reduces to 

The value applies to an ideal propeller, but for an 
actual propeller it is much smaller. The value can be 
easily determined by a dock trial and serves as a con- 
venient measure of the relative thrusting ability of 
various propellers at zero speed. 

The Momentum Theory, Including Angular Mo- 
tion. In the simple momentum theory developed in 
the preceding section, the actuator disk was assumed 
to be capable of accelerating the fluid only in an axial 
direction. If we now assume a disk propeller which is 
capable of accelerating the fluid both axially and ro- 
tationally, we have the idealized form of the screw 
propeller. 

2.4 
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For angular motion there exists a momentum theo- 
rem similar to that for linear motion. If Q is the torque 
or moment of a force acting on a body about an axis 
of rotation 0, Ip  the mass polar moment of inertia of 
the body with respect to 0, and d d d t  the resulting 
angular acceleration of the body, then the equation 
equivalent to (3) is 

Q = I p d o / d t  
or 

Qdt  = I p d o  
Qd t  is the angular impulse and Ipdw the change in 
angular momentum, and the equation states that the 
angular impulse is equal to the change in angular 
momentum. 

If we consider now a time interval of 1 see during 
which the torque remains constant, the equation can 
be integrated to give 

Q = IAwz  - 01) (11) 
where o, and o2 are the initial and final angular ve- 
locities. 

To develop an expression for the efficiency of an 
ideal screw propeller with rotation of the race, we 
assume that the fluid has a translational velocity V, 
far ahead of the propeller and no rotational velocity, 
i.e., o, = 0. The disk has a rotational velocity of o, 
and in passing through it the fluid will acquire some 
angular velocity in the same direction as the disk. Well 
behind the screw, the race will have a translational 
velocity VA(l + b), as before, and a rotational velocity 
02, which we may write, by analogy, in the form 

o2 = o ( 1  - b ' )  
Some of this rotational velocity will be acquired by 

the fluid before it enters the screw disk, just as in the 
case of the sternward acceleration, and we can define 
a rotational inflow factor a' similar to the axial inflow 
factor a. The angular velocity of the disk relative to 
the water will be reduced in consequence from o to 
o ( 1  - a') .  

The total kinetic energy in the race will be increased 
by the energy of rotation, so that the effect will be to 
reduce the ideal efficiency. 

Both velocity components impressed on the fluid are 
assumed to be uniformly distributed over the disk. 
Dividing the latter into concentric annular elements of 
width d r  and area dA,, and assuming each element 
works independently of all the others, the thrust d T  
developed by any element is given, by analogy with 
Equation (5) as 

d T  = pdA0(VA) ' (1  + a ) b  

= pdA,,(VA)z(l + b / Z ) b  
The torque d Q  absorbed by the element is, by Equa- 

tion (ll),  

d Q  = d l p ( 0 ,  - 0) 

= d M r 2 w ,  
where 

d M  = mass of fluid passing through area d A ,  

d l ,  = moment of inertia of dM 
in unit time = pdA,V,(l + a)  

and 
r = radius of annular element 

Thus 
d Q  = pdAoV,(l  + u)r2w2 

The useful work performed by the element is d T v A .  
The power absorbed by the element is d Q o ,  which 
must be equal to the sum of the useful work and the 
energy losses. The kinetic-energy loss in translation 

= ;dM(bvA) '  

= i d T b V ,  

since 
dM x bV,  = change of momentum in fluid 

= d T  
The kinetic-energy loss in rotation 

= $dIp(wz) '  = i d Q o ,  

The energy-balance equation then gives 

dQw = d T v A  + $ d T b v A  -t i d Q w 2  

or 
d T v A  (1 + b I 2 )  = d Q  (O - 0 , / 2 )  

This shows that one half of the angular velocity is 
acquired by the fluid before it enters the disk, and by 
definition w , / 2  = a'o, so that 

d T v A ( l  4- a) = d Q o ( 1  - a')  
remembering that a = b 12. 

The efficiency of the element is 
useful work performed 

' I  = power absorbed 
= d T V , / d Q o  
= ( 1  - a ' ) / ( l  + a )  (12) 

The ideal efficiency for the simple actuator disk is 
Equation (6), 

' 1  = 1 / ( 1  + a)  
The factor ( 1  - a ' )  is always less than unity. It can 
be shown that Equation (12) is not only the ideal ef- 
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Fig. 2 Propeller-blade definitions 

ficiency of the blade element, but also the expression 
for the ideal efficiency of a screw propeller having the 
minimum kinetic-energy losses (Bienen, et al, 1924). It 
follows that the efficiency of an ideal screw propeller 
is less than that of an actuator disk propeller by the 
fraction (1 - a') or 

(0 - 0 , / 2 ) / 0  
2.5 Blade Element Theory of Screw Propeller. In 

the momentum theories of previous sections, the pro- 
peller was considered as a mechanism for increasing 
the momentum of the race, but no attempt was made 
to explain how this was done. 

In the blade-element theory, the propeller is consid- 
ered to be made up of a number of separate blades, 
which in turn can be divided into successive strips 
across the blades from leading to trailing edge, Fig. 
2. The forces acting on each strip are evaluated from 
a knowledge of the relative velocity of the strip to the 
water and the characteristics of the section shape. The 
elementary forces are then resolved into the elements 
of thrust dT in the forward direction and of torque dQ 
in the plane of propeller rotation. By plotting curves 
of dT and dQ along the blade from boss to tip, Fig. 3, 
curves of thrust and torque loading are obtained which 
on integration will give the total thrust T and torque 
Q on the whole propeller. The efficiency is then 

rv, 
yo = - 2 r n Q  

The force on a blade section set at an angle of in- 
cidence to the flow can be resolved into two compo- 
nents, the lift L and drag D, respectively, normal to 
and along the line of incident flow, Fig. 4. 

The angle between the face of the section and the 
incident flow is the angle of incidence a. 

The forces are usually expressed in the form of non- 
dimensional coefficients: 

L 
Lift coefficient, C, = ___ 

$ p A V n  

D 
Drag coefficient, C, = - 

$ p A V 2  

where 

p is mass density of fluid 
A is area of plan form of section 

V is velocity of incident flow 
= (chord x span) for rectangular shapes 

The efficiency of the section as a lifting device is 
measured by the ratio 

Lift - - cL - Utan y (see Fig. 4) 
Drag D C, 

The basic data on lift and drag are generally derived 
from tests with airfoils of constant cross-section in 
wind tunnels. These foils are arranged in the test sec- 
tion of the wind tunnel so that they span the section. 
In this way the measured lift and drag forces a t  var- 
ious angles of attack are representative of the so-called 
two-dimensional case corresponding to a foil with in- 
finite span, for which the distribution of the lift and 
drag force along the span is uniform. 

A common airfoil shape used today is the NACA 66 
(modified) thickness distribution, superimposed on the 
NACA, a = 0.8, mean line. Coordinates of these thick- 
ness and mean line distributions are given in Table 30. 
This modification of the NACA 66 section has been 

-+ 
\ 1 \ 

I 
I 
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Fig. 3 Blade-loading curves 
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Fig. 4 Forces on a blade section 

published by Brockett (1966). Fig. 5 shows the meaning 
of the symbols used in Table 1. 

When the results of tests on such sections are plot- 
ted, a number of interesting points emerge, Fig. 4: 

(a) The lift coefficient C, for small angles of incidence 
is a linear function of the angle of incidence a. 

(b)  At some larger value of a the lift coefficient 
ceases to increase Iizearly with a. 

(c) Zero lift does not occur a t  zero incidence, but at 
a small negative angle, called the angle of zero lift, 
a,. This is equal to -2 deg in Fig. 4. We can thus 
draw a zero lift line from the tail passing above the 
pitch face at an angle a, such that when the incident 
flow is along this line there will be no lifting force 
exerted on the section normal to the flow. When the 
angle of incidence to the pitch face is a, the hydro- 
dynamic angle of incidence a, is given by 

a, = Q g  + a 
(d) The drag coefficient remains small and more or 

less constant for small angles of incidence, but when 
the lift coefficient begins to fall off, the drag coefficient 
increases rapidly. 

(e) The lift / drag ratio is a maximum at a small angle 
of incidence, and for such sections to work efficiently 

Table 1-Ordinates for NACA 66 (Mod) Thickness 
Distribution and NACA a = 0.8 Camber Distribution 

Station, 
x / c  

percent 
0 

0.5 
0.75 
1.25 
2.5 
5.0 
7.5 

10.0 
15.0 
20.0 
25.0 
30.0 
35.0 
40.0 
45.0 
50.0 
55.0 
60.0 
65.0 
70.0 
75.0 
80.0 
85.0 
90.0 
95.0 
97.5 

100.0 

Thickness 
Ordinate, 

t / t  max 

0 
0.0665 
0.0812 
0.1044 
0.1466 
0.2066 
0.2525 
0.2907 
0.3521 
0.4000 
0.4363 
0.4637 
0.4832 
0.4952 
0.5 
0.4962 
0.4846 
0.4653 
0.4383 
0.4035 
0.3612 
0.3110 
0.2532 
0.1877 
0.1143 
0.748 
0.0333 

Camber 
Ordinate, 
f/fmm,, 

0 
0.0423 
0.0595 
0.0907 
0.1586 
0.2712 
0.3657 
0.4482 
0.5869 
0.6993 
0.7905 
0.8635 
0.9202 
0.9615 
0.9881 
1.0 
0.9971 
0.9786 
0.9434 
0.8892 
0.8121 
0.7027 
0.5425 
0.3588 
0.1713 
0.0823 

0 

the angle of incidence should be small. 
The ratio of span to chord is called the aspect ratio 

(AR). If this ratio were infinite, the flow past a section 
would be two-dimensional, and the lift distribution 
along the span would be uniform. With a finite span, 
a certain amount of "spilling" takes place a t  the ends, 
and the lift falls off to zero at those points. The results 
can be corrected from one aspect ratio to another, and 
are usually given for an AR of either 6 or infinity. 

One other feature of section behavior is of impor- 
tance in propeller work-the distribution of pressure 
around a section. An example for an airfoil shape is 
shown in Fig. 6. On the face of the section the pressure 
is increased above that in the free stream, being great- 
est quite close to the nose. On the back the pressure 
is decreased and has a marked peak some little distance 
from the nose. The lift force generated is the result 
of the differences in pressure on the two faces, and 

TRAILING EDGE LEADING EDGE 

1-X'. 

0.0 

Fig. 5 Symbols defining shape of airfoil 

X ' ~ ' l 0  I 
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PRESSURE ON INCREASE 
OF 
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Fig. 6 Pressure distribution on blade section 

for the type of pressure distribution shown in Fig. 6 
it is clear that they reinforce one another and that the 
reduction on the back contributes more to the lift than 
does the increase on the face. 

In a marine propeller, the surface of the blade facing 
aft, which experiences the increase in pressure when 
propelling the ship ahead, is called the face of the 
blade, the forward side being the back. In the simplest 
case, the face of a propeller blade is a portion of a 
true helical surface, i.e., a surface swept out by a 
straight line AB, Fig. 7, one end of which, A, advances 
at uniform speed along an axis 00', while the line 
itself rotates about the point A with uniform angular 
speed o. When the generating line has made a com- 
plete revolution and is in the position A'B', the distance 
it has advanced, AA', is called the face or geometrical 
pitch, P. 

Any cylinder coaxial with 00 will cut the helical 
surface in a helix, and the angle between any such 
helix and a surface normal to the axis, such as SS, is 
called the pitch angle +. The angle + will be constant 
for a given helix, i.e., at a given radius, but will increase 
in value from the tip of the blade inwards to the hub. 
In practice the pitch is not always the same at all radii, 
it being fairly common to have a reduced pitch towards 
the hub and, less usually, towards the tip. In such 
cases the pitch a t  0.7R is often taken as a represen- 
tative mean pitch, as this is approximately the point 
where the maximum lift is generated, Fig. 3. 

The shapes of blade outlines and sections vary 
greatly according to the type of ship for which the 
propeller is intended and to the individual designer's 
ideas. Fig. 8 shows a typical design and defines many 
of the terms in common use. 

Here skew is defined as the angular measure from 
the center of the chord of each section to the reference 

line. This line extends from the center of the hub 
through the center of the chord of the section at r = 
112 d, the hub radius. 

If we consider a section of the propeller blade at a 
radius r with a pitch angle + and pitch P, Fig. 9, and 
imagine the blade to be working in an unyielding me- 
dium, then in one revolution of the propeller it will 
advance from A to A', a distance P. If we unroll the 
cylinder of radius r into a flat surface, the helix traced 
out by A will develop into the straight line AM, and 

P tan + = - 27rr 

If the screw is turning at n-revolutions in unit time, 
then in that time it will advance a distance Pn and we 
can obtain a velocity diagram for the section, Fig. 10. 

In a real fluid, there will be a certain amount of 
yielding when the propeller is developing thrust and 
the screw will not advance a distance LM, equal to Pn, 
in unit time, but some smaller distance LS, the distance 
MS being called the slip, and the ratio M S / M L  = sR 
is called the real slip ratio and MAS the slip angle 
or geometrical slip angle. 

From Fig. 10, it is seen that 

Pn - VA = I - -  VA 
S R  = Pn Pn 

As in the case of the actuator disk, the working of 
the propeller blades and the development of thrust 
result in an acceleration of the water ahead of the 
propeller, so that the total axial inflow velocity a t  a 
particular blade section is increased from VA to VA(l + a), while the total rotational inflow velocity is de- 
creased from 27rnr to 27rnr (1 - a'), Fig. ll. 

I t  will be seen from the velocity diagram that both 
of the inflow factors a and a' result in a decrease in 
the angle of incidence at which the water meets the 
section to a value considerably below that which would 
obtain if they were neglected (from <AOC to 
<BOG'). The angle <BOG' is always small in an effi- 

I Is 
I 8' 

BLADE \ BLADE TIP 
\, HELIX 

I 
BLADE ROOT\ 

Fig. 7 Definition of helix 
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1: RAKE 

FACE OF R.H. PROPELLER 
LOOKING F R O M  AFT 

Fig. 8 Typical propeller drawing 

P Pitch ratio = - D 
t Blade thickness ratio = - 

D 
Pitch angle = 4 

Diameter D 

Pitch P 
No. of blades 4 

Disk area = area of tip circle = - Dz = A ,  

Developed area of blades, outside hub = A ,  

77 

4 

A Developed area ratio = DAR = -2 
A0 

Projected area of blades (on transverse plane) outside hub = A ,  
A Projected area ratio = PAR = -.C 
A0 

Blade width ratio = BWR = 
Max. blade width 

n 
&/length of blades (outside hub) 

D 
Mean width ratio = MWR = 

Fig. 9 Definition of pitch ongle 

I#J = Pitch angle of screw propeller 

Fig. 10 Definition of slip 

V h lS  - Pn - v Iteal slip ratio SR = M L  - - Pn -2 = I - Pn -* 
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Fig. 11 Blade velocity diagram 

cient propeller, usually in the region of 3 to 6 deg, at 
which angles the L / D  ratio is approximately at its 
maximum value. Thus although the induced velocities 
defined by a and a’ may be small in absolute terms as 
compared with the speeds of advance and rotation of 
the section, yet they have a major effect upon the angle 
of incidence and therefore upon the conditions under 
which the blade section works. From Fig. 11 we see 
that 

and the velocity of the water relative to the blade 
section is given by the vector V,, where 

The angle of incidence a is given by (4 - P I ) ,  where 
4 is the geometrical pitch angle. 

Suppose that the propeller has 2 blades, that the 
chord of the blades has a value c at radius n, and that 
the section of the blade at this point has lift and drag 
coefficients CL and C, at the angle of incidence a. Let 
the resultant lift and drag of an element of the pro- 
peller blade of length d r  along the blade be d L  and 
dD, respectively. Then 

d L  = $ p  x area x (velocity)’ x C, 

and 
( V A y ( l  + 

sin ‘ P I  dD = i p c d r Z  CD 

Since d L  and dD are, respectively, normal to and along 
the direction of the relative velocity V,, the thrust and 
torque contributed by these elements will be 

dT = d L  cos P I  - dD sin P I  
dQ = ( d L  sin P I  + dD cos PI)r 

The first expression can be written in the form 

= d L  (cos P I  - tan ysin P I )  
where 

cD. tan y = - in Fig. 4 
CL 

Hence 
cos P I  cos y - sin P I  sin y 

cos y 
dT  = d L  ( 

cos (PI + Y) = d L  cos y 
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(a) 
Fig. 12(0) Circulation flow 

( b )  

Fig. 12(b) Streamline flow around circular cylinder without circulation 

dT/dr and dQ/dr may now be plotted on a base of 
radius r and the total thrust T and torque Q obtained 
by integration, Fig. 3. Such curves show that most of 
the thrust and torque are developed over the outer 
part of the blade, the maxima occurring at about r = 
0.7R. 

The efficiency of the blade element is given by 

cos (PI + Y) 
cos Y 

V,dL 

cos y 

v, 1 - -- 
2rnr tan (PI  + y )  

1 - a' tan P I  
1 + a tan (PI  + y )  

- -~ [by Equation (14)]. 

The efficiency of the whole propeller will be 

The performance of each blade element can only be 
determined when values of a, a', C,, and y are known. 

C, and y can be found from test data on the partic- 
ular blade sections chosen. To find a and a', it is nec- 
essary to equate the thrust to the fore-and-aft 
momentum put into the race and the torque to the 
change in rotational momentum, as in the momentum 
theory. 

Writing 

CZCL cos (PI + Y> F =  
8 r r  sin ' P I  cos y 

Equation (16) becomes 

= F ~ ( V J ' ( I  + a)' x 4 r r  (18) 

From momentum considerations, the thrust developed 
by the blade element is given by 

Fig. 12(c) Streamline flow around o cylinder with circulation 
dr  

cos @ I  + Y) 

and similarly 
- 

or 
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This neglects any rotational momentum imparted to 
the race. 

Equating (18) and (19), we have 
2F(1 + a)  = b 

A similar expression can be derived for the rotational 
inflow factor a’. 

If we knew the ratio between a and b, i.e., what 
proportion of the ultimate race velocity is acquired at 
the position of the blade section, a could be determined. 
For the particular value of a = b l 2  derived from 
momentum considerations, we find 

F 
1 - F  

a = -  

In the early days a simplified blade-element theory 
was used in which the induced velocities were ignored, 
and the calculated thrusts, torques, and efficiencies 
differed considerably from those found in actual pro- 
peller performance. The comparison was improved 
when the induced velocity effects were included, but 
discrepancies still remained, owing principally to the 
neglect of the mutual interference between the pro- 
peller blades and the failure to allow for the falling 
off of the lift towards the blade tips. Later develop- 
ments in propeller theory have enabled these factors 
to be largely accounted for in modern design methods; 
see Section 8.4. 

2.6 Circulation Theory of Screw Propeller. The 
modern theoretical methods of propeller design are 
based upon the vortex theory first enunciated by F. 
W. Lanchester in his treatise Aerial Flight published 
in 1907. 

Consider the type of streamline flow shown in Fig. 
12(a), which is defined by the equation 

(20) ru = c = constant 
where 

r = radius vector drawn from 0 to any point 

u = velocity a t  any point, which is everywhere 
in the field 

normal to radius vector 

A 
w B A 

Fig. 14 Vortex of airplane wing with constant circulation 

An inner streamline of radius r, can be considered as 
representing the wall of a cylinder whose axis is nor- 
mal to the plane of the flow and around which the fluid 
circulates. When the radius r, is very small, we have 
what is known as a vortex tube or filament, because 
the law of velocity distribution expressed by Equation 
(20) applies with good approximation to the exterior 
field of the familiar vortex motions found in nature. 
Vortex filaments in ideal fluids have interesting prop- 
erties, among which may be mentioned that any given 
vortex filament is permanently composed of the same 
fluid particles and that it cannot terminate abruptly in 
the interior of the fluid but must either return on itself 
or terminate on the boundary of the fluid region. 

If the cylinder is placed in a uniform stream in such 
an ideal fluid, but without any such circulation flow, 
the streamlines will be symmetrical about the flow 
axis, and no force will be exerted upon the cylinder, 
Fig. 12(b). 

If now a circulation flow is imposed around the cyl- 
inder, the flow pattern is greatly changed, becoming 
asymmetrical as shown in Fig. 12(c). At the point E 
the velocity parallel to the flow axis is ( V, + u) while 
at F it is ( V, - u). This asymmetry of velocity distri- 
bution gives rise to a similar asymmetry in pressure 
distribution, the pressure at F being greater than that 
at E. As a result, a force is exerted on the cylinder at 
right angles to the direction of the uniform stream 
flow. The production of such a force on a rotating 
cylinder in a stream is called the Magnus effect after 
its discoverer, Magnus (1853). It has been used to pro- 
pel ships in place of sails in the Flettner rotor ship. 

To define the mathematical concept of circulation 
more clearly, let A and B in Fig. 13 be two points 
connected by any plane curve, and let w be a vector 
at the point P on the curve which makes the angle ( 
with the direction of the line element ds. Then the line 

n 

A 

Fig. 13 Line integral Fig. 15 Vortex system of airplane wing with varying circulation 
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integral between A and B is defined by the expression 

[ o cos t ds 

In the special case when the vector o denotes a 
velocity and the integration is performed around a 
closed curve, the line integral is called the circulation, 
r, and 

r = $ o cos t ds 

where the symbol $ indicates integration around a 
closed curve. 

This type of flow has the peculiarity that when a 
closed curve is drawn in the field and the line integral 
along this closed curve is evaluated, the circulation is 
zero when the curve does not surround the origin 0, 
but has the constant value 27rc when the curve sur- 
rounds the origin. 

Cqnsider the two points A and B in Fig. 12(a), which 
are connected by any curve whatsoever. By definition, 
the line integral along the curve is 

ras = I, w cos t ds 

In order to evaluate this integral, we replace the cho- 
sen curve by a stepped line consisting of short radial 
lines and circular arcs. The integration along the radial 
lines contributes nothing to the final value, since the 
line element and the velocity vector are normal to each 
other, and consequently cos t is zero. The integration 
along the circular arcs, however, yields a definite value, 
since in this case cos 6 is unity. 

Reasoning in this manner, we find for the value of 
the integral along the arbitrarily chosen curve 

B 

B 

rAB = ds = or d+ = 2 c+, (21) 

where is the angle included between the radii 
through A and B. The + sign applies when the inte- 
gration is made in one direction, the - sign when made 
in the reverse direction. It appears from this equation 
that the value of the line integral is independent of 
the path and depends only on the end points. It follows 
therefore that if we integrate from A to B along an 
arbitrary path such as ACB in Fig. 12(a), and then 
integrate in the reverse direction along any other path 
not surrounding the origin, such as BDA, the value of 
the integral around the closed loop ACBDA will be 
zero. On the other hand, if we integrate around a closed 
curve surrounding the origin 0, so that the angle I/J, 

in Equation (21) has the value 27r, the line integral 
around the loop, or the circulation, will have the value 
2lTc. 

The transverse force L acting on the cylinder with 
circulation in a uniform flow, as shown in Fig. 12(c), 
may be shown to be given by the equation 

L = prv, 

where 
p is mass density of fluid 
r = 277c is strength of circulation flow 
V, is velocity of uniform stream 

Equation (22) is known as the Kutta-Joukowski 
Equation, and is one of the great generalizations of 
mechanics, since it applies to all bodies regardless of 
their shape, the shape factor being contained in the 
circulation factor r. By the aid of this equation the 
mathematical discussion of propeller action is greatly 
simplified, because we do not have to consider the 
shape of the propeller blades until the very end, in the 
meantime regarding them merely as vortex filaments 
or lifting lines endowed with circulation. These lifting 
lines are regarded as having finite lengths, correspond- 
ing to the lengths of the blades, not terminating ab- 
ruptly a t  the tips, however, but having continuations, 
so-called tip vortices, at the free ends. Such contin- 
uations do exist at the tips of airplane wings and a t  
the tips and roots of propeller blades, as is readily 
shown by wind-tunnel or water-tunnel experiments. 
The lift produced by an aircraft wing or a propeller 
blade is the result of an increased pressure on the face 
and a decreased pressure on the back. Since the fluid 
follows the pressure gradient, it tends to spill over the 
free ends from the face to the back, creating powerful 
vortices downstream, the axes of which are practically 
at right angles to the axis of the wing or blade, and 
which form the boundaries of the fluid layer which has 
been in contact with the blade. 

The simpler case of an aircraft wing in flight through 
still air is illustrated in Fig. 14. The equivalent bound 
vortex in this case travels in a straight line a t  right 
angles to its axis. If the circulation of this bound vortex 
is assumed to be constant along its length, we have 
the simple system in which AA is the bound vortex 
and AB the free tip vortices already mentioned. This 
simple system is a useful concept and helps us to vis- 
ualize the phenomenon, but does not express ade- 
quately the actual flow conditions around the wing. In 
reality the lift of the wing decreases from a maximum 
value at midspan to zero at the ends, and so the cir- 
culation around the wing must vary likewise. Assum- 
ing that the circulation around the bound vortex AA 
varies continuously as shown by the curve r = f ( x )  
in Fig. 15, then it can be shown by interpreting cir- 
culation in terms of its original definition as a line 
integral that free vortices flow not only off the free 
ends but also all along the trailing edge of AA, forming 
together a vortex sheet. The strength of any individual 
vortex in the sheet is equal to the change in circulation 
a t  that point on AA. Thus, if at distances x1 and x, 
from midspan the circulation strengths are rl and rZ, 
respectively, the free vortex formed between x1 and 
x2 will have a strength equal to (I?, - r2). 
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Considering now two individual vortices in the sheet, 
located at opposite sides of the midspan, each lies in 
the velocity field of the other and thus must assume 
the downward velocity existing at that point of the 
field. Inasmuch as this is true for all the vortices in 
the sheet, it follows that the sheet as a whole assumes 
a downward velocity. I t  was shown by Prandtl (1979) 
that this downward velocity is constant across the 
sheet when the distribution function f ( x )  represents 
an ellipse. Along the vortex sheet, however, from AA 
to infinity at the right, the induced downward velocity 
is not constant but varies from the value u, a t  a very 
large distance from AA to the value u, /2  a t  AA. This 
can be proved rigorously by a theorem on vortex mo- 
tion which has an equivalent in electrodynamics and 
is known as the Biot-Savart law. In a general way its 
truth can be perceived by the following reasoning. Let 
the vortex system in Fig. 15 be supplemented by a like 
system extending from AA to infinity a t  the left. The 
whole infinitely long vortex system would then move 
downward with the velocity u, in accordance with the 
foregoing discussion. At AA this velocity would be 
composed in equal measure of that induced by vortices 
belonging to the supplementary system and by vor- 
tices belonging to the original system. Removing the 
supplementary system, and so reverting to the system 
shown in the figure, leaves only the value u / 2 at the 
location of the bound vortex. 

Similar conclusions were reached in the case of an 

advancing propeller blade (Prandtl, et  al, 1927). The 
vortex sheet in this case is the helicoidal layer of fluid 
trailing behind the blade, and the induced velocity, 
which is normal to the helicoidal layer and so tends to 
push the sheet astern along the propeller axis and to 
rotate it about this axis, is identical with the previously 
defined slip velocity. A theorem analogous to that just 
mentioned holds in this case also-that the induced 
velocity at the position of the bound vortex, i.e., at the 
propeller disk, is u,/2, or one half that at a great 
distance behind the propeller. 

Betz further developed the important theorem that 
a propeller blade will have the smallest energy losses 
resulting from the induced velocities when the heli- 
coidal vortex sheet is pushed astern along the shaft 
axis and rotated about this axis as though it were a 
rigid sheet. This theorem furnishes a simple and def- 
inite rule for the design of the propeller blade in prac- 
tice; in order to obtain the maximum propeller 
efficiency, which is usually the aim of the designer, the 
blades must be so designed that the inflow velocity is 
the same for every blade element. 

The application of the circulation theory to propeller 
design enables various refinements to be made to the 
simple blade-element theory already described. In par- 
ticular, it enables the induced velocity u, / 2 to be cal- 
culated, an so the axial and radial inflow factors a and 
a’. These questions, and other developments, are dis- 
cussed in detail in Section 8.4. 

Much of the knowledge about the performance of 
propellers has been gained from experiments with 
models. To study the laws governing their behavior, 
the model propeller is run without any hull ahead of 
it. These are referred to as open-water conditions. In 
the towing tank this is done by running the propeller 
on a long shaft projecting well ahead of a narrow 
propeller “boat,” containing the driving apparatus and 
attached to the towing carriage. The propeller ad- 
vances into undisturbed water, so that the speed of 
advance V, is known and the inflow is uniform over 
the disk. Records of thrust, torque, revolutions and 
speed are taken automatically over a range of values 
of the last two quantities. 

3.1 Dimensional analysis As in the case of resist- 
ance, we can obtain guidance on the laws governing 
model and ship similitude by applying dimensional 
analysis. 

The thrust of the propeller T could depend upon: 
(a)  Mass density of water, p.  
(b) Size of propeller, represented by diameter D. 

Section 3 
law of Similitude for Propellers 

(c) Speed of advance, V,. 
(d) Acceleration due to gravity, g .  
(e)  Speed of rotation, n. 
V) Pressure in the fluid, p .  
(g) Viscosity of the water, p .  
Writing 

T = f (paDbVACgdnepfpg)  
and introducing the proper dimensions, we have 

whence 
a = l - f - g  
b = 1 + 3 a  - c - d + f + g 
c = 2 - 2d - e - 2f - g  

and substituting a and c in the expression for b: 
b = 2 + d + e -g 
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Then from Equation (23): 

where v = plp.  
The expressions in the square brackets are all non- 

dimensional, and there is therefore no restriction di- 
mensionally on the exponents d, e, 3 and g. The form 
of the function f must be found by experiment, and 
may be different for each of the four terms. 

The equation may be written in the form 

Note that since the disk area of the propeller, A, = 
(.rr14)D2, is proportional to D2, the thrust coefficient 
can also be written in the form 

T 
k p ( VA) 

Equation (24) states in effect that if all the parameters 
on the right-hand side have the same values for two 
geometrically similar but different sized propellers, 
the flow patterns will be similar and the value of 
T/i P D ~ ( V , ) ~  will be the same for each. 

If the model and ship quantities are distinguished 
by the suffixes M and S, respectively, and if A is the 
linear scale ratio, then 

Ds/DM = h 

If the model propeller is run at the correct Froude 
speed of advance, then also 

Under these circumstances, the first term in Equa- 
tion (24) will be the same for model and ship, so that 
the first condition for similarity of flow is that the speed 
of advance of the model and ship propellers should be 
in accordance with Froude's law of comparison. 

The slip ratio has been defined as (1 - V,/Pn).  For 
geometrically similar propellers, therefore, the second 
condition of Equation (24)  that n D / V A  must be the 
same for model and ship, means that the slip ratio 
must be the same for each. Just  as in the case of 
resistance, the third quantity in Equation (24) is not 
the same for model and ship propellers when the for- 
mer is run in a towing tank, because the atmospheric 
pressure is not scaled down in the latter case. How- 
ever, since the forces on the propeller blades are 
caused by differences in pressure, they will not be 
affected by this fact unless cavitation occurs, in which 
case other kinds of tests must be made (see Section 
7.3). The last term, v l  V,D, is a Reynolds number, and 
it cannot be made the same if the model and ship speeds 
of advance follow Froude's law. I t  is concerned with 

the frictional resistance on the propeller blades, but 
as this is only a very small part of the total force on 
the blade, we can neglect the effect of viscosity in the 
first instance. However, it is necessary to make the 
model propeller as large as feasible within the other 
limitations of the huIl model scale, measuring ap a- 
ratus, and so on, in order to avoid as far as possi 1 le 
any laminar flow over the blades so as to reduce such 
Reynolds-number effect on the blade section drag to 
a minimum. 

With these reservations in mind, we can say that as 
long as gD/ (vA) and nD/ V, are the same in ship and 
model 

T a D2(VA)2 
The following relationships then hold: 

or 

or 
nM = ns x A% 

i.e., the model revolutions are higher than those of the 
full-scale ship propeller. 

The thrust power is given by P ,  = TVA, so that 

and 

If the model results were plotted as values of 
T+ 

and 

Q c, = 
k p  D 3 ( v A ) 2  

to a base of VA/nD or J ,  therefore, the values would 
be directly applicable to the ship, apart from any scale 
effects such as mentioned. This method is often used, 
but the coefficients have the disadvantage that they 
become infinite for zero speed of advance, a condition 
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KT Propeller efficiency (in open), qo = - x - 
257 KQ 

I I I I I I I 
10 0 8  06 0 4  02 0 -02  

SCALE OF SLIP RATIO 

Fig. 16 Typical curves of thrust, torque and efficiency for propeller in open 
water 

No. of blades = 4 
Face pitch ratio = 1.00 

sometimes occurring in practice, such as for a tug 
pulling at a stationary bollard or ship. 

Since J or V A / n D  is the same for model and ship, 
we can replace V, by n D  and obtain new coefficients 
which do not have this disadvantage: 

VA Advance ratio, J = - n D  

Thrust coefficient, KT = -L!--- p n 2 D 4  

Q Torque coefficient, KQ = ~ p n 2 D 5  

where KT, K,, and yo are functions of J. These coef- 
ficients are nondimensional in any consistent system 
of units. 

3.2 Open water tests. Typical open-water curves 
are shown in Fig. 16. These show that this propeller 
reaches its maximum efficiency at  a J-value of about 
0.85. Since in this particular case the face pitch ratio 
is 1.00, (1 - V,/Pn)  = (1 - V A / D n ) ,  and the scale 
of J is also a scale of (l-slip ratio). It will be noticed 
that the thrust does not vanish a t  J = 1.00, or zero 
slip ratio, but at some higher value nearer J = 1.10. 
This is due to the effect of the zero lift angles of the 
blade sections, so that the effective pitch is greater 
than the nominal or face pitch. The value of J a t  which 
the thrust does vanish can be used as a measure of 
the effective or analysis pitch ratio. 

In practice, in order to obtain as high a value of 
Reynolds number as possible for the flow over the 
blade sections, the requirement to run at the correct 
Froude number is often ignored. Instead, the open- 
water tests are carried out at a higher speed of ad- 
vance, the slip being varied to cover the necessary 
range by a variation in revolutions. In other cases, the 
slip range is covered by running at constant revolu- 
tions and different speeds of advance. Provided that 
the propeller is run with adequate immersion, so that 
there is no wave-making on the surface, the lack of 
Froude-number identity will not have any important 
effect. 

Section 4 
Interaction Between Hull and Propeller 

4.1 General. The preceding discussion has related and also increasing the velocity there, both of which 
to a propeller working in open water, in which con- effects augment the resistance of the ship above that 
dition it is advancing into undisturbed water. When it measured by towing the hull. 
is in its correct location behind the model or ship hull, Also, the relations between thrust, torque, and rev- 
the conditions are considerably modified. The propeller olutions in open water where the inflow is uniform, 
is now working in water which has been disturbed by cannot be expected to remain the same behind the hull 
the passage of the hull, and in general the water in the variable flow conditions experienced there. This 
around the stern has acquired a forward motion in the leads to the possibility of differing propeller efficiencies 
same direction as the ship. This forward-moving water in open water and behind the hull. 
is called the wake, and one of the results is that the 4.2 Wake. The difference between the ship speed 
propeller is no longer advancing relatively to the water V and the speed of advance V, may be called the wake 
at the same speed as the ship, V,  but at some lower speed. Froude expressed the wake speed as a fraction 
speed V,, called the speed of advance. of the speed of advance V,, calling this ratio the wake 

As we have seen, the propeller when developing fraction w F ,  so that 
thrust accelerates the water ahead of it, and this has 

(25) 
v -  VA the effect of lowering the pressure around the stern w ,  = VA 
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and 
V 

1 $. W F  

The expression (1 + w,) is called the Froude wake 
factor. 

For a forward wake wF is positive, but it may have 
small negative values in high-speed ships such as de- 
stroyers. 

Taylor introduced a different definition of wake frac- 
tion by expressing the wake speed as a fraction of the 
ship speed, so that 

(26) 
V -  v, 

V w =  

and 
V, = V(1 - w) 

This definition has much to recommend it, since a 
wake of 50 percent then means that the wake speed 
is 50 percent of the ship’s speed, whereas in the Froude 
notation a 50 percent wake implies that the wake speed 
is 33 percent of the ship’s speed. The Taylor definition 
is becoming more or less universal in current litera- 
ture, but the difference must be remembered when 
using older published data, particularly British, much 
of which gives Froude-wake values. The two are re- 
lated by the equations 

W F  w = -  
1 + W’P 

W 
W F  = - 

l - W  

The wake is due to three principal causes: 
(a )  The frictional drag of the hull causes a following 

current which increases in velocity and volume to- 
wards the stern, and produces there a wake having a 
considerable forward velocity relative to the surround- 
ing water. 

(b)  The streamline flow past the hull causes an in- 
creased pressure around the stern, where the stream- 
lines are closing in. This means that in this region the 
relative velocity of the water past the hull will be less 
than the ship’s speed and will appear as a forward or 
positive wake augmenting that due to friction. 

(c) The ship forms a wave pattern on the surface of 
the water, and the water particles in the crests have 
a forward velocity due to their orbital motion, while 
in the troughs the orbital velocity is sternward. This 
orbital velocity will give rise to a wake component 
which will be positive or negative according to whether 
there is a crest or a trough of the wave system in the 
vicinity of the propeller. 

The total wake is made up of these three compo- 
nents, and in the great majority of cases is positive. 
Exceptions arise in very high-speed craft such as de- 

stroyers and high-speed motor boats. At a speed of 34 
knots, the wave length of the system created by the 
ship will be some 200 m (656 ft), so that a destroyer 
100 m (328 ft) in length would have a trough in the 
vicinity of the propellers, and the wave wake will be 
negative. With such a fine hull the potential or stream- 
line wake would be small, and with large-diameter 
propellers much of the disk will be outside the fric- 
tional wake. Under these conditions the total wake 
over the propeller may be zero or slightly negative. 
Measurements of wake on destroyers have indeed 
shown the variation of wake with speed quite clearly 
as successive wave crests and troughs occurred at the 
stern (Newton, 1960). 

The wake fraction can be measured in a number of 
ways. If we are interested in details of the wake pat- 
tern, the wake velocity can be measured by pitot tubes, 
the axial, radial and tangential components being ob- 
tained in the neighborhood of the intended propeller 
position. Curves of equal wake velocity can then be 
drawn. Examples for the axial components are shown 
in Figs. 17 and 18(a) and (b), for a single-screw ship 
and two twin-screw ships, respectively. For the former 
the wake is most intense over the upper part of the 
disk, rather less so down the vertical centerline, and 
much smaller over the outer lower quadrants. In a 
twin-screw ship the average wake over the propeller 
disk will, as a rule, be less than in a single-screw ship 
of the same fullness, because of the different propeller 
location, but there will be a considerable concentration 
immediately behind the ends of the bossings or behind 
the struts in the case of open shafts. 

In both cases, the water flow has a general upward 
and inward direction, and this gives rise to further 
asymmetry so far as the propeller is concerned. 

As a propeller blade rotates, a section a t  any given 
radius passes through regions of very different wake 
concentrations. We can make the propeller with a pitch 
which varies from hub to tip in such a way as to suit 
the average circumferential wake at any particular 
radius. These average wakes can be found from wake 
diagrams such as those shown in Figs. 17 and 18 or 
can be measured by using vane wheels of different 
radii which integrate the wake around particular radial 
annuli. 

Wakes measured by such methods give the flow 
existing in the absence of the propeller, and are usually 
referred to as nominal wakes. They are modified when 
the propeller is present and developing thrust, and it 
is possible to deduce from the propeller performance 
behind the hull and in open water a wake factor which 
represents the efective wake as felt by the propeller. 

Suppose that a propeller driving a hull at V-knots 
develops a thrust T when turning a t  n-revolutions per 
unit time. Reference to the open-water curves for the 
propeller will show that at the same revolutions n the 
propeller will develop the thrust T a t  some lower speed 
V,. The latter is the effective speed of advance, and 
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the eflective wake fraction will be given by 
v- v, 

V W T  = 

This method of deriving the effective wake is based 
upon thrust identity in open water and behind the 
model. A similar wake fraction can be derived using 
identity of torque, and because of the difference in 
flow conditions behind the model and in open, the val- 
ues of thrust and torque-derived wakes are usually 
somewhat different. For model work thrust-identity 
wakes are to be preferred, because thrust can be mea- 
sured more accurately than torque. However, for com- 
parison with ship trial results, it is often necessary to 
use a torque-identity wake, since in most cases thrust- 
meters are not fitted to ships and the only basis of 
comparison is on the measured torques. 

The effect of the propeller in inducing an inflow ve- 
locity reduces the forward wake to some extent, the 
effective wake usually being three or four points lower 
than the nominal wake. 

The nonuniformity of the wake has other highly 
undesirable consequences. As the blades rotate, peri- 
odic forces and couples are created which are trans- 
mitted through the water and the shaft bearings to 

the ship and are one of the principal sources of huii 
vibration. The variation in inflow velocity also results 
in a periodic change in angle of attack on the blades, 
and consequently is conducive to the onset of cavita- 
tion with its resultant vibration, noise and blade ero- 
sion. For all these reasons great attention should be 
paid to the shape of the stern lines and of appendages 
such as bossings, together with propeller clearances, 
to ensure that the wake inequalities over the propeller 
are kept as small as possible. Assistance in this prob- 
lem can be obtained from model experiments in a cir- 
culating water channel, where the flow is made visible 
by tufts, dye, or other means, and by pitot-tube sur- 
veys in the towing tank. The effect of such forces on 
hull and machinery vibration are dealt with in Chapter 
VII, but the time to prevent or minimize them is in 
the early design stages, not when the ship is built. 

To obtain a better picture of the wake non-uniform- 
ity a Fourier analysis may be carried out. In that case 
the axial wake at a specific point in the propeller disk 
is written as: 

N 

w,(r) = 2 [an  (r) cos n4 + b ,  (r) sin n41 

where a ,  and b ,  are the amplitudes of the Fourier 
components, r is the radius and 4 is the angle of the 
point in the propeller plane. Hadler, et  a1 (1965) present 
a large collection of data on wake distributions mea- 
sured for a number of ships. They also show results 
of wake analysis using the above Fourier decomposi- 
tion and provide information on the fluctuations of the 
hydrodynamic pitch angle as the blade makes one ro- 
tation. 

To obtain an idea of the fluctuating forces on the 
propeller axis generated by the non-uniform velocity 
field, a simple analysis will be carried out, following a 
method proposed by Lewis (1935). The lift of a profile 
per unit span is given by: 

n = O  

L = l r p c p u 2  (27) 
because the lift coefficient for small hydrodynamic 
pitch angles equals 277p. Neglecting the fact that the 
lift direction does not coincide with the thrust direction, 
Equation (27) also holds for the thrust T of a propeller 
blade with unit span. The velocity Uis made up of the 
rotational speed and the advance speed, 

V = [or]2 + [V(l - w,)I2 

= 02r2  + V 2  (1 - 2w, + w,') 

= 0 2 r 2  + v2 + v2 - 2w,  v2 + w,2v2 

(28) 

with w ,  the axial wake. If the axial wake is symmetric 
with respect to the vertical through the propeller axis 
the decomposition contains only cosine-terms: 

(29) 
N 

w ,  = 2 a n  cos (n4)  
n=O 
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LOAD DISPLACEMENT, 
SPEED OF 20 KNOTS, 
TRANSVERSE SECTION, 
LOOKING FORWARD. 
WAKE SURVEY WAS 
MADE IN A PLANE 
PERPENDICULAR TO THE 
LONGITUDINAL AXIS AT A 
DISTANCE OF 1.76 M AFT 
OF STATION 18 Yz 
(STATION 20 IS AFT 
PERPENDICULAR). 

THE NUMBERS INDICATE ~ 

THE MAGNITUDE OF THE 
AXIAL WAKE FRACTION 
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Fig. 18(a) Wake diagram for TS ship fitted with shaft-struts 

7.93 M WL 



PROPULSION 149 

Inserting (27) into (28) and combining the result with 
Equation (27), the following formula for the thrust per 
unit span may be obtained. 

(a) The wake pattern is mainly affected by aft  body 
shape. The variations in forebody have negligible ef- 
fect. 

(b) The amplitudes of the harmonics decrease with 
(30) increasing order both for the longitudinal and tangen- 

tial velocity component. The decrease is monotonic for 
open-stern ships but the even order amplitudes are 

with +.P the phase angle and 0 the instantaneous PO- relatively stronger for single-screw ships with con- 
sition of the blade, which may be given by 8 = ot - ventional sterns. % (m - 1). A similar relation may be obtained for the (c) The radial distributions of mean longitudinal ve- 
torque per unit span. Summarizing over all blades, one locity and volumetric mean velocity have characteris- obtains the following expression for the time-depen- tics shapes. The open-type stern tends to provide a 
dent thrust and torque: near uniform distribution with a magnitude compa- 

rable to the model speed. The single-screw ship with 
T(t)  = conventional stern provides a distribution with values 

lower a t  the inner radii and higher a t  the outer radii. 
The magnitudes depend on the fineness and shape of 
the afterbody; in general, the finer the stern, the higher 

(d) In most of the models analyzed, it has been found 
that the tangential velocity variation is large and sin- 
usoidual in nature due to the upward flow in the pro- 
peller plane, which in turn shows up predominantly in 
the 1st harmonic. This, in conjunction with a large 1st 
harmonic amplitude of the longitudinal velocity, will 
result in a shaft-frequency vibration when some im- 

N 

p = o  
T = A ,  cos (PO + + p )  

N c fkz cos ( k ~ w t  - + k z )  
k = O  

(31) 

N 

&(t) = k = O  c Q k z  cos ( k z w t  - < k z )  (32) the values. 

Similar relations can be found for the bending mo- 
ment (Hadler, et  al, 1965). This analysis leads to the 
following conclusions: 

(a) The unsteady thrust and torque are only deter- 
mined by the terms of the Fourier decomposition that 
are integer multiples of the number of blades. 

and horizontal side forces, F,, F,, are determined by 
the (kx + 1)th and (kx - 1)th terms of the Fourier 
series a t  integer multiples of blade frequency. 

for the number of 
blades ranging from 3 to 6 .  Note that this table gives 
the harmonic components of the axial wake field that 
contribute to the unsteady forces. It does not give the 
frequencies of the unsteady forces. 

In this way one may obtain a judicious choice of the 
number of blades, 2. Of course, the above analysis is 
only a simple approximation, but Hadler (1965) showed 
that this approach worked well for a few cases. 

Apart from the number of blades, the harmonic 
wake content determines the unsteady forces. This 
content and the amplitude of Fourier components de- 
pend on the hull form and possibly on speed. Hadler, 
et  a1 (1965) drew the following conc~usions on the basis 
of their results: 

(b )  The unsteady bending moments, Mz, My, vertical perfections exist in the blade geometry which will 
hydrodynamic unbalances. 

(e) In general, for minimizing the cavitation and vi- 
bration problems, the open-type stern, i.e., transom 
stern with struts supporting the shaft, is superior to 
the conventional type for the single-screw ship. 

(f) The rudder may have an effect on the mean lon- 
gitudinal velocity but does not have an appreciable 
effect on the derived quantities. 

(g )  The effect of variations in speed appears to be 
small. 

(h) The effect of propeller location in the aperture 
can be important. 

(i) Changes in displacement and trim may result in 
large variations in wake patterns and, consequently, 
in the cavitation and vibration characteristics. 

In this respect the conclusions of Van Manen (1965) 
may also be mentioned. H~ notes (based on tests with 
some 40 different ship models) that for prismatic coef- 

summarizes these 

Table 2-Influence of Harmonic Wake  Components on unsteady Forces and 
Moments. 

Harmonic Components 

2 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
3 x  X X X X X X 

X X X X X 
T , G  ;; X X X X 

6 x  X X X 

3 x x  x x  x x  x x  x x  x x  x x  

6 x  X X X X X X 

X X X X X X X 
My, F, 5 x X X X X X X X 
Mx, Fz 4 x x x 
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I 

Fig. 19 Dependence of wake distribution 

ficients of the aft  body between 0.73 and 0.79 in con- 
junction with four-bladed propellers there is an 80 
percent probability that the first harmonic of the 
torque fluctuation will be 6.5 percent of the mean 
torque. Also the first harmonic of the thrust fluctua- 
tions is 10 percent of the mean thrust. For a five-bladed 
propeller these percentages are 1.5 and 2 percent re- 
sepectively. Deviations larger than 2 percent did not 
occur on any tested model. Van Manen also noted that 
fine-ended vessels such as warships can have substan- 
tially greater fluctuations. 

The unsteady forces on the propeller blades and the 
possible occurrence of cavitation will also lead to fluc- 
tuating pressures on the ship hull. This problem may 
be more severe than the fluctuating forces on the pro- 
peller axis and bearings. For a detailed investigation 
the work of Van Oossanen, et  a1 (1972) may be men- 
tioned. 

Naturally one would want to know the detailed wake 
field once the lines plan has been established or at 

/' 
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on form of afterbody (Harvald, 1980) 

least the amplitude of the different harmonic once the 
main particulars of the ship have been determined. 
Also with this knowledge designers could make alter- 
ations in hull form to accommodate certain require- 
ments. 

Large efforts have been made towards the solution 
of the equations of motion of a turbulent viscous fluid 
to determine theoretically the expected wake distri- 
bution. The numerical problems encountered and the 
computer time required have until now prohibited the 
adequate solution of the problem. For a summary of 
present activities and for a summary of relevant lit- 
erature reference is made to the report of the Resist- 
ance Committee of the ITTC (1984). 

Experimentally a number of authors have tried to 
correlate hull form and wake distribution. Van Gent, 
et  a1 (1973) undertook an analysis, similar to the above- 
mentioned one of Hadler, of the wake field of large 
tankers with block coefficients between 0.82 and 0.85. 
Results for the lower harmonics for five tankers with 
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P. van Oossanen 

Section 1 
Powering of Ships 

1.1 Historical. A moving ship experiences resist- 
ing forces from the water and air which must be over- 
come by a thrust supplied by some thrust-producing 
mechanism. In the earliest days this consisted of man- 
ually-operated oars, which gave place in turn to  sails 
and then mechanical devices such as jets, paddle- 
wheels and propellers of many different forms (Todd, 
1946).' 

The earliest propulsive device to use mechanical 
power seems to have been of the jet type, using a 
prime-mover and a pump, patents for which were 
granted to Toogood and Hayes in Great Britain in 1661. 
Water is drawn in by the pump and delivered stern- 
wards as a jet at a higher velocity, the reaction pro- 
viding the thrust. At the speeds so far attained by 
ships, the jet is materially less efficient than other 
forms of propellers, and its use has been restricted to 
special types of craft. 

In 1801 there appeared the first steam-driven side- 
paddle ship, the Charlotte Dundas; built by Syming- 
ton for service on the Forth-Clyde Canal in Scotland. 
Six years later came the famous Clermont, con- 
structed by Robert Fulton for passenger service on 
the Hudson River in New York. 

The period from this time until about 1850 was the 
heyday of the paddle steamers. The first of them to 
cross the Atlantic was the American Savannah in 
1819-a full-rigged ship with auxiliary steam power- 
and then followed a line of familiar names, including 
the Canadian Royal William, the famous first Cun- 
arder Britannia in 1840, culminating in the last Cun- 
ard liner to be driven by paddles, the Scotia, in 1861. 

These side paddle-wheels were far from ideal for 
sea-going ships. The immersion varied with ship dis- 
placement, the wheels came out of the water when the 
ship rolled, causing erratic course-keeping, and they 

Complete references are listed a t  end of chapter. 

rine engineer's point of view, they were too slow-run- 
ning, involving the use of large, heavy engines. 
Because of the slow rate of turning they were rea- 
sonably efficient as a propulsive device, but their other 
operational weaknesses ensured their rapid decline 
from popularity once the screw propeller was proved 
to be an acceptable alternative. They have had a useful 
field among pleasure steamers and tugs plying in riv- 
ers and other protected waters. In such craft the draft 
does not change much and restrictions of draft due to 
shallow water prohibit the use of large screw propel- 
lers. Side paddles also give good maneuvering char- 
acteristics, but these latter can now be obtained by 
other means of propulsion which do not suffer from 
the drawbacks of paddle-wheels. 

Paddles have also been fitted at the sterns of many 
ships, as in the well-known river boats on the Missis- 
sippi and other American rivers. Such "stern-wheel- 
ers" are still in use, mainly as passenger carriers. 

The first proposal to use a screw propeller appears 
to have been made in England by Hooke in 1680, and 
its first actual use is generally attributed to Colonel 
Stevens in a steam-driven boat at New York in 1804. 
In 1828 a vessel 18 m (60 ft) long was successfully 
propelled by a screw propeller designed by Ressel, of 
Trieste, obtaining a speed of 6 knots, but this success 
was not followed by the Trieste engineers or ship- 
owners (Baker, 1944). The first practical applications 
came in 1836 by Ericsson in the US. and Pettit Smith 
in England. 

The screw propeller has many advantages over the 
paddle-wheel. I t  is not materially affected by normal 
changes in service draft, it is well protected from dam- 
age either by seas or collision, it does not increase the 
overall width of the ship, and it can be made to run 
much faster than paddles and still retain as good or 
better efficiency so that smaller, lighter, faster-running 
engines can be used. I t  rapidly superseded the paddle- 
wheel for all ocean-going ships, the first screw-pro- 
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pelled steamer to make the Atlantic crossing being the 
Great Britain in 1845. 

From that time the screw propeller has reigned su- 
preme in the realm of marine propulsion. I t  has proved 
extraordinarily adaptable in meeting the incessant 
quest for propellers to deliver more and more thrust 
under increasingly arduous conditions. While other de- 
vices have been adopted for certain particular types 
of ships and kinds of service, the screw propeller still 
has no real rival in the field of ship propulsion. 

Among the more common variants of the propeller, 
the use of a shroud ring or nozzle has been shown to 
have considerable advantages in heavily loaded pro- 
pellers, the ring or nozzle being shaped so as to deliver 
a forward thrust to the hull. The principal advantage 
is found in tugs, where the pull a t  the bollard for a 
given horsepower may be increased by as much as 40 
percent or more as compared with that given by an 
open propeller. At low towing speeds, a considerable 
advantage is still found, but this disappears with in- 
creasing speed, and when free-running the drag of the 
nozzle results in a loss of speed. In ships other than 
tugs, the advantage can be extended to higher speeds 
by using thinner nozzles, with some loss of thrust at 
the low speeds, and such arrangements in association 
with special forms of stern lines have been claimed to 
give good propulsive efficiencies. Good maneuverabil- 
ity can be obtained in such craft by arranging for the 
nozzle to swivel, and so act as a very efficient rudder 
by controlling the direction of the propeller race. 

Another type of propeller was used in the USS 
A l u m  as long ago as 1874 (Goldsworthy, 1939). This 
ship carried a fixed bow gun and had to be turned to 
aim the gun. To keep the ship steady in a tideway, 
where a rudder would be useless, a feathering paddle- 
wheel rotating about a vertical axis, invented by Fow- 
ler in Great Britain in 1870, was fitted at the stern, 
completely submerged (White, 1882). It was quite suc- 
cessful as a means of maneuvering the ship, but its 
propulsive efficiency was low. The modern version of 
this propeller consists of a large disk set flush with 
the lower surface of a flat counter and carrying a 
number of projecting vertical blades rather resembling 
spade rudders. As the disk revolves about a vertical 
axis, each of these blades turns about its own vertical 
axis, being so adjusted to the flow that the total thrust 
from all the blades is concentrated in one direction. 
This resultant “thrust-direction” can be controlled by 
varying the blade motions, so as to drive the ship 
ahead, astern or sideways. The device therefore lends 
itself essentially to craft which need to have great 
ability to maneuver. It also enables the equivalent of 
a large diameter, orthodox propeller to be fitted to 
ships which have to operate in shallow water, and the 
propeller can be driven through gearing by relatively 
light, high-speed diesel engines. Although its efficiency 
is not as high as that of the orthodox propeller, and 
its maintenance is probably more costly, the foregoing 

advantages have resulted in many applications to river 
steamers, tugs, and ferries. The vertical axis propeller 
is discussed further in Section 10.5. 

1.2 Types of Ship Machinery. In selecting the pro- 
pelling machinery for a given vessel, many factors 
must be taken into consideration, such as the weight, 
the space occupied, its first cost, reliability, length of 
life, flexibility and quietness of operation, cost of up- 
keep, cost of fuel consumed and last, but not least, its 
suitability for the type of propeller to be used. I t  is 
beyond the scope of this text to consider all the various 
drives which have been developed to meet these fac- 
tors, but a brief review of their advantages and dis- 
advantages will not be out of place. 

The reciprocating steam engine with two, three, or 
four cylinders dominated the field of ship propulsion 
until about 1910. Since then it has been almost entirely 
superseded by the steam turbine in the very high and 
intermediate-power ranges, and by the diesel engine 
in intermediate and low ranges. 

The steam reciprocating engine has exceptional con- 
trollability at all loads, is easily reversed (an important 
consideration in ships) and its most efficient range of 
revolutions per minute (RPM) matches that of the 
screw propeller. On the other hand, the complete plant 
is relatively heavy, occupies much space, and the out- 
put of power per cylinder is limited. Also, the steam 
cannot be expanded effectively to the low pressures 
obtainable in modern condensing apparatus, so that 
the fuel consumption is rather high, an average figure 
for a triple-expansion engine utilizing superheated 
steam being about 0.70 kg of oil per kWhr (1.15 lb per 
hphr). 

The first marine turbine was installed by Sir Charles 
Parsons in the Turbinia in 1894, a torpedo boat which 
attained a speed of 34 knots. Thereafter turbines made 
rapid progress and by 1906 were used to power the 
epoch-making battleship HMS Dreadnought and the 
famous Atlantic liner Mauretania. 

The turbine delivers a uniform turning effort, is em- 
inently suitable for large-unit power output, and can 
utilize very high-pressure inlet steam over a wide 
range of power to exhaust at very low pressures. The 
thermal efficiency is consequently reasonably high and 
the fuel consumption of large turbines is as low as 
0.30 kg of oil per kWhr (0.49 Ib per hphr). Under over- 
load conditions a turbine delivers approximately con- 
stant power for a given throttle setting. 

On the other hand, the turbine is nonreversible and 
its rotational speed for best economy is far in excess 
of the most efficient rpm of usual propeller types. 
These drawbacks make it necessary to install separate 
reversing turbines and to insert gears between the 
turbines and the propeller shaft to reduce the speed 
of the latter to values more suitable to the propeller. 

The mechanical geared drive has been used most 
widely up to the present. I t  permits the operation of 
engine and propeller at their most economical speeds 
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with a power loss in the gears of only 2 to 4 percent. 
A separate astern turbine is still required, which adds 
to cost, complexity, and power loss. 

The reduction in RPM between turbine and propeller 
shaft can also be attained by electrical means. The 
turbine in such an installation is directly coupled to a 
generator, both running at the same high speed for 
efficient operation. The generator supplies a motor di- 
rectly mounted on the propeller shaft, driving the lat- 
ter at the RPM most desirable for high propeller 
efficiency. This system eliminates any direct shafting 
between turbines and propeller, and so gives the naval 
architect greater freedom in laying out the general 
arrangement of the ship to best advantage. In twin- 
screw ships fitted with two sets of turboalternators, 
considerable economy can be achieved when using half 
power, such as when a passenger ship is cruising, by 
supplying both propulsion motors from one turbine. 
The turboelectric drive also eliminates the reversing 
turbine, gives great flexibility and rapidity of maneu- 
vering, and prevents racing of the propeller. 

These advantages are gained, however, at the ex- 
pense of rather high first cost and somewhat greater 
transmission losses. 

Internal-combustion engines used for ship propul- 
sion are generally reciprocating engines operating on 
the diesel’ principle (compression ignition) which have 
taken their name from the man who first developed 
them for practical use. They are built in all sizes, from 
those fitted in small pleasure boats to the very large 
types fitted in modern supertankers and passenger 
liners. The engines in the latter ships develop over 
2500 kW per cylinder, giving output as high as 30,000 
kW in 12 cylinders (40,200 hp). They are directly re- 
versible, occupy relatively little space, and have a very 
low fuel consumption, an average figure being around 
0.20 kg of oil per kWhr (0.328 lb per hphr). They are 
used in large single units directly coupled to the pro- 
peller or in sets of small units driving the propeller 
through electric or gear transmissions. Opposed to 
these advantages are the facts that diesel engines are 
usually heavier and more expensive, both in first cost 
and in upkeep than steam plants of corresponding size. 

The torque produced by a diesel engine is limited by 
the maximum pressure that may be developed in each 
cylinder. Therefore, when the engine is producing max- 
imum torque, it produces maximum power only at max- 
imum rpm. Consequently a diesel may produce a power 
directly proportional to the RPM for any throttle set- 
ting. 

This limitation leads to the problem of matching a 
diesel engine and a propeller. The resistance will in- 
crease with time because of fouling and the propeller 
thrust decreases for the same reason. Therefore the 

* After Rudolf Diesel, a German engineer (1858-1913). 

load on the prime mover will increase to maintain the 
same speed. This requires the designer to select the 
adequate propeller particulars (such as pitch) so that 
later, in the life of the vessel, the engine does not 
become overloaded or that it never produces its full 
capabilities, see Kresic et  a1 (1983). 

More recently, gas turbines have been developed in 
which the fuel is burned in compressed air and the 
resulting hot gases passed through the turbine. The 
gas turbine originated in aeronautical applications, and 
its progress has depended mostly upon the develop- 
ment of metals which could withstand the high pres- 
sures and temperatures. It has the advantages of 
dispensing with boilers, being light in weight and giv- 
ing a smooth, continuous drive. I t  is expensive in the 
quantity of fuel burned. One good operational char- 
acteristic is that it can quickly be brought on to full 
load without a long, warming-up period, some 15 min 
usually being sufficient after the warning to “raise 
steam” from cold. Marine gas turbines were fitted to 
a small number of merchant ships. But they are now 
frequently used in naval ships, sometimes associated 
with a diesel, steam turbine or smaller gas turbine. 
The latter are used for general cruising purposes, and 
the gas turbine is available at little or no notice when 
there is a demand for full power, both plants being 
connected to a common propeller shaft by clutches and 
gearing. The principal marine application so far has 
been to small and large destroyers and frigates and 
to smaller, high-speed craft, such as patrol craft and 
hydrofoils. 

Nuclear reactors have been installed on many naval 
ships and in a few merchant ships and ice breakers. 
They replace the boilers being used, through a heat 
exchanger, to raise steam which is then passed to a 
turbine in the normal way. They-also eliminate most 
of the weight and volume of fuel oil. The reactor can 
operate a t  full load indefinitely during the life of the 
charge of nuclear fuel, which enables the ship to main- 
tain high speed at sea without carrying a large quan- 
tity of consumable fuel. The weight saved, however, 
cannot as a rule be devoted to increase dead-weight 
earning capacity, for the weight of reactor and shield- 
ing will equal or exceed that of the boilers and fuel 
for the normal ship. 

1.3 Definition of Power. The various types of ma- 
rine engines are not all rated on the same basis, in- 
asmuch as it is inconvenient or impossible to measure 
their power output in exactly the same manner. Steam 
reciprocating engines are usually rated in terms of 
indicated power ( PI),  internal-combustion engines in 
terms of indicated power or brake power (PB), and 
turbine in shaft power (Ps). The term horsepower is 
still sometimes used, where 1 hp = 0.7457 kW. In 
English units 1 hp = 550 ft-lb per sec. 

Indicated power is measured in the cylinders by 
means of an instrument (an indicator) which records 
continuously the steam or gas pressure throughout 
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the length of the piston travel. From the resultant 
indicator card the mean effective pressure is measured 
and PI is calculated for top end and bottom end sep- 
arately: 

P, = 

where 

P M  is 
L is 
A is 
n is 

mean effective pressure, kN/m2 
length of piston stroke, m 
effective piston area, sq m 
number of working strokes per sec 

The total PI of the engine is found by adding those 
calculated separately for all the cylinders. 

Brake power is the power measured a t  the crank- 
shaft coupling by means of a mechanical, hydraulic or 
electrical brake. I t  is determined by a shop test and is 
calculated by the formula 

PB = 2nQn in kW 
where 

Q is brake torque, kN-m 
n is revolutions per sec 

Shaft power is the power transmitted through the 
shaft to the propeller. It is usually measured aboard 
ship as close to the propeller as possible by means of 
a torsionmeter. This instrument measures the angle 
of twist between two sections of the shaft, which angle 
is directly proportional to the torque transmitted. For 
a solid, circular shaft the shaft power is given by 

where 
d, = 
G =  

e =  
L, = 

n =  

shaft diameter, m 
shear modulus of elasticity of shaft ma- 
terial. kN/m2 
measured angle of twist, deg 
length of shaft over which 8 is measured, 
m 
revolutions per sec 

The shear modulus G for steel shafts is usually taken 
as 8.35 x lo7  kN/m2. 

For exact results, particularly with bored shafting, 
it is customary to calibrate the shaft by setting up the 
length of shafting on which the torsionmeter is to be 
used, subjecting it to known torques and measuring 
the angles of twist, and determining the calibration 
constant K = Q Ls /8  Ps can then be calculated di- 
rectly from any observed angle of twist and revolu- 
tions per second as 

e 
LS 

P, = K x - x 2 n n  

There is some power lost in the stern tube bearing 

and in any shaft tunnel bearings between the stern 
tube and the site of the torsionmeter. The power ac- 
tually delivered to the propeller is therefore somewhat 
less than that measured by the torsionmeter. This de- 
livered power is given the symbol PD. 

As the propeller advances through the water a t  a 
speed of advance VA, it delivers a thrust and the 
thrust power is 

P,= TVA 
Finally, the effective power is 

PE = RV 
1.4 Propulsive Efficiency. The efficiency of an en- 

gineering operation is generally defined as the ratio 
of the useful work or power obtained to that expended 
in carrying out the operation. 

In the case of a ship the useful power obtained is 
that used in overcoming the resistance to motion at a 
certain speed, which is represented by the effective 
power PE. 

The power put in to achieve this result is not so 
easily defined. In a ship with reciprocating engines, it 
can be measured by the power developed in the cyl- 
inders themselves as given by the indicated power, PI. 
The overall propulsive efficiency in this case would be 
expressed by the ratio PE/PI.  

In the case of turbines it is usual to measure the 
power in terms of the shaft power delivered to the 
shafting abaft the gearing, and the overall propulsive 
efficiency is PE/Ps. 

Since mechanical efficiencies, gear losses and shaft- 
transmission losses all vary from ship to ship, accord- 
ing to the type of machinery and general layout, and 
even in a given ship with the load a t  which the ma- 
chinery is operating at a particular time, it is difficult 
to define the hydrodynamic efficiency of a hull-propel- 
ler combination in terms of such an overall propulsive 
efficiency. 

A much more meaningful measure of efficiency of 
propulsion is the ratio of the useful power obtained, 
PE, to the power actually delivered to the propeller, 
PD. This ratio has been given the name quasi-pro- 
pulsive coefficient, and is defined as 

The shaft power is taken as the power delivered to the 
shaft by the main engines aft of the gearing and thrust 
block, so that the difference between P, and PD rep- 
resents the power lost in friction in the shaft bearings 
and stern tube. The ratio PD/Ps is called the shaft 
transmission efficiency. 

In this text, the propulsive efficiency is defined as 
follows: 
Propulsive efficiency = quasi-propulsive coefficient 

times shaft transmission efficiency 
or 
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or 

V P  = q D  x V S  

The shaft transmission loss is usually taken as about 
2 percent for ships with machinery aft and 3 percent 
for those with machinery amidships, but no very exact 
information exists on this point. It must be remem- 
bered also that when using the power measured by 
torsionmeter, the answer will depend on the position 

(2) 

of the meter along the shaft. To approach as closely 
as possible to the power delivered to the propeller, it 
should be as near to the stern tube as circumstances 
permit. I t  is often assumed that qs  = 1.0. 

The necessary brake power or indicated power in 
the turbines, diesel or steam-reciprocating engine, as 
the case may be, can be estimated in a particular design 
from the proper values of gear efficiency, mechanical 
efficiency and load factors. Values of these will be 
found in textbooks, handbooks and papers on marine 
engineering. 

Section 2 
Theory of Propeller Action 

2.1 Momentum Principle. Propellers derive their 
propulsive thrust by accelerating the fluid in which 
they work. This action is in accordance with Newton’s 
laws of motion, which state that force is required to 
alter the existing state of motion of any material body 
in magnitude or direction, and that the action of any 
two bodies upon one another is equal and opposite. 

Newton’s first law is expressed by the equation 
dv F = m -  
d t  (3) 

where 
F = force exerted on body 
m = mass of body 
dv _ -  - resulting acceleration of body 
dt 

Integrating between 0 and t seconds, we get 

[ Fdt = mv2 - mv,  (4) 

where v ,  and v2 are the velocities at  the beginning and 
end of the time interval. 

The expression 

Fdt 

is called the impulse of the force in the time interval 
zero to t, and the product of mass and velocity is called 
the momentum. The equation states that the impulse 
of the force in a given time interval is equal to the 
whole change in momentum produced by the force 
during this interval. In the special case when F is 
constant during the time interval, Equation (4) reduces 
to 

Ft = mv2 - mv, 

Furthermore, when the time interval is 1 see, 

F = mv2 - m v ,  
Hence in the case of a constant force the change in 

momentum in unit time is equal to the force which 
produced it. 

Momentum and impulse are vector quantities, and 
to determine the direction and magnitude of the final 
velocity when the direction and magnitude to the force 
and of the initial velocity are given, the rules of vector 
composition must be applied. 

2.2 General Discussion of Propeller Theories. The 
physical explanation of propeller action can be stated 
in rather simple terms, as shown in the preceding sec- 
tion, but the precise mathematical analysis presents 
considerable difficulties. As a result a satisfactory pro- 
peller theory which could explain all the observed facts 
and be useful for practical calculations was not de- 
veloped until comparatively recent times. 

The early propeller theories followed two indepen- 
dent lines of thought. In the first of these, the mo- 
mentum theories, the production of thrust was 
explained entirely by momentum changes taking place 
in the fluid. In the second, the blade-element theories, 
the propeller thrust was obtained by analyzing the 
forces acting on the various sections of the blades and 
then integrating these over the propeller radius. 

The momentum theories were based on correct fun- 
damental principles, but gave no indication of the pro- 
peller form which would produce the calculated thrust. 
The propeller was idealized as an “actuator disk” or 
some similar conception, which could cause an instan- 
taneous increase in pressure in the fluid passing 
through it. They led, however, to the important con- 
clusion that the efficiency of an ideal propeller has an 
upper limit which varies with the loading. The blade 
element theories, on the other hand, were capable of 
predicting the effects of various changes in propeller 
form, but led to the incorrect result that the efficiency 
of an ideal propeller was unity. 

The difference between the two groups of theories 
was not dispelled until the circulation theory developed 
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by Lanchester in aerodynamic research was applied to 
the propeller problem by Betz and Prandtl. This theory 
showed the relation between the momentum changes 
in the medium and the forces acting on the blade ele- 
ments, and its subsequent development finally led to 
the point where it is not only in good agreement with 
experimental results but also is flexible enough for 
practical design work. 

2.3 The Momentum Theory of Propeller Action. The 
momentum theories were originally due to Rankine 
(1865), Greenhill (1888) and Froude, R. E. (1889). In 
the ideal conception of the propeller, it is regarded as 
a “disk” or mechanism capable of imparting a sudden 
increase of pressure to the fluid passing through it, 
the method by which it does so being ignored. 

It is assumed that: 
( a )  The propeller imparts a uniform acceleration to 

all the fluid passing through it, so that the thrust 
thereby generated is uniformly distributed over the 
disk. 

( b )  The flow is frictionless. 
(c) There is an unlimited inflow of water to the pro- 

peller. 
The first assumption involves a contraction of the 

race column passing through the disk, and since this 
contraction cannot take place suddenly a t  the disk, the 
actual acceleration must occur outside the disk and be 
spread over a finite distance fore and aft. 

Consider a propeller disk of area A, advancing with 
uniform velocity V, into undisturbed fluid. The hydro- 
dynamic forces will be unchanged if we replace this 
system by a stationary disk in a uniform flow of the 
same velocity V,, as shown in Fig. 1. 

i PRES~URE p, 
..-.. I.-- 
-_ 

Fig. 1 Changes in pressure and velocity at propeller disk, momentum 
theory 

At the cross section 1, some distance well ahead of 
the disk, the velocity of the flow is V, and the pressure 
in the fluid is pl .  Well behind the screw, a t  section 3, 
the race column, i.e., the fluid which has passed 
through the screw disk and been acted upon by the 
pressure or thrust-producing mechanism there, will 
have some greater sternward velocity, which we may 
write as V, (1 + b) .  The fluid must acquire some of 
this increased velocity before it reaches the disk, and 
the velocity through it, a t  section 2, will be greater 
than V,, and we may write it as V, (1 + a), where a 
is an axial-inflow factor. 

The pressure in the race column, which is p 1  well 
ahead of the disk, will be reduced as the fluid ap- 
proaches the disk, since by Bernoulli’s law an increase 
in velocity is accompanied by a decrease in pressure. 
At the disk, the pressure is suddenly increased by some 
unspecified mechanism to some value greater than p 1, 

and then decreases again with the further acceleration 
in the race. If section 3 is so far aft of the disk that 
the contraction of the race may be assumed to have 
ceased, and if there is no rotation in the race, the 
pressure in the race at  section 3 will be p , ,  equal to 
that in the fluid outside the race. 

The quantity of water passing through the disk in 
unit time will be 

Q = V,(1 + a)A, 
Neglecting any effect of rotation which may be im- 

parted to the fluid, the change of momentum in unit 
time is 

p 4 W A l  + b) - V,l 
and this must be equal to the thrust T on the disk. 
Hence 

T = pQV,b 

= PA,( VJ“1 + a)b (5) 

The total work done per unit time (or the power 
expended) is equal to the increase in kinetic energy of 
the fluid, since we are neglecting friction, and if there 
is no rotation of the race the increase in kinetic energy 
in unit time is given by 

= p&(V,)2b (1 + b / 2 )  

= TV, (1 + b / 2 )  
This increase in kinetic energy has been provided by 

the work done on the water by the thrust, which is 
TV, (1 + a) in unit time. 

Hence we have 
TV, (1 + a) = TV, (1 + b / 2 )  
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or 
a = b / 2  

That is, one half of the sternward increase in velocity 
is acquired by the fluid before it reaches the disk. 

The useful work obtained from the screw, i.e., the 
work done upon the disk, is TVA, and so the power 
lost in the screw is 

TVA (1 + a )  - TVA = TVA.a 

= TvA.b/2 
The ideal efficiency q r  will be 

useful work obtained 
work expended 

= TV'/TVA (1 + a )  

771 = 

= 1/(1 + a)  (6)  
For many purposes, it is convenient to express 

the velocity increase bVA or, as we may also call it, 
the slip velocity, as a fraction of the speed through 
the fluid, VA. Denoting this slip ratio by s, we have 

S = b V A / v A  = b = 2 a  
Hence3 

1 n 

(7) 
L - 1 -- 

l + s / 2  2 + s  771 = 

Also, from Equation (5) and putting a = b / 2, we find 
T = PA,( VA)z (1 + b / 2 ) b  

= PA,( VA)z (1 + ~ 1 2 ) ~  

If the thrust loading coefficient is defined as 
rn 

In some texts, slip ratio s is defined as the ratio of the increase 
of the velocity in the race, bVA, to the final velocity in the race, 
( V, + bVA). In this case, 

bvA - b 
V A +  bVA 1 + b 

-- s =  

whence 

b s 
2 2(1 - s) 

a = - = -  

The ideal efficiency is then 

Eliminating s from (7) and (9), we find 

(10) 

This equation is of great practical importance, since 
it furnishes a simple criterion for the comparative ef- 
ficiencies of different propellers. It shows that a pro- 
peller working at a high load coefficient C, is less 
efficient than one working at a low coefficient: 

2 
77r = 

1 + (C, + 1)k 

CT 1 2 3 4 
qr 1.00 0.827 0.732 0.667 0.618 
It follows that the propeller with the largest disk 

area is in general the most efficient, other things being 
equal. 

When the speed of advance is zero, the efficiency is 
also zero, but the propeller still delivers thrust and 
absorbs power. The relation between thrust and power 
at zero speed of advance can be derived for an ideal 
propeller. 

The power P will be given by 
useful work obtained 

ideal efficiency P =  

+ (" + 'I' [from Equation (lo)] 
2 = TVA x 

When VA is very small CT will be very large in com- 
parison with unity, and we can write approximately 

P = TVA x - 
2 

Putting 
T CT = 

;PA,( vA)z 

this reduces to 

The value applies to an ideal propeller, but for an 
actual propeller it is much smaller. The value can be 
easily determined by a dock trial and serves as a con- 
venient measure of the relative thrusting ability of 
various propellers at zero speed. 

The Momentum Theory, Including Angular Mo- 
tion. In the simple momentum theory developed in 
the preceding section, the actuator disk was assumed 
to be capable of accelerating the fluid only in an axial 
direction. If we now assume a disk propeller which is 
capable of accelerating the fluid both axially and ro- 
tationally, we have the idealized form of the screw 
propeller. 

2.4 
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For angular motion there exists a momentum theo- 
rem similar to that for linear motion. If Q is the torque 
or moment of a force acting on a body about an axis 
of rotation 0, Ip  the mass polar moment of inertia of 
the body with respect to 0, and d d d t  the resulting 
angular acceleration of the body, then the equation 
equivalent to (3) is 

Q = I p d o / d t  
or 

Qdt  = I p d o  
Qd t  is the angular impulse and Ipdw the change in 
angular momentum, and the equation states that the 
angular impulse is equal to the change in angular 
momentum. 

If we consider now a time interval of 1 see during 
which the torque remains constant, the equation can 
be integrated to give 

Q = IAwz  - 01) (11) 
where o, and o2 are the initial and final angular ve- 
locities. 

To develop an expression for the efficiency of an 
ideal screw propeller with rotation of the race, we 
assume that the fluid has a translational velocity V, 
far ahead of the propeller and no rotational velocity, 
i.e., o, = 0. The disk has a rotational velocity of o, 
and in passing through it the fluid will acquire some 
angular velocity in the same direction as the disk. Well 
behind the screw, the race will have a translational 
velocity VA(l + b), as before, and a rotational velocity 
02, which we may write, by analogy, in the form 

o2 = o ( 1  - b ' )  
Some of this rotational velocity will be acquired by 

the fluid before it enters the screw disk, just as in the 
case of the sternward acceleration, and we can define 
a rotational inflow factor a' similar to the axial inflow 
factor a. The angular velocity of the disk relative to 
the water will be reduced in consequence from o to 
o ( 1  - a') .  

The total kinetic energy in the race will be increased 
by the energy of rotation, so that the effect will be to 
reduce the ideal efficiency. 

Both velocity components impressed on the fluid are 
assumed to be uniformly distributed over the disk. 
Dividing the latter into concentric annular elements of 
width d r  and area dA,, and assuming each element 
works independently of all the others, the thrust d T  
developed by any element is given, by analogy with 
Equation (5) as 

d T  = pdA0(VA) ' (1  + a ) b  

= pdA,,(VA)z(l + b / Z ) b  
The torque d Q  absorbed by the element is, by Equa- 

tion (ll),  

d Q  = d l p ( 0 ,  - 0) 

= d M r 2 w ,  
where 

d M  = mass of fluid passing through area d A ,  

d l ,  = moment of inertia of dM 
in unit time = pdA,V,(l + a)  

and 
r = radius of annular element 

Thus 
d Q  = pdAoV,(l  + u)r2w2 

The useful work performed by the element is d T v A .  
The power absorbed by the element is d Q o ,  which 
must be equal to the sum of the useful work and the 
energy losses. The kinetic-energy loss in translation 

= ;dM(bvA) '  

= i d T b V ,  

since 
dM x bV,  = change of momentum in fluid 

= d T  
The kinetic-energy loss in rotation 

= $dIp(wz) '  = i d Q o ,  

The energy-balance equation then gives 

dQw = d T v A  + $ d T b v A  -t i d Q w 2  

or 
d T v A  (1 + b I 2 )  = d Q  (O - 0 , / 2 )  

This shows that one half of the angular velocity is 
acquired by the fluid before it enters the disk, and by 
definition w , / 2  = a'o, so that 

d T v A ( l  4- a) = d Q o ( 1  - a')  
remembering that a = b 12. 

The efficiency of the element is 
useful work performed 

' I  = power absorbed 
= d T V , / d Q o  
= ( 1  - a ' ) / ( l  + a )  (12) 

The ideal efficiency for the simple actuator disk is 
Equation (6), 

' 1  = 1 / ( 1  + a)  
The factor ( 1  - a ' )  is always less than unity. It can 
be shown that Equation (12) is not only the ideal ef- 
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Fig. 2 Propeller-blade definitions 

ficiency of the blade element, but also the expression 
for the ideal efficiency of a screw propeller having the 
minimum kinetic-energy losses (Bienen, et al, 1924). It 
follows that the efficiency of an ideal screw propeller 
is less than that of an actuator disk propeller by the 
fraction (1 - a') or 

(0 - 0 , / 2 ) / 0  
2.5 Blade Element Theory of Screw Propeller. In 

the momentum theories of previous sections, the pro- 
peller was considered as a mechanism for increasing 
the momentum of the race, but no attempt was made 
to explain how this was done. 

In the blade-element theory, the propeller is consid- 
ered to be made up of a number of separate blades, 
which in turn can be divided into successive strips 
across the blades from leading to trailing edge, Fig. 
2. The forces acting on each strip are evaluated from 
a knowledge of the relative velocity of the strip to the 
water and the characteristics of the section shape. The 
elementary forces are then resolved into the elements 
of thrust dT in the forward direction and of torque dQ 
in the plane of propeller rotation. By plotting curves 
of dT and dQ along the blade from boss to tip, Fig. 3, 
curves of thrust and torque loading are obtained which 
on integration will give the total thrust T and torque 
Q on the whole propeller. The efficiency is then 

rv, 
yo = - 2 r n Q  

The force on a blade section set at an angle of in- 
cidence to the flow can be resolved into two compo- 
nents, the lift L and drag D, respectively, normal to 
and along the line of incident flow, Fig. 4. 

The angle between the face of the section and the 
incident flow is the angle of incidence a. 

The forces are usually expressed in the form of non- 
dimensional coefficients: 

L 
Lift coefficient, C, = ___ 

$ p A V n  

D 
Drag coefficient, C, = - 

$ p A V 2  

where 

p is mass density of fluid 
A is area of plan form of section 

V is velocity of incident flow 
= (chord x span) for rectangular shapes 

The efficiency of the section as a lifting device is 
measured by the ratio 

Lift - - cL - Utan y (see Fig. 4) 
Drag D C, 

The basic data on lift and drag are generally derived 
from tests with airfoils of constant cross-section in 
wind tunnels. These foils are arranged in the test sec- 
tion of the wind tunnel so that they span the section. 
In this way the measured lift and drag forces a t  var- 
ious angles of attack are representative of the so-called 
two-dimensional case corresponding to a foil with in- 
finite span, for which the distribution of the lift and 
drag force along the span is uniform. 

A common airfoil shape used today is the NACA 66 
(modified) thickness distribution, superimposed on the 
NACA, a = 0.8, mean line. Coordinates of these thick- 
ness and mean line distributions are given in Table 30. 
This modification of the NACA 66 section has been 

-+ 
\ 1 \ 

I 
I 

r = 0 7 R ( APPROX) 
R. II It _. __ 2 - - ~~ 

Fig. 3 Blade-loading curves 
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Fig. 4 Forces on a blade section 

published by Brockett (1966). Fig. 5 shows the meaning 
of the symbols used in Table 1. 

When the results of tests on such sections are plot- 
ted, a number of interesting points emerge, Fig. 4: 

(a) The lift coefficient C, for small angles of incidence 
is a linear function of the angle of incidence a. 

(b)  At some larger value of a the lift coefficient 
ceases to increase Iizearly with a. 

(c) Zero lift does not occur a t  zero incidence, but at 
a small negative angle, called the angle of zero lift, 
a,. This is equal to -2 deg in Fig. 4. We can thus 
draw a zero lift line from the tail passing above the 
pitch face at an angle a, such that when the incident 
flow is along this line there will be no lifting force 
exerted on the section normal to the flow. When the 
angle of incidence to the pitch face is a, the hydro- 
dynamic angle of incidence a, is given by 

a, = Q g  + a 
(d) The drag coefficient remains small and more or 

less constant for small angles of incidence, but when 
the lift coefficient begins to fall off, the drag coefficient 
increases rapidly. 

(e) The lift / drag ratio is a maximum at a small angle 
of incidence, and for such sections to work efficiently 

Table 1-Ordinates for NACA 66 (Mod) Thickness 
Distribution and NACA a = 0.8 Camber Distribution 

Station, 
x / c  

percent 
0 

0.5 
0.75 
1.25 
2.5 
5.0 
7.5 

10.0 
15.0 
20.0 
25.0 
30.0 
35.0 
40.0 
45.0 
50.0 
55.0 
60.0 
65.0 
70.0 
75.0 
80.0 
85.0 
90.0 
95.0 
97.5 

100.0 

Thickness 
Ordinate, 

t / t  max 

0 
0.0665 
0.0812 
0.1044 
0.1466 
0.2066 
0.2525 
0.2907 
0.3521 
0.4000 
0.4363 
0.4637 
0.4832 
0.4952 
0.5 
0.4962 
0.4846 
0.4653 
0.4383 
0.4035 
0.3612 
0.3110 
0.2532 
0.1877 
0.1143 
0.748 
0.0333 

Camber 
Ordinate, 
f/fmm,, 

0 
0.0423 
0.0595 
0.0907 
0.1586 
0.2712 
0.3657 
0.4482 
0.5869 
0.6993 
0.7905 
0.8635 
0.9202 
0.9615 
0.9881 
1.0 
0.9971 
0.9786 
0.9434 
0.8892 
0.8121 
0.7027 
0.5425 
0.3588 
0.1713 
0.0823 

0 

the angle of incidence should be small. 
The ratio of span to chord is called the aspect ratio 

(AR). If this ratio were infinite, the flow past a section 
would be two-dimensional, and the lift distribution 
along the span would be uniform. With a finite span, 
a certain amount of "spilling" takes place a t  the ends, 
and the lift falls off to zero at those points. The results 
can be corrected from one aspect ratio to another, and 
are usually given for an AR of either 6 or infinity. 

One other feature of section behavior is of impor- 
tance in propeller work-the distribution of pressure 
around a section. An example for an airfoil shape is 
shown in Fig. 6. On the face of the section the pressure 
is increased above that in the free stream, being great- 
est quite close to the nose. On the back the pressure 
is decreased and has a marked peak some little distance 
from the nose. The lift force generated is the result 
of the differences in pressure on the two faces, and 

TRAILING EDGE LEADING EDGE 

1-X'. 

0.0 

Fig. 5 Symbols defining shape of airfoil 

X ' ~ ' l 0  I 
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OF 
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I 

PRESSURE ON INCREASE 
OF 

PRESSURE 

Fig. 6 Pressure distribution on blade section 

for the type of pressure distribution shown in Fig. 6 
it is clear that they reinforce one another and that the 
reduction on the back contributes more to the lift than 
does the increase on the face. 

In a marine propeller, the surface of the blade facing 
aft, which experiences the increase in pressure when 
propelling the ship ahead, is called the face of the 
blade, the forward side being the back. In the simplest 
case, the face of a propeller blade is a portion of a 
true helical surface, i.e., a surface swept out by a 
straight line AB, Fig. 7, one end of which, A, advances 
at uniform speed along an axis 00', while the line 
itself rotates about the point A with uniform angular 
speed o. When the generating line has made a com- 
plete revolution and is in the position A'B', the distance 
it has advanced, AA', is called the face or geometrical 
pitch, P. 

Any cylinder coaxial with 00 will cut the helical 
surface in a helix, and the angle between any such 
helix and a surface normal to the axis, such as SS, is 
called the pitch angle +. The angle + will be constant 
for a given helix, i.e., at a given radius, but will increase 
in value from the tip of the blade inwards to the hub. 
In practice the pitch is not always the same at all radii, 
it being fairly common to have a reduced pitch towards 
the hub and, less usually, towards the tip. In such 
cases the pitch a t  0.7R is often taken as a represen- 
tative mean pitch, as this is approximately the point 
where the maximum lift is generated, Fig. 3. 

The shapes of blade outlines and sections vary 
greatly according to the type of ship for which the 
propeller is intended and to the individual designer's 
ideas. Fig. 8 shows a typical design and defines many 
of the terms in common use. 

Here skew is defined as the angular measure from 
the center of the chord of each section to the reference 

line. This line extends from the center of the hub 
through the center of the chord of the section at r = 
112 d, the hub radius. 

If we consider a section of the propeller blade at a 
radius r with a pitch angle + and pitch P, Fig. 9, and 
imagine the blade to be working in an unyielding me- 
dium, then in one revolution of the propeller it will 
advance from A to A', a distance P. If we unroll the 
cylinder of radius r into a flat surface, the helix traced 
out by A will develop into the straight line AM, and 

P tan + = - 27rr 

If the screw is turning at n-revolutions in unit time, 
then in that time it will advance a distance Pn and we 
can obtain a velocity diagram for the section, Fig. 10. 

In a real fluid, there will be a certain amount of 
yielding when the propeller is developing thrust and 
the screw will not advance a distance LM, equal to Pn, 
in unit time, but some smaller distance LS, the distance 
MS being called the slip, and the ratio M S / M L  = sR 
is called the real slip ratio and MAS the slip angle 
or geometrical slip angle. 

From Fig. 10, it is seen that 

Pn - VA = I - -  VA 
S R  = Pn Pn 

As in the case of the actuator disk, the working of 
the propeller blades and the development of thrust 
result in an acceleration of the water ahead of the 
propeller, so that the total axial inflow velocity a t  a 
particular blade section is increased from VA to VA(l + a), while the total rotational inflow velocity is de- 
creased from 27rnr to 27rnr (1 - a'), Fig. ll. 

I t  will be seen from the velocity diagram that both 
of the inflow factors a and a' result in a decrease in 
the angle of incidence at which the water meets the 
section to a value considerably below that which would 
obtain if they were neglected (from <AOC to 
<BOG'). The angle <BOG' is always small in an effi- 

I Is 
I 8' 

BLADE \ BLADE TIP 
\, HELIX 

I 
BLADE ROOT\ 

Fig. 7 Definition of helix 
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1: RAKE 

FACE OF R.H. PROPELLER 
LOOKING F R O M  AFT 

Fig. 8 Typical propeller drawing 

P Pitch ratio = - D 
t Blade thickness ratio = - 

D 
Pitch angle = 4 

Diameter D 

Pitch P 
No. of blades 4 

Disk area = area of tip circle = - Dz = A ,  

Developed area of blades, outside hub = A ,  

77 

4 

A Developed area ratio = DAR = -2 
A0 

Projected area of blades (on transverse plane) outside hub = A ,  
A Projected area ratio = PAR = -.C 
A0 

Blade width ratio = BWR = 
Max. blade width 

n 
&/length of blades (outside hub) 

D 
Mean width ratio = MWR = 

Fig. 9 Definition of pitch ongle 

I#J = Pitch angle of screw propeller 

Fig. 10 Definition of slip 

V h lS  - Pn - v Iteal slip ratio SR = M L  - - Pn -2 = I - Pn -* 
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Fig. 11 Blade velocity diagram 

cient propeller, usually in the region of 3 to 6 deg, at 
which angles the L / D  ratio is approximately at its 
maximum value. Thus although the induced velocities 
defined by a and a’ may be small in absolute terms as 
compared with the speeds of advance and rotation of 
the section, yet they have a major effect upon the angle 
of incidence and therefore upon the conditions under 
which the blade section works. From Fig. 11 we see 
that 

and the velocity of the water relative to the blade 
section is given by the vector V,, where 

The angle of incidence a is given by (4 - P I ) ,  where 
4 is the geometrical pitch angle. 

Suppose that the propeller has 2 blades, that the 
chord of the blades has a value c at radius n, and that 
the section of the blade at this point has lift and drag 
coefficients CL and C, at the angle of incidence a. Let 
the resultant lift and drag of an element of the pro- 
peller blade of length d r  along the blade be d L  and 
dD, respectively. Then 

d L  = $ p  x area x (velocity)’ x C, 

and 
( V A y ( l  + 

sin ‘ P I  dD = i p c d r Z  CD 

Since d L  and dD are, respectively, normal to and along 
the direction of the relative velocity V,, the thrust and 
torque contributed by these elements will be 

dT = d L  cos P I  - dD sin P I  
dQ = ( d L  sin P I  + dD cos PI)r 

The first expression can be written in the form 

= d L  (cos P I  - tan ysin P I )  
where 

cD. tan y = - in Fig. 4 
CL 

Hence 
cos P I  cos y - sin P I  sin y 

cos y 
dT  = d L  ( 

cos (PI + Y) = d L  cos y 
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(a) 
Fig. 12(0) Circulation flow 

( b )  

Fig. 12(b) Streamline flow around circular cylinder without circulation 

dT/dr and dQ/dr may now be plotted on a base of 
radius r and the total thrust T and torque Q obtained 
by integration, Fig. 3. Such curves show that most of 
the thrust and torque are developed over the outer 
part of the blade, the maxima occurring at about r = 
0.7R. 

The efficiency of the blade element is given by 

cos (PI + Y) 
cos Y 

V,dL 

cos y 

v, 1 - -- 
2rnr tan (PI  + y )  

1 - a' tan P I  
1 + a tan (PI  + y )  

- -~ [by Equation (14)]. 

The efficiency of the whole propeller will be 

The performance of each blade element can only be 
determined when values of a, a', C,, and y are known. 

C, and y can be found from test data on the partic- 
ular blade sections chosen. To find a and a', it is nec- 
essary to equate the thrust to the fore-and-aft 
momentum put into the race and the torque to the 
change in rotational momentum, as in the momentum 
theory. 

Writing 

CZCL cos (PI + Y> F =  
8 r r  sin ' P I  cos y 

Equation (16) becomes 

= F ~ ( V J ' ( I  + a)' x 4 r r  (18) 

From momentum considerations, the thrust developed 
by the blade element is given by 

Fig. 12(c) Streamline flow around o cylinder with circulation 
dr  

cos @ I  + Y) 

and similarly 
- 

or 
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This neglects any rotational momentum imparted to 
the race. 

Equating (18) and (19), we have 
2F(1 + a)  = b 

A similar expression can be derived for the rotational 
inflow factor a’. 

If we knew the ratio between a and b, i.e., what 
proportion of the ultimate race velocity is acquired at 
the position of the blade section, a could be determined. 
For the particular value of a = b l 2  derived from 
momentum considerations, we find 

F 
1 - F  

a = -  

In the early days a simplified blade-element theory 
was used in which the induced velocities were ignored, 
and the calculated thrusts, torques, and efficiencies 
differed considerably from those found in actual pro- 
peller performance. The comparison was improved 
when the induced velocity effects were included, but 
discrepancies still remained, owing principally to the 
neglect of the mutual interference between the pro- 
peller blades and the failure to allow for the falling 
off of the lift towards the blade tips. Later develop- 
ments in propeller theory have enabled these factors 
to be largely accounted for in modern design methods; 
see Section 8.4. 

2.6 Circulation Theory of Screw Propeller. The 
modern theoretical methods of propeller design are 
based upon the vortex theory first enunciated by F. 
W. Lanchester in his treatise Aerial Flight published 
in 1907. 

Consider the type of streamline flow shown in Fig. 
12(a), which is defined by the equation 

(20) ru = c = constant 
where 

r = radius vector drawn from 0 to any point 

u = velocity a t  any point, which is everywhere 
in the field 

normal to radius vector 

A 
w B A 

Fig. 14 Vortex of airplane wing with constant circulation 

An inner streamline of radius r, can be considered as 
representing the wall of a cylinder whose axis is nor- 
mal to the plane of the flow and around which the fluid 
circulates. When the radius r, is very small, we have 
what is known as a vortex tube or filament, because 
the law of velocity distribution expressed by Equation 
(20) applies with good approximation to the exterior 
field of the familiar vortex motions found in nature. 
Vortex filaments in ideal fluids have interesting prop- 
erties, among which may be mentioned that any given 
vortex filament is permanently composed of the same 
fluid particles and that it cannot terminate abruptly in 
the interior of the fluid but must either return on itself 
or terminate on the boundary of the fluid region. 

If the cylinder is placed in a uniform stream in such 
an ideal fluid, but without any such circulation flow, 
the streamlines will be symmetrical about the flow 
axis, and no force will be exerted upon the cylinder, 
Fig. 12(b). 

If now a circulation flow is imposed around the cyl- 
inder, the flow pattern is greatly changed, becoming 
asymmetrical as shown in Fig. 12(c). At the point E 
the velocity parallel to the flow axis is ( V, + u) while 
at F it is ( V, - u). This asymmetry of velocity distri- 
bution gives rise to a similar asymmetry in pressure 
distribution, the pressure at F being greater than that 
at E. As a result, a force is exerted on the cylinder at 
right angles to the direction of the uniform stream 
flow. The production of such a force on a rotating 
cylinder in a stream is called the Magnus effect after 
its discoverer, Magnus (1853). It has been used to pro- 
pel ships in place of sails in the Flettner rotor ship. 

To define the mathematical concept of circulation 
more clearly, let A and B in Fig. 13 be two points 
connected by any plane curve, and let w be a vector 
at the point P on the curve which makes the angle ( 
with the direction of the line element ds. Then the line 

n 

A 

Fig. 13 Line integral Fig. 15 Vortex system of airplane wing with varying circulation 
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integral between A and B is defined by the expression 

[ o cos t ds 

In the special case when the vector o denotes a 
velocity and the integration is performed around a 
closed curve, the line integral is called the circulation, 
r, and 

r = $ o cos t ds 

where the symbol $ indicates integration around a 
closed curve. 

This type of flow has the peculiarity that when a 
closed curve is drawn in the field and the line integral 
along this closed curve is evaluated, the circulation is 
zero when the curve does not surround the origin 0, 
but has the constant value 27rc when the curve sur- 
rounds the origin. 

Cqnsider the two points A and B in Fig. 12(a), which 
are connected by any curve whatsoever. By definition, 
the line integral along the curve is 

ras = I, w cos t ds 

In order to evaluate this integral, we replace the cho- 
sen curve by a stepped line consisting of short radial 
lines and circular arcs. The integration along the radial 
lines contributes nothing to the final value, since the 
line element and the velocity vector are normal to each 
other, and consequently cos t is zero. The integration 
along the circular arcs, however, yields a definite value, 
since in this case cos 6 is unity. 

Reasoning in this manner, we find for the value of 
the integral along the arbitrarily chosen curve 

B 

B 

rAB = ds = or d+ = 2 c+, (21) 

where is the angle included between the radii 
through A and B. The + sign applies when the inte- 
gration is made in one direction, the - sign when made 
in the reverse direction. It appears from this equation 
that the value of the line integral is independent of 
the path and depends only on the end points. It follows 
therefore that if we integrate from A to B along an 
arbitrary path such as ACB in Fig. 12(a), and then 
integrate in the reverse direction along any other path 
not surrounding the origin, such as BDA, the value of 
the integral around the closed loop ACBDA will be 
zero. On the other hand, if we integrate around a closed 
curve surrounding the origin 0, so that the angle I/J, 

in Equation (21) has the value 27r, the line integral 
around the loop, or the circulation, will have the value 
2lTc. 

The transverse force L acting on the cylinder with 
circulation in a uniform flow, as shown in Fig. 12(c), 
may be shown to be given by the equation 

L = prv, 

where 
p is mass density of fluid 
r = 277c is strength of circulation flow 
V, is velocity of uniform stream 

Equation (22) is known as the Kutta-Joukowski 
Equation, and is one of the great generalizations of 
mechanics, since it applies to all bodies regardless of 
their shape, the shape factor being contained in the 
circulation factor r. By the aid of this equation the 
mathematical discussion of propeller action is greatly 
simplified, because we do not have to consider the 
shape of the propeller blades until the very end, in the 
meantime regarding them merely as vortex filaments 
or lifting lines endowed with circulation. These lifting 
lines are regarded as having finite lengths, correspond- 
ing to the lengths of the blades, not terminating ab- 
ruptly a t  the tips, however, but having continuations, 
so-called tip vortices, at the free ends. Such contin- 
uations do exist at the tips of airplane wings and a t  
the tips and roots of propeller blades, as is readily 
shown by wind-tunnel or water-tunnel experiments. 
The lift produced by an aircraft wing or a propeller 
blade is the result of an increased pressure on the face 
and a decreased pressure on the back. Since the fluid 
follows the pressure gradient, it tends to spill over the 
free ends from the face to the back, creating powerful 
vortices downstream, the axes of which are practically 
at right angles to the axis of the wing or blade, and 
which form the boundaries of the fluid layer which has 
been in contact with the blade. 

The simpler case of an aircraft wing in flight through 
still air is illustrated in Fig. 14. The equivalent bound 
vortex in this case travels in a straight line a t  right 
angles to its axis. If the circulation of this bound vortex 
is assumed to be constant along its length, we have 
the simple system in which AA is the bound vortex 
and AB the free tip vortices already mentioned. This 
simple system is a useful concept and helps us to vis- 
ualize the phenomenon, but does not express ade- 
quately the actual flow conditions around the wing. In 
reality the lift of the wing decreases from a maximum 
value at midspan to zero at the ends, and so the cir- 
culation around the wing must vary likewise. Assum- 
ing that the circulation around the bound vortex AA 
varies continuously as shown by the curve r = f ( x )  
in Fig. 15, then it can be shown by interpreting cir- 
culation in terms of its original definition as a line 
integral that free vortices flow not only off the free 
ends but also all along the trailing edge of AA, forming 
together a vortex sheet. The strength of any individual 
vortex in the sheet is equal to the change in circulation 
a t  that point on AA. Thus, if at distances x1 and x, 
from midspan the circulation strengths are rl and rZ, 
respectively, the free vortex formed between x1 and 
x2 will have a strength equal to (I?, - r2). 
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Considering now two individual vortices in the sheet, 
located at opposite sides of the midspan, each lies in 
the velocity field of the other and thus must assume 
the downward velocity existing at that point of the 
field. Inasmuch as this is true for all the vortices in 
the sheet, it follows that the sheet as a whole assumes 
a downward velocity. I t  was shown by Prandtl (1979) 
that this downward velocity is constant across the 
sheet when the distribution function f ( x )  represents 
an ellipse. Along the vortex sheet, however, from AA 
to infinity at the right, the induced downward velocity 
is not constant but varies from the value u, a t  a very 
large distance from AA to the value u, /2  a t  AA. This 
can be proved rigorously by a theorem on vortex mo- 
tion which has an equivalent in electrodynamics and 
is known as the Biot-Savart law. In a general way its 
truth can be perceived by the following reasoning. Let 
the vortex system in Fig. 15 be supplemented by a like 
system extending from AA to infinity a t  the left. The 
whole infinitely long vortex system would then move 
downward with the velocity u, in accordance with the 
foregoing discussion. At AA this velocity would be 
composed in equal measure of that induced by vortices 
belonging to the supplementary system and by vor- 
tices belonging to the original system. Removing the 
supplementary system, and so reverting to the system 
shown in the figure, leaves only the value u / 2 at the 
location of the bound vortex. 

Similar conclusions were reached in the case of an 

advancing propeller blade (Prandtl, et  al, 1927). The 
vortex sheet in this case is the helicoidal layer of fluid 
trailing behind the blade, and the induced velocity, 
which is normal to the helicoidal layer and so tends to 
push the sheet astern along the propeller axis and to 
rotate it about this axis, is identical with the previously 
defined slip velocity. A theorem analogous to that just 
mentioned holds in this case also-that the induced 
velocity at the position of the bound vortex, i.e., at the 
propeller disk, is u,/2, or one half that at a great 
distance behind the propeller. 

Betz further developed the important theorem that 
a propeller blade will have the smallest energy losses 
resulting from the induced velocities when the heli- 
coidal vortex sheet is pushed astern along the shaft 
axis and rotated about this axis as though it were a 
rigid sheet. This theorem furnishes a simple and def- 
inite rule for the design of the propeller blade in prac- 
tice; in order to obtain the maximum propeller 
efficiency, which is usually the aim of the designer, the 
blades must be so designed that the inflow velocity is 
the same for every blade element. 

The application of the circulation theory to propeller 
design enables various refinements to be made to the 
simple blade-element theory already described. In par- 
ticular, it enables the induced velocity u, / 2 to be cal- 
culated, an so the axial and radial inflow factors a and 
a’. These questions, and other developments, are dis- 
cussed in detail in Section 8.4. 

Much of the knowledge about the performance of 
propellers has been gained from experiments with 
models. To study the laws governing their behavior, 
the model propeller is run without any hull ahead of 
it. These are referred to as open-water conditions. In 
the towing tank this is done by running the propeller 
on a long shaft projecting well ahead of a narrow 
propeller “boat,” containing the driving apparatus and 
attached to the towing carriage. The propeller ad- 
vances into undisturbed water, so that the speed of 
advance V, is known and the inflow is uniform over 
the disk. Records of thrust, torque, revolutions and 
speed are taken automatically over a range of values 
of the last two quantities. 

3.1 Dimensional analysis As in the case of resist- 
ance, we can obtain guidance on the laws governing 
model and ship similitude by applying dimensional 
analysis. 

The thrust of the propeller T could depend upon: 
(a)  Mass density of water, p.  
(b) Size of propeller, represented by diameter D. 

Section 3 
law of Similitude for Propellers 

(c) Speed of advance, V,. 
(d) Acceleration due to gravity, g .  
(e)  Speed of rotation, n. 
V) Pressure in the fluid, p .  
(g) Viscosity of the water, p .  
Writing 

T = f (paDbVACgdnepfpg)  
and introducing the proper dimensions, we have 

whence 
a = l - f - g  
b = 1 + 3 a  - c - d + f + g 
c = 2 - 2d - e - 2f - g  

and substituting a and c in the expression for b: 
b = 2 + d + e -g 
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Then from Equation (23): 

where v = plp.  
The expressions in the square brackets are all non- 

dimensional, and there is therefore no restriction di- 
mensionally on the exponents d, e, 3 and g. The form 
of the function f must be found by experiment, and 
may be different for each of the four terms. 

The equation may be written in the form 

Note that since the disk area of the propeller, A, = 
(.rr14)D2, is proportional to D2, the thrust coefficient 
can also be written in the form 

T 
k p ( VA) 

Equation (24) states in effect that if all the parameters 
on the right-hand side have the same values for two 
geometrically similar but different sized propellers, 
the flow patterns will be similar and the value of 
T/i P D ~ ( V , ) ~  will be the same for each. 

If the model and ship quantities are distinguished 
by the suffixes M and S, respectively, and if A is the 
linear scale ratio, then 

Ds/DM = h 

If the model propeller is run at the correct Froude 
speed of advance, then also 

Under these circumstances, the first term in Equa- 
tion (24) will be the same for model and ship, so that 
the first condition for similarity of flow is that the speed 
of advance of the model and ship propellers should be 
in accordance with Froude's law of comparison. 

The slip ratio has been defined as (1 - V,/Pn).  For 
geometrically similar propellers, therefore, the second 
condition of Equation (24)  that n D / V A  must be the 
same for model and ship, means that the slip ratio 
must be the same for each. Just  as in the case of 
resistance, the third quantity in Equation (24) is not 
the same for model and ship propellers when the for- 
mer is run in a towing tank, because the atmospheric 
pressure is not scaled down in the latter case. How- 
ever, since the forces on the propeller blades are 
caused by differences in pressure, they will not be 
affected by this fact unless cavitation occurs, in which 
case other kinds of tests must be made (see Section 
7.3). The last term, v l  V,D, is a Reynolds number, and 
it cannot be made the same if the model and ship speeds 
of advance follow Froude's law. I t  is concerned with 

the frictional resistance on the propeller blades, but 
as this is only a very small part of the total force on 
the blade, we can neglect the effect of viscosity in the 
first instance. However, it is necessary to make the 
model propeller as large as feasible within the other 
limitations of the huIl model scale, measuring ap a- 
ratus, and so on, in order to avoid as far as possi 1 le 
any laminar flow over the blades so as to reduce such 
Reynolds-number effect on the blade section drag to 
a minimum. 

With these reservations in mind, we can say that as 
long as gD/ (vA) and nD/ V, are the same in ship and 
model 

T a D2(VA)2 
The following relationships then hold: 

or 

or 
nM = ns x A% 

i.e., the model revolutions are higher than those of the 
full-scale ship propeller. 

The thrust power is given by P ,  = TVA, so that 

and 

If the model results were plotted as values of 
T+ 

and 

Q c, = 
k p  D 3 ( v A ) 2  

to a base of VA/nD or J ,  therefore, the values would 
be directly applicable to the ship, apart from any scale 
effects such as mentioned. This method is often used, 
but the coefficients have the disadvantage that they 
become infinite for zero speed of advance, a condition 
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KT Propeller efficiency (in open), qo = - x - 
257 KQ 

I I I I I I I 
10 0 8  06 0 4  02 0 -02  

SCALE OF SLIP RATIO 

Fig. 16 Typical curves of thrust, torque and efficiency for propeller in open 
water 

No. of blades = 4 
Face pitch ratio = 1.00 

sometimes occurring in practice, such as for a tug 
pulling at a stationary bollard or ship. 

Since J or V A / n D  is the same for model and ship, 
we can replace V, by n D  and obtain new coefficients 
which do not have this disadvantage: 

VA Advance ratio, J = - n D  

Thrust coefficient, KT = -L!--- p n 2 D 4  

Q Torque coefficient, KQ = ~ p n 2 D 5  

where KT, K,, and yo are functions of J. These coef- 
ficients are nondimensional in any consistent system 
of units. 

3.2 Open water tests. Typical open-water curves 
are shown in Fig. 16. These show that this propeller 
reaches its maximum efficiency at  a J-value of about 
0.85. Since in this particular case the face pitch ratio 
is 1.00, (1 - V,/Pn)  = (1 - V A / D n ) ,  and the scale 
of J is also a scale of (l-slip ratio). It will be noticed 
that the thrust does not vanish a t  J = 1.00, or zero 
slip ratio, but at some higher value nearer J = 1.10. 
This is due to the effect of the zero lift angles of the 
blade sections, so that the effective pitch is greater 
than the nominal or face pitch. The value of J a t  which 
the thrust does vanish can be used as a measure of 
the effective or analysis pitch ratio. 

In practice, in order to obtain as high a value of 
Reynolds number as possible for the flow over the 
blade sections, the requirement to run at the correct 
Froude number is often ignored. Instead, the open- 
water tests are carried out at a higher speed of ad- 
vance, the slip being varied to cover the necessary 
range by a variation in revolutions. In other cases, the 
slip range is covered by running at constant revolu- 
tions and different speeds of advance. Provided that 
the propeller is run with adequate immersion, so that 
there is no wave-making on the surface, the lack of 
Froude-number identity will not have any important 
effect. 

Section 4 
Interaction Between Hull and Propeller 

4.1 General. The preceding discussion has related and also increasing the velocity there, both of which 
to a propeller working in open water, in which con- effects augment the resistance of the ship above that 
dition it is advancing into undisturbed water. When it measured by towing the hull. 
is in its correct location behind the model or ship hull, Also, the relations between thrust, torque, and rev- 
the conditions are considerably modified. The propeller olutions in open water where the inflow is uniform, 
is now working in water which has been disturbed by cannot be expected to remain the same behind the hull 
the passage of the hull, and in general the water in the variable flow conditions experienced there. This 
around the stern has acquired a forward motion in the leads to the possibility of differing propeller efficiencies 
same direction as the ship. This forward-moving water in open water and behind the hull. 
is called the wake, and one of the results is that the 4.2 Wake. The difference between the ship speed 
propeller is no longer advancing relatively to the water V and the speed of advance V, may be called the wake 
at the same speed as the ship, V,  but at some lower speed. Froude expressed the wake speed as a fraction 
speed V,, called the speed of advance. of the speed of advance V,, calling this ratio the wake 

As we have seen, the propeller when developing fraction w F ,  so that 
thrust accelerates the water ahead of it, and this has 

(25) 
v -  VA the effect of lowering the pressure around the stern w ,  = VA 
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and 
V 

1 $. W F  

The expression (1 + w,) is called the Froude wake 
factor. 

For a forward wake wF is positive, but it may have 
small negative values in high-speed ships such as de- 
stroyers. 

Taylor introduced a different definition of wake frac- 
tion by expressing the wake speed as a fraction of the 
ship speed, so that 

(26) 
V -  v, 

V w =  

and 
V, = V(1 - w) 

This definition has much to recommend it, since a 
wake of 50 percent then means that the wake speed 
is 50 percent of the ship’s speed, whereas in the Froude 
notation a 50 percent wake implies that the wake speed 
is 33 percent of the ship’s speed. The Taylor definition 
is becoming more or less universal in current litera- 
ture, but the difference must be remembered when 
using older published data, particularly British, much 
of which gives Froude-wake values. The two are re- 
lated by the equations 

W F  w = -  
1 + W’P 

W 
W F  = - 

l - W  

The wake is due to three principal causes: 
(a )  The frictional drag of the hull causes a following 

current which increases in velocity and volume to- 
wards the stern, and produces there a wake having a 
considerable forward velocity relative to the surround- 
ing water. 

(b)  The streamline flow past the hull causes an in- 
creased pressure around the stern, where the stream- 
lines are closing in. This means that in this region the 
relative velocity of the water past the hull will be less 
than the ship’s speed and will appear as a forward or 
positive wake augmenting that due to friction. 

(c) The ship forms a wave pattern on the surface of 
the water, and the water particles in the crests have 
a forward velocity due to their orbital motion, while 
in the troughs the orbital velocity is sternward. This 
orbital velocity will give rise to a wake component 
which will be positive or negative according to whether 
there is a crest or a trough of the wave system in the 
vicinity of the propeller. 

The total wake is made up of these three compo- 
nents, and in the great majority of cases is positive. 
Exceptions arise in very high-speed craft such as de- 

stroyers and high-speed motor boats. At a speed of 34 
knots, the wave length of the system created by the 
ship will be some 200 m (656 ft), so that a destroyer 
100 m (328 ft) in length would have a trough in the 
vicinity of the propellers, and the wave wake will be 
negative. With such a fine hull the potential or stream- 
line wake would be small, and with large-diameter 
propellers much of the disk will be outside the fric- 
tional wake. Under these conditions the total wake 
over the propeller may be zero or slightly negative. 
Measurements of wake on destroyers have indeed 
shown the variation of wake with speed quite clearly 
as successive wave crests and troughs occurred at the 
stern (Newton, 1960). 

The wake fraction can be measured in a number of 
ways. If we are interested in details of the wake pat- 
tern, the wake velocity can be measured by pitot tubes, 
the axial, radial and tangential components being ob- 
tained in the neighborhood of the intended propeller 
position. Curves of equal wake velocity can then be 
drawn. Examples for the axial components are shown 
in Figs. 17 and 18(a) and (b), for a single-screw ship 
and two twin-screw ships, respectively. For the former 
the wake is most intense over the upper part of the 
disk, rather less so down the vertical centerline, and 
much smaller over the outer lower quadrants. In a 
twin-screw ship the average wake over the propeller 
disk will, as a rule, be less than in a single-screw ship 
of the same fullness, because of the different propeller 
location, but there will be a considerable concentration 
immediately behind the ends of the bossings or behind 
the struts in the case of open shafts. 

In both cases, the water flow has a general upward 
and inward direction, and this gives rise to further 
asymmetry so far as the propeller is concerned. 

As a propeller blade rotates, a section a t  any given 
radius passes through regions of very different wake 
concentrations. We can make the propeller with a pitch 
which varies from hub to tip in such a way as to suit 
the average circumferential wake at any particular 
radius. These average wakes can be found from wake 
diagrams such as those shown in Figs. 17 and 18 or 
can be measured by using vane wheels of different 
radii which integrate the wake around particular radial 
annuli. 

Wakes measured by such methods give the flow 
existing in the absence of the propeller, and are usually 
referred to as nominal wakes. They are modified when 
the propeller is present and developing thrust, and it 
is possible to deduce from the propeller performance 
behind the hull and in open water a wake factor which 
represents the efective wake as felt by the propeller. 

Suppose that a propeller driving a hull at V-knots 
develops a thrust T when turning a t  n-revolutions per 
unit time. Reference to the open-water curves for the 
propeller will show that at the same revolutions n the 
propeller will develop the thrust T a t  some lower speed 
V,. The latter is the effective speed of advance, and 
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the eflective wake fraction will be given by 
v- v, 

V W T  = 

This method of deriving the effective wake is based 
upon thrust identity in open water and behind the 
model. A similar wake fraction can be derived using 
identity of torque, and because of the difference in 
flow conditions behind the model and in open, the val- 
ues of thrust and torque-derived wakes are usually 
somewhat different. For model work thrust-identity 
wakes are to be preferred, because thrust can be mea- 
sured more accurately than torque. However, for com- 
parison with ship trial results, it is often necessary to 
use a torque-identity wake, since in most cases thrust- 
meters are not fitted to ships and the only basis of 
comparison is on the measured torques. 

The effect of the propeller in inducing an inflow ve- 
locity reduces the forward wake to some extent, the 
effective wake usually being three or four points lower 
than the nominal wake. 

The nonuniformity of the wake has other highly 
undesirable consequences. As the blades rotate, peri- 
odic forces and couples are created which are trans- 
mitted through the water and the shaft bearings to 

the ship and are one of the principal sources of huii 
vibration. The variation in inflow velocity also results 
in a periodic change in angle of attack on the blades, 
and consequently is conducive to the onset of cavita- 
tion with its resultant vibration, noise and blade ero- 
sion. For all these reasons great attention should be 
paid to the shape of the stern lines and of appendages 
such as bossings, together with propeller clearances, 
to ensure that the wake inequalities over the propeller 
are kept as small as possible. Assistance in this prob- 
lem can be obtained from model experiments in a cir- 
culating water channel, where the flow is made visible 
by tufts, dye, or other means, and by pitot-tube sur- 
veys in the towing tank. The effect of such forces on 
hull and machinery vibration are dealt with in Chapter 
VII, but the time to prevent or minimize them is in 
the early design stages, not when the ship is built. 

To obtain a better picture of the wake non-uniform- 
ity a Fourier analysis may be carried out. In that case 
the axial wake at a specific point in the propeller disk 
is written as: 

N 

w,(r) = 2 [an  (r) cos n4 + b ,  (r) sin n41 

where a ,  and b ,  are the amplitudes of the Fourier 
components, r is the radius and 4 is the angle of the 
point in the propeller plane. Hadler, et  a1 (1965) present 
a large collection of data on wake distributions mea- 
sured for a number of ships. They also show results 
of wake analysis using the above Fourier decomposi- 
tion and provide information on the fluctuations of the 
hydrodynamic pitch angle as the blade makes one ro- 
tation. 

To obtain an idea of the fluctuating forces on the 
propeller axis generated by the non-uniform velocity 
field, a simple analysis will be carried out, following a 
method proposed by Lewis (1935). The lift of a profile 
per unit span is given by: 

n = O  

L = l r p c p u 2  (27) 
because the lift coefficient for small hydrodynamic 
pitch angles equals 277p. Neglecting the fact that the 
lift direction does not coincide with the thrust direction, 
Equation (27) also holds for the thrust T of a propeller 
blade with unit span. The velocity Uis made up of the 
rotational speed and the advance speed, 

V = [or]2 + [V(l - w,)I2 

= 02r2  + V 2  (1 - 2w, + w,') 

= 0 2 r 2  + v2 + v2 - 2w,  v2 + w,2v2 

(28) 

with w ,  the axial wake. If the axial wake is symmetric 
with respect to the vertical through the propeller axis 
the decomposition contains only cosine-terms: 

(29) 
N 

w ,  = 2 a n  cos (n4)  
n=O 
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LOAD DISPLACEMENT, 
SPEED OF 20 KNOTS, 
TRANSVERSE SECTION, 
LOOKING FORWARD. 
WAKE SURVEY WAS 
MADE IN A PLANE 
PERPENDICULAR TO THE 
LONGITUDINAL AXIS AT A 
DISTANCE OF 1.76 M AFT 
OF STATION 18 Yz 
(STATION 20 IS AFT 
PERPENDICULAR). 

THE NUMBERS INDICATE ~ 

THE MAGNITUDE OF THE 
AXIAL WAKE FRACTION 
W, WHERE 
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PRINCIPLES OF N A V A L  ARCHITECTURE 

, \  8.235 M WL -\ \* 

\ \ \ 
\ '\ \ \ 

\ 

Fig. 18(a) Wake diagram for TS ship fitted with shaft-struts 

7.93 M WL 
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Inserting (27) into (28) and combining the result with 
Equation (27), the following formula for the thrust per 
unit span may be obtained. 

(a) The wake pattern is mainly affected by aft  body 
shape. The variations in forebody have negligible ef- 
fect. 

(b) The amplitudes of the harmonics decrease with 
(30) increasing order both for the longitudinal and tangen- 

tial velocity component. The decrease is monotonic for 
open-stern ships but the even order amplitudes are 

with +.P the phase angle and 0 the instantaneous PO- relatively stronger for single-screw ships with con- 
sition of the blade, which may be given by 8 = ot - ventional sterns. % (m - 1). A similar relation may be obtained for the (c) The radial distributions of mean longitudinal ve- 
torque per unit span. Summarizing over all blades, one locity and volumetric mean velocity have characteris- obtains the following expression for the time-depen- tics shapes. The open-type stern tends to provide a 
dent thrust and torque: near uniform distribution with a magnitude compa- 

rable to the model speed. The single-screw ship with 
T(t)  = conventional stern provides a distribution with values 

lower a t  the inner radii and higher a t  the outer radii. 
The magnitudes depend on the fineness and shape of 
the afterbody; in general, the finer the stern, the higher 

(d) In most of the models analyzed, it has been found 
that the tangential velocity variation is large and sin- 
usoidual in nature due to the upward flow in the pro- 
peller plane, which in turn shows up predominantly in 
the 1st harmonic. This, in conjunction with a large 1st 
harmonic amplitude of the longitudinal velocity, will 
result in a shaft-frequency vibration when some im- 

N 

p = o  
T = A ,  cos (PO + + p )  

N c fkz cos ( k ~ w t  - + k z )  
k = O  

(31) 

N 

&(t) = k = O  c Q k z  cos ( k z w t  - < k z )  (32) the values. 

Similar relations can be found for the bending mo- 
ment (Hadler, et  al, 1965). This analysis leads to the 
following conclusions: 

(a) The unsteady thrust and torque are only deter- 
mined by the terms of the Fourier decomposition that 
are integer multiples of the number of blades. 

and horizontal side forces, F,, F,, are determined by 
the (kx + 1)th and (kx - 1)th terms of the Fourier 
series a t  integer multiples of blade frequency. 

for the number of 
blades ranging from 3 to 6 .  Note that this table gives 
the harmonic components of the axial wake field that 
contribute to the unsteady forces. It does not give the 
frequencies of the unsteady forces. 

In this way one may obtain a judicious choice of the 
number of blades, 2. Of course, the above analysis is 
only a simple approximation, but Hadler (1965) showed 
that this approach worked well for a few cases. 

Apart from the number of blades, the harmonic 
wake content determines the unsteady forces. This 
content and the amplitude of Fourier components de- 
pend on the hull form and possibly on speed. Hadler, 
et  a1 (1965) drew the following conc~usions on the basis 
of their results: 

(b )  The unsteady bending moments, Mz, My, vertical perfections exist in the blade geometry which will 
hydrodynamic unbalances. 

(e) In general, for minimizing the cavitation and vi- 
bration problems, the open-type stern, i.e., transom 
stern with struts supporting the shaft, is superior to 
the conventional type for the single-screw ship. 

(f) The rudder may have an effect on the mean lon- 
gitudinal velocity but does not have an appreciable 
effect on the derived quantities. 

(g )  The effect of variations in speed appears to be 
small. 

(h) The effect of propeller location in the aperture 
can be important. 

(i) Changes in displacement and trim may result in 
large variations in wake patterns and, consequently, 
in the cavitation and vibration characteristics. 

In this respect the conclusions of Van Manen (1965) 
may also be mentioned. H~ notes (based on tests with 
some 40 different ship models) that for prismatic coef- 

summarizes these 

Table 2-Influence of Harmonic Wake  Components on unsteady Forces and 
Moments. 

Harmonic Components 

2 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
3 x  X X X X X X 

X X X X X 
T , G  ;; X X X X 

6 x  X X X 

3 x x  x x  x x  x x  x x  x x  x x  

6 x  X X X X X X 

X X X X X X X 
My, F, 5 x X X X X X X X 
Mx, Fz 4 x x x 
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I 8 L. 
I 

Fig. 19 Dependence of wake distribution 

ficients of the aft  body between 0.73 and 0.79 in con- 
junction with four-bladed propellers there is an 80 
percent probability that the first harmonic of the 
torque fluctuation will be 6.5 percent of the mean 
torque. Also the first harmonic of the thrust fluctua- 
tions is 10 percent of the mean thrust. For a five-bladed 
propeller these percentages are 1.5 and 2 percent re- 
sepectively. Deviations larger than 2 percent did not 
occur on any tested model. Van Manen also noted that 
fine-ended vessels such as warships can have substan- 
tially greater fluctuations. 

The unsteady forces on the propeller blades and the 
possible occurrence of cavitation will also lead to fluc- 
tuating pressures on the ship hull. This problem may 
be more severe than the fluctuating forces on the pro- 
peller axis and bearings. For a detailed investigation 
the work of Van Oossanen, et  a1 (1972) may be men- 
tioned. 

Naturally one would want to know the detailed wake 
field once the lines plan has been established or at 
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least the amplitude of the different harmonic once the 
main particulars of the ship have been determined. 
Also with this knowledge designers could make alter- 
ations in hull form to accommodate certain require- 
ments. 

Large efforts have been made towards the solution 
of the equations of motion of a turbulent viscous fluid 
to determine theoretically the expected wake distri- 
bution. The numerical problems encountered and the 
computer time required have until now prohibited the 
adequate solution of the problem. For a summary of 
present activities and for a summary of relevant lit- 
erature reference is made to the report of the Resist- 
ance Committee of the ITTC (1984). 

Experimentally a number of authors have tried to 
correlate hull form and wake distribution. Van Gent, 
et  a1 (1973) undertook an analysis, similar to the above- 
mentioned one of Hadler, of the wake field of large 
tankers with block coefficients between 0.82 and 0.85. 
Results for the lower harmonics for five tankers with 
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I Propulsion J. D. van Manen 
P. van Oossanen 

Section 1 
Powering of Ships 

1.1 Historical. A moving ship experiences resist- 
ing forces from the water and air which must be over- 
come by a thrust supplied by some thrust-producing 
mechanism. In the earliest days this consisted of man- 
ually-operated oars, which gave place in turn to  sails 
and then mechanical devices such as jets, paddle- 
wheels and propellers of many different forms (Todd, 
1946).' 

The earliest propulsive device to use mechanical 
power seems to have been of the jet type, using a 
prime-mover and a pump, patents for which were 
granted to Toogood and Hayes in Great Britain in 1661. 
Water is drawn in by the pump and delivered stern- 
wards as a jet at a higher velocity, the reaction pro- 
viding the thrust. At the speeds so far attained by 
ships, the jet is materially less efficient than other 
forms of propellers, and its use has been restricted to 
special types of craft. 

In 1801 there appeared the first steam-driven side- 
paddle ship, the Charlotte Dundas; built by Syming- 
ton for service on the Forth-Clyde Canal in Scotland. 
Six years later came the famous Clermont, con- 
structed by Robert Fulton for passenger service on 
the Hudson River in New York. 

The period from this time until about 1850 was the 
heyday of the paddle steamers. The first of them to 
cross the Atlantic was the American Savannah in 
1819-a full-rigged ship with auxiliary steam power- 
and then followed a line of familiar names, including 
the Canadian Royal William, the famous first Cun- 
arder Britannia in 1840, culminating in the last Cun- 
ard liner to be driven by paddles, the Scotia, in 1861. 

These side paddle-wheels were far from ideal for 
sea-going ships. The immersion varied with ship dis- 
placement, the wheels came out of the water when the 
ship rolled, causing erratic course-keeping, and they 

Complete references are listed a t  end of chapter. 

rine engineer's point of view, they were too slow-run- 
ning, involving the use of large, heavy engines. 
Because of the slow rate of turning they were rea- 
sonably efficient as a propulsive device, but their other 
operational weaknesses ensured their rapid decline 
from popularity once the screw propeller was proved 
to be an acceptable alternative. They have had a useful 
field among pleasure steamers and tugs plying in riv- 
ers and other protected waters. In such craft the draft 
does not change much and restrictions of draft due to 
shallow water prohibit the use of large screw propel- 
lers. Side paddles also give good maneuvering char- 
acteristics, but these latter can now be obtained by 
other means of propulsion which do not suffer from 
the drawbacks of paddle-wheels. 

Paddles have also been fitted at the sterns of many 
ships, as in the well-known river boats on the Missis- 
sippi and other American rivers. Such "stern-wheel- 
ers" are still in use, mainly as passenger carriers. 

The first proposal to use a screw propeller appears 
to have been made in England by Hooke in 1680, and 
its first actual use is generally attributed to Colonel 
Stevens in a steam-driven boat at New York in 1804. 
In 1828 a vessel 18 m (60 ft) long was successfully 
propelled by a screw propeller designed by Ressel, of 
Trieste, obtaining a speed of 6 knots, but this success 
was not followed by the Trieste engineers or ship- 
owners (Baker, 1944). The first practical applications 
came in 1836 by Ericsson in the US. and Pettit Smith 
in England. 

The screw propeller has many advantages over the 
paddle-wheel. I t  is not materially affected by normal 
changes in service draft, it is well protected from dam- 
age either by seas or collision, it does not increase the 
overall width of the ship, and it can be made to run 
much faster than paddles and still retain as good or 
better efficiency so that smaller, lighter, faster-running 
engines can be used. I t  rapidly superseded the paddle- 
wheel for all ocean-going ships, the first screw-pro- 
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pelled steamer to make the Atlantic crossing being the 
Great Britain in 1845. 

From that time the screw propeller has reigned su- 
preme in the realm of marine propulsion. I t  has proved 
extraordinarily adaptable in meeting the incessant 
quest for propellers to deliver more and more thrust 
under increasingly arduous conditions. While other de- 
vices have been adopted for certain particular types 
of ships and kinds of service, the screw propeller still 
has no real rival in the field of ship propulsion. 

Among the more common variants of the propeller, 
the use of a shroud ring or nozzle has been shown to 
have considerable advantages in heavily loaded pro- 
pellers, the ring or nozzle being shaped so as to deliver 
a forward thrust to the hull. The principal advantage 
is found in tugs, where the pull a t  the bollard for a 
given horsepower may be increased by as much as 40 
percent or more as compared with that given by an 
open propeller. At low towing speeds, a considerable 
advantage is still found, but this disappears with in- 
creasing speed, and when free-running the drag of the 
nozzle results in a loss of speed. In ships other than 
tugs, the advantage can be extended to higher speeds 
by using thinner nozzles, with some loss of thrust at 
the low speeds, and such arrangements in association 
with special forms of stern lines have been claimed to 
give good propulsive efficiencies. Good maneuverabil- 
ity can be obtained in such craft by arranging for the 
nozzle to swivel, and so act as a very efficient rudder 
by controlling the direction of the propeller race. 

Another type of propeller was used in the USS 
A l u m  as long ago as 1874 (Goldsworthy, 1939). This 
ship carried a fixed bow gun and had to be turned to 
aim the gun. To keep the ship steady in a tideway, 
where a rudder would be useless, a feathering paddle- 
wheel rotating about a vertical axis, invented by Fow- 
ler in Great Britain in 1870, was fitted at the stern, 
completely submerged (White, 1882). It was quite suc- 
cessful as a means of maneuvering the ship, but its 
propulsive efficiency was low. The modern version of 
this propeller consists of a large disk set flush with 
the lower surface of a flat counter and carrying a 
number of projecting vertical blades rather resembling 
spade rudders. As the disk revolves about a vertical 
axis, each of these blades turns about its own vertical 
axis, being so adjusted to the flow that the total thrust 
from all the blades is concentrated in one direction. 
This resultant “thrust-direction” can be controlled by 
varying the blade motions, so as to drive the ship 
ahead, astern or sideways. The device therefore lends 
itself essentially to craft which need to have great 
ability to maneuver. It also enables the equivalent of 
a large diameter, orthodox propeller to be fitted to 
ships which have to operate in shallow water, and the 
propeller can be driven through gearing by relatively 
light, high-speed diesel engines. Although its efficiency 
is not as high as that of the orthodox propeller, and 
its maintenance is probably more costly, the foregoing 

advantages have resulted in many applications to river 
steamers, tugs, and ferries. The vertical axis propeller 
is discussed further in Section 10.5. 

1.2 Types of Ship Machinery. In selecting the pro- 
pelling machinery for a given vessel, many factors 
must be taken into consideration, such as the weight, 
the space occupied, its first cost, reliability, length of 
life, flexibility and quietness of operation, cost of up- 
keep, cost of fuel consumed and last, but not least, its 
suitability for the type of propeller to be used. I t  is 
beyond the scope of this text to consider all the various 
drives which have been developed to meet these fac- 
tors, but a brief review of their advantages and dis- 
advantages will not be out of place. 

The reciprocating steam engine with two, three, or 
four cylinders dominated the field of ship propulsion 
until about 1910. Since then it has been almost entirely 
superseded by the steam turbine in the very high and 
intermediate-power ranges, and by the diesel engine 
in intermediate and low ranges. 

The steam reciprocating engine has exceptional con- 
trollability at all loads, is easily reversed (an important 
consideration in ships) and its most efficient range of 
revolutions per minute (RPM) matches that of the 
screw propeller. On the other hand, the complete plant 
is relatively heavy, occupies much space, and the out- 
put of power per cylinder is limited. Also, the steam 
cannot be expanded effectively to the low pressures 
obtainable in modern condensing apparatus, so that 
the fuel consumption is rather high, an average figure 
for a triple-expansion engine utilizing superheated 
steam being about 0.70 kg of oil per kWhr (1.15 lb per 
hphr). 

The first marine turbine was installed by Sir Charles 
Parsons in the Turbinia in 1894, a torpedo boat which 
attained a speed of 34 knots. Thereafter turbines made 
rapid progress and by 1906 were used to power the 
epoch-making battleship HMS Dreadnought and the 
famous Atlantic liner Mauretania. 

The turbine delivers a uniform turning effort, is em- 
inently suitable for large-unit power output, and can 
utilize very high-pressure inlet steam over a wide 
range of power to exhaust at very low pressures. The 
thermal efficiency is consequently reasonably high and 
the fuel consumption of large turbines is as low as 
0.30 kg of oil per kWhr (0.49 Ib per hphr). Under over- 
load conditions a turbine delivers approximately con- 
stant power for a given throttle setting. 

On the other hand, the turbine is nonreversible and 
its rotational speed for best economy is far in excess 
of the most efficient rpm of usual propeller types. 
These drawbacks make it necessary to install separate 
reversing turbines and to insert gears between the 
turbines and the propeller shaft to reduce the speed 
of the latter to values more suitable to the propeller. 

The mechanical geared drive has been used most 
widely up to the present. I t  permits the operation of 
engine and propeller at their most economical speeds 
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with a power loss in the gears of only 2 to 4 percent. 
A separate astern turbine is still required, which adds 
to cost, complexity, and power loss. 

The reduction in RPM between turbine and propeller 
shaft can also be attained by electrical means. The 
turbine in such an installation is directly coupled to a 
generator, both running at the same high speed for 
efficient operation. The generator supplies a motor di- 
rectly mounted on the propeller shaft, driving the lat- 
ter at the RPM most desirable for high propeller 
efficiency. This system eliminates any direct shafting 
between turbines and propeller, and so gives the naval 
architect greater freedom in laying out the general 
arrangement of the ship to best advantage. In twin- 
screw ships fitted with two sets of turboalternators, 
considerable economy can be achieved when using half 
power, such as when a passenger ship is cruising, by 
supplying both propulsion motors from one turbine. 
The turboelectric drive also eliminates the reversing 
turbine, gives great flexibility and rapidity of maneu- 
vering, and prevents racing of the propeller. 

These advantages are gained, however, at the ex- 
pense of rather high first cost and somewhat greater 
transmission losses. 

Internal-combustion engines used for ship propul- 
sion are generally reciprocating engines operating on 
the diesel’ principle (compression ignition) which have 
taken their name from the man who first developed 
them for practical use. They are built in all sizes, from 
those fitted in small pleasure boats to the very large 
types fitted in modern supertankers and passenger 
liners. The engines in the latter ships develop over 
2500 kW per cylinder, giving output as high as 30,000 
kW in 12 cylinders (40,200 hp). They are directly re- 
versible, occupy relatively little space, and have a very 
low fuel consumption, an average figure being around 
0.20 kg of oil per kWhr (0.328 lb per hphr). They are 
used in large single units directly coupled to the pro- 
peller or in sets of small units driving the propeller 
through electric or gear transmissions. Opposed to 
these advantages are the facts that diesel engines are 
usually heavier and more expensive, both in first cost 
and in upkeep than steam plants of corresponding size. 

The torque produced by a diesel engine is limited by 
the maximum pressure that may be developed in each 
cylinder. Therefore, when the engine is producing max- 
imum torque, it produces maximum power only at max- 
imum rpm. Consequently a diesel may produce a power 
directly proportional to the RPM for any throttle set- 
ting. 

This limitation leads to the problem of matching a 
diesel engine and a propeller. The resistance will in- 
crease with time because of fouling and the propeller 
thrust decreases for the same reason. Therefore the 

* After Rudolf Diesel, a German engineer (1858-1913). 

load on the prime mover will increase to maintain the 
same speed. This requires the designer to select the 
adequate propeller particulars (such as pitch) so that 
later, in the life of the vessel, the engine does not 
become overloaded or that it never produces its full 
capabilities, see Kresic et  a1 (1983). 

More recently, gas turbines have been developed in 
which the fuel is burned in compressed air and the 
resulting hot gases passed through the turbine. The 
gas turbine originated in aeronautical applications, and 
its progress has depended mostly upon the develop- 
ment of metals which could withstand the high pres- 
sures and temperatures. It has the advantages of 
dispensing with boilers, being light in weight and giv- 
ing a smooth, continuous drive. I t  is expensive in the 
quantity of fuel burned. One good operational char- 
acteristic is that it can quickly be brought on to full 
load without a long, warming-up period, some 15 min 
usually being sufficient after the warning to “raise 
steam” from cold. Marine gas turbines were fitted to 
a small number of merchant ships. But they are now 
frequently used in naval ships, sometimes associated 
with a diesel, steam turbine or smaller gas turbine. 
The latter are used for general cruising purposes, and 
the gas turbine is available at little or no notice when 
there is a demand for full power, both plants being 
connected to a common propeller shaft by clutches and 
gearing. The principal marine application so far has 
been to small and large destroyers and frigates and 
to smaller, high-speed craft, such as patrol craft and 
hydrofoils. 

Nuclear reactors have been installed on many naval 
ships and in a few merchant ships and ice breakers. 
They replace the boilers being used, through a heat 
exchanger, to raise steam which is then passed to a 
turbine in the normal way. They-also eliminate most 
of the weight and volume of fuel oil. The reactor can 
operate a t  full load indefinitely during the life of the 
charge of nuclear fuel, which enables the ship to main- 
tain high speed at sea without carrying a large quan- 
tity of consumable fuel. The weight saved, however, 
cannot as a rule be devoted to increase dead-weight 
earning capacity, for the weight of reactor and shield- 
ing will equal or exceed that of the boilers and fuel 
for the normal ship. 

1.3 Definition of Power. The various types of ma- 
rine engines are not all rated on the same basis, in- 
asmuch as it is inconvenient or impossible to measure 
their power output in exactly the same manner. Steam 
reciprocating engines are usually rated in terms of 
indicated power ( PI),  internal-combustion engines in 
terms of indicated power or brake power (PB), and 
turbine in shaft power (Ps). The term horsepower is 
still sometimes used, where 1 hp = 0.7457 kW. In 
English units 1 hp = 550 ft-lb per sec. 

Indicated power is measured in the cylinders by 
means of an instrument (an indicator) which records 
continuously the steam or gas pressure throughout 
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the length of the piston travel. From the resultant 
indicator card the mean effective pressure is measured 
and PI is calculated for top end and bottom end sep- 
arately: 

P, = 

where 

P M  is 
L is 
A is 
n is 

mean effective pressure, kN/m2 
length of piston stroke, m 
effective piston area, sq m 
number of working strokes per sec 

The total PI of the engine is found by adding those 
calculated separately for all the cylinders. 

Brake power is the power measured a t  the crank- 
shaft coupling by means of a mechanical, hydraulic or 
electrical brake. I t  is determined by a shop test and is 
calculated by the formula 

PB = 2nQn in kW 
where 

Q is brake torque, kN-m 
n is revolutions per sec 

Shaft power is the power transmitted through the 
shaft to the propeller. It is usually measured aboard 
ship as close to the propeller as possible by means of 
a torsionmeter. This instrument measures the angle 
of twist between two sections of the shaft, which angle 
is directly proportional to the torque transmitted. For 
a solid, circular shaft the shaft power is given by 

where 
d, = 
G =  

e =  
L, = 

n =  

shaft diameter, m 
shear modulus of elasticity of shaft ma- 
terial. kN/m2 
measured angle of twist, deg 
length of shaft over which 8 is measured, 
m 
revolutions per sec 

The shear modulus G for steel shafts is usually taken 
as 8.35 x lo7  kN/m2. 

For exact results, particularly with bored shafting, 
it is customary to calibrate the shaft by setting up the 
length of shafting on which the torsionmeter is to be 
used, subjecting it to known torques and measuring 
the angles of twist, and determining the calibration 
constant K = Q Ls /8  Ps can then be calculated di- 
rectly from any observed angle of twist and revolu- 
tions per second as 

e 
LS 

P, = K x - x 2 n n  

There is some power lost in the stern tube bearing 

and in any shaft tunnel bearings between the stern 
tube and the site of the torsionmeter. The power ac- 
tually delivered to the propeller is therefore somewhat 
less than that measured by the torsionmeter. This de- 
livered power is given the symbol PD. 

As the propeller advances through the water a t  a 
speed of advance VA, it delivers a thrust and the 
thrust power is 

P,= TVA 
Finally, the effective power is 

PE = RV 
1.4 Propulsive Efficiency. The efficiency of an en- 

gineering operation is generally defined as the ratio 
of the useful work or power obtained to that expended 
in carrying out the operation. 

In the case of a ship the useful power obtained is 
that used in overcoming the resistance to motion at a 
certain speed, which is represented by the effective 
power PE. 

The power put in to achieve this result is not so 
easily defined. In a ship with reciprocating engines, it 
can be measured by the power developed in the cyl- 
inders themselves as given by the indicated power, PI. 
The overall propulsive efficiency in this case would be 
expressed by the ratio PE/PI.  

In the case of turbines it is usual to measure the 
power in terms of the shaft power delivered to the 
shafting abaft the gearing, and the overall propulsive 
efficiency is PE/Ps. 

Since mechanical efficiencies, gear losses and shaft- 
transmission losses all vary from ship to ship, accord- 
ing to the type of machinery and general layout, and 
even in a given ship with the load a t  which the ma- 
chinery is operating at a particular time, it is difficult 
to define the hydrodynamic efficiency of a hull-propel- 
ler combination in terms of such an overall propulsive 
efficiency. 

A much more meaningful measure of efficiency of 
propulsion is the ratio of the useful power obtained, 
PE, to the power actually delivered to the propeller, 
PD. This ratio has been given the name quasi-pro- 
pulsive coefficient, and is defined as 

The shaft power is taken as the power delivered to the 
shaft by the main engines aft of the gearing and thrust 
block, so that the difference between P, and PD rep- 
resents the power lost in friction in the shaft bearings 
and stern tube. The ratio PD/Ps is called the shaft 
transmission efficiency. 

In this text, the propulsive efficiency is defined as 
follows: 
Propulsive efficiency = quasi-propulsive coefficient 

times shaft transmission efficiency 
or 
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or 

V P  = q D  x V S  

The shaft transmission loss is usually taken as about 
2 percent for ships with machinery aft and 3 percent 
for those with machinery amidships, but no very exact 
information exists on this point. It must be remem- 
bered also that when using the power measured by 
torsionmeter, the answer will depend on the position 

(2) 

of the meter along the shaft. To approach as closely 
as possible to the power delivered to the propeller, it 
should be as near to the stern tube as circumstances 
permit. I t  is often assumed that qs  = 1.0. 

The necessary brake power or indicated power in 
the turbines, diesel or steam-reciprocating engine, as 
the case may be, can be estimated in a particular design 
from the proper values of gear efficiency, mechanical 
efficiency and load factors. Values of these will be 
found in textbooks, handbooks and papers on marine 
engineering. 

Section 2 
Theory of Propeller Action 

2.1 Momentum Principle. Propellers derive their 
propulsive thrust by accelerating the fluid in which 
they work. This action is in accordance with Newton’s 
laws of motion, which state that force is required to 
alter the existing state of motion of any material body 
in magnitude or direction, and that the action of any 
two bodies upon one another is equal and opposite. 

Newton’s first law is expressed by the equation 
dv F = m -  
d t  (3) 

where 
F = force exerted on body 
m = mass of body 
dv _ -  - resulting acceleration of body 
dt 

Integrating between 0 and t seconds, we get 

[ Fdt = mv2 - mv,  (4) 

where v ,  and v2 are the velocities at  the beginning and 
end of the time interval. 

The expression 

Fdt 

is called the impulse of the force in the time interval 
zero to t, and the product of mass and velocity is called 
the momentum. The equation states that the impulse 
of the force in a given time interval is equal to the 
whole change in momentum produced by the force 
during this interval. In the special case when F is 
constant during the time interval, Equation (4) reduces 
to 

Ft = mv2 - mv, 

Furthermore, when the time interval is 1 see, 

F = mv2 - m v ,  
Hence in the case of a constant force the change in 

momentum in unit time is equal to the force which 
produced it. 

Momentum and impulse are vector quantities, and 
to determine the direction and magnitude of the final 
velocity when the direction and magnitude to the force 
and of the initial velocity are given, the rules of vector 
composition must be applied. 

2.2 General Discussion of Propeller Theories. The 
physical explanation of propeller action can be stated 
in rather simple terms, as shown in the preceding sec- 
tion, but the precise mathematical analysis presents 
considerable difficulties. As a result a satisfactory pro- 
peller theory which could explain all the observed facts 
and be useful for practical calculations was not de- 
veloped until comparatively recent times. 

The early propeller theories followed two indepen- 
dent lines of thought. In the first of these, the mo- 
mentum theories, the production of thrust was 
explained entirely by momentum changes taking place 
in the fluid. In the second, the blade-element theories, 
the propeller thrust was obtained by analyzing the 
forces acting on the various sections of the blades and 
then integrating these over the propeller radius. 

The momentum theories were based on correct fun- 
damental principles, but gave no indication of the pro- 
peller form which would produce the calculated thrust. 
The propeller was idealized as an “actuator disk” or 
some similar conception, which could cause an instan- 
taneous increase in pressure in the fluid passing 
through it. They led, however, to the important con- 
clusion that the efficiency of an ideal propeller has an 
upper limit which varies with the loading. The blade 
element theories, on the other hand, were capable of 
predicting the effects of various changes in propeller 
form, but led to the incorrect result that the efficiency 
of an ideal propeller was unity. 

The difference between the two groups of theories 
was not dispelled until the circulation theory developed 
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by Lanchester in aerodynamic research was applied to 
the propeller problem by Betz and Prandtl. This theory 
showed the relation between the momentum changes 
in the medium and the forces acting on the blade ele- 
ments, and its subsequent development finally led to 
the point where it is not only in good agreement with 
experimental results but also is flexible enough for 
practical design work. 

2.3 The Momentum Theory of Propeller Action. The 
momentum theories were originally due to Rankine 
(1865), Greenhill (1888) and Froude, R. E. (1889). In 
the ideal conception of the propeller, it is regarded as 
a “disk” or mechanism capable of imparting a sudden 
increase of pressure to the fluid passing through it, 
the method by which it does so being ignored. 

It is assumed that: 
( a )  The propeller imparts a uniform acceleration to 

all the fluid passing through it, so that the thrust 
thereby generated is uniformly distributed over the 
disk. 

( b )  The flow is frictionless. 
(c) There is an unlimited inflow of water to the pro- 

peller. 
The first assumption involves a contraction of the 

race column passing through the disk, and since this 
contraction cannot take place suddenly a t  the disk, the 
actual acceleration must occur outside the disk and be 
spread over a finite distance fore and aft. 

Consider a propeller disk of area A, advancing with 
uniform velocity V, into undisturbed fluid. The hydro- 
dynamic forces will be unchanged if we replace this 
system by a stationary disk in a uniform flow of the 
same velocity V,, as shown in Fig. 1. 

i PRES~URE p, 
..-.. I.-- 
-_ 

Fig. 1 Changes in pressure and velocity at propeller disk, momentum 
theory 

At the cross section 1, some distance well ahead of 
the disk, the velocity of the flow is V, and the pressure 
in the fluid is pl .  Well behind the screw, a t  section 3, 
the race column, i.e., the fluid which has passed 
through the screw disk and been acted upon by the 
pressure or thrust-producing mechanism there, will 
have some greater sternward velocity, which we may 
write as V, (1 + b) .  The fluid must acquire some of 
this increased velocity before it reaches the disk, and 
the velocity through it, a t  section 2, will be greater 
than V,, and we may write it as V, (1 + a), where a 
is an axial-inflow factor. 

The pressure in the race column, which is p 1  well 
ahead of the disk, will be reduced as the fluid ap- 
proaches the disk, since by Bernoulli’s law an increase 
in velocity is accompanied by a decrease in pressure. 
At the disk, the pressure is suddenly increased by some 
unspecified mechanism to some value greater than p 1, 

and then decreases again with the further acceleration 
in the race. If section 3 is so far aft of the disk that 
the contraction of the race may be assumed to have 
ceased, and if there is no rotation in the race, the 
pressure in the race at  section 3 will be p , ,  equal to 
that in the fluid outside the race. 

The quantity of water passing through the disk in 
unit time will be 

Q = V,(1 + a)A, 
Neglecting any effect of rotation which may be im- 

parted to the fluid, the change of momentum in unit 
time is 

p 4 W A l  + b) - V,l 
and this must be equal to the thrust T on the disk. 
Hence 

T = pQV,b 

= PA,( VJ“1 + a)b (5) 

The total work done per unit time (or the power 
expended) is equal to the increase in kinetic energy of 
the fluid, since we are neglecting friction, and if there 
is no rotation of the race the increase in kinetic energy 
in unit time is given by 

= p&(V,)2b (1 + b / 2 )  

= TV, (1 + b / 2 )  
This increase in kinetic energy has been provided by 

the work done on the water by the thrust, which is 
TV, (1 + a) in unit time. 

Hence we have 
TV, (1 + a) = TV, (1 + b / 2 )  
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or 
a = b / 2  

That is, one half of the sternward increase in velocity 
is acquired by the fluid before it reaches the disk. 

The useful work obtained from the screw, i.e., the 
work done upon the disk, is TVA, and so the power 
lost in the screw is 

TVA (1 + a )  - TVA = TVA.a 

= TvA.b/2 
The ideal efficiency q r  will be 

useful work obtained 
work expended 

= TV'/TVA (1 + a )  

771 = 

= 1/(1 + a)  (6)  
For many purposes, it is convenient to express 

the velocity increase bVA or, as we may also call it, 
the slip velocity, as a fraction of the speed through 
the fluid, VA. Denoting this slip ratio by s, we have 

S = b V A / v A  = b = 2 a  
Hence3 

1 n 

(7) 
L - 1 -- 

l + s / 2  2 + s  771 = 

Also, from Equation (5) and putting a = b / 2, we find 
T = PA,( VA)z (1 + b / 2 ) b  

= PA,( VA)z (1 + ~ 1 2 ) ~  

If the thrust loading coefficient is defined as 
rn 

In some texts, slip ratio s is defined as the ratio of the increase 
of the velocity in the race, bVA, to the final velocity in the race, 
( V, + bVA). In this case, 

bvA - b 
V A +  bVA 1 + b 

-- s =  

whence 

b s 
2 2(1 - s) 

a = - = -  

The ideal efficiency is then 

Eliminating s from (7) and (9), we find 

(10) 

This equation is of great practical importance, since 
it furnishes a simple criterion for the comparative ef- 
ficiencies of different propellers. It shows that a pro- 
peller working at a high load coefficient C, is less 
efficient than one working at a low coefficient: 

2 
77r = 

1 + (C, + 1)k 

CT 1 2 3 4 
qr 1.00 0.827 0.732 0.667 0.618 
It follows that the propeller with the largest disk 

area is in general the most efficient, other things being 
equal. 

When the speed of advance is zero, the efficiency is 
also zero, but the propeller still delivers thrust and 
absorbs power. The relation between thrust and power 
at zero speed of advance can be derived for an ideal 
propeller. 

The power P will be given by 
useful work obtained 

ideal efficiency P =  

+ (" + 'I' [from Equation (lo)] 
2 = TVA x 

When VA is very small CT will be very large in com- 
parison with unity, and we can write approximately 

P = TVA x - 
2 

Putting 
T CT = 

;PA,( vA)z 

this reduces to 

The value applies to an ideal propeller, but for an 
actual propeller it is much smaller. The value can be 
easily determined by a dock trial and serves as a con- 
venient measure of the relative thrusting ability of 
various propellers at zero speed. 

The Momentum Theory, Including Angular Mo- 
tion. In the simple momentum theory developed in 
the preceding section, the actuator disk was assumed 
to be capable of accelerating the fluid only in an axial 
direction. If we now assume a disk propeller which is 
capable of accelerating the fluid both axially and ro- 
tationally, we have the idealized form of the screw 
propeller. 

2.4 
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For angular motion there exists a momentum theo- 
rem similar to that for linear motion. If Q is the torque 
or moment of a force acting on a body about an axis 
of rotation 0, Ip  the mass polar moment of inertia of 
the body with respect to 0, and d d d t  the resulting 
angular acceleration of the body, then the equation 
equivalent to (3) is 

Q = I p d o / d t  
or 

Qdt  = I p d o  
Qd t  is the angular impulse and Ipdw the change in 
angular momentum, and the equation states that the 
angular impulse is equal to the change in angular 
momentum. 

If we consider now a time interval of 1 see during 
which the torque remains constant, the equation can 
be integrated to give 

Q = IAwz  - 01) (11) 
where o, and o2 are the initial and final angular ve- 
locities. 

To develop an expression for the efficiency of an 
ideal screw propeller with rotation of the race, we 
assume that the fluid has a translational velocity V, 
far ahead of the propeller and no rotational velocity, 
i.e., o, = 0. The disk has a rotational velocity of o, 
and in passing through it the fluid will acquire some 
angular velocity in the same direction as the disk. Well 
behind the screw, the race will have a translational 
velocity VA(l + b), as before, and a rotational velocity 
02, which we may write, by analogy, in the form 

o2 = o ( 1  - b ' )  
Some of this rotational velocity will be acquired by 

the fluid before it enters the screw disk, just as in the 
case of the sternward acceleration, and we can define 
a rotational inflow factor a' similar to the axial inflow 
factor a. The angular velocity of the disk relative to 
the water will be reduced in consequence from o to 
o ( 1  - a') .  

The total kinetic energy in the race will be increased 
by the energy of rotation, so that the effect will be to 
reduce the ideal efficiency. 

Both velocity components impressed on the fluid are 
assumed to be uniformly distributed over the disk. 
Dividing the latter into concentric annular elements of 
width d r  and area dA,, and assuming each element 
works independently of all the others, the thrust d T  
developed by any element is given, by analogy with 
Equation (5) as 

d T  = pdA0(VA) ' (1  + a ) b  

= pdA,,(VA)z(l + b / Z ) b  
The torque d Q  absorbed by the element is, by Equa- 

tion (ll),  

d Q  = d l p ( 0 ,  - 0) 

= d M r 2 w ,  
where 

d M  = mass of fluid passing through area d A ,  

d l ,  = moment of inertia of dM 
in unit time = pdA,V,(l + a)  

and 
r = radius of annular element 

Thus 
d Q  = pdAoV,(l  + u)r2w2 

The useful work performed by the element is d T v A .  
The power absorbed by the element is d Q o ,  which 
must be equal to the sum of the useful work and the 
energy losses. The kinetic-energy loss in translation 

= ;dM(bvA) '  

= i d T b V ,  

since 
dM x bV,  = change of momentum in fluid 

= d T  
The kinetic-energy loss in rotation 

= $dIp(wz) '  = i d Q o ,  

The energy-balance equation then gives 

dQw = d T v A  + $ d T b v A  -t i d Q w 2  

or 
d T v A  (1 + b I 2 )  = d Q  (O - 0 , / 2 )  

This shows that one half of the angular velocity is 
acquired by the fluid before it enters the disk, and by 
definition w , / 2  = a'o, so that 

d T v A ( l  4- a) = d Q o ( 1  - a')  
remembering that a = b 12. 

The efficiency of the element is 
useful work performed 

' I  = power absorbed 
= d T V , / d Q o  
= ( 1  - a ' ) / ( l  + a )  (12) 

The ideal efficiency for the simple actuator disk is 
Equation (6), 

' 1  = 1 / ( 1  + a)  
The factor ( 1  - a ' )  is always less than unity. It can 
be shown that Equation (12) is not only the ideal ef- 
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I 

Fig. 2 Propeller-blade definitions 

ficiency of the blade element, but also the expression 
for the ideal efficiency of a screw propeller having the 
minimum kinetic-energy losses (Bienen, et al, 1924). It 
follows that the efficiency of an ideal screw propeller 
is less than that of an actuator disk propeller by the 
fraction (1 - a') or 

(0 - 0 , / 2 ) / 0  
2.5 Blade Element Theory of Screw Propeller. In 

the momentum theories of previous sections, the pro- 
peller was considered as a mechanism for increasing 
the momentum of the race, but no attempt was made 
to explain how this was done. 

In the blade-element theory, the propeller is consid- 
ered to be made up of a number of separate blades, 
which in turn can be divided into successive strips 
across the blades from leading to trailing edge, Fig. 
2. The forces acting on each strip are evaluated from 
a knowledge of the relative velocity of the strip to the 
water and the characteristics of the section shape. The 
elementary forces are then resolved into the elements 
of thrust dT in the forward direction and of torque dQ 
in the plane of propeller rotation. By plotting curves 
of dT and dQ along the blade from boss to tip, Fig. 3, 
curves of thrust and torque loading are obtained which 
on integration will give the total thrust T and torque 
Q on the whole propeller. The efficiency is then 

rv, 
yo = - 2 r n Q  

The force on a blade section set at an angle of in- 
cidence to the flow can be resolved into two compo- 
nents, the lift L and drag D, respectively, normal to 
and along the line of incident flow, Fig. 4. 

The angle between the face of the section and the 
incident flow is the angle of incidence a. 

The forces are usually expressed in the form of non- 
dimensional coefficients: 

L 
Lift coefficient, C, = ___ 

$ p A V n  

D 
Drag coefficient, C, = - 

$ p A V 2  

where 

p is mass density of fluid 
A is area of plan form of section 

V is velocity of incident flow 
= (chord x span) for rectangular shapes 

The efficiency of the section as a lifting device is 
measured by the ratio 

Lift - - cL - Utan y (see Fig. 4) 
Drag D C, 

The basic data on lift and drag are generally derived 
from tests with airfoils of constant cross-section in 
wind tunnels. These foils are arranged in the test sec- 
tion of the wind tunnel so that they span the section. 
In this way the measured lift and drag forces a t  var- 
ious angles of attack are representative of the so-called 
two-dimensional case corresponding to a foil with in- 
finite span, for which the distribution of the lift and 
drag force along the span is uniform. 

A common airfoil shape used today is the NACA 66 
(modified) thickness distribution, superimposed on the 
NACA, a = 0.8, mean line. Coordinates of these thick- 
ness and mean line distributions are given in Table 30. 
This modification of the NACA 66 section has been 

-+ 
\ 1 \ 

I 
I 

r = 0 7 R ( APPROX) 
R. II It _. __ 2 - - ~~ 

Fig. 3 Blade-loading curves 

-+r 
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Fig. 4 Forces on a blade section 

published by Brockett (1966). Fig. 5 shows the meaning 
of the symbols used in Table 1. 

When the results of tests on such sections are plot- 
ted, a number of interesting points emerge, Fig. 4: 

(a) The lift coefficient C, for small angles of incidence 
is a linear function of the angle of incidence a. 

(b)  At some larger value of a the lift coefficient 
ceases to increase Iizearly with a. 

(c) Zero lift does not occur a t  zero incidence, but at 
a small negative angle, called the angle of zero lift, 
a,. This is equal to -2 deg in Fig. 4. We can thus 
draw a zero lift line from the tail passing above the 
pitch face at an angle a, such that when the incident 
flow is along this line there will be no lifting force 
exerted on the section normal to the flow. When the 
angle of incidence to the pitch face is a, the hydro- 
dynamic angle of incidence a, is given by 

a, = Q g  + a 
(d) The drag coefficient remains small and more or 

less constant for small angles of incidence, but when 
the lift coefficient begins to fall off, the drag coefficient 
increases rapidly. 

(e) The lift / drag ratio is a maximum at a small angle 
of incidence, and for such sections to work efficiently 

Table 1-Ordinates for NACA 66 (Mod) Thickness 
Distribution and NACA a = 0.8 Camber Distribution 

Station, 
x / c  

percent 
0 

0.5 
0.75 
1.25 
2.5 
5.0 
7.5 

10.0 
15.0 
20.0 
25.0 
30.0 
35.0 
40.0 
45.0 
50.0 
55.0 
60.0 
65.0 
70.0 
75.0 
80.0 
85.0 
90.0 
95.0 
97.5 

100.0 

Thickness 
Ordinate, 

t / t  max 

0 
0.0665 
0.0812 
0.1044 
0.1466 
0.2066 
0.2525 
0.2907 
0.3521 
0.4000 
0.4363 
0.4637 
0.4832 
0.4952 
0.5 
0.4962 
0.4846 
0.4653 
0.4383 
0.4035 
0.3612 
0.3110 
0.2532 
0.1877 
0.1143 
0.748 
0.0333 

Camber 
Ordinate, 
f/fmm,, 

0 
0.0423 
0.0595 
0.0907 
0.1586 
0.2712 
0.3657 
0.4482 
0.5869 
0.6993 
0.7905 
0.8635 
0.9202 
0.9615 
0.9881 
1.0 
0.9971 
0.9786 
0.9434 
0.8892 
0.8121 
0.7027 
0.5425 
0.3588 
0.1713 
0.0823 

0 

the angle of incidence should be small. 
The ratio of span to chord is called the aspect ratio 

(AR). If this ratio were infinite, the flow past a section 
would be two-dimensional, and the lift distribution 
along the span would be uniform. With a finite span, 
a certain amount of "spilling" takes place a t  the ends, 
and the lift falls off to zero at those points. The results 
can be corrected from one aspect ratio to another, and 
are usually given for an AR of either 6 or infinity. 

One other feature of section behavior is of impor- 
tance in propeller work-the distribution of pressure 
around a section. An example for an airfoil shape is 
shown in Fig. 6. On the face of the section the pressure 
is increased above that in the free stream, being great- 
est quite close to the nose. On the back the pressure 
is decreased and has a marked peak some little distance 
from the nose. The lift force generated is the result 
of the differences in pressure on the two faces, and 

TRAILING EDGE LEADING EDGE 

1-X'. 

0.0 

Fig. 5 Symbols defining shape of airfoil 

X ' ~ ' l 0  I 
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DECREASE 
OF 

PRESSURE 

I 

PRESSURE ON INCREASE 
OF 

PRESSURE 

Fig. 6 Pressure distribution on blade section 

for the type of pressure distribution shown in Fig. 6 
it is clear that they reinforce one another and that the 
reduction on the back contributes more to the lift than 
does the increase on the face. 

In a marine propeller, the surface of the blade facing 
aft, which experiences the increase in pressure when 
propelling the ship ahead, is called the face of the 
blade, the forward side being the back. In the simplest 
case, the face of a propeller blade is a portion of a 
true helical surface, i.e., a surface swept out by a 
straight line AB, Fig. 7, one end of which, A, advances 
at uniform speed along an axis 00', while the line 
itself rotates about the point A with uniform angular 
speed o. When the generating line has made a com- 
plete revolution and is in the position A'B', the distance 
it has advanced, AA', is called the face or geometrical 
pitch, P. 

Any cylinder coaxial with 00 will cut the helical 
surface in a helix, and the angle between any such 
helix and a surface normal to the axis, such as SS, is 
called the pitch angle +. The angle + will be constant 
for a given helix, i.e., at a given radius, but will increase 
in value from the tip of the blade inwards to the hub. 
In practice the pitch is not always the same at all radii, 
it being fairly common to have a reduced pitch towards 
the hub and, less usually, towards the tip. In such 
cases the pitch a t  0.7R is often taken as a represen- 
tative mean pitch, as this is approximately the point 
where the maximum lift is generated, Fig. 3. 

The shapes of blade outlines and sections vary 
greatly according to the type of ship for which the 
propeller is intended and to the individual designer's 
ideas. Fig. 8 shows a typical design and defines many 
of the terms in common use. 

Here skew is defined as the angular measure from 
the center of the chord of each section to the reference 

line. This line extends from the center of the hub 
through the center of the chord of the section at r = 
112 d, the hub radius. 

If we consider a section of the propeller blade at a 
radius r with a pitch angle + and pitch P, Fig. 9, and 
imagine the blade to be working in an unyielding me- 
dium, then in one revolution of the propeller it will 
advance from A to A', a distance P. If we unroll the 
cylinder of radius r into a flat surface, the helix traced 
out by A will develop into the straight line AM, and 

P tan + = - 27rr 

If the screw is turning at n-revolutions in unit time, 
then in that time it will advance a distance Pn and we 
can obtain a velocity diagram for the section, Fig. 10. 

In a real fluid, there will be a certain amount of 
yielding when the propeller is developing thrust and 
the screw will not advance a distance LM, equal to Pn, 
in unit time, but some smaller distance LS, the distance 
MS being called the slip, and the ratio M S / M L  = sR 
is called the real slip ratio and MAS the slip angle 
or geometrical slip angle. 

From Fig. 10, it is seen that 

Pn - VA = I - -  VA 
S R  = Pn Pn 

As in the case of the actuator disk, the working of 
the propeller blades and the development of thrust 
result in an acceleration of the water ahead of the 
propeller, so that the total axial inflow velocity a t  a 
particular blade section is increased from VA to VA(l + a), while the total rotational inflow velocity is de- 
creased from 27rnr to 27rnr (1 - a'), Fig. ll. 

I t  will be seen from the velocity diagram that both 
of the inflow factors a and a' result in a decrease in 
the angle of incidence at which the water meets the 
section to a value considerably below that which would 
obtain if they were neglected (from <AOC to 
<BOG'). The angle <BOG' is always small in an effi- 

I Is 
I 8' 

BLADE \ BLADE TIP 
\, HELIX 

I 
BLADE ROOT\ 

Fig. 7 Definition of helix 
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1: RAKE 

FACE OF R.H. PROPELLER 
LOOKING F R O M  AFT 

Fig. 8 Typical propeller drawing 

P Pitch ratio = - D 
t Blade thickness ratio = - 

D 
Pitch angle = 4 

Diameter D 

Pitch P 
No. of blades 4 

Disk area = area of tip circle = - Dz = A ,  

Developed area of blades, outside hub = A ,  

77 

4 

A Developed area ratio = DAR = -2 
A0 

Projected area of blades (on transverse plane) outside hub = A ,  
A Projected area ratio = PAR = -.C 
A0 

Blade width ratio = BWR = 
Max. blade width 

n 
&/length of blades (outside hub) 

D 
Mean width ratio = MWR = 

Fig. 9 Definition of pitch ongle 

I#J = Pitch angle of screw propeller 

Fig. 10 Definition of slip 

V h lS  - Pn - v Iteal slip ratio SR = M L  - - Pn -2 = I - Pn -* 
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Fig. 11 Blade velocity diagram 

cient propeller, usually in the region of 3 to 6 deg, at 
which angles the L / D  ratio is approximately at its 
maximum value. Thus although the induced velocities 
defined by a and a’ may be small in absolute terms as 
compared with the speeds of advance and rotation of 
the section, yet they have a major effect upon the angle 
of incidence and therefore upon the conditions under 
which the blade section works. From Fig. 11 we see 
that 

and the velocity of the water relative to the blade 
section is given by the vector V,, where 

The angle of incidence a is given by (4 - P I ) ,  where 
4 is the geometrical pitch angle. 

Suppose that the propeller has 2 blades, that the 
chord of the blades has a value c at radius n, and that 
the section of the blade at this point has lift and drag 
coefficients CL and C, at the angle of incidence a. Let 
the resultant lift and drag of an element of the pro- 
peller blade of length d r  along the blade be d L  and 
dD, respectively. Then 

d L  = $ p  x area x (velocity)’ x C, 

and 
( V A y ( l  + 

sin ‘ P I  dD = i p c d r Z  CD 

Since d L  and dD are, respectively, normal to and along 
the direction of the relative velocity V,, the thrust and 
torque contributed by these elements will be 

dT = d L  cos P I  - dD sin P I  
dQ = ( d L  sin P I  + dD cos PI)r 

The first expression can be written in the form 

= d L  (cos P I  - tan ysin P I )  
where 

cD. tan y = - in Fig. 4 
CL 

Hence 
cos P I  cos y - sin P I  sin y 

cos y 
dT  = d L  ( 

cos (PI + Y) = d L  cos y 
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(a) 
Fig. 12(0) Circulation flow 

( b )  

Fig. 12(b) Streamline flow around circular cylinder without circulation 

dT/dr and dQ/dr may now be plotted on a base of 
radius r and the total thrust T and torque Q obtained 
by integration, Fig. 3. Such curves show that most of 
the thrust and torque are developed over the outer 
part of the blade, the maxima occurring at about r = 
0.7R. 

The efficiency of the blade element is given by 

cos (PI + Y) 
cos Y 

V,dL 

cos y 

v, 1 - -- 
2rnr tan (PI  + y )  

1 - a' tan P I  
1 + a tan (PI  + y )  

- -~ [by Equation (14)]. 

The efficiency of the whole propeller will be 

The performance of each blade element can only be 
determined when values of a, a', C,, and y are known. 

C, and y can be found from test data on the partic- 
ular blade sections chosen. To find a and a', it is nec- 
essary to equate the thrust to the fore-and-aft 
momentum put into the race and the torque to the 
change in rotational momentum, as in the momentum 
theory. 

Writing 

CZCL cos (PI + Y> F =  
8 r r  sin ' P I  cos y 

Equation (16) becomes 

= F ~ ( V J ' ( I  + a)' x 4 r r  (18) 

From momentum considerations, the thrust developed 
by the blade element is given by 

Fig. 12(c) Streamline flow around o cylinder with circulation 
dr  

cos @ I  + Y) 

and similarly 
- 

or 
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This neglects any rotational momentum imparted to 
the race. 

Equating (18) and (19), we have 
2F(1 + a)  = b 

A similar expression can be derived for the rotational 
inflow factor a’. 

If we knew the ratio between a and b, i.e., what 
proportion of the ultimate race velocity is acquired at 
the position of the blade section, a could be determined. 
For the particular value of a = b l 2  derived from 
momentum considerations, we find 

F 
1 - F  

a = -  

In the early days a simplified blade-element theory 
was used in which the induced velocities were ignored, 
and the calculated thrusts, torques, and efficiencies 
differed considerably from those found in actual pro- 
peller performance. The comparison was improved 
when the induced velocity effects were included, but 
discrepancies still remained, owing principally to the 
neglect of the mutual interference between the pro- 
peller blades and the failure to allow for the falling 
off of the lift towards the blade tips. Later develop- 
ments in propeller theory have enabled these factors 
to be largely accounted for in modern design methods; 
see Section 8.4. 

2.6 Circulation Theory of Screw Propeller. The 
modern theoretical methods of propeller design are 
based upon the vortex theory first enunciated by F. 
W. Lanchester in his treatise Aerial Flight published 
in 1907. 

Consider the type of streamline flow shown in Fig. 
12(a), which is defined by the equation 

(20) ru = c = constant 
where 

r = radius vector drawn from 0 to any point 

u = velocity a t  any point, which is everywhere 
in the field 

normal to radius vector 

A 
w B A 

Fig. 14 Vortex of airplane wing with constant circulation 

An inner streamline of radius r, can be considered as 
representing the wall of a cylinder whose axis is nor- 
mal to the plane of the flow and around which the fluid 
circulates. When the radius r, is very small, we have 
what is known as a vortex tube or filament, because 
the law of velocity distribution expressed by Equation 
(20) applies with good approximation to the exterior 
field of the familiar vortex motions found in nature. 
Vortex filaments in ideal fluids have interesting prop- 
erties, among which may be mentioned that any given 
vortex filament is permanently composed of the same 
fluid particles and that it cannot terminate abruptly in 
the interior of the fluid but must either return on itself 
or terminate on the boundary of the fluid region. 

If the cylinder is placed in a uniform stream in such 
an ideal fluid, but without any such circulation flow, 
the streamlines will be symmetrical about the flow 
axis, and no force will be exerted upon the cylinder, 
Fig. 12(b). 

If now a circulation flow is imposed around the cyl- 
inder, the flow pattern is greatly changed, becoming 
asymmetrical as shown in Fig. 12(c). At the point E 
the velocity parallel to the flow axis is ( V, + u) while 
at F it is ( V, - u). This asymmetry of velocity distri- 
bution gives rise to a similar asymmetry in pressure 
distribution, the pressure at F being greater than that 
at E. As a result, a force is exerted on the cylinder at 
right angles to the direction of the uniform stream 
flow. The production of such a force on a rotating 
cylinder in a stream is called the Magnus effect after 
its discoverer, Magnus (1853). It has been used to pro- 
pel ships in place of sails in the Flettner rotor ship. 

To define the mathematical concept of circulation 
more clearly, let A and B in Fig. 13 be two points 
connected by any plane curve, and let w be a vector 
at the point P on the curve which makes the angle ( 
with the direction of the line element ds. Then the line 

n 

A 

Fig. 13 Line integral Fig. 15 Vortex system of airplane wing with varying circulation 
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integral between A and B is defined by the expression 

[ o cos t ds 

In the special case when the vector o denotes a 
velocity and the integration is performed around a 
closed curve, the line integral is called the circulation, 
r, and 

r = $ o cos t ds 

where the symbol $ indicates integration around a 
closed curve. 

This type of flow has the peculiarity that when a 
closed curve is drawn in the field and the line integral 
along this closed curve is evaluated, the circulation is 
zero when the curve does not surround the origin 0, 
but has the constant value 27rc when the curve sur- 
rounds the origin. 

Cqnsider the two points A and B in Fig. 12(a), which 
are connected by any curve whatsoever. By definition, 
the line integral along the curve is 

ras = I, w cos t ds 

In order to evaluate this integral, we replace the cho- 
sen curve by a stepped line consisting of short radial 
lines and circular arcs. The integration along the radial 
lines contributes nothing to the final value, since the 
line element and the velocity vector are normal to each 
other, and consequently cos t is zero. The integration 
along the circular arcs, however, yields a definite value, 
since in this case cos 6 is unity. 

Reasoning in this manner, we find for the value of 
the integral along the arbitrarily chosen curve 

B 

B 

rAB = ds = or d+ = 2 c+, (21) 

where is the angle included between the radii 
through A and B. The + sign applies when the inte- 
gration is made in one direction, the - sign when made 
in the reverse direction. It appears from this equation 
that the value of the line integral is independent of 
the path and depends only on the end points. It follows 
therefore that if we integrate from A to B along an 
arbitrary path such as ACB in Fig. 12(a), and then 
integrate in the reverse direction along any other path 
not surrounding the origin, such as BDA, the value of 
the integral around the closed loop ACBDA will be 
zero. On the other hand, if we integrate around a closed 
curve surrounding the origin 0, so that the angle I/J, 

in Equation (21) has the value 27r, the line integral 
around the loop, or the circulation, will have the value 
2lTc. 

The transverse force L acting on the cylinder with 
circulation in a uniform flow, as shown in Fig. 12(c), 
may be shown to be given by the equation 

L = prv, 

where 
p is mass density of fluid 
r = 277c is strength of circulation flow 
V, is velocity of uniform stream 

Equation (22) is known as the Kutta-Joukowski 
Equation, and is one of the great generalizations of 
mechanics, since it applies to all bodies regardless of 
their shape, the shape factor being contained in the 
circulation factor r. By the aid of this equation the 
mathematical discussion of propeller action is greatly 
simplified, because we do not have to consider the 
shape of the propeller blades until the very end, in the 
meantime regarding them merely as vortex filaments 
or lifting lines endowed with circulation. These lifting 
lines are regarded as having finite lengths, correspond- 
ing to the lengths of the blades, not terminating ab- 
ruptly a t  the tips, however, but having continuations, 
so-called tip vortices, at the free ends. Such contin- 
uations do exist at the tips of airplane wings and a t  
the tips and roots of propeller blades, as is readily 
shown by wind-tunnel or water-tunnel experiments. 
The lift produced by an aircraft wing or a propeller 
blade is the result of an increased pressure on the face 
and a decreased pressure on the back. Since the fluid 
follows the pressure gradient, it tends to spill over the 
free ends from the face to the back, creating powerful 
vortices downstream, the axes of which are practically 
at right angles to the axis of the wing or blade, and 
which form the boundaries of the fluid layer which has 
been in contact with the blade. 

The simpler case of an aircraft wing in flight through 
still air is illustrated in Fig. 14. The equivalent bound 
vortex in this case travels in a straight line a t  right 
angles to its axis. If the circulation of this bound vortex 
is assumed to be constant along its length, we have 
the simple system in which AA is the bound vortex 
and AB the free tip vortices already mentioned. This 
simple system is a useful concept and helps us to vis- 
ualize the phenomenon, but does not express ade- 
quately the actual flow conditions around the wing. In 
reality the lift of the wing decreases from a maximum 
value at midspan to zero at the ends, and so the cir- 
culation around the wing must vary likewise. Assum- 
ing that the circulation around the bound vortex AA 
varies continuously as shown by the curve r = f ( x )  
in Fig. 15, then it can be shown by interpreting cir- 
culation in terms of its original definition as a line 
integral that free vortices flow not only off the free 
ends but also all along the trailing edge of AA, forming 
together a vortex sheet. The strength of any individual 
vortex in the sheet is equal to the change in circulation 
a t  that point on AA. Thus, if at distances x1 and x, 
from midspan the circulation strengths are rl and rZ, 
respectively, the free vortex formed between x1 and 
x2 will have a strength equal to (I?, - r2). 
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Considering now two individual vortices in the sheet, 
located at opposite sides of the midspan, each lies in 
the velocity field of the other and thus must assume 
the downward velocity existing at that point of the 
field. Inasmuch as this is true for all the vortices in 
the sheet, it follows that the sheet as a whole assumes 
a downward velocity. I t  was shown by Prandtl (1979) 
that this downward velocity is constant across the 
sheet when the distribution function f ( x )  represents 
an ellipse. Along the vortex sheet, however, from AA 
to infinity at the right, the induced downward velocity 
is not constant but varies from the value u, a t  a very 
large distance from AA to the value u, /2  a t  AA. This 
can be proved rigorously by a theorem on vortex mo- 
tion which has an equivalent in electrodynamics and 
is known as the Biot-Savart law. In a general way its 
truth can be perceived by the following reasoning. Let 
the vortex system in Fig. 15 be supplemented by a like 
system extending from AA to infinity a t  the left. The 
whole infinitely long vortex system would then move 
downward with the velocity u, in accordance with the 
foregoing discussion. At AA this velocity would be 
composed in equal measure of that induced by vortices 
belonging to the supplementary system and by vor- 
tices belonging to the original system. Removing the 
supplementary system, and so reverting to the system 
shown in the figure, leaves only the value u / 2 at the 
location of the bound vortex. 

Similar conclusions were reached in the case of an 

advancing propeller blade (Prandtl, et  al, 1927). The 
vortex sheet in this case is the helicoidal layer of fluid 
trailing behind the blade, and the induced velocity, 
which is normal to the helicoidal layer and so tends to 
push the sheet astern along the propeller axis and to 
rotate it about this axis, is identical with the previously 
defined slip velocity. A theorem analogous to that just 
mentioned holds in this case also-that the induced 
velocity at the position of the bound vortex, i.e., at the 
propeller disk, is u,/2, or one half that at a great 
distance behind the propeller. 

Betz further developed the important theorem that 
a propeller blade will have the smallest energy losses 
resulting from the induced velocities when the heli- 
coidal vortex sheet is pushed astern along the shaft 
axis and rotated about this axis as though it were a 
rigid sheet. This theorem furnishes a simple and def- 
inite rule for the design of the propeller blade in prac- 
tice; in order to obtain the maximum propeller 
efficiency, which is usually the aim of the designer, the 
blades must be so designed that the inflow velocity is 
the same for every blade element. 

The application of the circulation theory to propeller 
design enables various refinements to be made to the 
simple blade-element theory already described. In par- 
ticular, it enables the induced velocity u, / 2 to be cal- 
culated, an so the axial and radial inflow factors a and 
a’. These questions, and other developments, are dis- 
cussed in detail in Section 8.4. 

Much of the knowledge about the performance of 
propellers has been gained from experiments with 
models. To study the laws governing their behavior, 
the model propeller is run without any hull ahead of 
it. These are referred to as open-water conditions. In 
the towing tank this is done by running the propeller 
on a long shaft projecting well ahead of a narrow 
propeller “boat,” containing the driving apparatus and 
attached to the towing carriage. The propeller ad- 
vances into undisturbed water, so that the speed of 
advance V, is known and the inflow is uniform over 
the disk. Records of thrust, torque, revolutions and 
speed are taken automatically over a range of values 
of the last two quantities. 

3.1 Dimensional analysis As in the case of resist- 
ance, we can obtain guidance on the laws governing 
model and ship similitude by applying dimensional 
analysis. 

The thrust of the propeller T could depend upon: 
(a)  Mass density of water, p.  
(b) Size of propeller, represented by diameter D. 

Section 3 
law of Similitude for Propellers 

(c) Speed of advance, V,. 
(d) Acceleration due to gravity, g .  
(e)  Speed of rotation, n. 
V) Pressure in the fluid, p .  
(g) Viscosity of the water, p .  
Writing 

T = f (paDbVACgdnepfpg)  
and introducing the proper dimensions, we have 

whence 
a = l - f - g  
b = 1 + 3 a  - c - d + f + g 
c = 2 - 2d - e - 2f - g  

and substituting a and c in the expression for b: 
b = 2 + d + e -g 
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Then from Equation (23): 

where v = plp.  
The expressions in the square brackets are all non- 

dimensional, and there is therefore no restriction di- 
mensionally on the exponents d, e, 3 and g. The form 
of the function f must be found by experiment, and 
may be different for each of the four terms. 

The equation may be written in the form 

Note that since the disk area of the propeller, A, = 
(.rr14)D2, is proportional to D2, the thrust coefficient 
can also be written in the form 

T 
k p ( VA) 

Equation (24) states in effect that if all the parameters 
on the right-hand side have the same values for two 
geometrically similar but different sized propellers, 
the flow patterns will be similar and the value of 
T/i P D ~ ( V , ) ~  will be the same for each. 

If the model and ship quantities are distinguished 
by the suffixes M and S, respectively, and if A is the 
linear scale ratio, then 

Ds/DM = h 

If the model propeller is run at the correct Froude 
speed of advance, then also 

Under these circumstances, the first term in Equa- 
tion (24) will be the same for model and ship, so that 
the first condition for similarity of flow is that the speed 
of advance of the model and ship propellers should be 
in accordance with Froude's law of comparison. 

The slip ratio has been defined as (1 - V,/Pn).  For 
geometrically similar propellers, therefore, the second 
condition of Equation (24)  that n D / V A  must be the 
same for model and ship, means that the slip ratio 
must be the same for each. Just  as in the case of 
resistance, the third quantity in Equation (24) is not 
the same for model and ship propellers when the for- 
mer is run in a towing tank, because the atmospheric 
pressure is not scaled down in the latter case. How- 
ever, since the forces on the propeller blades are 
caused by differences in pressure, they will not be 
affected by this fact unless cavitation occurs, in which 
case other kinds of tests must be made (see Section 
7.3). The last term, v l  V,D, is a Reynolds number, and 
it cannot be made the same if the model and ship speeds 
of advance follow Froude's law. I t  is concerned with 

the frictional resistance on the propeller blades, but 
as this is only a very small part of the total force on 
the blade, we can neglect the effect of viscosity in the 
first instance. However, it is necessary to make the 
model propeller as large as feasible within the other 
limitations of the huIl model scale, measuring ap a- 
ratus, and so on, in order to avoid as far as possi 1 le 
any laminar flow over the blades so as to reduce such 
Reynolds-number effect on the blade section drag to 
a minimum. 

With these reservations in mind, we can say that as 
long as gD/ (vA) and nD/ V, are the same in ship and 
model 

T a D2(VA)2 
The following relationships then hold: 

or 

or 
nM = ns x A% 

i.e., the model revolutions are higher than those of the 
full-scale ship propeller. 

The thrust power is given by P ,  = TVA, so that 

and 

If the model results were plotted as values of 
T+ 

and 

Q c, = 
k p  D 3 ( v A ) 2  

to a base of VA/nD or J ,  therefore, the values would 
be directly applicable to the ship, apart from any scale 
effects such as mentioned. This method is often used, 
but the coefficients have the disadvantage that they 
become infinite for zero speed of advance, a condition 
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KT Propeller efficiency (in open), qo = - x - 
257 KQ 

I I I I I I I 
10 0 8  06 0 4  02 0 -02  

SCALE OF SLIP RATIO 

Fig. 16 Typical curves of thrust, torque and efficiency for propeller in open 
water 

No. of blades = 4 
Face pitch ratio = 1.00 

sometimes occurring in practice, such as for a tug 
pulling at a stationary bollard or ship. 

Since J or V A / n D  is the same for model and ship, 
we can replace V, by n D  and obtain new coefficients 
which do not have this disadvantage: 

VA Advance ratio, J = - n D  

Thrust coefficient, KT = -L!--- p n 2 D 4  

Q Torque coefficient, KQ = ~ p n 2 D 5  

where KT, K,, and yo are functions of J. These coef- 
ficients are nondimensional in any consistent system 
of units. 

3.2 Open water tests. Typical open-water curves 
are shown in Fig. 16. These show that this propeller 
reaches its maximum efficiency at  a J-value of about 
0.85. Since in this particular case the face pitch ratio 
is 1.00, (1 - V,/Pn)  = (1 - V A / D n ) ,  and the scale 
of J is also a scale of (l-slip ratio). It will be noticed 
that the thrust does not vanish a t  J = 1.00, or zero 
slip ratio, but at some higher value nearer J = 1.10. 
This is due to the effect of the zero lift angles of the 
blade sections, so that the effective pitch is greater 
than the nominal or face pitch. The value of J a t  which 
the thrust does vanish can be used as a measure of 
the effective or analysis pitch ratio. 

In practice, in order to obtain as high a value of 
Reynolds number as possible for the flow over the 
blade sections, the requirement to run at the correct 
Froude number is often ignored. Instead, the open- 
water tests are carried out at a higher speed of ad- 
vance, the slip being varied to cover the necessary 
range by a variation in revolutions. In other cases, the 
slip range is covered by running at constant revolu- 
tions and different speeds of advance. Provided that 
the propeller is run with adequate immersion, so that 
there is no wave-making on the surface, the lack of 
Froude-number identity will not have any important 
effect. 

Section 4 
Interaction Between Hull and Propeller 

4.1 General. The preceding discussion has related and also increasing the velocity there, both of which 
to a propeller working in open water, in which con- effects augment the resistance of the ship above that 
dition it is advancing into undisturbed water. When it measured by towing the hull. 
is in its correct location behind the model or ship hull, Also, the relations between thrust, torque, and rev- 
the conditions are considerably modified. The propeller olutions in open water where the inflow is uniform, 
is now working in water which has been disturbed by cannot be expected to remain the same behind the hull 
the passage of the hull, and in general the water in the variable flow conditions experienced there. This 
around the stern has acquired a forward motion in the leads to the possibility of differing propeller efficiencies 
same direction as the ship. This forward-moving water in open water and behind the hull. 
is called the wake, and one of the results is that the 4.2 Wake. The difference between the ship speed 
propeller is no longer advancing relatively to the water V and the speed of advance V, may be called the wake 
at the same speed as the ship, V,  but at some lower speed. Froude expressed the wake speed as a fraction 
speed V,, called the speed of advance. of the speed of advance V,, calling this ratio the wake 

As we have seen, the propeller when developing fraction w F ,  so that 
thrust accelerates the water ahead of it, and this has 

(25) 
v -  VA the effect of lowering the pressure around the stern w ,  = VA 
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and 
V 

1 $. W F  

The expression (1 + w,) is called the Froude wake 
factor. 

For a forward wake wF is positive, but it may have 
small negative values in high-speed ships such as de- 
stroyers. 

Taylor introduced a different definition of wake frac- 
tion by expressing the wake speed as a fraction of the 
ship speed, so that 

(26) 
V -  v, 

V w =  

and 
V, = V(1 - w) 

This definition has much to recommend it, since a 
wake of 50 percent then means that the wake speed 
is 50 percent of the ship’s speed, whereas in the Froude 
notation a 50 percent wake implies that the wake speed 
is 33 percent of the ship’s speed. The Taylor definition 
is becoming more or less universal in current litera- 
ture, but the difference must be remembered when 
using older published data, particularly British, much 
of which gives Froude-wake values. The two are re- 
lated by the equations 

W F  w = -  
1 + W’P 

W 
W F  = - 

l - W  

The wake is due to three principal causes: 
(a )  The frictional drag of the hull causes a following 

current which increases in velocity and volume to- 
wards the stern, and produces there a wake having a 
considerable forward velocity relative to the surround- 
ing water. 

(b)  The streamline flow past the hull causes an in- 
creased pressure around the stern, where the stream- 
lines are closing in. This means that in this region the 
relative velocity of the water past the hull will be less 
than the ship’s speed and will appear as a forward or 
positive wake augmenting that due to friction. 

(c) The ship forms a wave pattern on the surface of 
the water, and the water particles in the crests have 
a forward velocity due to their orbital motion, while 
in the troughs the orbital velocity is sternward. This 
orbital velocity will give rise to a wake component 
which will be positive or negative according to whether 
there is a crest or a trough of the wave system in the 
vicinity of the propeller. 

The total wake is made up of these three compo- 
nents, and in the great majority of cases is positive. 
Exceptions arise in very high-speed craft such as de- 

stroyers and high-speed motor boats. At a speed of 34 
knots, the wave length of the system created by the 
ship will be some 200 m (656 ft), so that a destroyer 
100 m (328 ft) in length would have a trough in the 
vicinity of the propellers, and the wave wake will be 
negative. With such a fine hull the potential or stream- 
line wake would be small, and with large-diameter 
propellers much of the disk will be outside the fric- 
tional wake. Under these conditions the total wake 
over the propeller may be zero or slightly negative. 
Measurements of wake on destroyers have indeed 
shown the variation of wake with speed quite clearly 
as successive wave crests and troughs occurred at the 
stern (Newton, 1960). 

The wake fraction can be measured in a number of 
ways. If we are interested in details of the wake pat- 
tern, the wake velocity can be measured by pitot tubes, 
the axial, radial and tangential components being ob- 
tained in the neighborhood of the intended propeller 
position. Curves of equal wake velocity can then be 
drawn. Examples for the axial components are shown 
in Figs. 17 and 18(a) and (b), for a single-screw ship 
and two twin-screw ships, respectively. For the former 
the wake is most intense over the upper part of the 
disk, rather less so down the vertical centerline, and 
much smaller over the outer lower quadrants. In a 
twin-screw ship the average wake over the propeller 
disk will, as a rule, be less than in a single-screw ship 
of the same fullness, because of the different propeller 
location, but there will be a considerable concentration 
immediately behind the ends of the bossings or behind 
the struts in the case of open shafts. 

In both cases, the water flow has a general upward 
and inward direction, and this gives rise to further 
asymmetry so far as the propeller is concerned. 

As a propeller blade rotates, a section a t  any given 
radius passes through regions of very different wake 
concentrations. We can make the propeller with a pitch 
which varies from hub to tip in such a way as to suit 
the average circumferential wake at any particular 
radius. These average wakes can be found from wake 
diagrams such as those shown in Figs. 17 and 18 or 
can be measured by using vane wheels of different 
radii which integrate the wake around particular radial 
annuli. 

Wakes measured by such methods give the flow 
existing in the absence of the propeller, and are usually 
referred to as nominal wakes. They are modified when 
the propeller is present and developing thrust, and it 
is possible to deduce from the propeller performance 
behind the hull and in open water a wake factor which 
represents the efective wake as felt by the propeller. 

Suppose that a propeller driving a hull at V-knots 
develops a thrust T when turning a t  n-revolutions per 
unit time. Reference to the open-water curves for the 
propeller will show that at the same revolutions n the 
propeller will develop the thrust T a t  some lower speed 
V,. The latter is the effective speed of advance, and 
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the eflective wake fraction will be given by 
v- v, 

V W T  = 

This method of deriving the effective wake is based 
upon thrust identity in open water and behind the 
model. A similar wake fraction can be derived using 
identity of torque, and because of the difference in 
flow conditions behind the model and in open, the val- 
ues of thrust and torque-derived wakes are usually 
somewhat different. For model work thrust-identity 
wakes are to be preferred, because thrust can be mea- 
sured more accurately than torque. However, for com- 
parison with ship trial results, it is often necessary to 
use a torque-identity wake, since in most cases thrust- 
meters are not fitted to ships and the only basis of 
comparison is on the measured torques. 

The effect of the propeller in inducing an inflow ve- 
locity reduces the forward wake to some extent, the 
effective wake usually being three or four points lower 
than the nominal wake. 

The nonuniformity of the wake has other highly 
undesirable consequences. As the blades rotate, peri- 
odic forces and couples are created which are trans- 
mitted through the water and the shaft bearings to 

the ship and are one of the principal sources of huii 
vibration. The variation in inflow velocity also results 
in a periodic change in angle of attack on the blades, 
and consequently is conducive to the onset of cavita- 
tion with its resultant vibration, noise and blade ero- 
sion. For all these reasons great attention should be 
paid to the shape of the stern lines and of appendages 
such as bossings, together with propeller clearances, 
to ensure that the wake inequalities over the propeller 
are kept as small as possible. Assistance in this prob- 
lem can be obtained from model experiments in a cir- 
culating water channel, where the flow is made visible 
by tufts, dye, or other means, and by pitot-tube sur- 
veys in the towing tank. The effect of such forces on 
hull and machinery vibration are dealt with in Chapter 
VII, but the time to prevent or minimize them is in 
the early design stages, not when the ship is built. 

To obtain a better picture of the wake non-uniform- 
ity a Fourier analysis may be carried out. In that case 
the axial wake at a specific point in the propeller disk 
is written as: 

N 

w,(r) = 2 [an  (r) cos n4 + b ,  (r) sin n41 

where a ,  and b ,  are the amplitudes of the Fourier 
components, r is the radius and 4 is the angle of the 
point in the propeller plane. Hadler, et  a1 (1965) present 
a large collection of data on wake distributions mea- 
sured for a number of ships. They also show results 
of wake analysis using the above Fourier decomposi- 
tion and provide information on the fluctuations of the 
hydrodynamic pitch angle as the blade makes one ro- 
tation. 

To obtain an idea of the fluctuating forces on the 
propeller axis generated by the non-uniform velocity 
field, a simple analysis will be carried out, following a 
method proposed by Lewis (1935). The lift of a profile 
per unit span is given by: 

n = O  

L = l r p c p u 2  (27) 
because the lift coefficient for small hydrodynamic 
pitch angles equals 277p. Neglecting the fact that the 
lift direction does not coincide with the thrust direction, 
Equation (27) also holds for the thrust T of a propeller 
blade with unit span. The velocity Uis made up of the 
rotational speed and the advance speed, 

V = [or]2 + [V(l - w,)I2 

= 02r2  + V 2  (1 - 2w, + w,') 

= 0 2 r 2  + v2 + v2 - 2w,  v2 + w,2v2 

(28) 

with w ,  the axial wake. If the axial wake is symmetric 
with respect to the vertical through the propeller axis 
the decomposition contains only cosine-terms: 

(29) 
N 

w ,  = 2 a n  cos (n4)  
n=O 
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LOAD DISPLACEMENT, 
SPEED OF 20 KNOTS, 
TRANSVERSE SECTION, 
LOOKING FORWARD. 
WAKE SURVEY WAS 
MADE IN A PLANE 
PERPENDICULAR TO THE 
LONGITUDINAL AXIS AT A 
DISTANCE OF 1.76 M AFT 
OF STATION 18 Yz 
(STATION 20 IS AFT 
PERPENDICULAR). 

THE NUMBERS INDICATE ~ 

THE MAGNITUDE OF THE 
AXIAL WAKE FRACTION 
W, WHERE 
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Fig. 18(a) Wake diagram for TS ship fitted with shaft-struts 

7.93 M WL 
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Inserting (27) into (28) and combining the result with 
Equation (27), the following formula for the thrust per 
unit span may be obtained. 

(a) The wake pattern is mainly affected by aft  body 
shape. The variations in forebody have negligible ef- 
fect. 

(b) The amplitudes of the harmonics decrease with 
(30) increasing order both for the longitudinal and tangen- 

tial velocity component. The decrease is monotonic for 
open-stern ships but the even order amplitudes are 

with +.P the phase angle and 0 the instantaneous PO- relatively stronger for single-screw ships with con- 
sition of the blade, which may be given by 8 = ot - ventional sterns. % (m - 1). A similar relation may be obtained for the (c) The radial distributions of mean longitudinal ve- 
torque per unit span. Summarizing over all blades, one locity and volumetric mean velocity have characteris- obtains the following expression for the time-depen- tics shapes. The open-type stern tends to provide a 
dent thrust and torque: near uniform distribution with a magnitude compa- 

rable to the model speed. The single-screw ship with 
T(t)  = conventional stern provides a distribution with values 

lower a t  the inner radii and higher a t  the outer radii. 
The magnitudes depend on the fineness and shape of 
the afterbody; in general, the finer the stern, the higher 

(d) In most of the models analyzed, it has been found 
that the tangential velocity variation is large and sin- 
usoidual in nature due to the upward flow in the pro- 
peller plane, which in turn shows up predominantly in 
the 1st harmonic. This, in conjunction with a large 1st 
harmonic amplitude of the longitudinal velocity, will 
result in a shaft-frequency vibration when some im- 

N 

p = o  
T = A ,  cos (PO + + p )  

N c fkz cos ( k ~ w t  - + k z )  
k = O  

(31) 

N 

&(t) = k = O  c Q k z  cos ( k z w t  - < k z )  (32) the values. 

Similar relations can be found for the bending mo- 
ment (Hadler, et  al, 1965). This analysis leads to the 
following conclusions: 

(a) The unsteady thrust and torque are only deter- 
mined by the terms of the Fourier decomposition that 
are integer multiples of the number of blades. 

and horizontal side forces, F,, F,, are determined by 
the (kx + 1)th and (kx - 1)th terms of the Fourier 
series a t  integer multiples of blade frequency. 

for the number of 
blades ranging from 3 to 6 .  Note that this table gives 
the harmonic components of the axial wake field that 
contribute to the unsteady forces. It does not give the 
frequencies of the unsteady forces. 

In this way one may obtain a judicious choice of the 
number of blades, 2. Of course, the above analysis is 
only a simple approximation, but Hadler (1965) showed 
that this approach worked well for a few cases. 

Apart from the number of blades, the harmonic 
wake content determines the unsteady forces. This 
content and the amplitude of Fourier components de- 
pend on the hull form and possibly on speed. Hadler, 
et  a1 (1965) drew the following conc~usions on the basis 
of their results: 

(b )  The unsteady bending moments, Mz, My, vertical perfections exist in the blade geometry which will 
hydrodynamic unbalances. 

(e) In general, for minimizing the cavitation and vi- 
bration problems, the open-type stern, i.e., transom 
stern with struts supporting the shaft, is superior to 
the conventional type for the single-screw ship. 

(f) The rudder may have an effect on the mean lon- 
gitudinal velocity but does not have an appreciable 
effect on the derived quantities. 

(g )  The effect of variations in speed appears to be 
small. 

(h) The effect of propeller location in the aperture 
can be important. 

(i) Changes in displacement and trim may result in 
large variations in wake patterns and, consequently, 
in the cavitation and vibration characteristics. 

In this respect the conclusions of Van Manen (1965) 
may also be mentioned. H~ notes (based on tests with 
some 40 different ship models) that for prismatic coef- 

summarizes these 

Table 2-Influence of Harmonic Wake  Components on unsteady Forces and 
Moments. 

Harmonic Components 

2 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
3 x  X X X X X X 

X X X X X 
T , G  ;; X X X X 

6 x  X X X 

3 x x  x x  x x  x x  x x  x x  x x  

6 x  X X X X X X 

X X X X X X X 
My, F, 5 x X X X X X X X 
Mx, Fz 4 x x x 
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I 

Fig. 19 Dependence of wake distribution 

ficients of the aft  body between 0.73 and 0.79 in con- 
junction with four-bladed propellers there is an 80 
percent probability that the first harmonic of the 
torque fluctuation will be 6.5 percent of the mean 
torque. Also the first harmonic of the thrust fluctua- 
tions is 10 percent of the mean thrust. For a five-bladed 
propeller these percentages are 1.5 and 2 percent re- 
sepectively. Deviations larger than 2 percent did not 
occur on any tested model. Van Manen also noted that 
fine-ended vessels such as warships can have substan- 
tially greater fluctuations. 

The unsteady forces on the propeller blades and the 
possible occurrence of cavitation will also lead to fluc- 
tuating pressures on the ship hull. This problem may 
be more severe than the fluctuating forces on the pro- 
peller axis and bearings. For a detailed investigation 
the work of Van Oossanen, et  a1 (1972) may be men- 
tioned. 

Naturally one would want to know the detailed wake 
field once the lines plan has been established or at 

/' 

0.10. / '  
/ '  -I-,- w, = 0,406 

i 
0,SO 

0.30 

O . I O + J , . ~ "  

+/" 
W, = 0,371 

I 
I I 

-7 8 L  Y 
on form of afterbody (Harvald, 1980) 

least the amplitude of the different harmonic once the 
main particulars of the ship have been determined. 
Also with this knowledge designers could make alter- 
ations in hull form to accommodate certain require- 
ments. 

Large efforts have been made towards the solution 
of the equations of motion of a turbulent viscous fluid 
to determine theoretically the expected wake distri- 
bution. The numerical problems encountered and the 
computer time required have until now prohibited the 
adequate solution of the problem. For a summary of 
present activities and for a summary of relevant lit- 
erature reference is made to the report of the Resist- 
ance Committee of the ITTC (1984). 

Experimentally a number of authors have tried to 
correlate hull form and wake distribution. Van Gent, 
et  a1 (1973) undertook an analysis, similar to the above- 
mentioned one of Hadler, of the wake field of large 
tankers with block coefficients between 0.82 and 0.85. 
Results for the lower harmonics for five tankers with 
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closed screw aperture showed a better mutual agree- 
ment than the remaining six models with open aper- 
ture. However, no specific tendencies with hull form 
parameters could be observed. 

Van Gent, et  a1 (1973) carried out a similar analysis 
for six third-generation twin-screw containerships. 
Scatter of the results were larger in this case because 
of the different shaft and support arrangements. 

Harvald (1980) carried out wake measurements for 
a single-screw merchant ship with different aft  body 
shapes for a few loading conditions. In line with pre- 
vious results he found only a slight influence of speed. 
The influence of trim was found to be small a t  equal 
draft at the aft perpendicular. Changing the aft  draft 
had a pronounced effect on the wake distribution, es- 
pecially in the upper region of the propeller disk. 

Harvald showed that changing the aft  body by in- 
troducing a stern bulb, removing the deadwood and 
increasing the aperture above the propeller shaft, can 
lead to a much better wake field; Fig. 19. He also 
mentioned the possible use of shields above the pro- 
peller, a concept that has also been considered by Hy- 
larides (1978). The application of a partial stern tunnel 
proved to be favorable for a containership and a 
dredger although application to a Great Lakes carrier 
did not lead to significant improvements, for the ef- 
fective wake field the tunnel also proved to be some- 
what beneficial. 

An interesting comparison of wake fields is given in 
the publication of Jonk, e t  a1 (1980) who have carried 
out investigations into the wake distribution of sim- 
plified hull forms. The basic model represented a 
455,000-ton deadweight product carrier. Simplifica- 
tions of the hull form were made step by step, and the 
resulting changes in propulsive performance and wake 
distribution were measured. 

Holden, et  a1 (1980) presented on early design-stage 
approach to reducing pressure forces on the hull 
caused by a cavitating propeller. To this end they car- 
ried out a statistical analysis of the wake field distri- 
bution of 20 slender V-shaped aftbody ships and 49 
full-form vessels. Both main particulars and local form 
characteristics were used as independent parameters. 

By systematically varying the hull form parameters 
Holden, et  a1 (1980) were able to indicate requirements 
for wakes with low peak values: 

(a) Large waterline angles and blunt waterline end- 
ings should be avoided. 

(b) The stern post half-breadth should be less than 
0.05 D for waterlines situated in the range from 0.2 
to 0.6 D above the propeller shaft. 

(c) The maximum angle of the waterline with respect 
to the longitudinal ship axis should be kept below 30 
degrees. 

For full ships the following indications were also 
given: 

(d )  The area coefficient A/BT of the frame situated 
at 0.1 L,, forward of AP should be in the range from 

0.3 to 0.6. 
(e) The angle with respect to the vertical of the frame 

situated a t  0.1 Lpp forward of AP at the waterline 
through the propeller shaft should be less than 17 
degrees. This means that the frames should be U- 
shaped in this region. 
cf) The vertical gradient of the tangent of the water- 

line angles at the frame 0.1 L,, forward of AP, should 
be between 0.25 and 0.46. The vertical gradient should 
be determined a t  the waterline through the propeller 
shaft. 
(9) The value of the above-mentioned vertical gra- 

dient should be greater than 0.05. This means that the 
waterline angle should increase with increasing height 
above the shaft center. 

For V-shaped ships, Holden, et  a1 (1980) give some 
additional general recommendations. 

Concerning measurements of the effective wake field 
the work of Hoekstra (1977) may be mentioned. He 
applied a diffusor to simulate the action of the pro- 
peller. By varying the diffusor length at constant dif- 
fusor angle a variation of the simulated propeller 
loading was obtained. The measurements for the axial 
and transverse velocities for a bulbous stern tanker 
showed that with increasing propeller loading: . The bilge vortex shifts radially towards the pro- 
peller axis and downwards; . the strength of the bilge vortex increases; . the wake peak associated with the center of the 

the wake fraction decreases. 
4.3 Real and Apparent Slip Ratio. The real slip ra- 

tio has been defined (Section 2.5) as 

bilge vortex is reduced; 

T I  

V A  s , = l - -  Pn 
For the screw working behind the hull, another slip 
ratio can be calculated using the ship speed V instead 
of the speed of advance of the propeller. This is called 
the apparent slip ratio, sA,  given by 

V 
sA=l- :  Pn 

The real slip ratio is the only real guide to the ship’s 
performance and requires a knowledge of the effective 
wake fraction. However, the apparent slip ratio, which 
needs only the values of ship speed, revolutions, and 
propeller pitch for its calculation, is often recorded in 
ships’ log books. 

4.4 Relative Rotative Efficiency. The propeller in 
open water, with a uniform inflow velocity, at a speed 
of advance VA, has an open water eficiency given by 

(33) 

where Qo is the torque measured in open water when 
the propeller is delivering thrust Tat n revolutions. 

Behind the hull, at the same effective speed of ad- 
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vance VA, the thrust T and revolutions n will be as- 
sociated with some different torque Q, and the 
eficiency behind the hull will be 

(34) TVA 
2 r n Q  

The ratio of behind to open efficiencies under these 
conditions is called the relative rotative eficiency, 
being given by 

78 = - 

(35) 

The difference in torque found behind and in open 
is due to two main reasons-because of the hetero- 
geneous wake behind the model, the flow conditions 
over a given blade section as it rotates differ greatly 
from those in open, so that the efficiency of any par- 
ticular blade element will not necessarily be the same, 
and the relative amounts of laminar and turbulent flow 
on the propeller blades may be different in the two 
cases, the turbulence in the water behind the hull being 
greater than that in open water. 

The value of the relative rotative efficiency does not 
in general depart materially from unity, being in the 
region of from 0.95 to 1.0 for most twin-screw ships 
and between 1.0 and 1.1 for single-screw. 

4.5 Augment of Resistance and Thrust Deduc- 
tion. When a hull is towed, there is an area of high 
pressure over the stern which has a resultant forward 
component reducing the total resistance. With a self- 
propelled hull, however, the pressure over some of this 
area is reduced by the action of the propeller in ac- 
celerating the water flowing into it, the forward com- 
ponent is reduced, the resistance is increased and so 
also the thrust necessary to propel the model or ship. 

It is found in model work, where the necessary mea- 
surements can be made, that if the resistance of a hull 
when towed is RT the thrust necessary to propel the 
model at the same speed V is greater than RT and the 
increase is called the augment of resistance. It is 
expressed as the ratio of the increase in thrust to the 
resistance, so that 

(36) 

or 
T =  (1 a)RT 

a is called the resistance augment fraction and (1 + 
a) the resistance augment factor. 

Although viewing the problem from the resistance 
point of view is the more logical one, the common 
practice is to look upon this increase in resistance as 
a deduction from the thrust available at the propeller, 
so that although the screw provides a thrust of T tons, 
say, only RT tons are available to overcome resistance. 
This “loss of thrust” ( T  - RT) expressed as a fraction 

of the thrust T is called the thrust-deduction fraction, 
t, where 

(37) 

or 
RT = (1 - t )T  

The expression (1 - t )  is the thrust-deduction factor. 
It is common practice to fit rudders and other stern 

appendages to the model for self-propelled tests, and 
this has introduced some problems into the interpre- 
tation of t. It is usual to consider RT as being the bare- 
hull resistance, with no appendages, but Thas to over- 
come not only the augmented resistance R,(1 + a)  
but also the resistance of rudder and other appen- 
dages. Thus the value of t found from the experiments 
will depend not only on the shape of hull and the 
propeller characteristics and arrangement, as reflected 
in the augment a, but also on the type of rudder, and 
so on. 

As an example, a model representing a 121.9 m (400 
ft) cargo ship was run self-propelled without rudder, 
sternpost or other appendages (Todd, 1934). The value 
of t was found to be 0.2, and this was essentially due 
to the augment of resistance effect on the hull. With 
a plate rudder and square sternpost behind the hull, 
t increased to 0.29, this representing a considerable 
loss of propulsive efficiency. When the fore side of the 
post was faired into a fin, t dropped to 0.24, showing 
that most of the gain in efficiency was due to the 
reduction in head resistance of the post. Lastly the 
rudder and post were carried separately and their re- 
sistance measured. Using as the resistance in calcu- 
lating t the sum of the bare hull and this separately 
measured appendage resistance, the value of t came 
out in all cases as 0.20, and the changes in propulsive 
efficiency were then exactly reflected in the changes 
in total resistance. When using published figures for 
thrust-deduction fraction for the purpose of design, 
therefore, it is most important to know the exact model 
conditions for which they were obtained. 

4.6 Hull Efficiency. The work done in moving a 
ship a t  a speed V against a resistance RT is propor- 
tional to the product RTV or the effective power PE. 

The work done by the propeller in delivering a thrust 
T a t  a speed of advance V, is proportional to the prod- 
uct TV, or the thrust power PT. 

The ratio of the work done on the ship to that done 
by the screw is called the hull ejiciency, q H, so that 

p E  - RTv 
q H = - - -  

p T  TvA 

or 
l - t  
l - w  q H  = - in Taylor notation 
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and be expanded into the form 

1 $- WF 
7 ) H  = ~ l + a  

= (1 + wF) (1 - t) in Froude notation, 

4.7 Propulsive Efficiency. In Equation (1) the 
from Equations (25, 26, 36, 37). 

quasi-propulsive coefficient is defined as 
effective power - PE 
delivered power PD 

- -  
7 ) D  = 

With RT and T in kN and speed in m per see 
PE = RTV 

from Equation (34). Hence 

1 “ A  

From the relationships already developed, this can 

(39) 

= 7 ) H  7 ) R  7 ) O  

or quasi-propulsive efficiency equals hull efficiency 
times relative rotative efficiency times open propeller 
efficiency. 

In Froude notation: 

= (l + WF) (l - t ) 7 ) R  7 ) O  

The division of the quasi-propulsive coefficient into 
factors in this way is of great assistance both in un- 
derstanding the propulsion problem and in making es- 
timates of propulsive efficiency for design purposes. 

5.1 Methods of Conducting Experiments. Infor- 
mation on all the components of propulsive efficiency 
can only be derived from model experiments, since only 
in this way can all the necessary measurements be 
made and the performance of the propeller in both 
open and behind conditions be determined. 

For such self-propulsion experiments the model is 
fitted with stern tube or tubes, shafting, and such 
external fittings as stern post, rudder and, in multi- 
screw ships, bossings or open shafts and struts. The 
propellers are driven from inboard by an electric mo- 
tor, with dynamometers in the shaft line which record 
thrust, torque and revolutions. The model is attached 
to the resistance dynamometer on the towing carriage 
in the same way as for resistance experiments. The 
carriage is run at  any desired steady speed and the 
difference between the model resistance and the pro- 
peller thrust is measured on the dynamometer. This 
difference may be either positive or negative, depend- 
ing on the relation of propeller revolutions to model 
speed, the model being under or overpropelled, re- 
spectively. 

The model propellers should be sufficiently large for 
accuracy of manufacture, to enable accurate mea- 
surements of thrust and torque to be made during the 

Section 5 
Model Self-Propulsion Tests 

tests and to avoid serious scale effect as compared 
with the ship screws. It is not yet possible to set down 
any absolute rule as to the minimum size of propellers 
necessary to avoid serious scale effect. Laminar flow 
has been detected on model propellers operating both 
in water tunnels and in the relatively turbulent wake 
of a ship model, while the frictional part of the tur- 
bulent resistance of the blade section and the lift are 
subject to Reynolds number effect. If possible, the 
diameter should not be less than 15 ern (8 in.) and 
preferably 22.5 to 30 ern (16 in.) which, in the case of 
large, multi-screw designs, may call for a model length 
of 10 m (32.8 ft) or more. 

The Propeller Committee of the ITTC in 1975 con- 
cluded that in open water the minimum Reynolds num- 
ber, based on chord length, should be 4 x lo6. In the 
turbulent flow behind the model hull the minimum 
Reynolds number is appreciably smaller. If turbulence 
stimulation is adopted near the leading edge of the 
blades a minimum Reynolds number of 3 x lo5 is 
advised. Since a Rn of 4 x lo6 cannot be realized in 
most test facilities, some form of turbulence stimu- 
lation on the blades should therefore be adopted. In 
calculating the value of Rn, the length dimension L is 
the width of the blade at  0.7 radius and the speed V 
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is the resultant velocity at 0.7 radius found by com- 
pounding the circumferential speed of the blade with 
the speed of advance, ignoring any inflow effect, i.e. 

V = [(0.7 ~ n 0 ) '  + (V,)2]1/2 
where 

n is revolutions per second 
D is diameter of propeller 
V, is speed of advance 

Research in this field is continuing. From work carried 
out by Meyne (1972), Kuiper (1981) and others, it would 
seem that laminar flow is present on propeller blades 
during most model tests and that the use of turbulent 
boundary layer stimulation devices at the leading 
edges of the blades is therefore recommended. Kuiper 
adopted artificial roughness a t  the leading edge of 
about 0.06 mm in size. 

By running such experiments a t  a number of dif- 
ferent model speeds and propeller revolutions, a com- 
plete picture may be established of the propulsive 
coefficient under a variety of propeller-loading condi- 
tions, and in association with the resistance experi- 
ments on the hull and the open-water characteristics 
of the propeller, the wake, thrust deduction, and pro- 
peller efficiencies may be determined. The relative ef- 
ficiencies of different designs of propellers, the merits 
of various types of rudders or bossings and the effect 
of different choices of propeller revolutions can be ob- 
tained quickly and easily. 

The procedure for carrying out self-propelled model 
experiments differs in matters of detail in different 
model basins. In the three-dimensional extrapolation 
procedure from model to ship (Sections 3.6 and 6.4 of 
Chapter V) for a given value of the Froude number 
Fn = V / a  we write, in terms of specific resistance 
coefficients 

CTS = c7'M - + k )  ( C F O M  - CF0.S)  + c,4 (40) 
Ignoring for the moment the model-ship correlation 

allowance C,, we see that the resistance coefficient of 
the ship is smaller than that of the model by the 
amount of the skin-friction correction (CFoM - CFos) 
times (1 + k), where k is the form factor, accounting 
for the difference of the three-dimensional hull on the 
flat-plate friction. 

If the model propeller must overcome the full model 
resistance by actually self-propelling the model it will 
be working a t  a higher value of the specific thrust- 
loading coefficient TlipD2(V,)2 than will the ship pro- 
peller, and due to this extra loading the efficiency will 
be lower. To take account of this difference there are 
two common procedures in use in towing tanks. 

In the first of these, the difference in specific re- 
sistance as measured by the factor (1 + k) (CFoM 
- CFos) or, when a two-dimensional extrapolation pro- 
cedure is adopted, by the factor (CFoM - CFos) is con- 

verted to model scale. A weight is then placed on the 
appropriate scale pan of the resistance dynamometer 
of the amount required to provide such a towing force 
on the model, or the tow force is adjusted to the desired 
value on a load cell. If on a particular run the propeller 
revolutions are adjusted to give a zero reading on the 
resistance dynamometer, the propeller will then be 
operating at the thrust coefficient TlipD2( VA)2 appro- 
priate to the full-scale conditions. This is known as the 
ship self-propulsion point. Values of (1 + k) (C,,, 
- CFos) or of (CFoM - CFos) and the corresponding 
pan weight for different speeds can be prepared in 
advance, and the correct weight chosen before each 
experiment. If the form factor value k is not known 
approximately before the experiment, it is common to 
adopt a correction based only on the difference (CFoM 

This procedure will give propeller loadings corre- 
sponding to the case when C, is zero. Usually C, is 
not zero so that the weight to be added will be less 
than before, corresponding to (1 + k )  (CFoM - C,) 
- c,. 

In the second method a series of experiments is made 
at a particular carriage speed, the propeller revolutions 
being set on successive runs to cover a range of thrust 
above and below that required for self-propulsion of 
the model. The resistance dynamometer is used to sup- 
ply any defect or excess towing force required to main- 
tain the model speed, and the values of (thrust minus 
augmented resistance) are measured. By plotting 
these against a base of revolutions per minute the self- 
propulsion point of the model a t  that speed can be 
determined accurately. From the corresponding curves 
of thrust and torque, together with those for open 
water, the various propulsion factors can be found. 
For other propeller loadings, corresponding to the 
smooth ship or the ship with any desired value of C,, 
the same information can be obtained by moving along 
the curve of (thrust minus resistance) to the appro- 
priate new crossing points. A number of sets of such 
experiments, each at a fixed speed and varying rpm, 
have to be run to obtain curves of delivered power to 
a base of ship speed. This second method is now fre- 
quently adopted by model testing organizations since 
in this way the influence of propeller loading on the 
results of propulsion tests can be determined, irre- 
spective of the extrapolation technique or the C, value 
adopted. This can best be done in the first method by 
running complete tests for each desired value, al- 
though correction methods can be applied. 

The effective wake can be determined by calculating 
the coefficients KT and K,, using the thrust, torque 
and rpm measured in the self-propelled model test, and 
entering the open-water characteristic curves of the 
propeller with these values, from which the real slip 
ratio sR can be found. The apparent slip ratio s, can 
be calculated from the self-propelled results using the 
speed of the ship V. 

- CF0.S) .  
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Since 

and 
S A  = 1 - V/Pn 

we can find w from the relation 

As stated in Section 4.2, two different wake values can 
be determined in this way, one based on thrust identity, 
the other on torque identity, because the values of KT 
and KQ measured behind the model will not cut the KT 
and KQ curves for the open-water condition a t  the same 
value of slip ratio. 

The thrust-deduction coefficient is determined when 
the resistance and thrust are known for the self-pro- 
pulsion point, since (1 - t )  = K T / T .  The resistance is 
that for the towed model, and to obtain a true thrust- 
deduction coefficient the value of T should be that 
required to propel the model in the same condition. 
Otherwise the value of t obtained will depend on the 
type and nature of the appendages, as already dem- 
onstrated. 

5.2 Standard Procedures for Performance Predic- 
tions. The conduct of resistance tests, propeller open- 
water tests, and self-propulsion tests is a specialized 
task, and to ensure accuracy great care has to be taken 
in preparing for and running the tests and in the anal- 
ysis and interpretation of the results. In the past there 
were many differences in detail between the practices 
of the various tanks which made comparisons of re- 
search results difficult and led to many problems in 
the interpretation of performance predictions. 

In 1969 the ITTC requested its Performance Com- 
mittee to attempt to formulate a common method of 
predicting performance with a sound physical basis to 
facilitate future ship-model correlation studies. This 
led to the adoptation by the ITTC of a performance 
prediction method for single screw ships. The method 
predicts rate of revolution and delivered power of a 
ship from model resistance and propulsion test results. 
The procedure used can be described as follows: 

The viscous and the residuary resistance of the ship 
are calculated from the model resistance tests assum- 
ing the form factor to be independent of scale and 
speed. 

(a) The total resistance coefficient of a ship without 
bilge keels is 

where 
k is the form factor determined from the resis- 

tance test 
CFs is the frictional coefficient of the ship ac- 

cording to the ITTC-1957 ship-model correlation line 

CR is the residual resistance calculated from the 
total and frictional coefficients of the model in the 
resistance tests: CR = CTM - ( 1  + k )  CFM 

CA is the correlation allowance obtained from 
Equation (58) (Section 6.4, Chapter V): 

C, = [ 105 (2)' - 0.641 x l o p 3  

where the roughness of the hull k, is taken as k, = 
150 x m. 

CAA is the air resistance coefficient. For still air 
conditions the ITTC (1978) suggests the following re- 
lation: 

CAA = 0.001 AT - 
S 

where AT is the transverse projected area of the ship 
above the waterline. This is equivalent to setting the 
air resistance coefficient to 1.0. More details concerning 
wind resistance have been given in Section 5.2, Chapter 
v. 

(b)  If the ship is fitted with bilge keels the total 
resistance coefficient is as follows: 

sBK [(l + k) C,, S cTS = 

where SBK is the wetted surface of the bilge keels, 
assuming that eddy resistance of the bilge keels is 
negligible, and 6 CT replaces C4 under the assumption 
that the added resistance is primarily frictional. 

The ITTC standard predictions of rate of revolutions 
and delivered power are obtained from the full-scale 
propeller characteristics. These characteristics shall be 
determined by correcting the model values for drag 
scale effects according to a simple formula. Individual 
corrections then give the final predictions. 

Thrust, T, and torque, Q, found from the self-pro- 
pulsion tests are expressed in non-dimensional form 

Q and KQM = - pD4 n2 pD5 n2 
T 

KTM = ~ 

With KTM known, JTM and KQTM are read off the model 
propeller characteristics, and calculations are made of 
the model wake fraction, which is by definition 

and the relative rotative efficiency 

The thrust deduction (assuming no scale effect) is 
obtained from 
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T + FD - R, 
T t =  

where R, is the resistance corrected for differences in 
temperature between resistance and self-propulsion 
tests: 

(l + k)  x C F M C  + C R  

(1 + k)  x C F M  + C R  
R, = 

where CFM, is the frictional coefficient at the temper- 
ature of the self-propulsion test. In some model basins 
a blockage correction also is required. 

The characteristics of the full-scale propeller are 
calculated from the model characteristics as follows, 

KTs = K T M  - SKT 

KQS = KQM - SKQ 
where 

The difference 

where 

0.044 5 

In the formulas mentioned above, c is the chord length, 
t is the maximum thickness, P/D is the pitch ratio and 
R,,, is the local Reynolds number at x = 0.75. The 
blade roughness k is put k = 3O.1Op6 m. R,,, must 
not be lower than 2 x lo5 at the open-water test. 

Assume the thrust deduction to be independent of 
scale, which is supported by some theoretical investi- 
gations (Dyne, 1973). Then the full-scale wake factor 
can be assumed to be represented by, 

wTS = ( t  + 0.04) + (w, - t - 0.04) C, (44) 
G M  

where the thrust deduction t and the wake fraction 
wTM are determined from the resistance, self-propul- 
sion and open-water tests, as discussed previously. In 
many cases the value of wTS thus obtained exceeds the 
model value w,. In that case wTS should be set equal 
to wTM (ITTC, 1984). The factor 0.04 takes account of 
the effect of the rudder. Therefore, this factor may be 
deleted for twin-screw ships having a single rudder in 
the ship's center plane. 

In the above formula for wTS, Cv is the viscous re- 
sistance coefficient, 

Cvs = (1 + k) CFs + Ch 

CvM = (1 + k) cm, 
with C, the frictional resistance coefficient according 
to the ITTC 1957-line. 

The load on the full-scale propeller is obtained from 

(45) K T -  s cTS 

J 2  
- - -. 

2D2 (1 - t )  (1 - WT,)' 

With this KT/J2 as input value the full-scale advance 
coefficient JTS and the torque coefficient KQTS are read 
off the full-scale propeller characteristics and the fol- 
lowing quantities are calculated: 

the rate of revolutions, 

the delivered power, 

the thrust of the propeller, 

KT T, = J2 x JTs2 p D4 ns2 

the torque of the propeller, 

KQTS Qs = - xp D5 ns2 
7)R  

the effective power, 

the total efficiency, 

the hull efficiency, 
l - t  

7 ) H  = - wTS 

At this stage there are two options for improving 
correlation between prediction and full-scale trials 
given in the ITTC method. The first is to adopt the so- 
called C,- C, correction factors in arriving at the final 
trial predictions according to 

nT = C, ns 

for the rate of revolution and 

P D T  = cp PDs 

for the delivered power. 
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Table 3-Model-Ship Correlation Analysis of Fine Single-Screw Ships Performed for the 17th 
ITTC ( 1  984) 

Inst. 1 2 3 4 
Fine Fine Full Fine Fine 

Data Pt. 86 12 28 17 18 
C, 0.994 1.009 0.986 1.005 0.986 

uCp/cp 0.094 9.082 0.094 0.034 0.079 
CN 1.024 1.019 0.978 1.004 1.011 

C N p  1.014 1.002 1.014 
u C N p / E N p  0.036 0.013 0.016 

- 

- 

u C N / C N  0.036 0.040 0.039 0.018 0.026 - 

Values of C, and C, are determined by the towing 
tanks on the basis of correlation studies. Values of C, 
and C, are typically 0.98 and 1.01, respectively. In the 
absence of appropriate correlation data C, and C, 
should be taken as unity. 

The second option is to adopt SCFc-S W, corrections 
according to, ITTC (1978): 

K T -  s ScTS + ScFC 

J‘ 20‘ (1 - t )  (1 - wTS + SW,)‘ 
With this KT/J2  as input value, JTS and KQTS are read 
off from the full-scale propeller characteristics and 

Values of SC,, and Sw, are again determined by the 
towing tanks on the basis of correlation studies and 
should be taken as zero if correlation data are lacking. 

The different ITTC Performance Committees have 
carried out an analysis of C,, C,, SCFc, Sw, factors. 
Table 3 shows the results of this analysis (ITTC, 1984). 
The results are shown individually for a number of 
institutes. Fig. 20 summarizes these results. There 
seems to be no significant differences between full and 
fine ships (the border put a t  C, = 0.7). The only ex- 
ception appears to be for hull forms having open tran- 
som sterns. A direct application of the above method 
results in underprediction of PD and number of revo- 
lutions. The report of ITTC (1984) also discusses C,, 
C, values for twin-screw vessels. 

Values of SC,, and Sw, may be derived from the 
C,, C, values by an analysis of trial results. They are 
interrelated. In Table 3 one also finds values for C,, 
This factor represents the same quantity as C, in case 
the full-scale number of revolutions is calculated on 
the basis of torque identity instead of the thrust iden- 
tity given above (ITTC, 1981). 

Consequently, the best extrapolation technique 
available to date still leads to deviations in speed and 
number of revolutions of approximately 2 percent. For 

5 6 7 8 9  
Fine Full Fine Fine Full Fine Fine 
61 59 18 49 86 31 21 

0.984 1.028 0.911 1.039 1.008 1.014 1.067 
0.043 0.080 0.058 0.081 0.059 0.078 0.033 
0.996 0.985 1.000 1.025 0.994 1.001 1.010 
0.013 0.017 0.029 0.022 0.023 0.039 0.019 
1.002 0.979 1.023 1.016 0.992 0.996 0.990 
0.010 0.012 0.023 0.016 0.016 0.039 0.014 

this the following 
1978), 
(a) Model tests 

causes may be mentioned (IITC, 

errors in measurements, in- 

errors in procedure such as 
strumentation 

turbulence stimulation 
(b)  Full-scale trials errors in measurements, in- 

strumentation 
errors in procedure: differ- 
ences in trim, displacement 
and influence of wind, waves 
and fouling 

(c) Extrapolation 0 errors in correlation allow- 
ance for roughness effects 
scale effects in wake factor 
no correction is applied for 
scale effects in lift 
dependence of propulsion fac- 
tor in load 

The U.S. Navy’s policy regarding correlation allow- 
ances for naval vessels is given in Design Data Sheet 
051-1 (NAVSEA, 1984), “Prediction of Smooth-Water 
Powering Performance for Surface Displacement 
Ships.” Procedures are similar to ITTC practice, as 
outlined above, but differ in detail. In addition, it is 
customary to add a design margin on estimated power, 
by means of a Power Margin Factor (PMF), which 
varies from 1.10 during feasibility and preliminary de- 
sign (no lines drawing or model tests) to 1.04 during 
final contract design (final lines, propeller design and 
self-propelled model tests available). The PMF is ap- 
plied to the estimated effective power, PE, or to CTS. 
I t  must be noted that this design margin is intended 
to allow for design uncertainties under trial conditions; 
it is entirely separate from the Service Power Allow- 
ance discussed in Section 8.5, Chapter V. 

Hagen, et a1 (1986) present a survey of available 
data on correlation allowances for naval vessels of 
different lengths and types of hull coating. Results 
support the use of Equation (58) of Chapter V for, 
“Surface ships in the new-ship condition and painted 
with MilSpec vinyl paint” in the range of 58-293 m 

and prediction 
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length (190-960 ft) Above this range it is assumed that 
C, = 0.0002 and below it C, = 0.0008. Different values 
would apply if other hull coatings are to be used. 

Values of Wake, Thrust Deduction Fractions and 
Relative Rotative Efficiency. When designing a pro- 
peller for a new ship, it is necessary to estimate the 
probable values of the wake fraction, thrust-deduction 
fraction, and relative rotative efficiency, since all these 
enter into the calculations and the final assessment of 
power. 

By far the most reliable values of these factors will 
be found from preliminary self-propelled model tests, 
in which a model of the new ship is propelled by a 
stock propeller chosen to have its principal character- 
istics as near as possible to the probable final design. 
These values will form a reliable basis for the design 
of the propeller, and if in the final model tests slight 
differences are found these can be allowed for in the 
manufacture of the ship propeller. This practice is 
quite common in many towing tanks. 

In the absence of such information, estimates must 
be made from other sources, and many model inves- 
tigations have been carried out to supply the designer 
with such data. 

Systematic experiments to determine wake and 
thrust deduction made by Luke many years ago are 
still of use, especially for twin-screw ships. Self-pro- 
pelled models of single and twin-screw ships with var- 
ious block coefficients were used in the tests. The twin- 
screw models were run without bossings and with four 
designs of bossing having angles to the horizontal 
varying from 0 to 67% deg. The results are shown in 
Fig. 20. 

The wake in all cases increased with block coefficient, 
but the variation with speed was small. The propeller 
dimensions, except diameter, had little or no effect on 
either the wake or the thrust deduction. On the single- 
screw models a smaller diameter screw experienced a 
higher wake and smaller thrust deduction than a larger 
screw. This of course is due to the fact that the outer 
parts of the blades of the larger screw are working in 
areas of smaller wake velocity, so that the average 
wake is reduced. 

On the twin-screw models the bossing angle of least 
resistance was 45 deg; smaller or greater angles in- 
creased the resistance but did not influence thrust de- 
duction appreciably. High wakes were obtained when 
horizontal bossings were combined with outboard pro- 
peller rotation and vertical bossings with inboard ro- 
t a t i ~ n . ~  The best propulsive efficiency was obtained 
with outboard-turning screws when the bossing angle 
was somewhat smaller than the angle of least resis- 
tance and with inboard-turning screws when the boss- 

5.3 

A propeller is said to be outboard or outward turning when, 
for ahead propulsion, the tips at the top of the disk are moving 
away from the hull. 

ing angle was somewhat greater than the angle of 
least resistance. 

Another important investigation of wake was car- 
ried out by Bragg (1922) a t  Michigan with two groups 
of single-screw models. The models were towed at con- 
stant speed and the wakes were measured by means 
of current meters placed somewhat abaft the usual 
propeller position. The measured values were there- 
fore nominal wakes freed from the influence of pro- 
peller action. Qualitatively the test results were 
consistent with the results obtained from self-propel- 
led tests; quantitatively, they were consistently higher, 
for the reason already mentioned (Section 4.2). The 
results showed that the wake fraction increased with 
the vertical prismatic coefficients and the beam-draft 
ratios of the models, and with the elevation of the 
propeller shaft, but decreased with an increase in pro- 
peller diameter. 

A third investigation of wake by systematic exper- 
iments with models was made by Admiral Taylor. The 
tests were made in the U.S. Experimental Model Basin 
with a single-screw model equipped with various pro- 
pellers. It was found that the wake increased as the 
propeller diameter was reduced and as the propeller 
was raised towards the surface, but that it decreased 
as the clearance between the hull and the propeller 
was increased. The thrust deduction had in general the 
same trend as the wake fraction, but did not vary in 
exactly the same proportion. 

For estimating the wake fraction in preliminary pro- 
peller design, Taylor gave average values derived from 
an analysis of the trial results of more than 150 ships 
in conjunction with open-water characteristics derived 
from model tests. These values are listed in Table 4 
taken from the 1933 edition of Speed and  Power of 
Ships.  

It should be noted that these wake fractions are of 
a hybrid nature, the self-propulsion data being taken 
from ship trials and the open-water characteristics 
from model tests. They are thus subject to the possi- 
bility of some scale effect being present. 

Schoenherr in 1934 made an analysis of experimental 
wake and thrust-deduction values determined in rou- 
tine tests with self-propelled models in the EMB. The 
work was extended and reported in the first edition of 

Table 4-Values of Wake Fraction from Taylor 

coefficient CL? 
Twin-screw ships S i n g l e - s c r e m  

0.50 -0.038 0.230 
0.55 -0.021 0.234 
0.60 + 0.007 0.243 
0.65 0.045 0.260 
0.70 0.091 0.283 
0.75 0.143 0.314 

- 0.354 
- 0.400 

0.80 
0.85 
0.90 - 0.477 

Wake fraction (Taylor) 
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Fig. 20 Comparison of model-ship correlation factors between full and fine single-screw ships 

Principles of Naval Architecture in 1939 (page 149). 
At that time data from 65 tests with 61 single-screw 
models had been analyzed, and certain empirical for- 
mulas derived. 

For the wake fraction of single-screw ships 

C,, Cp B/L w = 0.10 + 4.5 
(7 - 6 Cvp) (2.8 - 1.8Cp) 

where 
C, is the vertical prismatic coefficient 
C, is the prismatic coefficient 
B is the breadth of ship 
L is the length of ship 
T is the draft of ship 
E is the height of propeller shaft above base- 

D is the propeller diameter 
K is the rake angle of propeller blades, radians 
k' is the a coefficient which has the value 0.3 

for a normal type stern and 0.5 to 0.6 
for a stern with cutaway deadwood 

line 

The precision measure of this formula for 65 tests 

For the thrust-deduction fraction of single-screw 
with 61 models was found to be 20.027. 

ships 
t = kw 

where 
(47) 

k = 0.50 to 0.70 for vessels equipped with 
streamlined or contrarudders 

k = 0.70 to 0.90 for vessels equipped with dou- 
ble-plate rudders attached to square rud- 
der posts 

k = 0.90 to 1.05 for vessels equipped with old- 
style single-plate rudders 

For the wake fraction of twin-screw vessels, the 

(a) With bossings and outboard turning propellers 
following formulas were derived: 

w = 2C,5(1 - C,) + 0.2 (C0S)Z x ; \I, - 0.02 

(average deviation for 38 spots 20.023) 
(b)  With bossings and inboard turning propellers 

w = 2cB5(1 - c,) + 0.2 (cosy x ;(go - $) + 0.02 
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(average deviation for 7 spots 20.012) 
(c) Propellers supported by struts 

w = 2C,5(1 - C B )  + 0.04 
(average deviation for 15 spots 20.024) 

For the thrust deduction of twin-screw ships 
(a) With bossings 

t = 0 . 2 5 ~  + 0.14 
(average deviation for 45 spots 20.018) 

(b) With struts 
t = 0 . 7 0 ~  + 0.06 

(average deviation for 15 spots 20.014) 
In all the foregoing formulas 

w is Taylor wake fraction 
CB is block coefficient of hull 
3 is angle of bossing to horizontal 

For the models considered in the foregoing analysis 
the average value of the relative rotative efficiency q, 
was 1.02 for the single-screw models and 0.985 for the 
twin-screw models. 

The choice between open shafts with struts and com- 
plete bossings having different angles to the horizontal 
will affect the propulsive coefficient because of the 
different wake and thrust deductions which result. 

For block coefficients of 0.5 and 0.6 the foregoing 
equations give the values of w and t shown in Table 
5. 

The wake fraction without bossings is intermediate 
between those for bossings having slopes of 30 and 
60 deg to the horizontal. This is generally in keeping 
with the results in Fig. 21. The principal point of in- 
terest is the lower value of t with open shafts, which 
results in the hull efficiency qH1 an important compo- 
nent of the propulsive efficiency, having a higher value 
than either of those with bossings. 

It would appear, therefore, that open shafts have 
some small advantage over complete bossings as re- 
gards propulsive coefficient, but the overall effect on 
shaft power must take into account the different re- 
sistance qualities, as discussed in Section 5 of Chapter 
v. 

Apart from power considerations, the open shafts 
will give a more uniform wake and so tend to reduce 
the likelihood of vibration and cavitation arising from 
the propellers. 

The foregoing formulas are valid only for merchant 
ships of normal form operating a t  Froude numbers 
below 0.3. For high-speed ships of the destroyer type, 
the wake fraction usually lies between -0.02 and 
t-0.02 when the ship is equipped with struts and be- 
tween 0.04 and 0.08 when equipped with bossings. The 
thrust-deduction fraction for ships of this type is cor- 

respondingly small and as a first approximation may 
be assumed equal to the wake fraction. 

Other valuable sources of data on wake, thrust de- 
duction, and propulsion factors will be found in the 
results of methodical series published by various tow- 
ing tanks. For example, Todd (1963) gives such infor- 
mation for the single-screw merchant ship forms 
comprising Series 60, covering a range of block coef- 
ficients from 0.60 to 0.80. Table 6 shows the wake and 
thrust-deduction fractions and other propulsion factors 
for the five parent models of Series 60, the values being 
those at the service speed in each case. 

It will be seen that with increasing fullness of hull 
form, the wake fraction increases steadily from 0.249 
to 0.352. The thrust-deduction fraction decreases at 
first, and then begins to increase again, but this in- 
crease is insufficient to counteract the continuing rise 
in wake, so that the hull efficiency q H  continues to rise 
to the fullest model. The quasi-propulsive coefficient 
qD increases up to a block coefficient of 0.75, but a t  
0.80 is reduced because of the lower open propeller 
efficiency. 

It is interesting to compare the measured effective 
wakes for the Series 60 parents with those estimated 
by the formulas previously quoted. The relevant fig- 
ures are shown in Table 7. 

There is remarkably close agreement between the 
measured values and those given by Taylor, which is 
surprising since the latter depend only on block coef- 
ficient. The Luke figures, which also depend only on 
block coefficient, are consistently low, while those 
based on the formula given by Schoenherr, although 
showing the correct trend, are always too large, the 
excess increasing with block coefficient. 

The last line in Table 7 shows the value of k = t/ 
w, Equation (35), for the Series 60 measured results. 
From Schoenherr's analysis k varied from 0.5 to 0.7, 
and this is seen to cover the range of values found for 
Series 60. These results suggest that the value of k 
= 0.7 will apply to fine ships around CB = 0.60, and 
that k will decrease with increasing block coefficient. 

Some of the Series 60 models were run with pro- 
pellers of different diameters, and the effect upon w 
and t can be found from the results given in Todd 
(1963). Typical figures are quoted in Table 8. These 
show the expected reduction in wake with increasing 
diameter. The value of t remains unaffected by changes 
in diameter within the limits covered in these experi- 
ments. As the block coefficient is decreased, the wake 

Table 5-Effect of Shaft Arrangements on Hull Efficiency 

0.5 0.6 
C B  30 Open 60'  30 Open 60 ' + deg Shafts deg deg Shafts deg 
W 0.111 0.071 0.011 0.143 0.103 0.043 
t 0.168 0.110 0.143 0.176 0.132 0.151 

v H  = - 0.936 0.958 0.867 0.961 0.968 0.887 1-t 
1-w 
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Table 6-Propulsion Factors for Parent Models of Series 60 (Todd, 1963) 

C,. .......................... 0.60 
F ,  ........................... 0.229 
L / B  ......................... 7.50 
B/T ......................... 2.50 
LIVh . .  ...................... 6.166 

1.50A 
w ............................ 0.249 
t ............................. 0.176 
q H  ........................... 1.097 
qo ............................ 0.669 
q R  ........................... 1.035 
q D  ........................... 0.759 

LCB % L ,  from a ......... 

0.65 
0.236 
7.25 
2.50 
5.869 
0.50A 
0.268 
0.167 
1.138 
0.659 
1.026 
0.769 

0.70 0.75 0.80 
0.212 0.190 0.167 
7.00 6.75 6.50 
2.50 2.50 2.50 
5.593 5.335 5.092 
0.50F 1.50F 2.50F 
0.277 0.307 0.352 
0.161 0.171 0.200 
1.160 1.196 1.235 
0.666 0.653 0.624 
1.010 1.014 1.014 
0.781 0.792 0.783 

Table 7-Comparison of Measured and Estimated Wakes for Series 60 

c, ..................... 
w measured ........... 
w Taylor". ............. 
w Schoenherr' ......... 
w Luke' ............... 
k = t/w for measured 

.................. 

.................. 

.................. 

.................. 

.................. 
values ........... 

0.60 
0.249 
0.243 
0.257 
0.202 
0.707 

0.65 
0.268 
0.260 
0.285 
0.226 
0.624 

0.70 
0.277 
0.283 
0.322 
0.250 
0.582 

0.75 
0.307 
0.314 
0.365 
0.275 
0.556 

a From Table 4. From Equation (46). From Fig. 21. 

0.80 
0.352 
0.354 
0.416 
0.300 
0.568 

decreases. We might therefore anticipate a similar de- 
crease, though of less amount, as the LCB is moved 
forward for a given C, because of the progressive 
fining of the stern. This is confirmed by the Series 60 
results as shown in Table 9. Thus, for example, for a 
block coefficient of 0.65, as the LCB is moved forward 
from a position 2.46 percent L aft  of midships to 1.37 
percent L forward, w decreases from 0.310 to 0.229 
and t from 0.206 to 0.136. Since these two have opposite 
effects upon the hull efficiency, the latter remains more 
or less constant. 

It will be noticed that none of the empirical formulas 
already quoted takes account of the effect of the po- 

sition of LCB on w and t, and since the Series 60 data 
on this point are not included in Todd (1963), they are 
given here in full in Table 9. 

The results of the research on Series 60 contained 
in Todd (1963) also give details of the effect upon w 
and t of changes in speed, in proportions such as vari- 
ations in L/B and B/T, and of changes in displacement 
and trim. These enable estimates to be made of the 
results of departures from the conditions used in the 
basic parent series. 

Holtrop, e t  a1 (1982) and Holtrop (1984) derived 
expressions for the wake fraction, thrust-deduction 
fraction and the relative rotative efficiency by statis- 
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tically analyzing the results of propulsion tests of more 
than 200 models of various types (see also Section 8.12, 
Chapter V). The equations obtained for single screw 
ships with a conventional stern arrangement are as 
follows: 

0.050776 + 0.93405 c, ,  
(1 - CPI) 

The coefficient c9 depends on the coefficient c, defined 
as: 

CS = BS/(L D TA) 
when B/TA < 5 

or 
c8 = s(7B/TA - 25)/(LD(B/TA - 3) ) 

c g  = c* 
when B/TA > 5 

when c, < 28 
or 

C, = 32 - 16/(c8 - 24) 
when c, > 28 

when TA/D < 2 
~ 1 1  = TA/D 

or 
c,, = 0.0833333(TA/D)3 + 1.33333 

when TA/D > 2 

when C, < 0.7 
cIg = 0.12997/(0.95 - C,) - 0.11056/(0.95 - C,) 

or 
c,, = 0.18567/(1.3571 - C,) - 0.71276 + 0.38648 C, when C, > 0.7 
czo = 1 + 0.015 Cstern 

C, = 1.45 C, - 0.315 - 0.0225 k b  
The coefficient Cv is the viscous resistance 
coefficient with 

CV = (1 + k) cp + C A  

The following formula was obtained for the thrust 
deduction fraction of single-screw ships: 
t = 0.25014(B/L)028956 (~T/D)02'241 

(1 - C, + 0.0225 Z C ~ ) ~ . ~ ' ~ ~ ~  + 0.0015 Cstern (49) 

Table 8-Effect Upon Wake and Thrust Deduction of 
Change in Propeller Diameter 

Block coefficient C, 0.60 -, ,,- 0.80-, 
Propeller diameter D * / ' /  \ 

0.666 0.800 0.521 0.730 - -- 
Draft T "" 

w ............................ 0.26 0.23 0.43 0.36 
t ............................. 0.17 0.17 0.20 0.20 
* Standard value of D / T  for basic series is 0.70. 
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Fig. 22 w - J'-diagram, constont rate of revolution (Harvald, 1967) 

Fig. 23 t - J' diagram, constant rate of revolution (Harvald, 1967) 

The factor of C,,,,, has been given in Section 8.12, 
Chapter V. 

The relative-rotative efficiency can be predicted well 
by the formula: 
q~ = 0.9922 - 0.05908 A,/A, 

+ O.O7424(Cp - 0.0225 k b )  (50) 
For single-screw ships with open sterns, such as 

transom-stern types, the following equations were ob- 
tained, 

(51) 

The coefficients in these equations are based on a lim- 
ited number of model test results. 

w = 0.3 CB + 10 CVCB - 0.1 
t = 0.10 and qR = 0.98 

For twin-screw ships the following equations were 
derived, 

w = 0.3095 CB + 10 CVCB - 0.23 D / r T  

(52) t = 0.325 CB - 0.1885 D / T T  
q R  = 0.9737 + O.lll(Cp - 0.0225 k b )  + 

- 0.06325 P/D 

The previously mentioned research concerns free- 
running ships. However, a large number of ships op- 
erate a t  overload conditions such as cable-laying ves- 
sels, trawlers and tugs. Also vessels in dynamic 
positioning mode operate in such conditions, continu- 
ously accelerating and decelerating to keep station. 
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Fig. 24 Geometry of helix 

For these cases the thrust deduction and wake factors 
may differ considerably from those valid for free-run- 
ning. Troost (1957) already pointed to this fact. For 

dynamically positioned vessels or vessels in course- 
tracking mode these factors are also dependent on the 
relative current angle, i.e. the angle between the speed 
through the water and the course of the ship. 

Harvald (1967) has presented data on both w and t 
for overload conditions. His work considered the ahead 
and astern conditions with the propeller working either 
ahead or astern. This way all four quadrants were 
covered for a range of J-values. These experiments 
were carried out for a trawler and a bulk carrier and 
showed a considerable influence of the propeller load 
and the advance on the propulsive coefficients w and 
t; Figs. 22 and 23. Part of these variations, however, 
have to be attributed to the definition of w and t. For 
instance, for V = 0 the wake fraction w = (J ’ -J ) /J  
will approach infinite values. Here J’ is the advance 
of the propeller derived from open-water diagram and 
J is the advance based on the ship speed. Similarly t 
will not be defined for values of J’ for which the thrust 
approaches zero. 

The results of Harvald show that the variation of t 
and w and J is dependent to some extent on whether 
V or n are changed. He also concluded that the stern 
wave has very little influence on the variation in w. 
For bollard pull conditions the value of t was found 
to be considerably larger for astern pull which Gb- 
viously is caused by propeller slip-stream being di- 
rected towards the ship. For forward bollard pull a 
thrust deduction factor of 0.04 is common for single- 
screw ships. 

Section 6 
Geometry of the Screw Propeller 

6.1 General Characteristics. The general charac- 
teristics of screw propellers have been discussed 
briefly in Section 2.5, and a typical design with defi- 
nitions of certain terms is shown in Fig. 8. To be able 
to design a propeller it is necessary to go somewhat 
further into the geometry involved. 

The design of a screw propeller almost invariably 
start with a helicoidal surface, which either forms the 
face of the blade or serves as a reference frame from 
which offsets are measured to describe the blade. This 
helicoidal surface may be a true one or more generally 
a warped helicoidal surface having the properties to 
be described. 

As stated in Section 2.5, a helical surface is that 
surface swept by a straight line AB, Fig. 7, one end 
of which, A, advances a t  uniform speed along an axis 
00’ while the line itself rotates about the point A with 
uniform angular speed o radians in unit time. The 
space curves that are traced by the various points of 
the generating straight line are called helices. These 
helices lie on the surfaces of circular cylinders coaxial 

with the line 00’, and all have the same advance per 
revolution, that is, the same pitch P. Therefore, the 
true helicoidal surface can be defined as a surface of 
double curvature, each line element of which is a helix 
of a constant pitch. 

If the helical-line elements have different pitches, or 
if the radial line is curved, a more general surface is 
obtained which, while it cannot be described mathe- 
matically, is fully and definitely described by giving 
the shape of the radial reference line and the pitches 
of a number of helices a t  various distances from the 
axis of rotation 00’. This general surface, when used 
as a reference frame, enables us to describe any type 
of screw propeller likely to be used in practice. It is 
called the pitch surface of the propeller and the line 
elements, which are true helices, the pitch lines. 

6.2 Geometry of Helix. The motion of the point on 
the cylindrical surface may be expressed in mathe- 
matical form, using rectangular coordinates x, y, and 
z, where the axis of x coincides with 00’, the axis of 
revolution, Fig. 24. 
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TIP.- 

4 - 4  
Fig. 25 Propeller drawing en- 

If a cylinder of radius r is unrolled to form a flat 
surface, the helix will develop into a straight line, the 
pitch angle 4 being given by 

(see Fig. 9). P tan 4 = - 
27rr 

If the angle 8 and the time t are measured from the 
instant when the generating line r is in the vertical 
position, then 8 = ot. The pitch P i s  the distance which 
r advances while it makes a complete revolution, i.e., 
when 8 changes by 27r. For any other value of 8, r 
will advance a distance equal to P8/27r. 

The ordinates of a point on the helix are therefore 

x = ~ e / 2 ~  
y = r sin 8 
x = r c o s e  

The expanded length of a portion of the helix such 
as ac in Fig. 24 can be found by developing the cylinder 
to a flat surface, as in Fig. 9. The triangle abc will 
then have sides 

ab = re 

bc = P8/2n 
the angle bac being equal to the pitch angle +. 

(ac)' = (ab)' + (bc)' 
P202 
497' 

The side ac will be given by 

= r'8' + - 

= __ U (47r'T' + P') 
47r2 

or 

It also can be proved that the radius of curvature 
of the helix is given by 

r R, = - cos '4 

6.3 Propeller Drawing. The design drawing for a 
propeller usually consists of four parts, which are il- 
lustrated in Fig. 25. These show, respectively, a side 
elevation of the propeller (a), an expanded blade outline 
with details of the section shapes (b), the pitch distri- 
bution if it is not uniform (c), and a transverse view 
(4. 

For simplicity, we will assume in the first instance 
that the propeller has sections with flat faces. The 
choice of the blade outline will depend on a number of 
design features, and we will assume that for the pres- 
ent this has already been chosen. 

The side elevation shows the rake of the propeller 
(the fore-and-aft slope of the generating line) and a 
hypothetical section showing the variation of maxi- 
mum blade thickness from tip to root. It also shows 
the projected outline of the blade shape on a centerline 
longitudinal plane. 

The section shapes are shown in view (b)  with their 
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pitch faces all drawn parallel to the base line and at 
their correct radii from the axis. These are cylindrical 
sections, with the thickness measured parallel to the 
axis, and not normal to the face. The shapes of the 
sections are shown by the necessary dimensions giving 
the thickness at various distances along the chord, 
edge thicknesses, edge radii, and other details. The 
outline of the blade drawn as in view (b) of Fig. 25 is 
called the expanded blade outline. 

The pitch line shown in view (c) gives the variation 
of pitch with radius from the axis. In the example 
shown, the pitch is constant over the outer part of the 
blade, and reduced towards the root, a common prac- 
tice in single-screw merchant ship propellers. 

In the transverse view (4 are shown the transverse 
projection and developed outline of the blade, the line 
of maximum thickness of the sections and the amount 
of skew. (See also Section 2.5). The developed outline 
is drawn through the edges of the blade when the 
blade widths are set out around helical arcs as shown 
in view (4. 

Consider a section at radius r where the pitch is P. 
If AB is set out equal to P / 2 7 ~ ,  and the line BCD 
drawn, the angle ACB is the pitch angle 4 and BCD 
is the pitch face line for that section. The transverse 
projection of the section EF will be EICFl, and if an 
arc of a circle of radius r is drawn with center A and Fig. 26 Effect of blade section shape on projected blade outlines 

cE1 (= cEl) and cF (= cFl) are measured around When the sections are set out as in view (b)  with this arc from ' and be points On the trans- the pitch lines all parallel to the axis, the ends of the 
verse projected blade outline. sections can be joined to give still another outline, 

called the expanded blade outline. In the same way, the longitudinal projection of the 
section on the centerline plane will be E2CF2. If the If the sections are not of the with a flat face 
offsets cEz and cF2 are set Off in view (a) and circular back, but are of airfoil shape with nose 

same levels and in view (d)9 and F1 developed and projected outlines will be obtained for 
the same total chord width, as shown in Fig. 26. be points on the longitudinal projected outline. 

projected outlines can be drawn. pressed in the form of nondimensional ratios, the most The position of maximum thickness of the sections commonly used being can be set off along. each radial line and a locus of 

and then the points E2 and F2 are dropped down to the and tail lifted from the pitch face, somewhat different 

In this way the transverse and longitudina1 The characteristics of propellers are customarily ex- 

maximum thicknescdrawn in view (4. Since this line 
will not lie in the longitudinal centerline plane, there 
is no true plane section through the blade at this po- 
sition, which is why the thickness line in view (a) was 
referred to as a hypothetical one. 

The developed outline is not so easy to draw, but 
for most purposes it is sufficient to expand the section 
along an arc of a circle which has a radius equal to 
the radius of curvature of the helix at the point C. If 
BG is drawn perpendicular to BC, then CG = r/cos2 
4, which is the radius of curvature of the helix at the 
point C having a radius r and pitch P. 

Hence if CE and CF are set off from C around the 
arc of a circle struck from G with radius GC, the 
resultant points El1 and F1 will be points on the de- 
veloped blade outline. This is nearly a correct construc- 
tion for narrow and medium-width blades, but is not 
so accurate in the case of wide blades. 

propeller pitch - P Pitch ratio PR = - -  
propeller diameter D 

IT Disk area A, = - 0' 4 

A,  Expanded-area ratio = - 
A0 

- expanded area of all blades, outside hub - 
disk area 

AD Developed-area ratio = - 
A0 

- developed area of all blades, outside hub - 
disk area 
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A ,  Projected-area ratio = - 
A0 

- projected area of all blades, outside hub - 
disk area 

Mean width ratio 
mean developed or expanded width 

diameter 
- of one blade 

- - outside hub / outside hub 

- 

area of one blade length of blade 

diameter 
maximum width of blade 

diameter 
Blade-width ratio = 

Blade-thickness fraction 
- maximum blade thickness produced to shaft axis - 

diameter 

= to in Fig. 25. D 
6.4 Constructional Details of Marine Propellers. 

For many years marine propellers were usually made 
with either three or four blades, the latter being almost 
universal in single-screw ships. Model experiments had 
indicated that such propellers were likely to be the 
most efficient, any increase in the number of blades 
giving rise to interference effects between the blades 
near the hub with a consequent decrease in efficiency. 
Also keeping the expanded area constant, an increased 
number of blades will lead to blades having higher 
aspect ratio and smaller chord length. The section lift- 
to-drag ratio will decrease, also because the blades will 
have relatively larger thickness to satisfy the require- 
ments imposed by strength. The higher aspect ratio 
will have virtually no beneficial effect if the camber 
and pitch distribution may be optimized. On the other 
hand, the increase of the number of blades will result 
in better efficiency if the isolated blades have the same 
lift-drag ratio. This effect, however, is more than bal- 
anced by the reduced blade efficiency. Comparing re- 
sults for the B-4-70 and B-7-70 propellers confirms this 
result. (See Section 8.3.) 

With the continual increase in the speeds and powers 
of ships, particularly those with a single propeller, it 
became necessary to increase the blade area in order 
to delay the onset of cavitation. To avoid excessively 
wide blades, an increase in their number was a possible 
alternative. This same increase in power, and so in the 
thrust developed per blade, also increased the periodic 
forces transmitted from the propeller to the hull, both 
through the water by pressure effects and through the 
shaft bearings. As a result hull-vibration problems 
were intensified. These propeller forces are predomi- 
nantly of blade frequency. An increase in the number 

of blades not only reduces the thrust per blade, thereby 
reducing the intensity of the disturbing forces, but 
also increases their frequency. This fact, in certain 
cases, may be used to avoid resonant conditions, and 
the forced vibration will be of lesser amount because 
of the increase in the internal damping of the hull 
structure at higher frequencies. Because of such rea- 
sons many ships are now fitted with propellers having 
5, 6 or more blades, and it has been found that by 
careful design such screws need pay only a small pen- 
alty, if any, in efficiency. 

The blades are either cast integral with the hub or 
cast separately and bolted to it; the two types are 
referred to as solid and built-up propellers, respec- 
tively. Built-up propellers have the advantages that 
damaged blades are easily replaced and that small 
adjustments in pitch can be made by turning the blades 
on the hub. Their disadvantages as compared with solid 
propellers are higher first cost, greater weight and 
somewhat smaller efficiencies because of the larger 
hub. 

The hub is usually cylindrical or conical in outline, 
the diameter ranging from 0.150 to 0.250. I t  is bored 
to fit the taper of the tail shaft and is usually secured 
to the shaft by one or more keys and a nut, the latter 
being covered by a streamlined fairwater or cap. 

The pitch ratios used for marine propellers range 
from about 0.6 for highly loaded propellers such as 
those on tugboats, up to 2.0 or more on high-speed 
motor boats. The radial distribution of pitch in twin- 
screw ships is sometimes constant, but in single-screw 
ships, where the wake variation over the disk is much 
greater, with a high concentration over the inner radii, 
the pitch is often reduced towards the hub. In highly 
loaded propellers, the pitch is often reduced towards 
the tip also, in order to decrease the thrust loading 
there and so delay the onset or reduce the severity of 
tip-vortex cavitation. 

Propeller blades are generally given some rake aft, 
which increases the clearance from the hull, bossings 
or shaft brackets, and is generally beneficial to effi- 
ciency and in reducing the periodic propeller forces 
which induce hull vibration. The latter are also reduced 
by using skewed blade outlines, so that the leading 
edges of the blades enter the wake concentrations be- 
hind the hull and appendages more smoothly. 

The blade area depends very much upon the thrust 
loading, and developed blade-area ratios vary from 0.35 
to values over unity in very high-speed ships. Thrust 
loading is further discussed in Section 7.7. 

The choice of blade area and blade-outline shape 
having been made for a given design, the thickness of 
the sections must be such as to provide adequate 
strength. The hydrodynamic efficiency of a propeller- 
blade section depends upon its thickness ratio, and 
from this point of view it is desirable to keep the 
thickness as small as possible. From the viewpoint of 
delaying the onset of certain types of cavitation, how- 
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ever, a larger blade thickness is beneficial. These con- 
flicting requirements have resulted in blade designs 
which are not as thin as some years ago. 

Propeller materials need to be light in weight, have 
a smooth surface and have a high resistance to erosion. 
Those commonly used include cast iron, cast steel, 
manganese bronze and different varieties of man- 
ganese-nickel-aluminum alloys. The manganese 
bronzes and alloys make tough blades, which take a 
high polish and are resistant to erosion, thus achieving 
and maintaining high efficiencies. Cast-iron propellers 
are relatively cheap but have little tensile strength, 
have to be relatively much thicker and moreover cor- 
rode badly in salt water and have a low resistance to 
cavitation erosion, which latter features reduce their 
efficiency. They are chiefly used on harbor tugs, ice- 
breakers and similar craft, because they tend to break 
off cleanly when striking an obstacle without causing 
damage to hull or machinery. 

The working stress allowed for cast iron is only 
about one half that for manganese bronze, so that cast- 
iron propellers will be much thicker and heavier. On 
the other hand, the nickel-aluminum-bronze is consid- 
erably lower in density, has a higher allowable working 
stress, and will give thinner and lighter propellers of 
high efficiency. This material also gives a smooth sur- 
face finish and has a high resistance to cavitation ero- 
sion. 

Since both the chord length and the thickness of the 
blade sections are important parameters in propeller 
design, and since the strength of the blades must sat- 
isfy the requirements of the classification societies con- 
cerned, it is necessary to be able to calculate the 
minimum thickness of the blades at an early stage in 
the design. Many methods have been developed for 
making such calculations. In the simplest ones, the 
blade is treated as a cantilever, with the total thrust 
and torque forces acting at some estimated points on 
the blade, and the stress in a typical section near the 
root is calculated. A refinement of this method is to 
replace the concentrated thrust and torque loads by a 
loading pattern varying from root to tip in accordance 
with that found from circulation theory. This still 
ignores the variation of load across a chord, which 
can only be taken into account by more sophisticated 
theory. 

In the case of the average merchant ship, one of the 
simpler methods is generally adequate, and for incor- 
poration in the classification society rules the calcu- 
lation must be reduced to a relatively simple formula 
with numerical coefficients. 

Schoenherr (1963) dealt in considerable detail with 
the problem of propeller-blade strength, taking into 
account the bending moments due to the hydrodynamic 
loading, centrifugal force, rake and skew. His stated 
objective was “to derive a formula for the minimum 
blade thickness required to ensure a blade of adequate 
strength for normal service conditions.” He obtained 

such a formula for the required thickness at any de- 
sired section, which can be evaluated when the oper- 
ating conditions, blade parameters and section 
coefficients are known. Tables of functions were pro- 
vided to assist in carrying out the computation. 

This formula was further simplified to suit the de- 
signer’s need for a simple working rule: 

(a) The thickness t was assumed to decrease linearly 
from root to tip, since the analysis had shown that 
when t is calculated for a section near the hub and 
such a linear variation assumed, the thickness else- 
where is greater than necessary to maintain constant 
stress. It is therefore only necessary to compute t for 
the most heavily stressed section. 

(b)  Average values were assumed for the blade 
shape and section parameters. 

(c) One representative point was taken on the cho- 
sen section a t  which to calculate the stress-this was 
the point on the face of the blade a t  the position of 
maximum thickness, where the stress is a maximum 
and is tensile for ahead operation. 

These simplifications were considered justifiable in 
view of other unknowns in the problem-our igno- 
rance of locked-in stresses and the dynamic effects of 
blade vibration, ship motion in a seaway, and crash 
reversals. 

The American Bureau of Shipping adopted the sim- 
plified Schoenherr formula, choosing as the typical 
strength section that at 0.25 radius. The slightly mod- 
ified requirements as they appear in the current rules 
(American Bureau of Shipping, 1987) are given below. 

(a) Blade thickness. Where the propeller blades are 
of standard design, the thickness of the blades shall 
not be less than determined by 

where t = 

H =  
R =  
N =  
K =  

D =  

R =  
S =  

€ =  

minimum thickness of blade at 0.25 radius 

shaft power in kW 
rpm at maximum continuous rating 
number of blades 
rake of propeller blade, where 

propeller diameter in m 
rake angle 
propeller radius 
a constant dependent on the value of D, 

in mm 

K = 5000 tan E, 

viz.: 
D 5 6.1 m 6.1 5 D 5 7.624 m 
S = 1.00 S = J(D + 24)/30.1 

D 2 7.624 m 
S = 1.025 

A is a constant determined by the pitch distribution, 
viz.: 

6 
A = 1.0 -t- - + 4.3P0.25 

Po.7 
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Table 1 O-Propeller Material Constants 

English units SI units 
Materials f W f W 

Type 1 Manganese bronze.. ................... 68 0.30 2.10 8.3 
Type 2 Nickel-manganese bronze. ............. 73 0.29 2.13 8.0 

Type 4 Manganese-nickel-aluminum bronze ... 85 0.27 2.37 7.5 
Type 5 Cast Iron.. ............................ 25 0.26 0.77 7.2 

Type 3 Nickel-aluminum bronze.. ............. 85 0.27 2.62 7.5 

B is a constant determined by the following formula 

N B =  

C is a constant determined by the formula 

C = (1  + 1.5 Po.2,) x (Wf - B) 
where Po.25 is pitch at 0.25 radius divided by propeller 

diameter 
Po,7 is pitch a t  0.7 radius divided by propeller 

diameter 
w and f are material constants from 
Table 10. 
W = width of blade a t  0.25 radius in mm 
C, and C, are determined from 

of inertia of a blade. The former is important from a 
cost point of view, and both are necessary when con- 
sidering shaft-vibration problems. Schoenherr gives 
approximate formulas for both items for rapid calcu- 
lations or checks: 

W = 1.982rlyR3 
I, = 0.2745 WR2 

where 
W is weight of all blades 
I p  is polar moment of inertia of all blades 
r is blade-thickness fraction 
4 is blade-area ratio (for whole propeller) 
y is specific weight of blade material 
R is propeller-tip radius 

The weight and moment of inertia of the hub are not 
included. The units used must be consistent. 

For controllable pitch propellers the American Bu- 
reau of Shipping has adopted the following formula 
(American Bureau of Shipping, 1987): 

in which, a, is area of cross-section of propeller blade 
a t  0.25 radius in mm' 

I, is moment of inertia of cross-section of 
propeller blade with respect to a straight 
line through the center of area of the 
cross-section and parallel to the pitch 
line or the nose-tail line of the section, 
in mm4 

U, is maximum distance of the axis about 
which I ,  is to be calculated to points on 
the pressure side (face) of the blade sec- 
tion, in mm 

T is maximum thickness of the cross-section 
a t  0.25 radius in mm 

a is expanded blade area divided by disk 
area 

If C,, exceeds 0.1, the value 0.1 has to be used in the 
formula for t. If the propeller has forward rake the 
minus sign in the formula is to be used, else the plus 
sign. 

(b) Fillets at the root of the blades are not to be 
considered in the determination of blade thickness. 

A number of notes are attached to the use of the 
formula under certain conditions of operation. 

In the course of the analysis, data are available for 
a detailed calculation of the weight and polar moment 

Where to,,, is minimum thickness of blade a t  0.35 ra- 
dius, in mm 

C, is ( W T ) ,  for the cross-section of the 

C, is I,/ (U, W T'), for the cross-section a t  0.35 
propeller blade a t  0.35 radius 

radius 
and 

490c w a R 
B =  N (%6l(%y 

in which Po.35 is pitch at 0.35 radius divided by the 
propeller diameter 

W is width of blade at 0.35 radius, in mm 
Other classification societies have adopted other for- 
mulas. Usually the results for the minimum blade sec- 
tion thickness of the various formulas differ by only 
a small amount. 
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Fig. 28 (so-curves of the Huber-Hencky-Von Mises equivalent stress, calculated for the backing bollard condition (full-scale values) (Luttmer 
et 01, 1984) 

Propeller manufacturers usually adopt thicknesses 
in excess of those which can be derived from these 
classification society formulas. Besides wanting to re- 
duce the sensitivity of the pressure distribution on the 
blade sections to angle of attack, important for ob- 
taining improved cavitation characteristics, propeller 
manufacturers generally want to incorporate a greater 
safety margin against structural failure. 

For highly skewed propellers (skew angles exceed- 
ing some 40 degrees) stress calculations with canti- 
lever beam methods may result in propellers having 
insufficient strength. Also the above-mentioned for- 
mulas may not be valid for these propellers. Cumming, 
et  a1 (1972) discussed the major results of the inves- 
tigations into the stresses associated with highly- 
skewed propellers to that date. Boswell (1969) found 
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that predictions of beam theory yielded neither the 
correct value for the maximum principal stress nor the 
correct chordwise distribution. His measurements con- 
cerned a propeller with 120 degrees skew. To obtain 
more information Boswell, et  a1 (1976) carried out 
strain measurements for one-bladed propellers with 
different amounts of skew. For all propellers he found 
the maximum stress to occur in the region from the 
hub to the 50 percent radius. At the 30 percent radius 
the maximum principal stress is near the half-chord 
for the unskewed propeller and was found to move 
toward the trailing edge with increased skew. Fig. 27 
shows the dependence of the maximum stress on the 
skew angle. These results are for uniform air pressure 
and only show the effect of skew on the stresses. Cen- 
trifugal forces are not included. This figure also in- 
cludes results for propellers with skew and rake 
(warped propellers). 

Apart from the average loading and stress, the un- 
steady forces and the associated unsteady stresses 
may also be of importance. These are generated by 
the operation of the propeller in the wake field. The 
unsteady forces depend on the harmonic content of 
the wake field and the amount of skew. This is dis- 
cussed in some more detail in Sections 4.2 and 8.2. 
Other contributions to unsteady forces may be caused 
by propeller vibrations. For conventional propellers the 
fundamental natural frequency of the blade usually is 
higher than the primary excitation frequencies. For 
high skew the natural frequency decreases signifi- 
cantly (for constant thickness and chord length) (Cum- 
ming, et  a1 1972). However, for constant stress this 
effect would be less. 

Boswell, et  a1 (1973) report on strain measurements 

on a two-bladed propeller with 60 degrees skew. The 
maximum stress was found to occur near the trailing 
edge. They found considerably lower stresses for the 
backing condition assuming equal maximum principal 
stresses on the face and back of the propeller. How- 
ever, they note that conditions related to crash stop 
maneuvers may change this picture. The increased 
stress levels in that case may be enhanced by elastic 
deflection: the blade will bend such that the effective 
pitch is increased leading to still higher loading. This 
may lead to a phenomenon called static divergence, 
which instability leads to damage. The experiments of 
Boswell, e t  a1 (1973) showed that a propeller is more 
susceptible to this instability for increased skew. How- 
ever, the instability itself has not yet been observed 
to occur for marine propellers. 

Luttmer, e t  a1 (1984) carried out an analysis of the 
influence of skew on the stresses in backing propellers. 
They calculated the open-water performance for four 
propellers having skew angles of 0, 30, 60 and 90 de- 
grees. This was compared with measurements. 
Thereby they obtained satisfactory agreement with 
realistic hydrodynamic loading levels. Next, a finite 
element analysis of the propeller was carried out for 
the astern backing condition, which was considered to 
be representative for conditions to be expected a t  crash 
stop maneuvers. Luttmer found the stress isocurves 
depicted in Fig. 28. These curves show, contrary to the 
previously mentioned research, maximum stresses a t  
the tip (trailing edge for normal ahead condition). 
These stresses increase drastically with skew. 

Special strength requirements have been adopted by 
the classification societies for propellers which have to 
operate in ice-covered waters. 

Section 7 
Cavitation 

7.1 The Nature of Cavitation. Cavitation is a phe- 
nomenon met with in highly loaded propellers in which, 
beyond certain critical revolutions, there is a progres- 
sive breakdown in the flow and a consequent loss of 
thrust. In its extreme form, it may prevent the ship 
from reaching the desired speed. Before this stage is 
reached, however, it manifests itself by noise, vibration 
and erosion of the propeller blades, struts and rudders. 

In early days these problems were confined to high- 
speed ships, but as speeds and powers have increased 
the erosion aspect of cavitation has become more and 
more important, particularly in very high-powered, sin- 
gle-screw ships. In such ships, there is a large wake 
variation over the propeller disk, which encourages 
cavitation, and it is necessary to give special consid- 
eration to propeller clearances from the hull and to 

the effects of overloading of the propeller in bad 
weather or when the ship’s bottom is fouled. Avoidance 
of cavitation and erosion has become an important 
requirement in the design of nearly all propellers, and 
it is necessary to consider the problem of cavitation 
before going on to methods of propeller design. 

One of the earliest references to cavitation on marine 
propellers was made by Osborne Reynolds, who in 1875 
referred to the effect of racing of propellers (Newton, 
1961). The first fully recorded case of its occurrence 
on a ship is that of the British destroyer Daring in 
1894 (Barnaby, 1897). With the original twin three- 
bladed propellers the ship on trial only reached a speed 
of 24 knots instead of the desired 27. When these 
screws were replaced by another pair with 45 percent 
more blade area, not only was 24 knots achieved with 
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17 percent less power, but a top speed of 29.25 knots 
was reached, with the elimination of much of the vi- 
bration previously experienced. 

At about the same time Sir Charles Parsons was 
building the Turbinia with which to demonstrate his 
invention of the marine steam turbine. The ship was 
first run in 1894, having a single shaft carrying one 
two-bladed propeller, 0.752 m in diameter, and gave 
very disappointing results (Burrill, 1951). Parsons then 
learned about the Daring trials, suggesting that the 
limiting thrust which that ship's propellers could de- 
liver (owing to the formation of cavities in the water) 
was equivalent to a pressure of 76.7 kN /m2 (10.8 psi). 

He then replaced the single propeller by three in 
tandem on the one shaft, well spaced fore and aft, 
which gave a considerable improvement, the speed 
being 19% knots. Finally, Parsons fitted the Turbinia 
with three shafts, with three tandem propellers on each 
shaft, having a diameter of 0.457 m (18 in.) and a 
developed blade-area ratio of 0.60. These gave a speed 
on trial of 32.75 knots at 1475 kW (1976 hp) although 
speeds in excess of 34 knots were claimed on later 
occasions. 

Since those early days much has been learned about 
the causes of cavitation and many criteria for esti- 
mating its probable occurrence have been proposed. 
We return to this point in Section 7.7. 

To understand the mechanism of cavitation, consider 
a blade section or airfoil set at a small angle of attack 
in a two-dimensional, steady, nonviscous flow, Fig. 29. 
Let the uniform steady velocity far ahead of the section 
be Vo and the corresponding total pressure p,. 

For a particular streamline such as AB, Bernoulli's 
theorem gives the relation 

Po (VOY 
w 29 
- + - = constant 

or 

p o  + & p  ( Vo)z = constant 

At any point P on the streamline where the pressure 
and velocity are p ,  and V, we have 

Pl + kp(V,)z = P o  + &p(Vo)z 

6P = Pl - Po = & P [(Vo)z - (VXI 

and the change in pressure will be 

If V, is greater than V,, i.e., if the flow is accelerating, 
then p ,  is less than p,,  the pressure is decreased and 
6 p  is negative, and vice-versa. 

At some point S near the nose of the section the 
flow divides, and the fluid following the dividing 
streamline is turned through 90 deg, losing all its ve- 
locity and momentum in the direction of motion along 
the streamline. Hence at the point S the velocity Vl is 
zero, and 

6P = P1 - Po = &p(vo)z 
The increase in pressure at S over the ambient pres- 

sure p ,  is therefore h pVl ;  S is called a stagnation 
point, and the dynamic, stagnation or ram pressure of 
the flow, given the symbol q, is 

The fluid above the dividing streamline passes over 
the upper surface or back of the blade with increased 
velocity, resulting in a decrease in pressure, while that 
below is slowed down, giving increased pressure over 
the face, Fig. 29. It is this differential-pressure effect 
which gives rise to the lift on the section. 

At a point on the back of the blade where the pres- 
sure and velocity are pl and V, 

Pl = Po + & p [( VOY - ( VIYI 
= Po + 6P 

Hence p ,  will become zero if 

6P = - Po 
Since water cannot support tension, the flow will 

break down at this point with the formation of bubbles 
and cavities, and cavitation will result. 

In practice, this situation will come about somewhat 
earlier-when p ,  has fallen not to zero but to the vapor 
pressure of water, p,, at which it begins to "boil" and 
form cavities. The criterion will then be that 

Pv = Po $- 6P 

SP = - (Po - PJ 
or 

Dividing by the dynamic pressure i p V," or q, cavita- 
tion will begin when 
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closed screw aperture showed a better mutual agree- 
ment than the remaining six models with open aper- 
ture. However, no specific tendencies with hull form 
parameters could be observed. 

Van Gent, et  a1 (1973) carried out a similar analysis 
for six third-generation twin-screw containerships. 
Scatter of the results were larger in this case because 
of the different shaft and support arrangements. 

Harvald (1980) carried out wake measurements for 
a single-screw merchant ship with different aft  body 
shapes for a few loading conditions. In line with pre- 
vious results he found only a slight influence of speed. 
The influence of trim was found to be small a t  equal 
draft at the aft perpendicular. Changing the aft  draft 
had a pronounced effect on the wake distribution, es- 
pecially in the upper region of the propeller disk. 

Harvald showed that changing the aft  body by in- 
troducing a stern bulb, removing the deadwood and 
increasing the aperture above the propeller shaft, can 
lead to a much better wake field; Fig. 19. He also 
mentioned the possible use of shields above the pro- 
peller, a concept that has also been considered by Hy- 
larides (1978). The application of a partial stern tunnel 
proved to be favorable for a containership and a 
dredger although application to a Great Lakes carrier 
did not lead to significant improvements, for the ef- 
fective wake field the tunnel also proved to be some- 
what beneficial. 

An interesting comparison of wake fields is given in 
the publication of Jonk, e t  a1 (1980) who have carried 
out investigations into the wake distribution of sim- 
plified hull forms. The basic model represented a 
455,000-ton deadweight product carrier. Simplifica- 
tions of the hull form were made step by step, and the 
resulting changes in propulsive performance and wake 
distribution were measured. 

Holden, et  a1 (1980) presented on early design-stage 
approach to reducing pressure forces on the hull 
caused by a cavitating propeller. To this end they car- 
ried out a statistical analysis of the wake field distri- 
bution of 20 slender V-shaped aftbody ships and 49 
full-form vessels. Both main particulars and local form 
characteristics were used as independent parameters. 

By systematically varying the hull form parameters 
Holden, et  a1 (1980) were able to indicate requirements 
for wakes with low peak values: 

(a) Large waterline angles and blunt waterline end- 
ings should be avoided. 

(b) The stern post half-breadth should be less than 
0.05 D for waterlines situated in the range from 0.2 
to 0.6 D above the propeller shaft. 

(c) The maximum angle of the waterline with respect 
to the longitudinal ship axis should be kept below 30 
degrees. 

For full ships the following indications were also 
given: 

(d )  The area coefficient A/BT of the frame situated 
at 0.1 L,, forward of AP should be in the range from 

0.3 to 0.6. 
(e) The angle with respect to the vertical of the frame 

situated a t  0.1 Lpp forward of AP at the waterline 
through the propeller shaft should be less than 17 
degrees. This means that the frames should be U- 
shaped in this region. 
cf) The vertical gradient of the tangent of the water- 

line angles at the frame 0.1 L,, forward of AP, should 
be between 0.25 and 0.46. The vertical gradient should 
be determined a t  the waterline through the propeller 
shaft. 
(9) The value of the above-mentioned vertical gra- 

dient should be greater than 0.05. This means that the 
waterline angle should increase with increasing height 
above the shaft center. 

For V-shaped ships, Holden, et  a1 (1980) give some 
additional general recommendations. 

Concerning measurements of the effective wake field 
the work of Hoekstra (1977) may be mentioned. He 
applied a diffusor to simulate the action of the pro- 
peller. By varying the diffusor length at constant dif- 
fusor angle a variation of the simulated propeller 
loading was obtained. The measurements for the axial 
and transverse velocities for a bulbous stern tanker 
showed that with increasing propeller loading: . The bilge vortex shifts radially towards the pro- 
peller axis and downwards; . the strength of the bilge vortex increases; . the wake peak associated with the center of the 

the wake fraction decreases. 
4.3 Real and Apparent Slip Ratio. The real slip ra- 

tio has been defined (Section 2.5) as 

bilge vortex is reduced; 

T I  

V A  s , = l - -  Pn 
For the screw working behind the hull, another slip 
ratio can be calculated using the ship speed V instead 
of the speed of advance of the propeller. This is called 
the apparent slip ratio, sA,  given by 

V 
sA=l- :  Pn 

The real slip ratio is the only real guide to the ship’s 
performance and requires a knowledge of the effective 
wake fraction. However, the apparent slip ratio, which 
needs only the values of ship speed, revolutions, and 
propeller pitch for its calculation, is often recorded in 
ships’ log books. 

4.4 Relative Rotative Efficiency. The propeller in 
open water, with a uniform inflow velocity, at a speed 
of advance VA, has an open water eficiency given by 

(33) 

where Qo is the torque measured in open water when 
the propeller is delivering thrust Tat n revolutions. 

Behind the hull, at the same effective speed of ad- 
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vance VA, the thrust T and revolutions n will be as- 
sociated with some different torque Q, and the 
eficiency behind the hull will be 

(34) TVA 
2 r n Q  

The ratio of behind to open efficiencies under these 
conditions is called the relative rotative eficiency, 
being given by 

78 = - 

(35) 

The difference in torque found behind and in open 
is due to two main reasons-because of the hetero- 
geneous wake behind the model, the flow conditions 
over a given blade section as it rotates differ greatly 
from those in open, so that the efficiency of any par- 
ticular blade element will not necessarily be the same, 
and the relative amounts of laminar and turbulent flow 
on the propeller blades may be different in the two 
cases, the turbulence in the water behind the hull being 
greater than that in open water. 

The value of the relative rotative efficiency does not 
in general depart materially from unity, being in the 
region of from 0.95 to 1.0 for most twin-screw ships 
and between 1.0 and 1.1 for single-screw. 

4.5 Augment of Resistance and Thrust Deduc- 
tion. When a hull is towed, there is an area of high 
pressure over the stern which has a resultant forward 
component reducing the total resistance. With a self- 
propelled hull, however, the pressure over some of this 
area is reduced by the action of the propeller in ac- 
celerating the water flowing into it, the forward com- 
ponent is reduced, the resistance is increased and so 
also the thrust necessary to propel the model or ship. 

It is found in model work, where the necessary mea- 
surements can be made, that if the resistance of a hull 
when towed is RT the thrust necessary to propel the 
model at the same speed V is greater than RT and the 
increase is called the augment of resistance. It is 
expressed as the ratio of the increase in thrust to the 
resistance, so that 

(36) 

or 
T =  (1 a)RT 

a is called the resistance augment fraction and (1 + 
a) the resistance augment factor. 

Although viewing the problem from the resistance 
point of view is the more logical one, the common 
practice is to look upon this increase in resistance as 
a deduction from the thrust available at the propeller, 
so that although the screw provides a thrust of T tons, 
say, only RT tons are available to overcome resistance. 
This “loss of thrust” ( T  - RT) expressed as a fraction 

of the thrust T is called the thrust-deduction fraction, 
t, where 

(37) 

or 
RT = (1 - t )T  

The expression (1 - t )  is the thrust-deduction factor. 
It is common practice to fit rudders and other stern 

appendages to the model for self-propelled tests, and 
this has introduced some problems into the interpre- 
tation of t. It is usual to consider RT as being the bare- 
hull resistance, with no appendages, but Thas to over- 
come not only the augmented resistance R,(1 + a)  
but also the resistance of rudder and other appen- 
dages. Thus the value of t found from the experiments 
will depend not only on the shape of hull and the 
propeller characteristics and arrangement, as reflected 
in the augment a, but also on the type of rudder, and 
so on. 

As an example, a model representing a 121.9 m (400 
ft) cargo ship was run self-propelled without rudder, 
sternpost or other appendages (Todd, 1934). The value 
of t was found to be 0.2, and this was essentially due 
to the augment of resistance effect on the hull. With 
a plate rudder and square sternpost behind the hull, 
t increased to 0.29, this representing a considerable 
loss of propulsive efficiency. When the fore side of the 
post was faired into a fin, t dropped to 0.24, showing 
that most of the gain in efficiency was due to the 
reduction in head resistance of the post. Lastly the 
rudder and post were carried separately and their re- 
sistance measured. Using as the resistance in calcu- 
lating t the sum of the bare hull and this separately 
measured appendage resistance, the value of t came 
out in all cases as 0.20, and the changes in propulsive 
efficiency were then exactly reflected in the changes 
in total resistance. When using published figures for 
thrust-deduction fraction for the purpose of design, 
therefore, it is most important to know the exact model 
conditions for which they were obtained. 

4.6 Hull Efficiency. The work done in moving a 
ship a t  a speed V against a resistance RT is propor- 
tional to the product RTV or the effective power PE. 

The work done by the propeller in delivering a thrust 
T a t  a speed of advance V, is proportional to the prod- 
uct TV, or the thrust power PT. 

The ratio of the work done on the ship to that done 
by the screw is called the hull ejiciency, q H, so that 

p E  - RTv 
q H = - - -  

p T  TvA 

or 
l - t  
l - w  q H  = - in Taylor notation 
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and be expanded into the form 

1 $- WF 
7 ) H  = ~ l + a  

= (1 + wF) (1 - t) in Froude notation, 

4.7 Propulsive Efficiency. In Equation (1) the 
from Equations (25, 26, 36, 37). 

quasi-propulsive coefficient is defined as 
effective power - PE 
delivered power PD 

- -  
7 ) D  = 

With RT and T in kN and speed in m per see 
PE = RTV 

from Equation (34). Hence 

1 “ A  

From the relationships already developed, this can 

(39) 

= 7 ) H  7 ) R  7 ) O  

or quasi-propulsive efficiency equals hull efficiency 
times relative rotative efficiency times open propeller 
efficiency. 

In Froude notation: 

= (l + WF) (l - t ) 7 ) R  7 ) O  

The division of the quasi-propulsive coefficient into 
factors in this way is of great assistance both in un- 
derstanding the propulsion problem and in making es- 
timates of propulsive efficiency for design purposes. 

5.1 Methods of Conducting Experiments. Infor- 
mation on all the components of propulsive efficiency 
can only be derived from model experiments, since only 
in this way can all the necessary measurements be 
made and the performance of the propeller in both 
open and behind conditions be determined. 

For such self-propulsion experiments the model is 
fitted with stern tube or tubes, shafting, and such 
external fittings as stern post, rudder and, in multi- 
screw ships, bossings or open shafts and struts. The 
propellers are driven from inboard by an electric mo- 
tor, with dynamometers in the shaft line which record 
thrust, torque and revolutions. The model is attached 
to the resistance dynamometer on the towing carriage 
in the same way as for resistance experiments. The 
carriage is run at  any desired steady speed and the 
difference between the model resistance and the pro- 
peller thrust is measured on the dynamometer. This 
difference may be either positive or negative, depend- 
ing on the relation of propeller revolutions to model 
speed, the model being under or overpropelled, re- 
spectively. 

The model propellers should be sufficiently large for 
accuracy of manufacture, to enable accurate mea- 
surements of thrust and torque to be made during the 

Section 5 
Model Self-Propulsion Tests 

tests and to avoid serious scale effect as compared 
with the ship screws. It is not yet possible to set down 
any absolute rule as to the minimum size of propellers 
necessary to avoid serious scale effect. Laminar flow 
has been detected on model propellers operating both 
in water tunnels and in the relatively turbulent wake 
of a ship model, while the frictional part of the tur- 
bulent resistance of the blade section and the lift are 
subject to Reynolds number effect. If possible, the 
diameter should not be less than 15 ern (8 in.) and 
preferably 22.5 to 30 ern (16 in.) which, in the case of 
large, multi-screw designs, may call for a model length 
of 10 m (32.8 ft) or more. 

The Propeller Committee of the ITTC in 1975 con- 
cluded that in open water the minimum Reynolds num- 
ber, based on chord length, should be 4 x lo6. In the 
turbulent flow behind the model hull the minimum 
Reynolds number is appreciably smaller. If turbulence 
stimulation is adopted near the leading edge of the 
blades a minimum Reynolds number of 3 x lo5 is 
advised. Since a Rn of 4 x lo6 cannot be realized in 
most test facilities, some form of turbulence stimu- 
lation on the blades should therefore be adopted. In 
calculating the value of Rn, the length dimension L is 
the width of the blade at  0.7 radius and the speed V 



154 PRINCIPLES OF NAVAL ARCHITECTURE 

is the resultant velocity at 0.7 radius found by com- 
pounding the circumferential speed of the blade with 
the speed of advance, ignoring any inflow effect, i.e. 

V = [(0.7 ~ n 0 ) '  + (V,)2]1/2 
where 

n is revolutions per second 
D is diameter of propeller 
V, is speed of advance 

Research in this field is continuing. From work carried 
out by Meyne (1972), Kuiper (1981) and others, it would 
seem that laminar flow is present on propeller blades 
during most model tests and that the use of turbulent 
boundary layer stimulation devices at the leading 
edges of the blades is therefore recommended. Kuiper 
adopted artificial roughness a t  the leading edge of 
about 0.06 mm in size. 

By running such experiments a t  a number of dif- 
ferent model speeds and propeller revolutions, a com- 
plete picture may be established of the propulsive 
coefficient under a variety of propeller-loading condi- 
tions, and in association with the resistance experi- 
ments on the hull and the open-water characteristics 
of the propeller, the wake, thrust deduction, and pro- 
peller efficiencies may be determined. The relative ef- 
ficiencies of different designs of propellers, the merits 
of various types of rudders or bossings and the effect 
of different choices of propeller revolutions can be ob- 
tained quickly and easily. 

The procedure for carrying out self-propelled model 
experiments differs in matters of detail in different 
model basins. In the three-dimensional extrapolation 
procedure from model to ship (Sections 3.6 and 6.4 of 
Chapter V) for a given value of the Froude number 
Fn = V / a  we write, in terms of specific resistance 
coefficients 

CTS = c7'M - + k )  ( C F O M  - CF0.S)  + c,4 (40) 
Ignoring for the moment the model-ship correlation 

allowance C,, we see that the resistance coefficient of 
the ship is smaller than that of the model by the 
amount of the skin-friction correction (CFoM - CFos) 
times (1 + k), where k is the form factor, accounting 
for the difference of the three-dimensional hull on the 
flat-plate friction. 

If the model propeller must overcome the full model 
resistance by actually self-propelling the model it will 
be working a t  a higher value of the specific thrust- 
loading coefficient TlipD2(V,)2 than will the ship pro- 
peller, and due to this extra loading the efficiency will 
be lower. To take account of this difference there are 
two common procedures in use in towing tanks. 

In the first of these, the difference in specific re- 
sistance as measured by the factor (1 + k) (CFoM 
- CFos) or, when a two-dimensional extrapolation pro- 
cedure is adopted, by the factor (CFoM - CFos) is con- 

verted to model scale. A weight is then placed on the 
appropriate scale pan of the resistance dynamometer 
of the amount required to provide such a towing force 
on the model, or the tow force is adjusted to the desired 
value on a load cell. If on a particular run the propeller 
revolutions are adjusted to give a zero reading on the 
resistance dynamometer, the propeller will then be 
operating at the thrust coefficient TlipD2( VA)2 appro- 
priate to the full-scale conditions. This is known as the 
ship self-propulsion point. Values of (1 + k) (C,,, 
- CFos) or of (CFoM - CFos) and the corresponding 
pan weight for different speeds can be prepared in 
advance, and the correct weight chosen before each 
experiment. If the form factor value k is not known 
approximately before the experiment, it is common to 
adopt a correction based only on the difference (CFoM 

This procedure will give propeller loadings corre- 
sponding to the case when C, is zero. Usually C, is 
not zero so that the weight to be added will be less 
than before, corresponding to (1 + k )  (CFoM - C,) 
- c,. 

In the second method a series of experiments is made 
at a particular carriage speed, the propeller revolutions 
being set on successive runs to cover a range of thrust 
above and below that required for self-propulsion of 
the model. The resistance dynamometer is used to sup- 
ply any defect or excess towing force required to main- 
tain the model speed, and the values of (thrust minus 
augmented resistance) are measured. By plotting 
these against a base of revolutions per minute the self- 
propulsion point of the model a t  that speed can be 
determined accurately. From the corresponding curves 
of thrust and torque, together with those for open 
water, the various propulsion factors can be found. 
For other propeller loadings, corresponding to the 
smooth ship or the ship with any desired value of C,, 
the same information can be obtained by moving along 
the curve of (thrust minus resistance) to the appro- 
priate new crossing points. A number of sets of such 
experiments, each at a fixed speed and varying rpm, 
have to be run to obtain curves of delivered power to 
a base of ship speed. This second method is now fre- 
quently adopted by model testing organizations since 
in this way the influence of propeller loading on the 
results of propulsion tests can be determined, irre- 
spective of the extrapolation technique or the C, value 
adopted. This can best be done in the first method by 
running complete tests for each desired value, al- 
though correction methods can be applied. 

The effective wake can be determined by calculating 
the coefficients KT and K,, using the thrust, torque 
and rpm measured in the self-propelled model test, and 
entering the open-water characteristic curves of the 
propeller with these values, from which the real slip 
ratio sR can be found. The apparent slip ratio s, can 
be calculated from the self-propelled results using the 
speed of the ship V. 

- CF0.S) .  
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Since 

and 
S A  = 1 - V/Pn 

we can find w from the relation 

As stated in Section 4.2, two different wake values can 
be determined in this way, one based on thrust identity, 
the other on torque identity, because the values of KT 
and KQ measured behind the model will not cut the KT 
and KQ curves for the open-water condition a t  the same 
value of slip ratio. 

The thrust-deduction coefficient is determined when 
the resistance and thrust are known for the self-pro- 
pulsion point, since (1 - t )  = K T / T .  The resistance is 
that for the towed model, and to obtain a true thrust- 
deduction coefficient the value of T should be that 
required to propel the model in the same condition. 
Otherwise the value of t obtained will depend on the 
type and nature of the appendages, as already dem- 
onstrated. 

5.2 Standard Procedures for Performance Predic- 
tions. The conduct of resistance tests, propeller open- 
water tests, and self-propulsion tests is a specialized 
task, and to ensure accuracy great care has to be taken 
in preparing for and running the tests and in the anal- 
ysis and interpretation of the results. In the past there 
were many differences in detail between the practices 
of the various tanks which made comparisons of re- 
search results difficult and led to many problems in 
the interpretation of performance predictions. 

In 1969 the ITTC requested its Performance Com- 
mittee to attempt to formulate a common method of 
predicting performance with a sound physical basis to 
facilitate future ship-model correlation studies. This 
led to the adoptation by the ITTC of a performance 
prediction method for single screw ships. The method 
predicts rate of revolution and delivered power of a 
ship from model resistance and propulsion test results. 
The procedure used can be described as follows: 

The viscous and the residuary resistance of the ship 
are calculated from the model resistance tests assum- 
ing the form factor to be independent of scale and 
speed. 

(a) The total resistance coefficient of a ship without 
bilge keels is 

where 
k is the form factor determined from the resis- 

tance test 
CFs is the frictional coefficient of the ship ac- 

cording to the ITTC-1957 ship-model correlation line 

CR is the residual resistance calculated from the 
total and frictional coefficients of the model in the 
resistance tests: CR = CTM - ( 1  + k )  CFM 

CA is the correlation allowance obtained from 
Equation (58) (Section 6.4, Chapter V): 

C, = [ 105 (2)' - 0.641 x l o p 3  

where the roughness of the hull k, is taken as k, = 
150 x m. 

CAA is the air resistance coefficient. For still air 
conditions the ITTC (1978) suggests the following re- 
lation: 

CAA = 0.001 AT - 
S 

where AT is the transverse projected area of the ship 
above the waterline. This is equivalent to setting the 
air resistance coefficient to 1.0. More details concerning 
wind resistance have been given in Section 5.2, Chapter 
v. 

(b)  If the ship is fitted with bilge keels the total 
resistance coefficient is as follows: 

sBK [(l + k) C,, S cTS = 

where SBK is the wetted surface of the bilge keels, 
assuming that eddy resistance of the bilge keels is 
negligible, and 6 CT replaces C4 under the assumption 
that the added resistance is primarily frictional. 

The ITTC standard predictions of rate of revolutions 
and delivered power are obtained from the full-scale 
propeller characteristics. These characteristics shall be 
determined by correcting the model values for drag 
scale effects according to a simple formula. Individual 
corrections then give the final predictions. 

Thrust, T, and torque, Q, found from the self-pro- 
pulsion tests are expressed in non-dimensional form 

Q and KQM = - pD4 n2 pD5 n2 
T 

KTM = ~ 

With KTM known, JTM and KQTM are read off the model 
propeller characteristics, and calculations are made of 
the model wake fraction, which is by definition 

and the relative rotative efficiency 

The thrust deduction (assuming no scale effect) is 
obtained from 
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T + FD - R, 
T t =  

where R, is the resistance corrected for differences in 
temperature between resistance and self-propulsion 
tests: 

(l + k)  x C F M C  + C R  

(1 + k)  x C F M  + C R  
R, = 

where CFM, is the frictional coefficient at the temper- 
ature of the self-propulsion test. In some model basins 
a blockage correction also is required. 

The characteristics of the full-scale propeller are 
calculated from the model characteristics as follows, 

KTs = K T M  - SKT 

KQS = KQM - SKQ 
where 

The difference 

where 

0.044 5 

In the formulas mentioned above, c is the chord length, 
t is the maximum thickness, P/D is the pitch ratio and 
R,,, is the local Reynolds number at x = 0.75. The 
blade roughness k is put k = 3O.1Op6 m. R,,, must 
not be lower than 2 x lo5 at the open-water test. 

Assume the thrust deduction to be independent of 
scale, which is supported by some theoretical investi- 
gations (Dyne, 1973). Then the full-scale wake factor 
can be assumed to be represented by, 

wTS = ( t  + 0.04) + (w, - t - 0.04) C, (44) 
G M  

where the thrust deduction t and the wake fraction 
wTM are determined from the resistance, self-propul- 
sion and open-water tests, as discussed previously. In 
many cases the value of wTS thus obtained exceeds the 
model value w,. In that case wTS should be set equal 
to wTM (ITTC, 1984). The factor 0.04 takes account of 
the effect of the rudder. Therefore, this factor may be 
deleted for twin-screw ships having a single rudder in 
the ship's center plane. 

In the above formula for wTS, Cv is the viscous re- 
sistance coefficient, 

Cvs = (1 + k) CFs + Ch 

CvM = (1 + k) cm, 
with C, the frictional resistance coefficient according 
to the ITTC 1957-line. 

The load on the full-scale propeller is obtained from 

(45) K T -  s cTS 

J 2  
- - -. 

2D2 (1 - t )  (1 - WT,)' 

With this KT/J2 as input value the full-scale advance 
coefficient JTS and the torque coefficient KQTS are read 
off the full-scale propeller characteristics and the fol- 
lowing quantities are calculated: 

the rate of revolutions, 

the delivered power, 

the thrust of the propeller, 

KT T, = J2 x JTs2 p D4 ns2 

the torque of the propeller, 

KQTS Qs = - xp D5 ns2 
7)R  

the effective power, 

the total efficiency, 

the hull efficiency, 
l - t  

7 ) H  = - wTS 

At this stage there are two options for improving 
correlation between prediction and full-scale trials 
given in the ITTC method. The first is to adopt the so- 
called C,- C, correction factors in arriving at the final 
trial predictions according to 

nT = C, ns 

for the rate of revolution and 

P D T  = cp PDs 

for the delivered power. 
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Table 3-Model-Ship Correlation Analysis of Fine Single-Screw Ships Performed for the 17th 
ITTC ( 1  984) 

Inst. 1 2 3 4 
Fine Fine Full Fine Fine 

Data Pt. 86 12 28 17 18 
C, 0.994 1.009 0.986 1.005 0.986 

uCp/cp 0.094 9.082 0.094 0.034 0.079 
CN 1.024 1.019 0.978 1.004 1.011 

C N p  1.014 1.002 1.014 
u C N p / E N p  0.036 0.013 0.016 

- 

- 

u C N / C N  0.036 0.040 0.039 0.018 0.026 - 

Values of C, and C, are determined by the towing 
tanks on the basis of correlation studies. Values of C, 
and C, are typically 0.98 and 1.01, respectively. In the 
absence of appropriate correlation data C, and C, 
should be taken as unity. 

The second option is to adopt SCFc-S W, corrections 
according to, ITTC (1978): 

K T -  s ScTS + ScFC 

J‘ 20‘ (1 - t )  (1 - wTS + SW,)‘ 
With this KT/J2  as input value, JTS and KQTS are read 
off from the full-scale propeller characteristics and 

Values of SC,, and Sw, are again determined by the 
towing tanks on the basis of correlation studies and 
should be taken as zero if correlation data are lacking. 

The different ITTC Performance Committees have 
carried out an analysis of C,, C,, SCFc, Sw, factors. 
Table 3 shows the results of this analysis (ITTC, 1984). 
The results are shown individually for a number of 
institutes. Fig. 20 summarizes these results. There 
seems to be no significant differences between full and 
fine ships (the border put a t  C, = 0.7). The only ex- 
ception appears to be for hull forms having open tran- 
som sterns. A direct application of the above method 
results in underprediction of PD and number of revo- 
lutions. The report of ITTC (1984) also discusses C,, 
C, values for twin-screw vessels. 

Values of SC,, and Sw, may be derived from the 
C,, C, values by an analysis of trial results. They are 
interrelated. In Table 3 one also finds values for C,, 
This factor represents the same quantity as C, in case 
the full-scale number of revolutions is calculated on 
the basis of torque identity instead of the thrust iden- 
tity given above (ITTC, 1981). 

Consequently, the best extrapolation technique 
available to date still leads to deviations in speed and 
number of revolutions of approximately 2 percent. For 

5 6 7 8 9  
Fine Full Fine Fine Full Fine Fine 
61 59 18 49 86 31 21 

0.984 1.028 0.911 1.039 1.008 1.014 1.067 
0.043 0.080 0.058 0.081 0.059 0.078 0.033 
0.996 0.985 1.000 1.025 0.994 1.001 1.010 
0.013 0.017 0.029 0.022 0.023 0.039 0.019 
1.002 0.979 1.023 1.016 0.992 0.996 0.990 
0.010 0.012 0.023 0.016 0.016 0.039 0.014 

this the following 
1978), 
(a) Model tests 

causes may be mentioned (IITC, 

errors in measurements, in- 

errors in procedure such as 
strumentation 

turbulence stimulation 
(b)  Full-scale trials errors in measurements, in- 

strumentation 
errors in procedure: differ- 
ences in trim, displacement 
and influence of wind, waves 
and fouling 

(c) Extrapolation 0 errors in correlation allow- 
ance for roughness effects 
scale effects in wake factor 
no correction is applied for 
scale effects in lift 
dependence of propulsion fac- 
tor in load 

The U.S. Navy’s policy regarding correlation allow- 
ances for naval vessels is given in Design Data Sheet 
051-1 (NAVSEA, 1984), “Prediction of Smooth-Water 
Powering Performance for Surface Displacement 
Ships.” Procedures are similar to ITTC practice, as 
outlined above, but differ in detail. In addition, it is 
customary to add a design margin on estimated power, 
by means of a Power Margin Factor (PMF), which 
varies from 1.10 during feasibility and preliminary de- 
sign (no lines drawing or model tests) to 1.04 during 
final contract design (final lines, propeller design and 
self-propelled model tests available). The PMF is ap- 
plied to the estimated effective power, PE, or to CTS. 
I t  must be noted that this design margin is intended 
to allow for design uncertainties under trial conditions; 
it is entirely separate from the Service Power Allow- 
ance discussed in Section 8.5, Chapter V. 

Hagen, et a1 (1986) present a survey of available 
data on correlation allowances for naval vessels of 
different lengths and types of hull coating. Results 
support the use of Equation (58) of Chapter V for, 
“Surface ships in the new-ship condition and painted 
with MilSpec vinyl paint” in the range of 58-293 m 

and prediction 
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length (190-960 ft) Above this range it is assumed that 
C, = 0.0002 and below it C, = 0.0008. Different values 
would apply if other hull coatings are to be used. 

Values of Wake, Thrust Deduction Fractions and 
Relative Rotative Efficiency. When designing a pro- 
peller for a new ship, it is necessary to estimate the 
probable values of the wake fraction, thrust-deduction 
fraction, and relative rotative efficiency, since all these 
enter into the calculations and the final assessment of 
power. 

By far the most reliable values of these factors will 
be found from preliminary self-propelled model tests, 
in which a model of the new ship is propelled by a 
stock propeller chosen to have its principal character- 
istics as near as possible to the probable final design. 
These values will form a reliable basis for the design 
of the propeller, and if in the final model tests slight 
differences are found these can be allowed for in the 
manufacture of the ship propeller. This practice is 
quite common in many towing tanks. 

In the absence of such information, estimates must 
be made from other sources, and many model inves- 
tigations have been carried out to supply the designer 
with such data. 

Systematic experiments to determine wake and 
thrust deduction made by Luke many years ago are 
still of use, especially for twin-screw ships. Self-pro- 
pelled models of single and twin-screw ships with var- 
ious block coefficients were used in the tests. The twin- 
screw models were run without bossings and with four 
designs of bossing having angles to the horizontal 
varying from 0 to 67% deg. The results are shown in 
Fig. 20. 

The wake in all cases increased with block coefficient, 
but the variation with speed was small. The propeller 
dimensions, except diameter, had little or no effect on 
either the wake or the thrust deduction. On the single- 
screw models a smaller diameter screw experienced a 
higher wake and smaller thrust deduction than a larger 
screw. This of course is due to the fact that the outer 
parts of the blades of the larger screw are working in 
areas of smaller wake velocity, so that the average 
wake is reduced. 

On the twin-screw models the bossing angle of least 
resistance was 45 deg; smaller or greater angles in- 
creased the resistance but did not influence thrust de- 
duction appreciably. High wakes were obtained when 
horizontal bossings were combined with outboard pro- 
peller rotation and vertical bossings with inboard ro- 
t a t i ~ n . ~  The best propulsive efficiency was obtained 
with outboard-turning screws when the bossing angle 
was somewhat smaller than the angle of least resis- 
tance and with inboard-turning screws when the boss- 

5.3 

A propeller is said to be outboard or outward turning when, 
for ahead propulsion, the tips at the top of the disk are moving 
away from the hull. 

ing angle was somewhat greater than the angle of 
least resistance. 

Another important investigation of wake was car- 
ried out by Bragg (1922) a t  Michigan with two groups 
of single-screw models. The models were towed at con- 
stant speed and the wakes were measured by means 
of current meters placed somewhat abaft the usual 
propeller position. The measured values were there- 
fore nominal wakes freed from the influence of pro- 
peller action. Qualitatively the test results were 
consistent with the results obtained from self-propel- 
led tests; quantitatively, they were consistently higher, 
for the reason already mentioned (Section 4.2). The 
results showed that the wake fraction increased with 
the vertical prismatic coefficients and the beam-draft 
ratios of the models, and with the elevation of the 
propeller shaft, but decreased with an increase in pro- 
peller diameter. 

A third investigation of wake by systematic exper- 
iments with models was made by Admiral Taylor. The 
tests were made in the U.S. Experimental Model Basin 
with a single-screw model equipped with various pro- 
pellers. It was found that the wake increased as the 
propeller diameter was reduced and as the propeller 
was raised towards the surface, but that it decreased 
as the clearance between the hull and the propeller 
was increased. The thrust deduction had in general the 
same trend as the wake fraction, but did not vary in 
exactly the same proportion. 

For estimating the wake fraction in preliminary pro- 
peller design, Taylor gave average values derived from 
an analysis of the trial results of more than 150 ships 
in conjunction with open-water characteristics derived 
from model tests. These values are listed in Table 4 
taken from the 1933 edition of Speed and  Power of 
Ships.  

It should be noted that these wake fractions are of 
a hybrid nature, the self-propulsion data being taken 
from ship trials and the open-water characteristics 
from model tests. They are thus subject to the possi- 
bility of some scale effect being present. 

Schoenherr in 1934 made an analysis of experimental 
wake and thrust-deduction values determined in rou- 
tine tests with self-propelled models in the EMB. The 
work was extended and reported in the first edition of 

Table 4-Values of Wake Fraction from Taylor 

coefficient CL? 
Twin-screw ships S i n g l e - s c r e m  

0.50 -0.038 0.230 
0.55 -0.021 0.234 
0.60 + 0.007 0.243 
0.65 0.045 0.260 
0.70 0.091 0.283 
0.75 0.143 0.314 

- 0.354 
- 0.400 

0.80 
0.85 
0.90 - 0.477 

Wake fraction (Taylor) 
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Fig. 20 Comparison of model-ship correlation factors between full and fine single-screw ships 

Principles of Naval Architecture in 1939 (page 149). 
At that time data from 65 tests with 61 single-screw 
models had been analyzed, and certain empirical for- 
mulas derived. 

For the wake fraction of single-screw ships 

C,, Cp B/L w = 0.10 + 4.5 
(7 - 6 Cvp) (2.8 - 1.8Cp) 

where 
C, is the vertical prismatic coefficient 
C, is the prismatic coefficient 
B is the breadth of ship 
L is the length of ship 
T is the draft of ship 
E is the height of propeller shaft above base- 

D is the propeller diameter 
K is the rake angle of propeller blades, radians 
k' is the a coefficient which has the value 0.3 

for a normal type stern and 0.5 to 0.6 
for a stern with cutaway deadwood 

line 

The precision measure of this formula for 65 tests 

For the thrust-deduction fraction of single-screw 
with 61 models was found to be 20.027. 

ships 
t = kw 

where 
(47) 

k = 0.50 to 0.70 for vessels equipped with 
streamlined or contrarudders 

k = 0.70 to 0.90 for vessels equipped with dou- 
ble-plate rudders attached to square rud- 
der posts 

k = 0.90 to 1.05 for vessels equipped with old- 
style single-plate rudders 

For the wake fraction of twin-screw vessels, the 

(a) With bossings and outboard turning propellers 
following formulas were derived: 

w = 2C,5(1 - C,) + 0.2 (C0S)Z x ; \I, - 0.02 

(average deviation for 38 spots 20.023) 
(b)  With bossings and inboard turning propellers 

w = 2cB5(1 - c,) + 0.2 (cosy x ;(go - $) + 0.02 
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(average deviation for 7 spots 20.012) 
(c) Propellers supported by struts 

w = 2C,5(1 - C B )  + 0.04 
(average deviation for 15 spots 20.024) 

For the thrust deduction of twin-screw ships 
(a) With bossings 

t = 0 . 2 5 ~  + 0.14 
(average deviation for 45 spots 20.018) 

(b) With struts 
t = 0 . 7 0 ~  + 0.06 

(average deviation for 15 spots 20.014) 
In all the foregoing formulas 

w is Taylor wake fraction 
CB is block coefficient of hull 
3 is angle of bossing to horizontal 

For the models considered in the foregoing analysis 
the average value of the relative rotative efficiency q, 
was 1.02 for the single-screw models and 0.985 for the 
twin-screw models. 

The choice between open shafts with struts and com- 
plete bossings having different angles to the horizontal 
will affect the propulsive coefficient because of the 
different wake and thrust deductions which result. 

For block coefficients of 0.5 and 0.6 the foregoing 
equations give the values of w and t shown in Table 
5. 

The wake fraction without bossings is intermediate 
between those for bossings having slopes of 30 and 
60 deg to the horizontal. This is generally in keeping 
with the results in Fig. 21. The principal point of in- 
terest is the lower value of t with open shafts, which 
results in the hull efficiency qH1 an important compo- 
nent of the propulsive efficiency, having a higher value 
than either of those with bossings. 

It would appear, therefore, that open shafts have 
some small advantage over complete bossings as re- 
gards propulsive coefficient, but the overall effect on 
shaft power must take into account the different re- 
sistance qualities, as discussed in Section 5 of Chapter 
v. 

Apart from power considerations, the open shafts 
will give a more uniform wake and so tend to reduce 
the likelihood of vibration and cavitation arising from 
the propellers. 

The foregoing formulas are valid only for merchant 
ships of normal form operating a t  Froude numbers 
below 0.3. For high-speed ships of the destroyer type, 
the wake fraction usually lies between -0.02 and 
t-0.02 when the ship is equipped with struts and be- 
tween 0.04 and 0.08 when equipped with bossings. The 
thrust-deduction fraction for ships of this type is cor- 

respondingly small and as a first approximation may 
be assumed equal to the wake fraction. 

Other valuable sources of data on wake, thrust de- 
duction, and propulsion factors will be found in the 
results of methodical series published by various tow- 
ing tanks. For example, Todd (1963) gives such infor- 
mation for the single-screw merchant ship forms 
comprising Series 60, covering a range of block coef- 
ficients from 0.60 to 0.80. Table 6 shows the wake and 
thrust-deduction fractions and other propulsion factors 
for the five parent models of Series 60, the values being 
those at the service speed in each case. 

It will be seen that with increasing fullness of hull 
form, the wake fraction increases steadily from 0.249 
to 0.352. The thrust-deduction fraction decreases at 
first, and then begins to increase again, but this in- 
crease is insufficient to counteract the continuing rise 
in wake, so that the hull efficiency q H  continues to rise 
to the fullest model. The quasi-propulsive coefficient 
qD increases up to a block coefficient of 0.75, but a t  
0.80 is reduced because of the lower open propeller 
efficiency. 

It is interesting to compare the measured effective 
wakes for the Series 60 parents with those estimated 
by the formulas previously quoted. The relevant fig- 
ures are shown in Table 7. 

There is remarkably close agreement between the 
measured values and those given by Taylor, which is 
surprising since the latter depend only on block coef- 
ficient. The Luke figures, which also depend only on 
block coefficient, are consistently low, while those 
based on the formula given by Schoenherr, although 
showing the correct trend, are always too large, the 
excess increasing with block coefficient. 

The last line in Table 7 shows the value of k = t/ 
w, Equation (35), for the Series 60 measured results. 
From Schoenherr's analysis k varied from 0.5 to 0.7, 
and this is seen to cover the range of values found for 
Series 60. These results suggest that the value of k 
= 0.7 will apply to fine ships around CB = 0.60, and 
that k will decrease with increasing block coefficient. 

Some of the Series 60 models were run with pro- 
pellers of different diameters, and the effect upon w 
and t can be found from the results given in Todd 
(1963). Typical figures are quoted in Table 8. These 
show the expected reduction in wake with increasing 
diameter. The value of t remains unaffected by changes 
in diameter within the limits covered in these experi- 
ments. As the block coefficient is decreased, the wake 

Table 5-Effect of Shaft Arrangements on Hull Efficiency 

0.5 0.6 
C B  30 Open 60'  30 Open 60 ' + deg Shafts deg deg Shafts deg 
W 0.111 0.071 0.011 0.143 0.103 0.043 
t 0.168 0.110 0.143 0.176 0.132 0.151 

v H  = - 0.936 0.958 0.867 0.961 0.968 0.887 1-t 
1-w 
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Table 6-Propulsion Factors for Parent Models of Series 60 (Todd, 1963) 

C,. .......................... 0.60 
F ,  ........................... 0.229 
L / B  ......................... 7.50 
B/T ......................... 2.50 
LIVh . .  ...................... 6.166 

1.50A 
w ............................ 0.249 
t ............................. 0.176 
q H  ........................... 1.097 
qo ............................ 0.669 
q R  ........................... 1.035 
q D  ........................... 0.759 

LCB % L ,  from a ......... 

0.65 
0.236 
7.25 
2.50 
5.869 
0.50A 
0.268 
0.167 
1.138 
0.659 
1.026 
0.769 

0.70 0.75 0.80 
0.212 0.190 0.167 
7.00 6.75 6.50 
2.50 2.50 2.50 
5.593 5.335 5.092 
0.50F 1.50F 2.50F 
0.277 0.307 0.352 
0.161 0.171 0.200 
1.160 1.196 1.235 
0.666 0.653 0.624 
1.010 1.014 1.014 
0.781 0.792 0.783 

Table 7-Comparison of Measured and Estimated Wakes for Series 60 

c, ..................... 
w measured ........... 
w Taylor". ............. 
w Schoenherr' ......... 
w Luke' ............... 
k = t/w for measured 

.................. 

.................. 

.................. 

.................. 

.................. 
values ........... 

0.60 
0.249 
0.243 
0.257 
0.202 
0.707 

0.65 
0.268 
0.260 
0.285 
0.226 
0.624 

0.70 
0.277 
0.283 
0.322 
0.250 
0.582 

0.75 
0.307 
0.314 
0.365 
0.275 
0.556 

a From Table 4. From Equation (46). From Fig. 21. 

0.80 
0.352 
0.354 
0.416 
0.300 
0.568 

decreases. We might therefore anticipate a similar de- 
crease, though of less amount, as the LCB is moved 
forward for a given C, because of the progressive 
fining of the stern. This is confirmed by the Series 60 
results as shown in Table 9. Thus, for example, for a 
block coefficient of 0.65, as the LCB is moved forward 
from a position 2.46 percent L aft  of midships to 1.37 
percent L forward, w decreases from 0.310 to 0.229 
and t from 0.206 to 0.136. Since these two have opposite 
effects upon the hull efficiency, the latter remains more 
or less constant. 

It will be noticed that none of the empirical formulas 
already quoted takes account of the effect of the po- 

sition of LCB on w and t, and since the Series 60 data 
on this point are not included in Todd (1963), they are 
given here in full in Table 9. 

The results of the research on Series 60 contained 
in Todd (1963) also give details of the effect upon w 
and t of changes in speed, in proportions such as vari- 
ations in L/B and B/T, and of changes in displacement 
and trim. These enable estimates to be made of the 
results of departures from the conditions used in the 
basic parent series. 

Holtrop, e t  a1 (1982) and Holtrop (1984) derived 
expressions for the wake fraction, thrust-deduction 
fraction and the relative rotative efficiency by statis- 
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tically analyzing the results of propulsion tests of more 
than 200 models of various types (see also Section 8.12, 
Chapter V). The equations obtained for single screw 
ships with a conventional stern arrangement are as 
follows: 

0.050776 + 0.93405 c, ,  
(1 - CPI) 

The coefficient c9 depends on the coefficient c, defined 
as: 

CS = BS/(L D TA) 
when B/TA < 5 

or 
c8 = s(7B/TA - 25)/(LD(B/TA - 3) ) 

c g  = c* 
when B/TA > 5 

when c, < 28 
or 

C, = 32 - 16/(c8 - 24) 
when c, > 28 

when TA/D < 2 
~ 1 1  = TA/D 

or 
c,, = 0.0833333(TA/D)3 + 1.33333 

when TA/D > 2 

when C, < 0.7 
cIg = 0.12997/(0.95 - C,) - 0.11056/(0.95 - C,) 

or 
c,, = 0.18567/(1.3571 - C,) - 0.71276 + 0.38648 C, when C, > 0.7 
czo = 1 + 0.015 Cstern 

C, = 1.45 C, - 0.315 - 0.0225 k b  
The coefficient Cv is the viscous resistance 
coefficient with 

CV = (1 + k) cp + C A  

The following formula was obtained for the thrust 
deduction fraction of single-screw ships: 
t = 0.25014(B/L)028956 (~T/D)02'241 

(1 - C, + 0.0225 Z C ~ ) ~ . ~ ' ~ ~ ~  + 0.0015 Cstern (49) 

Table 8-Effect Upon Wake and Thrust Deduction of 
Change in Propeller Diameter 

Block coefficient C, 0.60 -, ,,- 0.80-, 
Propeller diameter D * / ' /  \ 

0.666 0.800 0.521 0.730 - -- 
Draft T "" 

w ............................ 0.26 0.23 0.43 0.36 
t ............................. 0.17 0.17 0.20 0.20 
* Standard value of D / T  for basic series is 0.70. 



PROPULSION 163 

0. 

3 : l  
W =  

7 

0. 

0. 

-0. 

3,QUAO ANT . 
. Q - I D  N r i w  3%- 1 -2.0 -1.0 

Fig. 22 w - J'-diagram, constont rate of revolution (Harvald, 1967) 

Fig. 23 t - J' diagram, constant rate of revolution (Harvald, 1967) 

The factor of C,,,,, has been given in Section 8.12, 
Chapter V. 

The relative-rotative efficiency can be predicted well 
by the formula: 
q~ = 0.9922 - 0.05908 A,/A, 

+ O.O7424(Cp - 0.0225 k b )  (50) 
For single-screw ships with open sterns, such as 

transom-stern types, the following equations were ob- 
tained, 

(51) 

The coefficients in these equations are based on a lim- 
ited number of model test results. 

w = 0.3 CB + 10 CVCB - 0.1 
t = 0.10 and qR = 0.98 

For twin-screw ships the following equations were 
derived, 

w = 0.3095 CB + 10 CVCB - 0.23 D / r T  

(52) t = 0.325 CB - 0.1885 D / T T  
q R  = 0.9737 + O.lll(Cp - 0.0225 k b )  + 

- 0.06325 P/D 

The previously mentioned research concerns free- 
running ships. However, a large number of ships op- 
erate a t  overload conditions such as cable-laying ves- 
sels, trawlers and tugs. Also vessels in dynamic 
positioning mode operate in such conditions, continu- 
ously accelerating and decelerating to keep station. 
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Fig. 24 Geometry of helix 

For these cases the thrust deduction and wake factors 
may differ considerably from those valid for free-run- 
ning. Troost (1957) already pointed to this fact. For 

dynamically positioned vessels or vessels in course- 
tracking mode these factors are also dependent on the 
relative current angle, i.e. the angle between the speed 
through the water and the course of the ship. 

Harvald (1967) has presented data on both w and t 
for overload conditions. His work considered the ahead 
and astern conditions with the propeller working either 
ahead or astern. This way all four quadrants were 
covered for a range of J-values. These experiments 
were carried out for a trawler and a bulk carrier and 
showed a considerable influence of the propeller load 
and the advance on the propulsive coefficients w and 
t; Figs. 22 and 23. Part of these variations, however, 
have to be attributed to the definition of w and t. For 
instance, for V = 0 the wake fraction w = (J ’ -J ) /J  
will approach infinite values. Here J’ is the advance 
of the propeller derived from open-water diagram and 
J is the advance based on the ship speed. Similarly t 
will not be defined for values of J’ for which the thrust 
approaches zero. 

The results of Harvald show that the variation of t 
and w and J is dependent to some extent on whether 
V or n are changed. He also concluded that the stern 
wave has very little influence on the variation in w. 
For bollard pull conditions the value of t was found 
to be considerably larger for astern pull which Gb- 
viously is caused by propeller slip-stream being di- 
rected towards the ship. For forward bollard pull a 
thrust deduction factor of 0.04 is common for single- 
screw ships. 

Section 6 
Geometry of the Screw Propeller 

6.1 General Characteristics. The general charac- 
teristics of screw propellers have been discussed 
briefly in Section 2.5, and a typical design with defi- 
nitions of certain terms is shown in Fig. 8. To be able 
to design a propeller it is necessary to go somewhat 
further into the geometry involved. 

The design of a screw propeller almost invariably 
start with a helicoidal surface, which either forms the 
face of the blade or serves as a reference frame from 
which offsets are measured to describe the blade. This 
helicoidal surface may be a true one or more generally 
a warped helicoidal surface having the properties to 
be described. 

As stated in Section 2.5, a helical surface is that 
surface swept by a straight line AB, Fig. 7, one end 
of which, A, advances a t  uniform speed along an axis 
00’ while the line itself rotates about the point A with 
uniform angular speed o radians in unit time. The 
space curves that are traced by the various points of 
the generating straight line are called helices. These 
helices lie on the surfaces of circular cylinders coaxial 

with the line 00’, and all have the same advance per 
revolution, that is, the same pitch P. Therefore, the 
true helicoidal surface can be defined as a surface of 
double curvature, each line element of which is a helix 
of a constant pitch. 

If the helical-line elements have different pitches, or 
if the radial line is curved, a more general surface is 
obtained which, while it cannot be described mathe- 
matically, is fully and definitely described by giving 
the shape of the radial reference line and the pitches 
of a number of helices a t  various distances from the 
axis of rotation 00’. This general surface, when used 
as a reference frame, enables us to describe any type 
of screw propeller likely to be used in practice. It is 
called the pitch surface of the propeller and the line 
elements, which are true helices, the pitch lines. 

6.2 Geometry of Helix. The motion of the point on 
the cylindrical surface may be expressed in mathe- 
matical form, using rectangular coordinates x, y, and 
z, where the axis of x coincides with 00’, the axis of 
revolution, Fig. 24. 



PROPULSION 165 

TIP.- 

4 - 4  
Fig. 25 Propeller drawing en- 

If a cylinder of radius r is unrolled to form a flat 
surface, the helix will develop into a straight line, the 
pitch angle 4 being given by 

(see Fig. 9). P tan 4 = - 
27rr 

If the angle 8 and the time t are measured from the 
instant when the generating line r is in the vertical 
position, then 8 = ot. The pitch P i s  the distance which 
r advances while it makes a complete revolution, i.e., 
when 8 changes by 27r. For any other value of 8, r 
will advance a distance equal to P8/27r. 

The ordinates of a point on the helix are therefore 

x = ~ e / 2 ~  
y = r sin 8 
x = r c o s e  

The expanded length of a portion of the helix such 
as ac in Fig. 24 can be found by developing the cylinder 
to a flat surface, as in Fig. 9. The triangle abc will 
then have sides 

ab = re 

bc = P8/2n 
the angle bac being equal to the pitch angle +. 

(ac)' = (ab)' + (bc)' 
P202 
497' 

The side ac will be given by 

= r'8' + - 

= __ U (47r'T' + P') 
47r2 

or 

It also can be proved that the radius of curvature 
of the helix is given by 

r R, = - cos '4 

6.3 Propeller Drawing. The design drawing for a 
propeller usually consists of four parts, which are il- 
lustrated in Fig. 25. These show, respectively, a side 
elevation of the propeller (a), an expanded blade outline 
with details of the section shapes (b), the pitch distri- 
bution if it is not uniform (c), and a transverse view 
(4. 

For simplicity, we will assume in the first instance 
that the propeller has sections with flat faces. The 
choice of the blade outline will depend on a number of 
design features, and we will assume that for the pres- 
ent this has already been chosen. 

The side elevation shows the rake of the propeller 
(the fore-and-aft slope of the generating line) and a 
hypothetical section showing the variation of maxi- 
mum blade thickness from tip to root. It also shows 
the projected outline of the blade shape on a centerline 
longitudinal plane. 

The section shapes are shown in view (b)  with their 
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pitch faces all drawn parallel to the base line and at 
their correct radii from the axis. These are cylindrical 
sections, with the thickness measured parallel to the 
axis, and not normal to the face. The shapes of the 
sections are shown by the necessary dimensions giving 
the thickness at various distances along the chord, 
edge thicknesses, edge radii, and other details. The 
outline of the blade drawn as in view (b) of Fig. 25 is 
called the expanded blade outline. 

The pitch line shown in view (c) gives the variation 
of pitch with radius from the axis. In the example 
shown, the pitch is constant over the outer part of the 
blade, and reduced towards the root, a common prac- 
tice in single-screw merchant ship propellers. 

In the transverse view (4 are shown the transverse 
projection and developed outline of the blade, the line 
of maximum thickness of the sections and the amount 
of skew. (See also Section 2.5). The developed outline 
is drawn through the edges of the blade when the 
blade widths are set out around helical arcs as shown 
in view (4. 

Consider a section at radius r where the pitch is P. 
If AB is set out equal to P / 2 7 ~ ,  and the line BCD 
drawn, the angle ACB is the pitch angle 4 and BCD 
is the pitch face line for that section. The transverse 
projection of the section EF will be EICFl, and if an 
arc of a circle of radius r is drawn with center A and Fig. 26 Effect of blade section shape on projected blade outlines 

cE1 (= cEl) and cF (= cFl) are measured around When the sections are set out as in view (b)  with this arc from ' and be points On the trans- the pitch lines all parallel to the axis, the ends of the 
verse projected blade outline. sections can be joined to give still another outline, 

called the expanded blade outline. In the same way, the longitudinal projection of the 
section on the centerline plane will be E2CF2. If the If the sections are not of the with a flat face 
offsets cEz and cF2 are set Off in view (a) and circular back, but are of airfoil shape with nose 

same levels and in view (d)9 and F1 developed and projected outlines will be obtained for 
the same total chord width, as shown in Fig. 26. be points on the longitudinal projected outline. 

projected outlines can be drawn. pressed in the form of nondimensional ratios, the most The position of maximum thickness of the sections commonly used being can be set off along. each radial line and a locus of 

and then the points E2 and F2 are dropped down to the and tail lifted from the pitch face, somewhat different 

In this way the transverse and longitudina1 The characteristics of propellers are customarily ex- 

maximum thicknescdrawn in view (4. Since this line 
will not lie in the longitudinal centerline plane, there 
is no true plane section through the blade at this po- 
sition, which is why the thickness line in view (a) was 
referred to as a hypothetical one. 

The developed outline is not so easy to draw, but 
for most purposes it is sufficient to expand the section 
along an arc of a circle which has a radius equal to 
the radius of curvature of the helix at the point C. If 
BG is drawn perpendicular to BC, then CG = r/cos2 
4, which is the radius of curvature of the helix at the 
point C having a radius r and pitch P. 

Hence if CE and CF are set off from C around the 
arc of a circle struck from G with radius GC, the 
resultant points El1 and F1 will be points on the de- 
veloped blade outline. This is nearly a correct construc- 
tion for narrow and medium-width blades, but is not 
so accurate in the case of wide blades. 

propeller pitch - P Pitch ratio PR = - -  
propeller diameter D 

IT Disk area A, = - 0' 4 

A,  Expanded-area ratio = - 
A0 

- expanded area of all blades, outside hub - 
disk area 

AD Developed-area ratio = - 
A0 

- developed area of all blades, outside hub - 
disk area 
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A ,  Projected-area ratio = - 
A0 

- projected area of all blades, outside hub - 
disk area 

Mean width ratio 
mean developed or expanded width 

diameter 
- of one blade 

- - outside hub / outside hub 

- 

area of one blade length of blade 

diameter 
maximum width of blade 

diameter 
Blade-width ratio = 

Blade-thickness fraction 
- maximum blade thickness produced to shaft axis - 

diameter 

= to in Fig. 25. D 
6.4 Constructional Details of Marine Propellers. 

For many years marine propellers were usually made 
with either three or four blades, the latter being almost 
universal in single-screw ships. Model experiments had 
indicated that such propellers were likely to be the 
most efficient, any increase in the number of blades 
giving rise to interference effects between the blades 
near the hub with a consequent decrease in efficiency. 
Also keeping the expanded area constant, an increased 
number of blades will lead to blades having higher 
aspect ratio and smaller chord length. The section lift- 
to-drag ratio will decrease, also because the blades will 
have relatively larger thickness to satisfy the require- 
ments imposed by strength. The higher aspect ratio 
will have virtually no beneficial effect if the camber 
and pitch distribution may be optimized. On the other 
hand, the increase of the number of blades will result 
in better efficiency if the isolated blades have the same 
lift-drag ratio. This effect, however, is more than bal- 
anced by the reduced blade efficiency. Comparing re- 
sults for the B-4-70 and B-7-70 propellers confirms this 
result. (See Section 8.3.) 

With the continual increase in the speeds and powers 
of ships, particularly those with a single propeller, it 
became necessary to increase the blade area in order 
to delay the onset of cavitation. To avoid excessively 
wide blades, an increase in their number was a possible 
alternative. This same increase in power, and so in the 
thrust developed per blade, also increased the periodic 
forces transmitted from the propeller to the hull, both 
through the water by pressure effects and through the 
shaft bearings. As a result hull-vibration problems 
were intensified. These propeller forces are predomi- 
nantly of blade frequency. An increase in the number 

of blades not only reduces the thrust per blade, thereby 
reducing the intensity of the disturbing forces, but 
also increases their frequency. This fact, in certain 
cases, may be used to avoid resonant conditions, and 
the forced vibration will be of lesser amount because 
of the increase in the internal damping of the hull 
structure at higher frequencies. Because of such rea- 
sons many ships are now fitted with propellers having 
5, 6 or more blades, and it has been found that by 
careful design such screws need pay only a small pen- 
alty, if any, in efficiency. 

The blades are either cast integral with the hub or 
cast separately and bolted to it; the two types are 
referred to as solid and built-up propellers, respec- 
tively. Built-up propellers have the advantages that 
damaged blades are easily replaced and that small 
adjustments in pitch can be made by turning the blades 
on the hub. Their disadvantages as compared with solid 
propellers are higher first cost, greater weight and 
somewhat smaller efficiencies because of the larger 
hub. 

The hub is usually cylindrical or conical in outline, 
the diameter ranging from 0.150 to 0.250. I t  is bored 
to fit the taper of the tail shaft and is usually secured 
to the shaft by one or more keys and a nut, the latter 
being covered by a streamlined fairwater or cap. 

The pitch ratios used for marine propellers range 
from about 0.6 for highly loaded propellers such as 
those on tugboats, up to 2.0 or more on high-speed 
motor boats. The radial distribution of pitch in twin- 
screw ships is sometimes constant, but in single-screw 
ships, where the wake variation over the disk is much 
greater, with a high concentration over the inner radii, 
the pitch is often reduced towards the hub. In highly 
loaded propellers, the pitch is often reduced towards 
the tip also, in order to decrease the thrust loading 
there and so delay the onset or reduce the severity of 
tip-vortex cavitation. 

Propeller blades are generally given some rake aft, 
which increases the clearance from the hull, bossings 
or shaft brackets, and is generally beneficial to effi- 
ciency and in reducing the periodic propeller forces 
which induce hull vibration. The latter are also reduced 
by using skewed blade outlines, so that the leading 
edges of the blades enter the wake concentrations be- 
hind the hull and appendages more smoothly. 

The blade area depends very much upon the thrust 
loading, and developed blade-area ratios vary from 0.35 
to values over unity in very high-speed ships. Thrust 
loading is further discussed in Section 7.7. 

The choice of blade area and blade-outline shape 
having been made for a given design, the thickness of 
the sections must be such as to provide adequate 
strength. The hydrodynamic efficiency of a propeller- 
blade section depends upon its thickness ratio, and 
from this point of view it is desirable to keep the 
thickness as small as possible. From the viewpoint of 
delaying the onset of certain types of cavitation, how- 
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ever, a larger blade thickness is beneficial. These con- 
flicting requirements have resulted in blade designs 
which are not as thin as some years ago. 

Propeller materials need to be light in weight, have 
a smooth surface and have a high resistance to erosion. 
Those commonly used include cast iron, cast steel, 
manganese bronze and different varieties of man- 
ganese-nickel-aluminum alloys. The manganese 
bronzes and alloys make tough blades, which take a 
high polish and are resistant to erosion, thus achieving 
and maintaining high efficiencies. Cast-iron propellers 
are relatively cheap but have little tensile strength, 
have to be relatively much thicker and moreover cor- 
rode badly in salt water and have a low resistance to 
cavitation erosion, which latter features reduce their 
efficiency. They are chiefly used on harbor tugs, ice- 
breakers and similar craft, because they tend to break 
off cleanly when striking an obstacle without causing 
damage to hull or machinery. 

The working stress allowed for cast iron is only 
about one half that for manganese bronze, so that cast- 
iron propellers will be much thicker and heavier. On 
the other hand, the nickel-aluminum-bronze is consid- 
erably lower in density, has a higher allowable working 
stress, and will give thinner and lighter propellers of 
high efficiency. This material also gives a smooth sur- 
face finish and has a high resistance to cavitation ero- 
sion. 

Since both the chord length and the thickness of the 
blade sections are important parameters in propeller 
design, and since the strength of the blades must sat- 
isfy the requirements of the classification societies con- 
cerned, it is necessary to be able to calculate the 
minimum thickness of the blades at an early stage in 
the design. Many methods have been developed for 
making such calculations. In the simplest ones, the 
blade is treated as a cantilever, with the total thrust 
and torque forces acting at some estimated points on 
the blade, and the stress in a typical section near the 
root is calculated. A refinement of this method is to 
replace the concentrated thrust and torque loads by a 
loading pattern varying from root to tip in accordance 
with that found from circulation theory. This still 
ignores the variation of load across a chord, which 
can only be taken into account by more sophisticated 
theory. 

In the case of the average merchant ship, one of the 
simpler methods is generally adequate, and for incor- 
poration in the classification society rules the calcu- 
lation must be reduced to a relatively simple formula 
with numerical coefficients. 

Schoenherr (1963) dealt in considerable detail with 
the problem of propeller-blade strength, taking into 
account the bending moments due to the hydrodynamic 
loading, centrifugal force, rake and skew. His stated 
objective was “to derive a formula for the minimum 
blade thickness required to ensure a blade of adequate 
strength for normal service conditions.” He obtained 

such a formula for the required thickness at any de- 
sired section, which can be evaluated when the oper- 
ating conditions, blade parameters and section 
coefficients are known. Tables of functions were pro- 
vided to assist in carrying out the computation. 

This formula was further simplified to suit the de- 
signer’s need for a simple working rule: 

(a) The thickness t was assumed to decrease linearly 
from root to tip, since the analysis had shown that 
when t is calculated for a section near the hub and 
such a linear variation assumed, the thickness else- 
where is greater than necessary to maintain constant 
stress. It is therefore only necessary to compute t for 
the most heavily stressed section. 

(b)  Average values were assumed for the blade 
shape and section parameters. 

(c) One representative point was taken on the cho- 
sen section a t  which to calculate the stress-this was 
the point on the face of the blade a t  the position of 
maximum thickness, where the stress is a maximum 
and is tensile for ahead operation. 

These simplifications were considered justifiable in 
view of other unknowns in the problem-our igno- 
rance of locked-in stresses and the dynamic effects of 
blade vibration, ship motion in a seaway, and crash 
reversals. 

The American Bureau of Shipping adopted the sim- 
plified Schoenherr formula, choosing as the typical 
strength section that at 0.25 radius. The slightly mod- 
ified requirements as they appear in the current rules 
(American Bureau of Shipping, 1987) are given below. 

(a) Blade thickness. Where the propeller blades are 
of standard design, the thickness of the blades shall 
not be less than determined by 

where t = 

H =  
R =  
N =  
K =  

D =  

R =  
S =  

€ =  

minimum thickness of blade at 0.25 radius 

shaft power in kW 
rpm at maximum continuous rating 
number of blades 
rake of propeller blade, where 

propeller diameter in m 
rake angle 
propeller radius 
a constant dependent on the value of D, 

in mm 

K = 5000 tan E, 

viz.: 
D 5 6.1 m 6.1 5 D 5 7.624 m 
S = 1.00 S = J(D + 24)/30.1 

D 2 7.624 m 
S = 1.025 

A is a constant determined by the pitch distribution, 
viz.: 

6 
A = 1.0 -t- - + 4.3P0.25 

Po.7 
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Table 1 O-Propeller Material Constants 

English units SI units 
Materials f W f W 

Type 1 Manganese bronze.. ................... 68 0.30 2.10 8.3 
Type 2 Nickel-manganese bronze. ............. 73 0.29 2.13 8.0 

Type 4 Manganese-nickel-aluminum bronze ... 85 0.27 2.37 7.5 
Type 5 Cast Iron.. ............................ 25 0.26 0.77 7.2 

Type 3 Nickel-aluminum bronze.. ............. 85 0.27 2.62 7.5 

B is a constant determined by the following formula 

N B =  

C is a constant determined by the formula 

C = (1  + 1.5 Po.2,) x (Wf - B) 
where Po.25 is pitch at 0.25 radius divided by propeller 

diameter 
Po,7 is pitch a t  0.7 radius divided by propeller 

diameter 
w and f are material constants from 
Table 10. 
W = width of blade a t  0.25 radius in mm 
C, and C, are determined from 

of inertia of a blade. The former is important from a 
cost point of view, and both are necessary when con- 
sidering shaft-vibration problems. Schoenherr gives 
approximate formulas for both items for rapid calcu- 
lations or checks: 

W = 1.982rlyR3 
I, = 0.2745 WR2 

where 
W is weight of all blades 
I p  is polar moment of inertia of all blades 
r is blade-thickness fraction 
4 is blade-area ratio (for whole propeller) 
y is specific weight of blade material 
R is propeller-tip radius 

The weight and moment of inertia of the hub are not 
included. The units used must be consistent. 

For controllable pitch propellers the American Bu- 
reau of Shipping has adopted the following formula 
(American Bureau of Shipping, 1987): 

in which, a, is area of cross-section of propeller blade 
a t  0.25 radius in mm' 

I, is moment of inertia of cross-section of 
propeller blade with respect to a straight 
line through the center of area of the 
cross-section and parallel to the pitch 
line or the nose-tail line of the section, 
in mm4 

U, is maximum distance of the axis about 
which I ,  is to be calculated to points on 
the pressure side (face) of the blade sec- 
tion, in mm 

T is maximum thickness of the cross-section 
a t  0.25 radius in mm 

a is expanded blade area divided by disk 
area 

If C,, exceeds 0.1, the value 0.1 has to be used in the 
formula for t. If the propeller has forward rake the 
minus sign in the formula is to be used, else the plus 
sign. 

(b) Fillets at the root of the blades are not to be 
considered in the determination of blade thickness. 

A number of notes are attached to the use of the 
formula under certain conditions of operation. 

In the course of the analysis, data are available for 
a detailed calculation of the weight and polar moment 

Where to,,, is minimum thickness of blade a t  0.35 ra- 
dius, in mm 

C, is ( W T ) ,  for the cross-section of the 

C, is I,/ (U, W T'), for the cross-section a t  0.35 
propeller blade a t  0.35 radius 

radius 
and 

490c w a R 
B =  N (%6l(%y 

in which Po.35 is pitch at 0.35 radius divided by the 
propeller diameter 

W is width of blade at 0.35 radius, in mm 
Other classification societies have adopted other for- 
mulas. Usually the results for the minimum blade sec- 
tion thickness of the various formulas differ by only 
a small amount. 
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et 01, 1984) 

Propeller manufacturers usually adopt thicknesses 
in excess of those which can be derived from these 
classification society formulas. Besides wanting to re- 
duce the sensitivity of the pressure distribution on the 
blade sections to angle of attack, important for ob- 
taining improved cavitation characteristics, propeller 
manufacturers generally want to incorporate a greater 
safety margin against structural failure. 

For highly skewed propellers (skew angles exceed- 
ing some 40 degrees) stress calculations with canti- 
lever beam methods may result in propellers having 
insufficient strength. Also the above-mentioned for- 
mulas may not be valid for these propellers. Cumming, 
et  a1 (1972) discussed the major results of the inves- 
tigations into the stresses associated with highly- 
skewed propellers to that date. Boswell (1969) found 
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that predictions of beam theory yielded neither the 
correct value for the maximum principal stress nor the 
correct chordwise distribution. His measurements con- 
cerned a propeller with 120 degrees skew. To obtain 
more information Boswell, et  a1 (1976) carried out 
strain measurements for one-bladed propellers with 
different amounts of skew. For all propellers he found 
the maximum stress to occur in the region from the 
hub to the 50 percent radius. At the 30 percent radius 
the maximum principal stress is near the half-chord 
for the unskewed propeller and was found to move 
toward the trailing edge with increased skew. Fig. 27 
shows the dependence of the maximum stress on the 
skew angle. These results are for uniform air pressure 
and only show the effect of skew on the stresses. Cen- 
trifugal forces are not included. This figure also in- 
cludes results for propellers with skew and rake 
(warped propellers). 

Apart from the average loading and stress, the un- 
steady forces and the associated unsteady stresses 
may also be of importance. These are generated by 
the operation of the propeller in the wake field. The 
unsteady forces depend on the harmonic content of 
the wake field and the amount of skew. This is dis- 
cussed in some more detail in Sections 4.2 and 8.2. 
Other contributions to unsteady forces may be caused 
by propeller vibrations. For conventional propellers the 
fundamental natural frequency of the blade usually is 
higher than the primary excitation frequencies. For 
high skew the natural frequency decreases signifi- 
cantly (for constant thickness and chord length) (Cum- 
ming, et  a1 1972). However, for constant stress this 
effect would be less. 

Boswell, et  a1 (1973) report on strain measurements 

on a two-bladed propeller with 60 degrees skew. The 
maximum stress was found to occur near the trailing 
edge. They found considerably lower stresses for the 
backing condition assuming equal maximum principal 
stresses on the face and back of the propeller. How- 
ever, they note that conditions related to crash stop 
maneuvers may change this picture. The increased 
stress levels in that case may be enhanced by elastic 
deflection: the blade will bend such that the effective 
pitch is increased leading to still higher loading. This 
may lead to a phenomenon called static divergence, 
which instability leads to damage. The experiments of 
Boswell, e t  a1 (1973) showed that a propeller is more 
susceptible to this instability for increased skew. How- 
ever, the instability itself has not yet been observed 
to occur for marine propellers. 

Luttmer, e t  a1 (1984) carried out an analysis of the 
influence of skew on the stresses in backing propellers. 
They calculated the open-water performance for four 
propellers having skew angles of 0, 30, 60 and 90 de- 
grees. This was compared with measurements. 
Thereby they obtained satisfactory agreement with 
realistic hydrodynamic loading levels. Next, a finite 
element analysis of the propeller was carried out for 
the astern backing condition, which was considered to 
be representative for conditions to be expected a t  crash 
stop maneuvers. Luttmer found the stress isocurves 
depicted in Fig. 28. These curves show, contrary to the 
previously mentioned research, maximum stresses a t  
the tip (trailing edge for normal ahead condition). 
These stresses increase drastically with skew. 

Special strength requirements have been adopted by 
the classification societies for propellers which have to 
operate in ice-covered waters. 

Section 7 
Cavitation 

7.1 The Nature of Cavitation. Cavitation is a phe- 
nomenon met with in highly loaded propellers in which, 
beyond certain critical revolutions, there is a progres- 
sive breakdown in the flow and a consequent loss of 
thrust. In its extreme form, it may prevent the ship 
from reaching the desired speed. Before this stage is 
reached, however, it manifests itself by noise, vibration 
and erosion of the propeller blades, struts and rudders. 

In early days these problems were confined to high- 
speed ships, but as speeds and powers have increased 
the erosion aspect of cavitation has become more and 
more important, particularly in very high-powered, sin- 
gle-screw ships. In such ships, there is a large wake 
variation over the propeller disk, which encourages 
cavitation, and it is necessary to give special consid- 
eration to propeller clearances from the hull and to 

the effects of overloading of the propeller in bad 
weather or when the ship’s bottom is fouled. Avoidance 
of cavitation and erosion has become an important 
requirement in the design of nearly all propellers, and 
it is necessary to consider the problem of cavitation 
before going on to methods of propeller design. 

One of the earliest references to cavitation on marine 
propellers was made by Osborne Reynolds, who in 1875 
referred to the effect of racing of propellers (Newton, 
1961). The first fully recorded case of its occurrence 
on a ship is that of the British destroyer Daring in 
1894 (Barnaby, 1897). With the original twin three- 
bladed propellers the ship on trial only reached a speed 
of 24 knots instead of the desired 27. When these 
screws were replaced by another pair with 45 percent 
more blade area, not only was 24 knots achieved with 
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17 percent less power, but a top speed of 29.25 knots 
was reached, with the elimination of much of the vi- 
bration previously experienced. 

At about the same time Sir Charles Parsons was 
building the Turbinia with which to demonstrate his 
invention of the marine steam turbine. The ship was 
first run in 1894, having a single shaft carrying one 
two-bladed propeller, 0.752 m in diameter, and gave 
very disappointing results (Burrill, 1951). Parsons then 
learned about the Daring trials, suggesting that the 
limiting thrust which that ship's propellers could de- 
liver (owing to the formation of cavities in the water) 
was equivalent to a pressure of 76.7 kN /m2 (10.8 psi). 

He then replaced the single propeller by three in 
tandem on the one shaft, well spaced fore and aft, 
which gave a considerable improvement, the speed 
being 19% knots. Finally, Parsons fitted the Turbinia 
with three shafts, with three tandem propellers on each 
shaft, having a diameter of 0.457 m (18 in.) and a 
developed blade-area ratio of 0.60. These gave a speed 
on trial of 32.75 knots at 1475 kW (1976 hp) although 
speeds in excess of 34 knots were claimed on later 
occasions. 

Since those early days much has been learned about 
the causes of cavitation and many criteria for esti- 
mating its probable occurrence have been proposed. 
We return to this point in Section 7.7. 

To understand the mechanism of cavitation, consider 
a blade section or airfoil set at a small angle of attack 
in a two-dimensional, steady, nonviscous flow, Fig. 29. 
Let the uniform steady velocity far ahead of the section 
be Vo and the corresponding total pressure p,. 

For a particular streamline such as AB, Bernoulli's 
theorem gives the relation 

Po (VOY 
w 29 
- + - = constant 

or 

p o  + & p  ( Vo)z = constant 

At any point P on the streamline where the pressure 
and velocity are p ,  and V, we have 

Pl + kp(V,)z = P o  + &p(Vo)z 

6P = Pl - Po = & P [(Vo)z - (VXI 

and the change in pressure will be 

If V, is greater than V,, i.e., if the flow is accelerating, 
then p ,  is less than p,,  the pressure is decreased and 
6 p  is negative, and vice-versa. 

At some point S near the nose of the section the 
flow divides, and the fluid following the dividing 
streamline is turned through 90 deg, losing all its ve- 
locity and momentum in the direction of motion along 
the streamline. Hence at the point S the velocity Vl is 
zero, and 

6P = P1 - Po = &p(vo)z 
The increase in pressure at S over the ambient pres- 

sure p ,  is therefore h pVl ;  S is called a stagnation 
point, and the dynamic, stagnation or ram pressure of 
the flow, given the symbol q, is 

The fluid above the dividing streamline passes over 
the upper surface or back of the blade with increased 
velocity, resulting in a decrease in pressure, while that 
below is slowed down, giving increased pressure over 
the face, Fig. 29. It is this differential-pressure effect 
which gives rise to the lift on the section. 

At a point on the back of the blade where the pres- 
sure and velocity are pl and V, 

Pl = Po + & p [( VOY - ( VIYI 
= Po + 6P 

Hence p ,  will become zero if 

6P = - Po 
Since water cannot support tension, the flow will 

break down at this point with the formation of bubbles 
and cavities, and cavitation will result. 

In practice, this situation will come about somewhat 
earlier-when p ,  has fallen not to zero but to the vapor 
pressure of water, p,, at which it begins to "boil" and 
form cavities. The criterion will then be that 

Pv = Po $- 6P 

SP = - (Po - PJ 
or 

Dividing by the dynamic pressure i p V," or q, cavita- 
tion will begin when 
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closed screw aperture showed a better mutual agree- 
ment than the remaining six models with open aper- 
ture. However, no specific tendencies with hull form 
parameters could be observed. 

Van Gent, et  a1 (1973) carried out a similar analysis 
for six third-generation twin-screw containerships. 
Scatter of the results were larger in this case because 
of the different shaft and support arrangements. 

Harvald (1980) carried out wake measurements for 
a single-screw merchant ship with different aft  body 
shapes for a few loading conditions. In line with pre- 
vious results he found only a slight influence of speed. 
The influence of trim was found to be small a t  equal 
draft at the aft perpendicular. Changing the aft  draft 
had a pronounced effect on the wake distribution, es- 
pecially in the upper region of the propeller disk. 

Harvald showed that changing the aft  body by in- 
troducing a stern bulb, removing the deadwood and 
increasing the aperture above the propeller shaft, can 
lead to a much better wake field; Fig. 19. He also 
mentioned the possible use of shields above the pro- 
peller, a concept that has also been considered by Hy- 
larides (1978). The application of a partial stern tunnel 
proved to be favorable for a containership and a 
dredger although application to a Great Lakes carrier 
did not lead to significant improvements, for the ef- 
fective wake field the tunnel also proved to be some- 
what beneficial. 

An interesting comparison of wake fields is given in 
the publication of Jonk, e t  a1 (1980) who have carried 
out investigations into the wake distribution of sim- 
plified hull forms. The basic model represented a 
455,000-ton deadweight product carrier. Simplifica- 
tions of the hull form were made step by step, and the 
resulting changes in propulsive performance and wake 
distribution were measured. 

Holden, et  a1 (1980) presented on early design-stage 
approach to reducing pressure forces on the hull 
caused by a cavitating propeller. To this end they car- 
ried out a statistical analysis of the wake field distri- 
bution of 20 slender V-shaped aftbody ships and 49 
full-form vessels. Both main particulars and local form 
characteristics were used as independent parameters. 

By systematically varying the hull form parameters 
Holden, et  a1 (1980) were able to indicate requirements 
for wakes with low peak values: 

(a) Large waterline angles and blunt waterline end- 
ings should be avoided. 

(b) The stern post half-breadth should be less than 
0.05 D for waterlines situated in the range from 0.2 
to 0.6 D above the propeller shaft. 

(c) The maximum angle of the waterline with respect 
to the longitudinal ship axis should be kept below 30 
degrees. 

For full ships the following indications were also 
given: 

(d )  The area coefficient A/BT of the frame situated 
at 0.1 L,, forward of AP should be in the range from 

0.3 to 0.6. 
(e) The angle with respect to the vertical of the frame 

situated a t  0.1 Lpp forward of AP at the waterline 
through the propeller shaft should be less than 17 
degrees. This means that the frames should be U- 
shaped in this region. 
cf) The vertical gradient of the tangent of the water- 

line angles at the frame 0.1 L,, forward of AP, should 
be between 0.25 and 0.46. The vertical gradient should 
be determined a t  the waterline through the propeller 
shaft. 
(9) The value of the above-mentioned vertical gra- 

dient should be greater than 0.05. This means that the 
waterline angle should increase with increasing height 
above the shaft center. 

For V-shaped ships, Holden, et  a1 (1980) give some 
additional general recommendations. 

Concerning measurements of the effective wake field 
the work of Hoekstra (1977) may be mentioned. He 
applied a diffusor to simulate the action of the pro- 
peller. By varying the diffusor length at constant dif- 
fusor angle a variation of the simulated propeller 
loading was obtained. The measurements for the axial 
and transverse velocities for a bulbous stern tanker 
showed that with increasing propeller loading: . The bilge vortex shifts radially towards the pro- 
peller axis and downwards; . the strength of the bilge vortex increases; . the wake peak associated with the center of the 

the wake fraction decreases. 
4.3 Real and Apparent Slip Ratio. The real slip ra- 

tio has been defined (Section 2.5) as 

bilge vortex is reduced; 

T I  

V A  s , = l - -  Pn 
For the screw working behind the hull, another slip 
ratio can be calculated using the ship speed V instead 
of the speed of advance of the propeller. This is called 
the apparent slip ratio, sA,  given by 

V 
sA=l- :  Pn 

The real slip ratio is the only real guide to the ship’s 
performance and requires a knowledge of the effective 
wake fraction. However, the apparent slip ratio, which 
needs only the values of ship speed, revolutions, and 
propeller pitch for its calculation, is often recorded in 
ships’ log books. 

4.4 Relative Rotative Efficiency. The propeller in 
open water, with a uniform inflow velocity, at a speed 
of advance VA, has an open water eficiency given by 

(33) 

where Qo is the torque measured in open water when 
the propeller is delivering thrust Tat n revolutions. 

Behind the hull, at the same effective speed of ad- 
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vance VA, the thrust T and revolutions n will be as- 
sociated with some different torque Q, and the 
eficiency behind the hull will be 

(34) TVA 
2 r n Q  

The ratio of behind to open efficiencies under these 
conditions is called the relative rotative eficiency, 
being given by 

78 = - 

(35) 

The difference in torque found behind and in open 
is due to two main reasons-because of the hetero- 
geneous wake behind the model, the flow conditions 
over a given blade section as it rotates differ greatly 
from those in open, so that the efficiency of any par- 
ticular blade element will not necessarily be the same, 
and the relative amounts of laminar and turbulent flow 
on the propeller blades may be different in the two 
cases, the turbulence in the water behind the hull being 
greater than that in open water. 

The value of the relative rotative efficiency does not 
in general depart materially from unity, being in the 
region of from 0.95 to 1.0 for most twin-screw ships 
and between 1.0 and 1.1 for single-screw. 

4.5 Augment of Resistance and Thrust Deduc- 
tion. When a hull is towed, there is an area of high 
pressure over the stern which has a resultant forward 
component reducing the total resistance. With a self- 
propelled hull, however, the pressure over some of this 
area is reduced by the action of the propeller in ac- 
celerating the water flowing into it, the forward com- 
ponent is reduced, the resistance is increased and so 
also the thrust necessary to propel the model or ship. 

It is found in model work, where the necessary mea- 
surements can be made, that if the resistance of a hull 
when towed is RT the thrust necessary to propel the 
model at the same speed V is greater than RT and the 
increase is called the augment of resistance. It is 
expressed as the ratio of the increase in thrust to the 
resistance, so that 

(36) 

or 
T =  (1 a)RT 

a is called the resistance augment fraction and (1 + 
a) the resistance augment factor. 

Although viewing the problem from the resistance 
point of view is the more logical one, the common 
practice is to look upon this increase in resistance as 
a deduction from the thrust available at the propeller, 
so that although the screw provides a thrust of T tons, 
say, only RT tons are available to overcome resistance. 
This “loss of thrust” ( T  - RT) expressed as a fraction 

of the thrust T is called the thrust-deduction fraction, 
t, where 

(37) 

or 
RT = (1 - t )T  

The expression (1 - t )  is the thrust-deduction factor. 
It is common practice to fit rudders and other stern 

appendages to the model for self-propelled tests, and 
this has introduced some problems into the interpre- 
tation of t. It is usual to consider RT as being the bare- 
hull resistance, with no appendages, but Thas to over- 
come not only the augmented resistance R,(1 + a)  
but also the resistance of rudder and other appen- 
dages. Thus the value of t found from the experiments 
will depend not only on the shape of hull and the 
propeller characteristics and arrangement, as reflected 
in the augment a, but also on the type of rudder, and 
so on. 

As an example, a model representing a 121.9 m (400 
ft) cargo ship was run self-propelled without rudder, 
sternpost or other appendages (Todd, 1934). The value 
of t was found to be 0.2, and this was essentially due 
to the augment of resistance effect on the hull. With 
a plate rudder and square sternpost behind the hull, 
t increased to 0.29, this representing a considerable 
loss of propulsive efficiency. When the fore side of the 
post was faired into a fin, t dropped to 0.24, showing 
that most of the gain in efficiency was due to the 
reduction in head resistance of the post. Lastly the 
rudder and post were carried separately and their re- 
sistance measured. Using as the resistance in calcu- 
lating t the sum of the bare hull and this separately 
measured appendage resistance, the value of t came 
out in all cases as 0.20, and the changes in propulsive 
efficiency were then exactly reflected in the changes 
in total resistance. When using published figures for 
thrust-deduction fraction for the purpose of design, 
therefore, it is most important to know the exact model 
conditions for which they were obtained. 

4.6 Hull Efficiency. The work done in moving a 
ship a t  a speed V against a resistance RT is propor- 
tional to the product RTV or the effective power PE. 

The work done by the propeller in delivering a thrust 
T a t  a speed of advance V, is proportional to the prod- 
uct TV, or the thrust power PT. 

The ratio of the work done on the ship to that done 
by the screw is called the hull ejiciency, q H, so that 

p E  - RTv 
q H = - - -  

p T  TvA 

or 
l - t  
l - w  q H  = - in Taylor notation 
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and be expanded into the form 

1 $- WF 
7 ) H  = ~ l + a  

= (1 + wF) (1 - t) in Froude notation, 

4.7 Propulsive Efficiency. In Equation (1) the 
from Equations (25, 26, 36, 37). 

quasi-propulsive coefficient is defined as 
effective power - PE 
delivered power PD 

- -  
7 ) D  = 

With RT and T in kN and speed in m per see 
PE = RTV 

from Equation (34). Hence 

1 “ A  

From the relationships already developed, this can 

(39) 

= 7 ) H  7 ) R  7 ) O  

or quasi-propulsive efficiency equals hull efficiency 
times relative rotative efficiency times open propeller 
efficiency. 

In Froude notation: 

= (l + WF) (l - t ) 7 ) R  7 ) O  

The division of the quasi-propulsive coefficient into 
factors in this way is of great assistance both in un- 
derstanding the propulsion problem and in making es- 
timates of propulsive efficiency for design purposes. 

5.1 Methods of Conducting Experiments. Infor- 
mation on all the components of propulsive efficiency 
can only be derived from model experiments, since only 
in this way can all the necessary measurements be 
made and the performance of the propeller in both 
open and behind conditions be determined. 

For such self-propulsion experiments the model is 
fitted with stern tube or tubes, shafting, and such 
external fittings as stern post, rudder and, in multi- 
screw ships, bossings or open shafts and struts. The 
propellers are driven from inboard by an electric mo- 
tor, with dynamometers in the shaft line which record 
thrust, torque and revolutions. The model is attached 
to the resistance dynamometer on the towing carriage 
in the same way as for resistance experiments. The 
carriage is run at  any desired steady speed and the 
difference between the model resistance and the pro- 
peller thrust is measured on the dynamometer. This 
difference may be either positive or negative, depend- 
ing on the relation of propeller revolutions to model 
speed, the model being under or overpropelled, re- 
spectively. 

The model propellers should be sufficiently large for 
accuracy of manufacture, to enable accurate mea- 
surements of thrust and torque to be made during the 

Section 5 
Model Self-Propulsion Tests 

tests and to avoid serious scale effect as compared 
with the ship screws. It is not yet possible to set down 
any absolute rule as to the minimum size of propellers 
necessary to avoid serious scale effect. Laminar flow 
has been detected on model propellers operating both 
in water tunnels and in the relatively turbulent wake 
of a ship model, while the frictional part of the tur- 
bulent resistance of the blade section and the lift are 
subject to Reynolds number effect. If possible, the 
diameter should not be less than 15 ern (8 in.) and 
preferably 22.5 to 30 ern (16 in.) which, in the case of 
large, multi-screw designs, may call for a model length 
of 10 m (32.8 ft) or more. 

The Propeller Committee of the ITTC in 1975 con- 
cluded that in open water the minimum Reynolds num- 
ber, based on chord length, should be 4 x lo6. In the 
turbulent flow behind the model hull the minimum 
Reynolds number is appreciably smaller. If turbulence 
stimulation is adopted near the leading edge of the 
blades a minimum Reynolds number of 3 x lo5 is 
advised. Since a Rn of 4 x lo6 cannot be realized in 
most test facilities, some form of turbulence stimu- 
lation on the blades should therefore be adopted. In 
calculating the value of Rn, the length dimension L is 
the width of the blade at  0.7 radius and the speed V 
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is the resultant velocity at 0.7 radius found by com- 
pounding the circumferential speed of the blade with 
the speed of advance, ignoring any inflow effect, i.e. 

V = [(0.7 ~ n 0 ) '  + (V,)2]1/2 
where 

n is revolutions per second 
D is diameter of propeller 
V, is speed of advance 

Research in this field is continuing. From work carried 
out by Meyne (1972), Kuiper (1981) and others, it would 
seem that laminar flow is present on propeller blades 
during most model tests and that the use of turbulent 
boundary layer stimulation devices at the leading 
edges of the blades is therefore recommended. Kuiper 
adopted artificial roughness a t  the leading edge of 
about 0.06 mm in size. 

By running such experiments a t  a number of dif- 
ferent model speeds and propeller revolutions, a com- 
plete picture may be established of the propulsive 
coefficient under a variety of propeller-loading condi- 
tions, and in association with the resistance experi- 
ments on the hull and the open-water characteristics 
of the propeller, the wake, thrust deduction, and pro- 
peller efficiencies may be determined. The relative ef- 
ficiencies of different designs of propellers, the merits 
of various types of rudders or bossings and the effect 
of different choices of propeller revolutions can be ob- 
tained quickly and easily. 

The procedure for carrying out self-propelled model 
experiments differs in matters of detail in different 
model basins. In the three-dimensional extrapolation 
procedure from model to ship (Sections 3.6 and 6.4 of 
Chapter V) for a given value of the Froude number 
Fn = V / a  we write, in terms of specific resistance 
coefficients 

CTS = c7'M - + k )  ( C F O M  - CF0.S)  + c,4 (40) 
Ignoring for the moment the model-ship correlation 

allowance C,, we see that the resistance coefficient of 
the ship is smaller than that of the model by the 
amount of the skin-friction correction (CFoM - CFos) 
times (1 + k), where k is the form factor, accounting 
for the difference of the three-dimensional hull on the 
flat-plate friction. 

If the model propeller must overcome the full model 
resistance by actually self-propelling the model it will 
be working a t  a higher value of the specific thrust- 
loading coefficient TlipD2(V,)2 than will the ship pro- 
peller, and due to this extra loading the efficiency will 
be lower. To take account of this difference there are 
two common procedures in use in towing tanks. 

In the first of these, the difference in specific re- 
sistance as measured by the factor (1 + k) (CFoM 
- CFos) or, when a two-dimensional extrapolation pro- 
cedure is adopted, by the factor (CFoM - CFos) is con- 

verted to model scale. A weight is then placed on the 
appropriate scale pan of the resistance dynamometer 
of the amount required to provide such a towing force 
on the model, or the tow force is adjusted to the desired 
value on a load cell. If on a particular run the propeller 
revolutions are adjusted to give a zero reading on the 
resistance dynamometer, the propeller will then be 
operating at the thrust coefficient TlipD2( VA)2 appro- 
priate to the full-scale conditions. This is known as the 
ship self-propulsion point. Values of (1 + k) (C,,, 
- CFos) or of (CFoM - CFos) and the corresponding 
pan weight for different speeds can be prepared in 
advance, and the correct weight chosen before each 
experiment. If the form factor value k is not known 
approximately before the experiment, it is common to 
adopt a correction based only on the difference (CFoM 

This procedure will give propeller loadings corre- 
sponding to the case when C, is zero. Usually C, is 
not zero so that the weight to be added will be less 
than before, corresponding to (1 + k )  (CFoM - C,) 
- c,. 

In the second method a series of experiments is made 
at a particular carriage speed, the propeller revolutions 
being set on successive runs to cover a range of thrust 
above and below that required for self-propulsion of 
the model. The resistance dynamometer is used to sup- 
ply any defect or excess towing force required to main- 
tain the model speed, and the values of (thrust minus 
augmented resistance) are measured. By plotting 
these against a base of revolutions per minute the self- 
propulsion point of the model a t  that speed can be 
determined accurately. From the corresponding curves 
of thrust and torque, together with those for open 
water, the various propulsion factors can be found. 
For other propeller loadings, corresponding to the 
smooth ship or the ship with any desired value of C,, 
the same information can be obtained by moving along 
the curve of (thrust minus resistance) to the appro- 
priate new crossing points. A number of sets of such 
experiments, each at a fixed speed and varying rpm, 
have to be run to obtain curves of delivered power to 
a base of ship speed. This second method is now fre- 
quently adopted by model testing organizations since 
in this way the influence of propeller loading on the 
results of propulsion tests can be determined, irre- 
spective of the extrapolation technique or the C, value 
adopted. This can best be done in the first method by 
running complete tests for each desired value, al- 
though correction methods can be applied. 

The effective wake can be determined by calculating 
the coefficients KT and K,, using the thrust, torque 
and rpm measured in the self-propelled model test, and 
entering the open-water characteristic curves of the 
propeller with these values, from which the real slip 
ratio sR can be found. The apparent slip ratio s, can 
be calculated from the self-propelled results using the 
speed of the ship V. 

- CF0.S) .  
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Since 

and 
S A  = 1 - V/Pn 

we can find w from the relation 

As stated in Section 4.2, two different wake values can 
be determined in this way, one based on thrust identity, 
the other on torque identity, because the values of KT 
and KQ measured behind the model will not cut the KT 
and KQ curves for the open-water condition a t  the same 
value of slip ratio. 

The thrust-deduction coefficient is determined when 
the resistance and thrust are known for the self-pro- 
pulsion point, since (1 - t )  = K T / T .  The resistance is 
that for the towed model, and to obtain a true thrust- 
deduction coefficient the value of T should be that 
required to propel the model in the same condition. 
Otherwise the value of t obtained will depend on the 
type and nature of the appendages, as already dem- 
onstrated. 

5.2 Standard Procedures for Performance Predic- 
tions. The conduct of resistance tests, propeller open- 
water tests, and self-propulsion tests is a specialized 
task, and to ensure accuracy great care has to be taken 
in preparing for and running the tests and in the anal- 
ysis and interpretation of the results. In the past there 
were many differences in detail between the practices 
of the various tanks which made comparisons of re- 
search results difficult and led to many problems in 
the interpretation of performance predictions. 

In 1969 the ITTC requested its Performance Com- 
mittee to attempt to formulate a common method of 
predicting performance with a sound physical basis to 
facilitate future ship-model correlation studies. This 
led to the adoptation by the ITTC of a performance 
prediction method for single screw ships. The method 
predicts rate of revolution and delivered power of a 
ship from model resistance and propulsion test results. 
The procedure used can be described as follows: 

The viscous and the residuary resistance of the ship 
are calculated from the model resistance tests assum- 
ing the form factor to be independent of scale and 
speed. 

(a) The total resistance coefficient of a ship without 
bilge keels is 

where 
k is the form factor determined from the resis- 

tance test 
CFs is the frictional coefficient of the ship ac- 

cording to the ITTC-1957 ship-model correlation line 

CR is the residual resistance calculated from the 
total and frictional coefficients of the model in the 
resistance tests: CR = CTM - ( 1  + k )  CFM 

CA is the correlation allowance obtained from 
Equation (58) (Section 6.4, Chapter V): 

C, = [ 105 (2)' - 0.641 x l o p 3  

where the roughness of the hull k, is taken as k, = 
150 x m. 

CAA is the air resistance coefficient. For still air 
conditions the ITTC (1978) suggests the following re- 
lation: 

CAA = 0.001 AT - 
S 

where AT is the transverse projected area of the ship 
above the waterline. This is equivalent to setting the 
air resistance coefficient to 1.0. More details concerning 
wind resistance have been given in Section 5.2, Chapter 
v. 

(b)  If the ship is fitted with bilge keels the total 
resistance coefficient is as follows: 

sBK [(l + k) C,, S cTS = 

where SBK is the wetted surface of the bilge keels, 
assuming that eddy resistance of the bilge keels is 
negligible, and 6 CT replaces C4 under the assumption 
that the added resistance is primarily frictional. 

The ITTC standard predictions of rate of revolutions 
and delivered power are obtained from the full-scale 
propeller characteristics. These characteristics shall be 
determined by correcting the model values for drag 
scale effects according to a simple formula. Individual 
corrections then give the final predictions. 

Thrust, T, and torque, Q, found from the self-pro- 
pulsion tests are expressed in non-dimensional form 

Q and KQM = - pD4 n2 pD5 n2 
T 

KTM = ~ 

With KTM known, JTM and KQTM are read off the model 
propeller characteristics, and calculations are made of 
the model wake fraction, which is by definition 

and the relative rotative efficiency 

The thrust deduction (assuming no scale effect) is 
obtained from 
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T + FD - R, 
T t =  

where R, is the resistance corrected for differences in 
temperature between resistance and self-propulsion 
tests: 

(l + k)  x C F M C  + C R  

(1 + k)  x C F M  + C R  
R, = 

where CFM, is the frictional coefficient at the temper- 
ature of the self-propulsion test. In some model basins 
a blockage correction also is required. 

The characteristics of the full-scale propeller are 
calculated from the model characteristics as follows, 

KTs = K T M  - SKT 

KQS = KQM - SKQ 
where 

The difference 

where 

0.044 5 

In the formulas mentioned above, c is the chord length, 
t is the maximum thickness, P/D is the pitch ratio and 
R,,, is the local Reynolds number at x = 0.75. The 
blade roughness k is put k = 3O.1Op6 m. R,,, must 
not be lower than 2 x lo5 at the open-water test. 

Assume the thrust deduction to be independent of 
scale, which is supported by some theoretical investi- 
gations (Dyne, 1973). Then the full-scale wake factor 
can be assumed to be represented by, 

wTS = ( t  + 0.04) + (w, - t - 0.04) C, (44) 
G M  

where the thrust deduction t and the wake fraction 
wTM are determined from the resistance, self-propul- 
sion and open-water tests, as discussed previously. In 
many cases the value of wTS thus obtained exceeds the 
model value w,. In that case wTS should be set equal 
to wTM (ITTC, 1984). The factor 0.04 takes account of 
the effect of the rudder. Therefore, this factor may be 
deleted for twin-screw ships having a single rudder in 
the ship's center plane. 

In the above formula for wTS, Cv is the viscous re- 
sistance coefficient, 

Cvs = (1 + k) CFs + Ch 

CvM = (1 + k) cm, 
with C, the frictional resistance coefficient according 
to the ITTC 1957-line. 

The load on the full-scale propeller is obtained from 

(45) K T -  s cTS 

J 2  
- - -. 

2D2 (1 - t )  (1 - WT,)' 

With this KT/J2 as input value the full-scale advance 
coefficient JTS and the torque coefficient KQTS are read 
off the full-scale propeller characteristics and the fol- 
lowing quantities are calculated: 

the rate of revolutions, 

the delivered power, 

the thrust of the propeller, 

KT T, = J2 x JTs2 p D4 ns2 

the torque of the propeller, 

KQTS Qs = - xp D5 ns2 
7)R  

the effective power, 

the total efficiency, 

the hull efficiency, 
l - t  

7 ) H  = - wTS 

At this stage there are two options for improving 
correlation between prediction and full-scale trials 
given in the ITTC method. The first is to adopt the so- 
called C,- C, correction factors in arriving at the final 
trial predictions according to 

nT = C, ns 

for the rate of revolution and 

P D T  = cp PDs 

for the delivered power. 
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Table 3-Model-Ship Correlation Analysis of Fine Single-Screw Ships Performed for the 17th 
ITTC ( 1  984) 

Inst. 1 2 3 4 
Fine Fine Full Fine Fine 

Data Pt. 86 12 28 17 18 
C, 0.994 1.009 0.986 1.005 0.986 

uCp/cp 0.094 9.082 0.094 0.034 0.079 
CN 1.024 1.019 0.978 1.004 1.011 

C N p  1.014 1.002 1.014 
u C N p / E N p  0.036 0.013 0.016 

- 

- 

u C N / C N  0.036 0.040 0.039 0.018 0.026 - 

Values of C, and C, are determined by the towing 
tanks on the basis of correlation studies. Values of C, 
and C, are typically 0.98 and 1.01, respectively. In the 
absence of appropriate correlation data C, and C, 
should be taken as unity. 

The second option is to adopt SCFc-S W, corrections 
according to, ITTC (1978): 

K T -  s ScTS + ScFC 

J‘ 20‘ (1 - t )  (1 - wTS + SW,)‘ 
With this KT/J2  as input value, JTS and KQTS are read 
off from the full-scale propeller characteristics and 

Values of SC,, and Sw, are again determined by the 
towing tanks on the basis of correlation studies and 
should be taken as zero if correlation data are lacking. 

The different ITTC Performance Committees have 
carried out an analysis of C,, C,, SCFc, Sw, factors. 
Table 3 shows the results of this analysis (ITTC, 1984). 
The results are shown individually for a number of 
institutes. Fig. 20 summarizes these results. There 
seems to be no significant differences between full and 
fine ships (the border put a t  C, = 0.7). The only ex- 
ception appears to be for hull forms having open tran- 
som sterns. A direct application of the above method 
results in underprediction of PD and number of revo- 
lutions. The report of ITTC (1984) also discusses C,, 
C, values for twin-screw vessels. 

Values of SC,, and Sw, may be derived from the 
C,, C, values by an analysis of trial results. They are 
interrelated. In Table 3 one also finds values for C,, 
This factor represents the same quantity as C, in case 
the full-scale number of revolutions is calculated on 
the basis of torque identity instead of the thrust iden- 
tity given above (ITTC, 1981). 

Consequently, the best extrapolation technique 
available to date still leads to deviations in speed and 
number of revolutions of approximately 2 percent. For 

5 6 7 8 9  
Fine Full Fine Fine Full Fine Fine 
61 59 18 49 86 31 21 

0.984 1.028 0.911 1.039 1.008 1.014 1.067 
0.043 0.080 0.058 0.081 0.059 0.078 0.033 
0.996 0.985 1.000 1.025 0.994 1.001 1.010 
0.013 0.017 0.029 0.022 0.023 0.039 0.019 
1.002 0.979 1.023 1.016 0.992 0.996 0.990 
0.010 0.012 0.023 0.016 0.016 0.039 0.014 

this the following 
1978), 
(a) Model tests 

causes may be mentioned (IITC, 

errors in measurements, in- 

errors in procedure such as 
strumentation 

turbulence stimulation 
(b)  Full-scale trials errors in measurements, in- 

strumentation 
errors in procedure: differ- 
ences in trim, displacement 
and influence of wind, waves 
and fouling 

(c) Extrapolation 0 errors in correlation allow- 
ance for roughness effects 
scale effects in wake factor 
no correction is applied for 
scale effects in lift 
dependence of propulsion fac- 
tor in load 

The U.S. Navy’s policy regarding correlation allow- 
ances for naval vessels is given in Design Data Sheet 
051-1 (NAVSEA, 1984), “Prediction of Smooth-Water 
Powering Performance for Surface Displacement 
Ships.” Procedures are similar to ITTC practice, as 
outlined above, but differ in detail. In addition, it is 
customary to add a design margin on estimated power, 
by means of a Power Margin Factor (PMF), which 
varies from 1.10 during feasibility and preliminary de- 
sign (no lines drawing or model tests) to 1.04 during 
final contract design (final lines, propeller design and 
self-propelled model tests available). The PMF is ap- 
plied to the estimated effective power, PE, or to CTS. 
I t  must be noted that this design margin is intended 
to allow for design uncertainties under trial conditions; 
it is entirely separate from the Service Power Allow- 
ance discussed in Section 8.5, Chapter V. 

Hagen, et a1 (1986) present a survey of available 
data on correlation allowances for naval vessels of 
different lengths and types of hull coating. Results 
support the use of Equation (58) of Chapter V for, 
“Surface ships in the new-ship condition and painted 
with MilSpec vinyl paint” in the range of 58-293 m 

and prediction 
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length (190-960 ft) Above this range it is assumed that 
C, = 0.0002 and below it C, = 0.0008. Different values 
would apply if other hull coatings are to be used. 

Values of Wake, Thrust Deduction Fractions and 
Relative Rotative Efficiency. When designing a pro- 
peller for a new ship, it is necessary to estimate the 
probable values of the wake fraction, thrust-deduction 
fraction, and relative rotative efficiency, since all these 
enter into the calculations and the final assessment of 
power. 

By far the most reliable values of these factors will 
be found from preliminary self-propelled model tests, 
in which a model of the new ship is propelled by a 
stock propeller chosen to have its principal character- 
istics as near as possible to the probable final design. 
These values will form a reliable basis for the design 
of the propeller, and if in the final model tests slight 
differences are found these can be allowed for in the 
manufacture of the ship propeller. This practice is 
quite common in many towing tanks. 

In the absence of such information, estimates must 
be made from other sources, and many model inves- 
tigations have been carried out to supply the designer 
with such data. 

Systematic experiments to determine wake and 
thrust deduction made by Luke many years ago are 
still of use, especially for twin-screw ships. Self-pro- 
pelled models of single and twin-screw ships with var- 
ious block coefficients were used in the tests. The twin- 
screw models were run without bossings and with four 
designs of bossing having angles to the horizontal 
varying from 0 to 67% deg. The results are shown in 
Fig. 20. 

The wake in all cases increased with block coefficient, 
but the variation with speed was small. The propeller 
dimensions, except diameter, had little or no effect on 
either the wake or the thrust deduction. On the single- 
screw models a smaller diameter screw experienced a 
higher wake and smaller thrust deduction than a larger 
screw. This of course is due to the fact that the outer 
parts of the blades of the larger screw are working in 
areas of smaller wake velocity, so that the average 
wake is reduced. 

On the twin-screw models the bossing angle of least 
resistance was 45 deg; smaller or greater angles in- 
creased the resistance but did not influence thrust de- 
duction appreciably. High wakes were obtained when 
horizontal bossings were combined with outboard pro- 
peller rotation and vertical bossings with inboard ro- 
t a t i ~ n . ~  The best propulsive efficiency was obtained 
with outboard-turning screws when the bossing angle 
was somewhat smaller than the angle of least resis- 
tance and with inboard-turning screws when the boss- 

5.3 

A propeller is said to be outboard or outward turning when, 
for ahead propulsion, the tips at the top of the disk are moving 
away from the hull. 

ing angle was somewhat greater than the angle of 
least resistance. 

Another important investigation of wake was car- 
ried out by Bragg (1922) a t  Michigan with two groups 
of single-screw models. The models were towed at con- 
stant speed and the wakes were measured by means 
of current meters placed somewhat abaft the usual 
propeller position. The measured values were there- 
fore nominal wakes freed from the influence of pro- 
peller action. Qualitatively the test results were 
consistent with the results obtained from self-propel- 
led tests; quantitatively, they were consistently higher, 
for the reason already mentioned (Section 4.2). The 
results showed that the wake fraction increased with 
the vertical prismatic coefficients and the beam-draft 
ratios of the models, and with the elevation of the 
propeller shaft, but decreased with an increase in pro- 
peller diameter. 

A third investigation of wake by systematic exper- 
iments with models was made by Admiral Taylor. The 
tests were made in the U.S. Experimental Model Basin 
with a single-screw model equipped with various pro- 
pellers. It was found that the wake increased as the 
propeller diameter was reduced and as the propeller 
was raised towards the surface, but that it decreased 
as the clearance between the hull and the propeller 
was increased. The thrust deduction had in general the 
same trend as the wake fraction, but did not vary in 
exactly the same proportion. 

For estimating the wake fraction in preliminary pro- 
peller design, Taylor gave average values derived from 
an analysis of the trial results of more than 150 ships 
in conjunction with open-water characteristics derived 
from model tests. These values are listed in Table 4 
taken from the 1933 edition of Speed and  Power of 
Ships.  

It should be noted that these wake fractions are of 
a hybrid nature, the self-propulsion data being taken 
from ship trials and the open-water characteristics 
from model tests. They are thus subject to the possi- 
bility of some scale effect being present. 

Schoenherr in 1934 made an analysis of experimental 
wake and thrust-deduction values determined in rou- 
tine tests with self-propelled models in the EMB. The 
work was extended and reported in the first edition of 

Table 4-Values of Wake Fraction from Taylor 

coefficient CL? 
Twin-screw ships S i n g l e - s c r e m  

0.50 -0.038 0.230 
0.55 -0.021 0.234 
0.60 + 0.007 0.243 
0.65 0.045 0.260 
0.70 0.091 0.283 
0.75 0.143 0.314 

- 0.354 
- 0.400 

0.80 
0.85 
0.90 - 0.477 

Wake fraction (Taylor) 
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Fig. 20 Comparison of model-ship correlation factors between full and fine single-screw ships 

Principles of Naval Architecture in 1939 (page 149). 
At that time data from 65 tests with 61 single-screw 
models had been analyzed, and certain empirical for- 
mulas derived. 

For the wake fraction of single-screw ships 

C,, Cp B/L w = 0.10 + 4.5 
(7 - 6 Cvp) (2.8 - 1.8Cp) 

where 
C, is the vertical prismatic coefficient 
C, is the prismatic coefficient 
B is the breadth of ship 
L is the length of ship 
T is the draft of ship 
E is the height of propeller shaft above base- 

D is the propeller diameter 
K is the rake angle of propeller blades, radians 
k' is the a coefficient which has the value 0.3 

for a normal type stern and 0.5 to 0.6 
for a stern with cutaway deadwood 

line 

The precision measure of this formula for 65 tests 

For the thrust-deduction fraction of single-screw 
with 61 models was found to be 20.027. 

ships 
t = kw 

where 
(47) 

k = 0.50 to 0.70 for vessels equipped with 
streamlined or contrarudders 

k = 0.70 to 0.90 for vessels equipped with dou- 
ble-plate rudders attached to square rud- 
der posts 

k = 0.90 to 1.05 for vessels equipped with old- 
style single-plate rudders 

For the wake fraction of twin-screw vessels, the 

(a) With bossings and outboard turning propellers 
following formulas were derived: 

w = 2C,5(1 - C,) + 0.2 (C0S)Z x ; \I, - 0.02 

(average deviation for 38 spots 20.023) 
(b)  With bossings and inboard turning propellers 

w = 2cB5(1 - c,) + 0.2 (cosy x ;(go - $) + 0.02 
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(average deviation for 7 spots 20.012) 
(c) Propellers supported by struts 

w = 2C,5(1 - C B )  + 0.04 
(average deviation for 15 spots 20.024) 

For the thrust deduction of twin-screw ships 
(a) With bossings 

t = 0 . 2 5 ~  + 0.14 
(average deviation for 45 spots 20.018) 

(b) With struts 
t = 0 . 7 0 ~  + 0.06 

(average deviation for 15 spots 20.014) 
In all the foregoing formulas 

w is Taylor wake fraction 
CB is block coefficient of hull 
3 is angle of bossing to horizontal 

For the models considered in the foregoing analysis 
the average value of the relative rotative efficiency q, 
was 1.02 for the single-screw models and 0.985 for the 
twin-screw models. 

The choice between open shafts with struts and com- 
plete bossings having different angles to the horizontal 
will affect the propulsive coefficient because of the 
different wake and thrust deductions which result. 

For block coefficients of 0.5 and 0.6 the foregoing 
equations give the values of w and t shown in Table 
5. 

The wake fraction without bossings is intermediate 
between those for bossings having slopes of 30 and 
60 deg to the horizontal. This is generally in keeping 
with the results in Fig. 21. The principal point of in- 
terest is the lower value of t with open shafts, which 
results in the hull efficiency qH1 an important compo- 
nent of the propulsive efficiency, having a higher value 
than either of those with bossings. 

It would appear, therefore, that open shafts have 
some small advantage over complete bossings as re- 
gards propulsive coefficient, but the overall effect on 
shaft power must take into account the different re- 
sistance qualities, as discussed in Section 5 of Chapter 
v. 

Apart from power considerations, the open shafts 
will give a more uniform wake and so tend to reduce 
the likelihood of vibration and cavitation arising from 
the propellers. 

The foregoing formulas are valid only for merchant 
ships of normal form operating a t  Froude numbers 
below 0.3. For high-speed ships of the destroyer type, 
the wake fraction usually lies between -0.02 and 
t-0.02 when the ship is equipped with struts and be- 
tween 0.04 and 0.08 when equipped with bossings. The 
thrust-deduction fraction for ships of this type is cor- 

respondingly small and as a first approximation may 
be assumed equal to the wake fraction. 

Other valuable sources of data on wake, thrust de- 
duction, and propulsion factors will be found in the 
results of methodical series published by various tow- 
ing tanks. For example, Todd (1963) gives such infor- 
mation for the single-screw merchant ship forms 
comprising Series 60, covering a range of block coef- 
ficients from 0.60 to 0.80. Table 6 shows the wake and 
thrust-deduction fractions and other propulsion factors 
for the five parent models of Series 60, the values being 
those at the service speed in each case. 

It will be seen that with increasing fullness of hull 
form, the wake fraction increases steadily from 0.249 
to 0.352. The thrust-deduction fraction decreases at 
first, and then begins to increase again, but this in- 
crease is insufficient to counteract the continuing rise 
in wake, so that the hull efficiency q H  continues to rise 
to the fullest model. The quasi-propulsive coefficient 
qD increases up to a block coefficient of 0.75, but a t  
0.80 is reduced because of the lower open propeller 
efficiency. 

It is interesting to compare the measured effective 
wakes for the Series 60 parents with those estimated 
by the formulas previously quoted. The relevant fig- 
ures are shown in Table 7. 

There is remarkably close agreement between the 
measured values and those given by Taylor, which is 
surprising since the latter depend only on block coef- 
ficient. The Luke figures, which also depend only on 
block coefficient, are consistently low, while those 
based on the formula given by Schoenherr, although 
showing the correct trend, are always too large, the 
excess increasing with block coefficient. 

The last line in Table 7 shows the value of k = t/ 
w, Equation (35), for the Series 60 measured results. 
From Schoenherr's analysis k varied from 0.5 to 0.7, 
and this is seen to cover the range of values found for 
Series 60. These results suggest that the value of k 
= 0.7 will apply to fine ships around CB = 0.60, and 
that k will decrease with increasing block coefficient. 

Some of the Series 60 models were run with pro- 
pellers of different diameters, and the effect upon w 
and t can be found from the results given in Todd 
(1963). Typical figures are quoted in Table 8. These 
show the expected reduction in wake with increasing 
diameter. The value of t remains unaffected by changes 
in diameter within the limits covered in these experi- 
ments. As the block coefficient is decreased, the wake 

Table 5-Effect of Shaft Arrangements on Hull Efficiency 

0.5 0.6 
C B  30 Open 60'  30 Open 60 ' + deg Shafts deg deg Shafts deg 
W 0.111 0.071 0.011 0.143 0.103 0.043 
t 0.168 0.110 0.143 0.176 0.132 0.151 

v H  = - 0.936 0.958 0.867 0.961 0.968 0.887 1-t 
1-w 
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Table 6-Propulsion Factors for Parent Models of Series 60 (Todd, 1963) 

C,. .......................... 0.60 
F ,  ........................... 0.229 
L / B  ......................... 7.50 
B/T ......................... 2.50 
LIVh . .  ...................... 6.166 

1.50A 
w ............................ 0.249 
t ............................. 0.176 
q H  ........................... 1.097 
qo ............................ 0.669 
q R  ........................... 1.035 
q D  ........................... 0.759 

LCB % L ,  from a ......... 

0.65 
0.236 
7.25 
2.50 
5.869 
0.50A 
0.268 
0.167 
1.138 
0.659 
1.026 
0.769 

0.70 0.75 0.80 
0.212 0.190 0.167 
7.00 6.75 6.50 
2.50 2.50 2.50 
5.593 5.335 5.092 
0.50F 1.50F 2.50F 
0.277 0.307 0.352 
0.161 0.171 0.200 
1.160 1.196 1.235 
0.666 0.653 0.624 
1.010 1.014 1.014 
0.781 0.792 0.783 

Table 7-Comparison of Measured and Estimated Wakes for Series 60 

c, ..................... 
w measured ........... 
w Taylor". ............. 
w Schoenherr' ......... 
w Luke' ............... 
k = t/w for measured 

.................. 

.................. 

.................. 

.................. 

.................. 
values ........... 

0.60 
0.249 
0.243 
0.257 
0.202 
0.707 

0.65 
0.268 
0.260 
0.285 
0.226 
0.624 

0.70 
0.277 
0.283 
0.322 
0.250 
0.582 

0.75 
0.307 
0.314 
0.365 
0.275 
0.556 

a From Table 4. From Equation (46). From Fig. 21. 

0.80 
0.352 
0.354 
0.416 
0.300 
0.568 

decreases. We might therefore anticipate a similar de- 
crease, though of less amount, as the LCB is moved 
forward for a given C, because of the progressive 
fining of the stern. This is confirmed by the Series 60 
results as shown in Table 9. Thus, for example, for a 
block coefficient of 0.65, as the LCB is moved forward 
from a position 2.46 percent L aft  of midships to 1.37 
percent L forward, w decreases from 0.310 to 0.229 
and t from 0.206 to 0.136. Since these two have opposite 
effects upon the hull efficiency, the latter remains more 
or less constant. 

It will be noticed that none of the empirical formulas 
already quoted takes account of the effect of the po- 

sition of LCB on w and t, and since the Series 60 data 
on this point are not included in Todd (1963), they are 
given here in full in Table 9. 

The results of the research on Series 60 contained 
in Todd (1963) also give details of the effect upon w 
and t of changes in speed, in proportions such as vari- 
ations in L/B and B/T, and of changes in displacement 
and trim. These enable estimates to be made of the 
results of departures from the conditions used in the 
basic parent series. 

Holtrop, e t  a1 (1982) and Holtrop (1984) derived 
expressions for the wake fraction, thrust-deduction 
fraction and the relative rotative efficiency by statis- 
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tically analyzing the results of propulsion tests of more 
than 200 models of various types (see also Section 8.12, 
Chapter V). The equations obtained for single screw 
ships with a conventional stern arrangement are as 
follows: 

0.050776 + 0.93405 c, ,  
(1 - CPI) 

The coefficient c9 depends on the coefficient c, defined 
as: 

CS = BS/(L D TA) 
when B/TA < 5 

or 
c8 = s(7B/TA - 25)/(LD(B/TA - 3) ) 

c g  = c* 
when B/TA > 5 

when c, < 28 
or 

C, = 32 - 16/(c8 - 24) 
when c, > 28 

when TA/D < 2 
~ 1 1  = TA/D 

or 
c,, = 0.0833333(TA/D)3 + 1.33333 

when TA/D > 2 

when C, < 0.7 
cIg = 0.12997/(0.95 - C,) - 0.11056/(0.95 - C,) 

or 
c,, = 0.18567/(1.3571 - C,) - 0.71276 + 0.38648 C, when C, > 0.7 
czo = 1 + 0.015 Cstern 

C, = 1.45 C, - 0.315 - 0.0225 k b  
The coefficient Cv is the viscous resistance 
coefficient with 

CV = (1 + k) cp + C A  

The following formula was obtained for the thrust 
deduction fraction of single-screw ships: 
t = 0.25014(B/L)028956 (~T/D)02'241 

(1 - C, + 0.0225 Z C ~ ) ~ . ~ ' ~ ~ ~  + 0.0015 Cstern (49) 

Table 8-Effect Upon Wake and Thrust Deduction of 
Change in Propeller Diameter 

Block coefficient C, 0.60 -, ,,- 0.80-, 
Propeller diameter D * / ' /  \ 

0.666 0.800 0.521 0.730 - -- 
Draft T "" 

w ............................ 0.26 0.23 0.43 0.36 
t ............................. 0.17 0.17 0.20 0.20 
* Standard value of D / T  for basic series is 0.70. 
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Fig. 22 w - J'-diagram, constont rate of revolution (Harvald, 1967) 

Fig. 23 t - J' diagram, constant rate of revolution (Harvald, 1967) 

The factor of C,,,,, has been given in Section 8.12, 
Chapter V. 

The relative-rotative efficiency can be predicted well 
by the formula: 
q~ = 0.9922 - 0.05908 A,/A, 

+ O.O7424(Cp - 0.0225 k b )  (50) 
For single-screw ships with open sterns, such as 

transom-stern types, the following equations were ob- 
tained, 

(51) 

The coefficients in these equations are based on a lim- 
ited number of model test results. 

w = 0.3 CB + 10 CVCB - 0.1 
t = 0.10 and qR = 0.98 

For twin-screw ships the following equations were 
derived, 

w = 0.3095 CB + 10 CVCB - 0.23 D / r T  

(52) t = 0.325 CB - 0.1885 D / T T  
q R  = 0.9737 + O.lll(Cp - 0.0225 k b )  + 

- 0.06325 P/D 

The previously mentioned research concerns free- 
running ships. However, a large number of ships op- 
erate a t  overload conditions such as cable-laying ves- 
sels, trawlers and tugs. Also vessels in dynamic 
positioning mode operate in such conditions, continu- 
ously accelerating and decelerating to keep station. 
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Fig. 24 Geometry of helix 

For these cases the thrust deduction and wake factors 
may differ considerably from those valid for free-run- 
ning. Troost (1957) already pointed to this fact. For 

dynamically positioned vessels or vessels in course- 
tracking mode these factors are also dependent on the 
relative current angle, i.e. the angle between the speed 
through the water and the course of the ship. 

Harvald (1967) has presented data on both w and t 
for overload conditions. His work considered the ahead 
and astern conditions with the propeller working either 
ahead or astern. This way all four quadrants were 
covered for a range of J-values. These experiments 
were carried out for a trawler and a bulk carrier and 
showed a considerable influence of the propeller load 
and the advance on the propulsive coefficients w and 
t; Figs. 22 and 23. Part of these variations, however, 
have to be attributed to the definition of w and t. For 
instance, for V = 0 the wake fraction w = (J ’ -J ) /J  
will approach infinite values. Here J’ is the advance 
of the propeller derived from open-water diagram and 
J is the advance based on the ship speed. Similarly t 
will not be defined for values of J’ for which the thrust 
approaches zero. 

The results of Harvald show that the variation of t 
and w and J is dependent to some extent on whether 
V or n are changed. He also concluded that the stern 
wave has very little influence on the variation in w. 
For bollard pull conditions the value of t was found 
to be considerably larger for astern pull which Gb- 
viously is caused by propeller slip-stream being di- 
rected towards the ship. For forward bollard pull a 
thrust deduction factor of 0.04 is common for single- 
screw ships. 

Section 6 
Geometry of the Screw Propeller 

6.1 General Characteristics. The general charac- 
teristics of screw propellers have been discussed 
briefly in Section 2.5, and a typical design with defi- 
nitions of certain terms is shown in Fig. 8. To be able 
to design a propeller it is necessary to go somewhat 
further into the geometry involved. 

The design of a screw propeller almost invariably 
start with a helicoidal surface, which either forms the 
face of the blade or serves as a reference frame from 
which offsets are measured to describe the blade. This 
helicoidal surface may be a true one or more generally 
a warped helicoidal surface having the properties to 
be described. 

As stated in Section 2.5, a helical surface is that 
surface swept by a straight line AB, Fig. 7, one end 
of which, A, advances a t  uniform speed along an axis 
00’ while the line itself rotates about the point A with 
uniform angular speed o radians in unit time. The 
space curves that are traced by the various points of 
the generating straight line are called helices. These 
helices lie on the surfaces of circular cylinders coaxial 

with the line 00’, and all have the same advance per 
revolution, that is, the same pitch P. Therefore, the 
true helicoidal surface can be defined as a surface of 
double curvature, each line element of which is a helix 
of a constant pitch. 

If the helical-line elements have different pitches, or 
if the radial line is curved, a more general surface is 
obtained which, while it cannot be described mathe- 
matically, is fully and definitely described by giving 
the shape of the radial reference line and the pitches 
of a number of helices a t  various distances from the 
axis of rotation 00’. This general surface, when used 
as a reference frame, enables us to describe any type 
of screw propeller likely to be used in practice. It is 
called the pitch surface of the propeller and the line 
elements, which are true helices, the pitch lines. 

6.2 Geometry of Helix. The motion of the point on 
the cylindrical surface may be expressed in mathe- 
matical form, using rectangular coordinates x, y, and 
z, where the axis of x coincides with 00’, the axis of 
revolution, Fig. 24. 
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Fig. 25 Propeller drawing en- 

If a cylinder of radius r is unrolled to form a flat 
surface, the helix will develop into a straight line, the 
pitch angle 4 being given by 

(see Fig. 9). P tan 4 = - 
27rr 

If the angle 8 and the time t are measured from the 
instant when the generating line r is in the vertical 
position, then 8 = ot. The pitch P i s  the distance which 
r advances while it makes a complete revolution, i.e., 
when 8 changes by 27r. For any other value of 8, r 
will advance a distance equal to P8/27r. 

The ordinates of a point on the helix are therefore 

x = ~ e / 2 ~  
y = r sin 8 
x = r c o s e  

The expanded length of a portion of the helix such 
as ac in Fig. 24 can be found by developing the cylinder 
to a flat surface, as in Fig. 9. The triangle abc will 
then have sides 

ab = re 

bc = P8/2n 
the angle bac being equal to the pitch angle +. 

(ac)' = (ab)' + (bc)' 
P202 
497' 

The side ac will be given by 

= r'8' + - 

= __ U (47r'T' + P') 
47r2 

or 

It also can be proved that the radius of curvature 
of the helix is given by 

r R, = - cos '4 

6.3 Propeller Drawing. The design drawing for a 
propeller usually consists of four parts, which are il- 
lustrated in Fig. 25. These show, respectively, a side 
elevation of the propeller (a), an expanded blade outline 
with details of the section shapes (b), the pitch distri- 
bution if it is not uniform (c), and a transverse view 
(4. 

For simplicity, we will assume in the first instance 
that the propeller has sections with flat faces. The 
choice of the blade outline will depend on a number of 
design features, and we will assume that for the pres- 
ent this has already been chosen. 

The side elevation shows the rake of the propeller 
(the fore-and-aft slope of the generating line) and a 
hypothetical section showing the variation of maxi- 
mum blade thickness from tip to root. It also shows 
the projected outline of the blade shape on a centerline 
longitudinal plane. 

The section shapes are shown in view (b)  with their 
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pitch faces all drawn parallel to the base line and at 
their correct radii from the axis. These are cylindrical 
sections, with the thickness measured parallel to the 
axis, and not normal to the face. The shapes of the 
sections are shown by the necessary dimensions giving 
the thickness at various distances along the chord, 
edge thicknesses, edge radii, and other details. The 
outline of the blade drawn as in view (b) of Fig. 25 is 
called the expanded blade outline. 

The pitch line shown in view (c) gives the variation 
of pitch with radius from the axis. In the example 
shown, the pitch is constant over the outer part of the 
blade, and reduced towards the root, a common prac- 
tice in single-screw merchant ship propellers. 

In the transverse view (4 are shown the transverse 
projection and developed outline of the blade, the line 
of maximum thickness of the sections and the amount 
of skew. (See also Section 2.5). The developed outline 
is drawn through the edges of the blade when the 
blade widths are set out around helical arcs as shown 
in view (4. 

Consider a section at radius r where the pitch is P. 
If AB is set out equal to P / 2 7 ~ ,  and the line BCD 
drawn, the angle ACB is the pitch angle 4 and BCD 
is the pitch face line for that section. The transverse 
projection of the section EF will be EICFl, and if an 
arc of a circle of radius r is drawn with center A and Fig. 26 Effect of blade section shape on projected blade outlines 

cE1 (= cEl) and cF (= cFl) are measured around When the sections are set out as in view (b)  with this arc from ' and be points On the trans- the pitch lines all parallel to the axis, the ends of the 
verse projected blade outline. sections can be joined to give still another outline, 

called the expanded blade outline. In the same way, the longitudinal projection of the 
section on the centerline plane will be E2CF2. If the If the sections are not of the with a flat face 
offsets cEz and cF2 are set Off in view (a) and circular back, but are of airfoil shape with nose 

same levels and in view (d)9 and F1 developed and projected outlines will be obtained for 
the same total chord width, as shown in Fig. 26. be points on the longitudinal projected outline. 

projected outlines can be drawn. pressed in the form of nondimensional ratios, the most The position of maximum thickness of the sections commonly used being can be set off along. each radial line and a locus of 

and then the points E2 and F2 are dropped down to the and tail lifted from the pitch face, somewhat different 

In this way the transverse and longitudina1 The characteristics of propellers are customarily ex- 

maximum thicknescdrawn in view (4. Since this line 
will not lie in the longitudinal centerline plane, there 
is no true plane section through the blade at this po- 
sition, which is why the thickness line in view (a) was 
referred to as a hypothetical one. 

The developed outline is not so easy to draw, but 
for most purposes it is sufficient to expand the section 
along an arc of a circle which has a radius equal to 
the radius of curvature of the helix at the point C. If 
BG is drawn perpendicular to BC, then CG = r/cos2 
4, which is the radius of curvature of the helix at the 
point C having a radius r and pitch P. 

Hence if CE and CF are set off from C around the 
arc of a circle struck from G with radius GC, the 
resultant points El1 and F1 will be points on the de- 
veloped blade outline. This is nearly a correct construc- 
tion for narrow and medium-width blades, but is not 
so accurate in the case of wide blades. 

propeller pitch - P Pitch ratio PR = - -  
propeller diameter D 

IT Disk area A, = - 0' 4 

A,  Expanded-area ratio = - 
A0 

- expanded area of all blades, outside hub - 
disk area 

AD Developed-area ratio = - 
A0 

- developed area of all blades, outside hub - 
disk area 
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A ,  Projected-area ratio = - 
A0 

- projected area of all blades, outside hub - 
disk area 

Mean width ratio 
mean developed or expanded width 

diameter 
- of one blade 

- - outside hub / outside hub 

- 

area of one blade length of blade 

diameter 
maximum width of blade 

diameter 
Blade-width ratio = 

Blade-thickness fraction 
- maximum blade thickness produced to shaft axis - 

diameter 

= to in Fig. 25. D 
6.4 Constructional Details of Marine Propellers. 

For many years marine propellers were usually made 
with either three or four blades, the latter being almost 
universal in single-screw ships. Model experiments had 
indicated that such propellers were likely to be the 
most efficient, any increase in the number of blades 
giving rise to interference effects between the blades 
near the hub with a consequent decrease in efficiency. 
Also keeping the expanded area constant, an increased 
number of blades will lead to blades having higher 
aspect ratio and smaller chord length. The section lift- 
to-drag ratio will decrease, also because the blades will 
have relatively larger thickness to satisfy the require- 
ments imposed by strength. The higher aspect ratio 
will have virtually no beneficial effect if the camber 
and pitch distribution may be optimized. On the other 
hand, the increase of the number of blades will result 
in better efficiency if the isolated blades have the same 
lift-drag ratio. This effect, however, is more than bal- 
anced by the reduced blade efficiency. Comparing re- 
sults for the B-4-70 and B-7-70 propellers confirms this 
result. (See Section 8.3.) 

With the continual increase in the speeds and powers 
of ships, particularly those with a single propeller, it 
became necessary to increase the blade area in order 
to delay the onset of cavitation. To avoid excessively 
wide blades, an increase in their number was a possible 
alternative. This same increase in power, and so in the 
thrust developed per blade, also increased the periodic 
forces transmitted from the propeller to the hull, both 
through the water by pressure effects and through the 
shaft bearings. As a result hull-vibration problems 
were intensified. These propeller forces are predomi- 
nantly of blade frequency. An increase in the number 

of blades not only reduces the thrust per blade, thereby 
reducing the intensity of the disturbing forces, but 
also increases their frequency. This fact, in certain 
cases, may be used to avoid resonant conditions, and 
the forced vibration will be of lesser amount because 
of the increase in the internal damping of the hull 
structure at higher frequencies. Because of such rea- 
sons many ships are now fitted with propellers having 
5, 6 or more blades, and it has been found that by 
careful design such screws need pay only a small pen- 
alty, if any, in efficiency. 

The blades are either cast integral with the hub or 
cast separately and bolted to it; the two types are 
referred to as solid and built-up propellers, respec- 
tively. Built-up propellers have the advantages that 
damaged blades are easily replaced and that small 
adjustments in pitch can be made by turning the blades 
on the hub. Their disadvantages as compared with solid 
propellers are higher first cost, greater weight and 
somewhat smaller efficiencies because of the larger 
hub. 

The hub is usually cylindrical or conical in outline, 
the diameter ranging from 0.150 to 0.250. I t  is bored 
to fit the taper of the tail shaft and is usually secured 
to the shaft by one or more keys and a nut, the latter 
being covered by a streamlined fairwater or cap. 

The pitch ratios used for marine propellers range 
from about 0.6 for highly loaded propellers such as 
those on tugboats, up to 2.0 or more on high-speed 
motor boats. The radial distribution of pitch in twin- 
screw ships is sometimes constant, but in single-screw 
ships, where the wake variation over the disk is much 
greater, with a high concentration over the inner radii, 
the pitch is often reduced towards the hub. In highly 
loaded propellers, the pitch is often reduced towards 
the tip also, in order to decrease the thrust loading 
there and so delay the onset or reduce the severity of 
tip-vortex cavitation. 

Propeller blades are generally given some rake aft, 
which increases the clearance from the hull, bossings 
or shaft brackets, and is generally beneficial to effi- 
ciency and in reducing the periodic propeller forces 
which induce hull vibration. The latter are also reduced 
by using skewed blade outlines, so that the leading 
edges of the blades enter the wake concentrations be- 
hind the hull and appendages more smoothly. 

The blade area depends very much upon the thrust 
loading, and developed blade-area ratios vary from 0.35 
to values over unity in very high-speed ships. Thrust 
loading is further discussed in Section 7.7. 

The choice of blade area and blade-outline shape 
having been made for a given design, the thickness of 
the sections must be such as to provide adequate 
strength. The hydrodynamic efficiency of a propeller- 
blade section depends upon its thickness ratio, and 
from this point of view it is desirable to keep the 
thickness as small as possible. From the viewpoint of 
delaying the onset of certain types of cavitation, how- 
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ever, a larger blade thickness is beneficial. These con- 
flicting requirements have resulted in blade designs 
which are not as thin as some years ago. 

Propeller materials need to be light in weight, have 
a smooth surface and have a high resistance to erosion. 
Those commonly used include cast iron, cast steel, 
manganese bronze and different varieties of man- 
ganese-nickel-aluminum alloys. The manganese 
bronzes and alloys make tough blades, which take a 
high polish and are resistant to erosion, thus achieving 
and maintaining high efficiencies. Cast-iron propellers 
are relatively cheap but have little tensile strength, 
have to be relatively much thicker and moreover cor- 
rode badly in salt water and have a low resistance to 
cavitation erosion, which latter features reduce their 
efficiency. They are chiefly used on harbor tugs, ice- 
breakers and similar craft, because they tend to break 
off cleanly when striking an obstacle without causing 
damage to hull or machinery. 

The working stress allowed for cast iron is only 
about one half that for manganese bronze, so that cast- 
iron propellers will be much thicker and heavier. On 
the other hand, the nickel-aluminum-bronze is consid- 
erably lower in density, has a higher allowable working 
stress, and will give thinner and lighter propellers of 
high efficiency. This material also gives a smooth sur- 
face finish and has a high resistance to cavitation ero- 
sion. 

Since both the chord length and the thickness of the 
blade sections are important parameters in propeller 
design, and since the strength of the blades must sat- 
isfy the requirements of the classification societies con- 
cerned, it is necessary to be able to calculate the 
minimum thickness of the blades at an early stage in 
the design. Many methods have been developed for 
making such calculations. In the simplest ones, the 
blade is treated as a cantilever, with the total thrust 
and torque forces acting at some estimated points on 
the blade, and the stress in a typical section near the 
root is calculated. A refinement of this method is to 
replace the concentrated thrust and torque loads by a 
loading pattern varying from root to tip in accordance 
with that found from circulation theory. This still 
ignores the variation of load across a chord, which 
can only be taken into account by more sophisticated 
theory. 

In the case of the average merchant ship, one of the 
simpler methods is generally adequate, and for incor- 
poration in the classification society rules the calcu- 
lation must be reduced to a relatively simple formula 
with numerical coefficients. 

Schoenherr (1963) dealt in considerable detail with 
the problem of propeller-blade strength, taking into 
account the bending moments due to the hydrodynamic 
loading, centrifugal force, rake and skew. His stated 
objective was “to derive a formula for the minimum 
blade thickness required to ensure a blade of adequate 
strength for normal service conditions.” He obtained 

such a formula for the required thickness at any de- 
sired section, which can be evaluated when the oper- 
ating conditions, blade parameters and section 
coefficients are known. Tables of functions were pro- 
vided to assist in carrying out the computation. 

This formula was further simplified to suit the de- 
signer’s need for a simple working rule: 

(a) The thickness t was assumed to decrease linearly 
from root to tip, since the analysis had shown that 
when t is calculated for a section near the hub and 
such a linear variation assumed, the thickness else- 
where is greater than necessary to maintain constant 
stress. It is therefore only necessary to compute t for 
the most heavily stressed section. 

(b)  Average values were assumed for the blade 
shape and section parameters. 

(c) One representative point was taken on the cho- 
sen section a t  which to calculate the stress-this was 
the point on the face of the blade a t  the position of 
maximum thickness, where the stress is a maximum 
and is tensile for ahead operation. 

These simplifications were considered justifiable in 
view of other unknowns in the problem-our igno- 
rance of locked-in stresses and the dynamic effects of 
blade vibration, ship motion in a seaway, and crash 
reversals. 

The American Bureau of Shipping adopted the sim- 
plified Schoenherr formula, choosing as the typical 
strength section that at 0.25 radius. The slightly mod- 
ified requirements as they appear in the current rules 
(American Bureau of Shipping, 1987) are given below. 

(a) Blade thickness. Where the propeller blades are 
of standard design, the thickness of the blades shall 
not be less than determined by 

where t = 

H =  
R =  
N =  
K =  

D =  

R =  
S =  

€ =  

minimum thickness of blade at 0.25 radius 

shaft power in kW 
rpm at maximum continuous rating 
number of blades 
rake of propeller blade, where 

propeller diameter in m 
rake angle 
propeller radius 
a constant dependent on the value of D, 

in mm 

K = 5000 tan E, 

viz.: 
D 5 6.1 m 6.1 5 D 5 7.624 m 
S = 1.00 S = J(D + 24)/30.1 

D 2 7.624 m 
S = 1.025 

A is a constant determined by the pitch distribution, 
viz.: 

6 
A = 1.0 -t- - + 4.3P0.25 

Po.7 
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Table 1 O-Propeller Material Constants 

English units SI units 
Materials f W f W 

Type 1 Manganese bronze.. ................... 68 0.30 2.10 8.3 
Type 2 Nickel-manganese bronze. ............. 73 0.29 2.13 8.0 

Type 4 Manganese-nickel-aluminum bronze ... 85 0.27 2.37 7.5 
Type 5 Cast Iron.. ............................ 25 0.26 0.77 7.2 

Type 3 Nickel-aluminum bronze.. ............. 85 0.27 2.62 7.5 

B is a constant determined by the following formula 

N B =  

C is a constant determined by the formula 

C = (1  + 1.5 Po.2,) x (Wf - B) 
where Po.25 is pitch at 0.25 radius divided by propeller 

diameter 
Po,7 is pitch a t  0.7 radius divided by propeller 

diameter 
w and f are material constants from 
Table 10. 
W = width of blade a t  0.25 radius in mm 
C, and C, are determined from 

of inertia of a blade. The former is important from a 
cost point of view, and both are necessary when con- 
sidering shaft-vibration problems. Schoenherr gives 
approximate formulas for both items for rapid calcu- 
lations or checks: 

W = 1.982rlyR3 
I, = 0.2745 WR2 

where 
W is weight of all blades 
I p  is polar moment of inertia of all blades 
r is blade-thickness fraction 
4 is blade-area ratio (for whole propeller) 
y is specific weight of blade material 
R is propeller-tip radius 

The weight and moment of inertia of the hub are not 
included. The units used must be consistent. 

For controllable pitch propellers the American Bu- 
reau of Shipping has adopted the following formula 
(American Bureau of Shipping, 1987): 

in which, a, is area of cross-section of propeller blade 
a t  0.25 radius in mm' 

I, is moment of inertia of cross-section of 
propeller blade with respect to a straight 
line through the center of area of the 
cross-section and parallel to the pitch 
line or the nose-tail line of the section, 
in mm4 

U, is maximum distance of the axis about 
which I ,  is to be calculated to points on 
the pressure side (face) of the blade sec- 
tion, in mm 

T is maximum thickness of the cross-section 
a t  0.25 radius in mm 

a is expanded blade area divided by disk 
area 

If C,, exceeds 0.1, the value 0.1 has to be used in the 
formula for t. If the propeller has forward rake the 
minus sign in the formula is to be used, else the plus 
sign. 

(b) Fillets at the root of the blades are not to be 
considered in the determination of blade thickness. 

A number of notes are attached to the use of the 
formula under certain conditions of operation. 

In the course of the analysis, data are available for 
a detailed calculation of the weight and polar moment 

Where to,,, is minimum thickness of blade a t  0.35 ra- 
dius, in mm 

C, is ( W T ) ,  for the cross-section of the 

C, is I,/ (U, W T'), for the cross-section a t  0.35 
propeller blade a t  0.35 radius 

radius 
and 

490c w a R 
B =  N (%6l(%y 

in which Po.35 is pitch at 0.35 radius divided by the 
propeller diameter 

W is width of blade at 0.35 radius, in mm 
Other classification societies have adopted other for- 
mulas. Usually the results for the minimum blade sec- 
tion thickness of the various formulas differ by only 
a small amount. 
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Fig. 28 (so-curves of the Huber-Hencky-Von Mises equivalent stress, calculated for the backing bollard condition (full-scale values) (Luttmer 
et 01, 1984) 

Propeller manufacturers usually adopt thicknesses 
in excess of those which can be derived from these 
classification society formulas. Besides wanting to re- 
duce the sensitivity of the pressure distribution on the 
blade sections to angle of attack, important for ob- 
taining improved cavitation characteristics, propeller 
manufacturers generally want to incorporate a greater 
safety margin against structural failure. 

For highly skewed propellers (skew angles exceed- 
ing some 40 degrees) stress calculations with canti- 
lever beam methods may result in propellers having 
insufficient strength. Also the above-mentioned for- 
mulas may not be valid for these propellers. Cumming, 
et  a1 (1972) discussed the major results of the inves- 
tigations into the stresses associated with highly- 
skewed propellers to that date. Boswell (1969) found 
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that predictions of beam theory yielded neither the 
correct value for the maximum principal stress nor the 
correct chordwise distribution. His measurements con- 
cerned a propeller with 120 degrees skew. To obtain 
more information Boswell, et  a1 (1976) carried out 
strain measurements for one-bladed propellers with 
different amounts of skew. For all propellers he found 
the maximum stress to occur in the region from the 
hub to the 50 percent radius. At the 30 percent radius 
the maximum principal stress is near the half-chord 
for the unskewed propeller and was found to move 
toward the trailing edge with increased skew. Fig. 27 
shows the dependence of the maximum stress on the 
skew angle. These results are for uniform air pressure 
and only show the effect of skew on the stresses. Cen- 
trifugal forces are not included. This figure also in- 
cludes results for propellers with skew and rake 
(warped propellers). 

Apart from the average loading and stress, the un- 
steady forces and the associated unsteady stresses 
may also be of importance. These are generated by 
the operation of the propeller in the wake field. The 
unsteady forces depend on the harmonic content of 
the wake field and the amount of skew. This is dis- 
cussed in some more detail in Sections 4.2 and 8.2. 
Other contributions to unsteady forces may be caused 
by propeller vibrations. For conventional propellers the 
fundamental natural frequency of the blade usually is 
higher than the primary excitation frequencies. For 
high skew the natural frequency decreases signifi- 
cantly (for constant thickness and chord length) (Cum- 
ming, et  a1 1972). However, for constant stress this 
effect would be less. 

Boswell, et  a1 (1973) report on strain measurements 

on a two-bladed propeller with 60 degrees skew. The 
maximum stress was found to occur near the trailing 
edge. They found considerably lower stresses for the 
backing condition assuming equal maximum principal 
stresses on the face and back of the propeller. How- 
ever, they note that conditions related to crash stop 
maneuvers may change this picture. The increased 
stress levels in that case may be enhanced by elastic 
deflection: the blade will bend such that the effective 
pitch is increased leading to still higher loading. This 
may lead to a phenomenon called static divergence, 
which instability leads to damage. The experiments of 
Boswell, e t  a1 (1973) showed that a propeller is more 
susceptible to this instability for increased skew. How- 
ever, the instability itself has not yet been observed 
to occur for marine propellers. 

Luttmer, e t  a1 (1984) carried out an analysis of the 
influence of skew on the stresses in backing propellers. 
They calculated the open-water performance for four 
propellers having skew angles of 0, 30, 60 and 90 de- 
grees. This was compared with measurements. 
Thereby they obtained satisfactory agreement with 
realistic hydrodynamic loading levels. Next, a finite 
element analysis of the propeller was carried out for 
the astern backing condition, which was considered to 
be representative for conditions to be expected a t  crash 
stop maneuvers. Luttmer found the stress isocurves 
depicted in Fig. 28. These curves show, contrary to the 
previously mentioned research, maximum stresses a t  
the tip (trailing edge for normal ahead condition). 
These stresses increase drastically with skew. 

Special strength requirements have been adopted by 
the classification societies for propellers which have to 
operate in ice-covered waters. 

Section 7 
Cavitation 

7.1 The Nature of Cavitation. Cavitation is a phe- 
nomenon met with in highly loaded propellers in which, 
beyond certain critical revolutions, there is a progres- 
sive breakdown in the flow and a consequent loss of 
thrust. In its extreme form, it may prevent the ship 
from reaching the desired speed. Before this stage is 
reached, however, it manifests itself by noise, vibration 
and erosion of the propeller blades, struts and rudders. 

In early days these problems were confined to high- 
speed ships, but as speeds and powers have increased 
the erosion aspect of cavitation has become more and 
more important, particularly in very high-powered, sin- 
gle-screw ships. In such ships, there is a large wake 
variation over the propeller disk, which encourages 
cavitation, and it is necessary to give special consid- 
eration to propeller clearances from the hull and to 

the effects of overloading of the propeller in bad 
weather or when the ship’s bottom is fouled. Avoidance 
of cavitation and erosion has become an important 
requirement in the design of nearly all propellers, and 
it is necessary to consider the problem of cavitation 
before going on to methods of propeller design. 

One of the earliest references to cavitation on marine 
propellers was made by Osborne Reynolds, who in 1875 
referred to the effect of racing of propellers (Newton, 
1961). The first fully recorded case of its occurrence 
on a ship is that of the British destroyer Daring in 
1894 (Barnaby, 1897). With the original twin three- 
bladed propellers the ship on trial only reached a speed 
of 24 knots instead of the desired 27. When these 
screws were replaced by another pair with 45 percent 
more blade area, not only was 24 knots achieved with 
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17 percent less power, but a top speed of 29.25 knots 
was reached, with the elimination of much of the vi- 
bration previously experienced. 

At about the same time Sir Charles Parsons was 
building the Turbinia with which to demonstrate his 
invention of the marine steam turbine. The ship was 
first run in 1894, having a single shaft carrying one 
two-bladed propeller, 0.752 m in diameter, and gave 
very disappointing results (Burrill, 1951). Parsons then 
learned about the Daring trials, suggesting that the 
limiting thrust which that ship's propellers could de- 
liver (owing to the formation of cavities in the water) 
was equivalent to a pressure of 76.7 kN /m2 (10.8 psi). 

He then replaced the single propeller by three in 
tandem on the one shaft, well spaced fore and aft, 
which gave a considerable improvement, the speed 
being 19% knots. Finally, Parsons fitted the Turbinia 
with three shafts, with three tandem propellers on each 
shaft, having a diameter of 0.457 m (18 in.) and a 
developed blade-area ratio of 0.60. These gave a speed 
on trial of 32.75 knots at 1475 kW (1976 hp) although 
speeds in excess of 34 knots were claimed on later 
occasions. 

Since those early days much has been learned about 
the causes of cavitation and many criteria for esti- 
mating its probable occurrence have been proposed. 
We return to this point in Section 7.7. 

To understand the mechanism of cavitation, consider 
a blade section or airfoil set at a small angle of attack 
in a two-dimensional, steady, nonviscous flow, Fig. 29. 
Let the uniform steady velocity far ahead of the section 
be Vo and the corresponding total pressure p,. 

For a particular streamline such as AB, Bernoulli's 
theorem gives the relation 

Po (VOY 
w 29 
- + - = constant 

or 

p o  + & p  ( Vo)z = constant 

At any point P on the streamline where the pressure 
and velocity are p ,  and V, we have 

Pl + kp(V,)z = P o  + &p(Vo)z 

6P = Pl - Po = & P [(Vo)z - (VXI 

and the change in pressure will be 

If V, is greater than V,, i.e., if the flow is accelerating, 
then p ,  is less than p,,  the pressure is decreased and 
6 p  is negative, and vice-versa. 

At some point S near the nose of the section the 
flow divides, and the fluid following the dividing 
streamline is turned through 90 deg, losing all its ve- 
locity and momentum in the direction of motion along 
the streamline. Hence at the point S the velocity Vl is 
zero, and 

6P = P1 - Po = &p(vo)z 
The increase in pressure at S over the ambient pres- 

sure p ,  is therefore h pVl ;  S is called a stagnation 
point, and the dynamic, stagnation or ram pressure of 
the flow, given the symbol q, is 

The fluid above the dividing streamline passes over 
the upper surface or back of the blade with increased 
velocity, resulting in a decrease in pressure, while that 
below is slowed down, giving increased pressure over 
the face, Fig. 29. It is this differential-pressure effect 
which gives rise to the lift on the section. 

At a point on the back of the blade where the pres- 
sure and velocity are pl and V, 

Pl = Po + & p [( VOY - ( VIYI 
= Po + 6P 

Hence p ,  will become zero if 

6P = - Po 
Since water cannot support tension, the flow will 

break down at this point with the formation of bubbles 
and cavities, and cavitation will result. 

In practice, this situation will come about somewhat 
earlier-when p ,  has fallen not to zero but to the vapor 
pressure of water, p,, at which it begins to "boil" and 
form cavities. The criterion will then be that 

Pv = Po $- 6P 

SP = - (Po - PJ 
or 

Dividing by the dynamic pressure i p V," or q, cavita- 
tion will begin when 
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Fig. 44 Bent trailing edge of propeller blade caused by cavitation 

multaneous collapse. This explains the bending of trail- 
ing edges towards the pressure side. For the 
prevention of this form of cavitation damage, a good 
compromise between the camber distribution of the 
blade section and the angle of attack a t  which the blade 
section works is necessary. 

(c) Cavitation-induced vibrations and noise. Ship 
vibrations are determined by the response character- 
istics of the ship structure and by the excitation level. 
Propeller-induced vibratory forces on the afterbody of 
a ship form the largest part of these excitation forces. 
This aspect of the influence of cavitation has been the 
subject of significant experimental studies. I t  was 
found that cavitation considerably influences the whole 
problem of ship-propeller interaction. Cavitation was 
found both to influence propeller blade stresses and 
to modify the flow ahead of the propeller. The largest 
effect, however, was found in the pressure fluctuations 
induced on the ship’s afterbody. Not only the amplitude 
but also the phase angle of the propeller-induced fluc- 
tuating pressures are affected. Propeller cavitation in- 
creases the amplitude of these vibratory pressures, 
depending on blade number and extent of cavitation, 
with a factor between 1 and 10 and sometimes even 
higher. This is primarily due to the variation in angle 
of attack of the flow causing large variations in the 
size of the cavities on the blades thereby causing large 
volume variations. When the cavities on the propeller 
blade do not fluctuate as much, such as occurs in a 
uniform flow, the pressure fluctuations on a nearby 
body are not increased as much; see Chapter VII. 

Cavitation not only influences low frequency pro- 
peller-induced pressure fluctuations on the ship hull 
but also increases high frequency noise levels in ships. 
For warships this aspect is particularly disturbing. The 
increase of underwater self-noise with increasing cav- 
itation (i.e., with increasing ship speed) reduces the 
ship’s sonar-detection capabilities considerably. It is 
therefore important for a warship to have propellers 
with a maximum cavitation-free speed range. A high 
cavitation inception ship speed is nowadays considered 
to be essential in design of naval propellers. 

7.7 Criteria for Prevention of Cavitation. Many cri- 
teria have been proposed for predicting the onset of 
cavitation. The earliest ones, using the average thrust 
per unit area of projected blade surface, are today not 
sufficient in many sophisticated designs, although still 
useful as a first guide. The criterion devised by Bar- 
naby from the Daring trials was to limit the pressure 
to 76.7 kN/m2 (10.8 psi) of projected area for a tip 
immersion of 0.28 m (11 in.), increasing this limit by 
2.5 kN/m2 (0.35 psi) for every additional 0.305 m (ft) 
of immersion. 

For the same lift coefficient C, on a section, the 
maximum reduction in pressure on the back depends 
on the shape of the section and on the conditions under 
which it is operating. Any proposed criteria must take 
account of these factors, and it is difficult to find one 
which is really satisfactory. 

The modern approach is to calculate the pressure 
distributions around suitable sections, or to measure 
them in a wind or water tunnel. A knowledge of the 
real incidence angle obtained from circulation theory 
can then be used to determine the maximum reduction 
of pressure on the back of the section for comparison 
with the static pressure ( p o  - pv) available. The true 
angle of incidence depends on the wake pattern in 
which the propeller is working, and such calculations 
have to be made using the average circumferential 
wake a t  each particular radius. In practice the angle 
of incidence will vary both above and below the av- 
erage, so that cavitation will occur a t  somewhat lower 
revolutions, and allowance must be made for this fact. 
By the same token, cavitation will be delayed or 
avoided by making the wake more even by attending 
to shape of hull, clearances, propeller rake and the 
alignment of bossings or shafts and struts with the 
average flow direction. 

Many propellers are still designed from charts de- 
rived from methodical series tests, and in designing 
by the circulation theory it is necessary to begin with 
some chosen propeller diameter, also determined from 
a design chart. Some general criterion is therefore 
needed for the choice of blade area to avoid cavitation. 
A diagram designed to provide such guidance in order 
to avoid excessive cavitation and erosion under aver- 
age service conditions a t  sea was given by Burrill 
(1943). He used a coefficient 7, expressing the mean 
thrust loading on the blades, defined as 
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Fig. 45 Simple cavitation diagram (Burrill, et al, 1943, 1962-63) 

T/A, 
r, = ___ 

t p ( VJ2  

plotted to a base of C T ~ . ~ ~ ,  where 
Tis thrust in kN 

A, is projected blade area in m2 
V, is relative velocity of water at 0.7 radius in 

m / sec. 
T0.7R is local cavitation number at 0.7 radius 

p is mass density, kg 1 L. 
The projected blade area A,  can be found from the 

more usual developed area AD by using Taylor's ap- 
proximate formula 

APIA, = 1.067 - 0.229 x pitch ratio (59) 

The thrust can be calculated from PE or PD from the 
expressions 

P E  

(1 - t)V T =  

or 

p D  ?D T =  
(1 - t)V 

The cavitation number C T ~ ~ ~ ~  is calculated using the 
relative velocity VR at 0.7 radius and the pressure at 
the centerline of the propeller, viz. 

(60) Po - Pv + Pgh 
u0.7R = gp(VA2 + ( 0 . 7 ~ n D ) ~  

an approximate formula for which is 

(61) 
188.2 + 19.62 h 

V, 2 + 4.836n2D2 u 0 . I R  = 

where (pa - pv) is pressure a t  screw center line in N 
per m2, h is head of water at screw center line, m 

The chart, reproduced in Fig. 45, was based origi- 
nally on experience with full-sized propellers and gave 
lines for suggested upper limits of T/A, for heavily 
loaded (warship) propellers with special sections and 
for merchant ship propellers in order to avoid serious 
back cavitation. A third line indicated the lower limits 
of T/Ap  to avoid face cavitation on tugs and trawlers. 
Systematic tests of a series of model propellers with 
circular back sections in the cavitation tunnel a t  King's 
College, Newcastle, confirmed in a general way that 
the model results were in reasonable agreement with 
the practical experience on which the chart was based 
(Gawn, et  al, 1957). Later a series of four-bladed mer- 
chant ship propeller models was run in the same tunnel 
covering a range of pitch ratio and values of CT (Burrill, 
et  al, 1962-63.) From these tests lines were added to 
the diagram, Fig. 45 indicating 2%, 10 and 30 percent 
back cavitation. It will be seen that the line for 5 
percent back cavitation lies very near that given orig- 
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inally for merchant ships. The authors state that ob- 
servations on many other propellers in the tunnel 
running at the average service condition have shown 
cavitation of this kind and extent, and have been found 
reasonably free from erosion after several years in 
service. They therefore concluded that the line indi- 
cating 5 percent back cavitation was a suitable crite- 
rion at which to aim in practical design calculations, 
and that “even recent experience with propellers of 
modern design would not suggest any material alter- 
ation in the positioning of this upper limiting line for 
aerofoil type propellers.” 

A useful formula for obtaining a first indication as 
to the required expanded blade area ratio was derived 
by Keller (1966), 

A ,  - (1.3 + 0.3Z)T + _ -  
A ,  ( P o  - PJD’ 

where: 
Tis thrust in N (or kN) 
2 is number of propeller blades 
p ,  - p ,  is pressure at centerline of propeller in 

N per m2 (or kN per m2) 
k is a constant varying from 0 (for transom- 

stern naval vessels) to 0.20 (for high- 
powered single-screw vessels). 

The subject of cavitation criteria in propeller design 
can really only be dealt with adequately by incorpo- 
rating pressure distribution, angle-of-attack, and cav- 
itation number information into a detailed design 
process, for every radius. Criteria such as the Burrill 
chart and the Keller formula do not reflect the influ- 
ence of the wake or propeller blade geometry such as 
pitch, camber and thickness distribution. They should 
therefore be used with care. 

Section 8 
Propeller Design 

8.1 Methods of Propeller Design. The design of a 
marine propeller is almost invariably carried out by 
one of two methods, although each method covers a 
number of procedures differing in detail. 

In the first of these, the design is based upon charts 
giving the results of open-water tests on a series of 
model propellers. These cover variations in a number 
of the design parameters such as pitch ratio, blade 
area, number of blades, and section shapes. A propeller 
that conforms with the characteristics of any partic- 
ular series can be rapidly designed and drawn to suit 
the required ship conditions. 

The second method is used in cases where a propeller 
is heavily loaded and liable to cavitation, or has to 
work in a very uneven wake pattern, when it is desir- 
able to carry out a detailed design using circulation 
theory. Basically this involves finding the chord width, 
section shape, pitch, and efficiency at  a number of radii 
to suit the average circumferential wake values and 
give optimum efficiency and protection from cavitation. 
By integration of the resulting thrust and torque-load- 
ing curves over the blades, the thrust, torque, and 
efficiency for the whole propeller can be found. Before 
such detailed design can be started it is necessary to 
know preliminary dimensions and in general these are 
found from standard charts. 

Also some choices as to the propeller characteristics 
have to be made such as number of blades, skew, etc. 
The next sub-section gives a general philosophy on 
propeller design with respect to these choices. After 
that two methods of design will be presented, one 
based on systematic series and another one based on 
theoretical calculations. 

8.2 General Propeller Design Philosophy. Contin- 
uing with a qualitative discussion of the considerations 
that may influence the propeller design (Cumming, e t  
al, 1974), a detailed account of an actual propeller de- 
sign and its evaluation by calculations and model tests 
has been given by Boswell, et  a1 (1973) concerning a 
highly skewed propeller. 

(a) Diameter. The maximum diameter is usually lim- 
ited by the geometry of the aperture although some- 
times tunnels may be applied to allow larger 
propellers. Another limiting factor is imposed by pro- 
peller induced unsteady hull forces which decrease 
with increasing clearance. The propeller efficiency usu- 
ally increases with increasing diameter. A larger di- 
ameter will change the radial distribution of the wake 
in which the propeller operates, however, which can 
lead to serious detrimental effects if the blades extend 
into a region of greater flow non-uniformity. Also, 
keeping the rate of revolution constant, a larger di- 
ameter will lead to higher tip velocities and hence to 
a reduced cavitation index. The latter effect usually 
more or less balances the delay of tip vortex cavitation 
caused by the smaller gradient of the bound circula- 
tion. This gradient is smaller since the same thrust 
load is spread over a larger distance. Finally, the hull 
efficiency may be reduced by applying a larger diam- 
eter. 

As can be seen from the above discussion the choice 
of the diameter will be a compromise. Also, changing 
the diameter will lead to changes in other parameters. 
Therefore this discussion is necessarily qualitative. 
The final choice of all parameters involved will be in- 
terrelated with the speed to be attained and by the 
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allowable levels of vibrations, cavitation, noise and in- 
stalled power. 

(6)  Number of revolutions. In many cases this pa- 
rameter is selected beforehand and may not be a part 
of the final design. A reduction of the RPM tends to 
be beneficial as the local section velocities due to sec- 
tion thickness become smaller. This in turn leads to a 
large margin between the cavitation index and the 
minimum pressure coefficient. This may be partly off- 
set by the increased fluctuation of the angle of attack 
at lower rotational velocity. Further, vibration consid- 
erations may restrict the allowable range of RPM as 
the rotational speed and the number of blades together 
determine the frequency of unsteady forces. The ro- 
tational speed should be chosen, if possible, to be suf- 
ficiently different from resonant frequencies of the 
hull, shafting and propulsion machinery; Chapter VII. 

Having discussed the diameter and RPM it is ap- 
propriate to refer to the recent developments in large- 
diameter, low-RPM propeller design, (Hadler, et  a1 
1982). Muntjewerf (1983) mentions a possible increase 
of propulsive efficiency of 10 to over 15 percent. 

(c) Number of Blades. In discussing the analysis of 
the wake field Section 4.2 it was shown that the blade 
number affects the unsteady force levels. Therefore 
the permissible levels of the exciting forces may influ- 
ence the number of blades. Efficiency considerations 
also have their impact on the choice of the number of 
blades, the optimum open water efficiency (without any 
other restrictions) decreasing with increasing 2. 

Increasing the number of blades and keeping the 
same blade area ratio and thickness-to-chord ratio will 
lead to a significantly reduced section modulus and an 
increased stress level. Near the blade tips an increased 
blade area may be necessary in that case. 
(6) Radial distribution of loading. The optimum 

distribution for wake-adapted propellers can be de- 
rived from Lerbs induction method which will be dis- 
cussed in Section 8.4. However, it may be of advantage 
to unload the tip to reduce the susceptibility to cavi- 
tation, to reduce the blade stress levels and to re- 
duce the blade-frequency pressures on the hull (Bo- 
swell, et al, 1973). 

A somewhat lower efficiency is the cost of these 
improvements. Extreme reductions in tip loading may 
aggravate the leading-edge sheet cavitation due to the 
variation in angle of attack. 

(e) Blade Outline. Decreasing the blade area (or the 
chord) increases the efficiency because of the decreased 
frictional drag. This tendency holds up to the point 
where strength requirements cause the thickness to 
chord ratio to become too large with an associated 
increase in form drag. 

A higher efficiency results for propellers with nar- 
rower blade tips. A lower limit to the width is imposed 
by cavitation considerations. The magnitude and radial 
distribution of blade area may have important effects 
on the unsteady shaft forces and bending moments. 
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Fig. 46 Characteristic cavitation buckets 

This depends on the harmonic content of the wake and 
on their phases in the wake. The chord distribution is 
coupled to the thickness. Apart from strength consid- 
erations thin foils will result in high efficiency, but also 
in reduced resistance against cavitation at differing 
angles of attack such as occur in the wake. Thicker 
foils have better cavitation performance in this respect 
but are more susceptible to bubble cavitation which is 
apt to result in erosion. These trends may be observed 
in a cavitation-bucket diagram, Fig. 46. In this figure 
ur denotes a local cavitation number; ar = 2gH/V,2 
with H the local head. 

(f) Camber and angle of attack. Once the design 
lift is determined and its chordwise distribution is cho- 
sen, the camber and angle of attack may be specified. 
This may be the ideal angle of attack for minimum 
drag. By selecting a larger angle of attack and the 
corresponding camber a section will be obtained which 
is less susceptible to pressure-side cavitation but more 
susceptible to suction side cavitation. The reverse tend- 
ency applies if the angle of attack is decreased. The 
effect on efficiency is small unless the angle of attack 
becomes very high. Also the effect on overall strength 
and vibration is small unless the volume and type of 
cavitation change significantly, and this only affects 
the unsteady pressure forces (Cumming, e t  al, 1974). 

(9) Skew. With a view to the recent developments 
of highly skewed propellers, it is appropriate to discuss 
their properties in somewhat more detail. Cumming et 
a1 (1972) mention the following advantages of properly 
designed highly skewed propellers: 

Decrease in propeller-induced unsteady bearing 
forces and moments 

Decrease in propeller-induced unsteady pressure 
forces 

Decreased susceptibility to cavitation when op- 
erating in a wake. 

These advantages are at the expense o f  
Decreased backing efficiency 
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More difficulty in manufacture 
Strength-related problems for very high skew 

and for backing conditions. 
The strength problems of highly skewed propellers 

have been dealt with in Section 6.4. Valuable research 
and development work on highly skewed propellers 
has been carried out by the Maritime Administration, 
including full-scale tests (Hammer, et  al, 1978). Ref- 
erence may also be made to a report discussing the 
design and evaluation of the highly skewed propeller 
of a roll-on/roll-off cargo vessel (Anonymous, 1979). 

A proper design of a highly skewed propeller re- 
quires correcting the blade camber and pitch distri- 
bution to account for the blade distortion. Cumming 
e t  a1 (1972) derived lifting surface corrections for 
highly skewed propellers of four, five and six blades, 
for blade area ratio of 0.75, for two hydrodynamic pitch 
ratios of 0.8 and 1.2 and for 50 and 100 percent skew 
(100 percent skew equals a skew angle of 360 /2  de- 
grees). The calculations were carried out for a modified 
NACA 66 thickness distribution and a = 0.8 camber- 
line. The computations showed that skew did not affect 
the chordwise camber distribution. Also the camber 
correction factor (i.e. the ratio between the maximum 
camber for the propeller section and the maximum 
camber for the NACA two-dimensional profile) was 
only slightly changed by skew for moderate skew an- 
gles (45 degrees for the four-bladed propeller). Effects 
of skew were more pronounced for higher skew angles 
and at higher hydrodynamic pitch. The dominant effect 
of skew is on the ideal angle correction K,, 

(63) KJr) = 1 a (r) 
a*. 1.0 CL. 
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where a, (r) is the angle of attack computed by Cum- 
ming. ai, is the two-dimensional ideal angle of attack 
for the NACA profile a t  C, = 1.0. A positive angle 
was induced toward the blade root and a negative 
angle towards the tip. 

Concerning the open-water performance, Boswell 
(1971) and Cumming found that skew has insignificant 
influence on efficiency for the ahead condition. Backing 
efficiency on the other hand shows large reductions 
with skew. Initial experiments indicated that high 
skew may be very effective in reducing unsteady bear- 
ing forces (Miller, 1969). He obtained a reduction of a 
factor 10 in unsteady thrust and torque and a factor 
2 in the vertical and horizontal bearing forces. Tsa- 
konas, et  a1 (1967), (1969) correlated their calculations 
with unsteady lifting surface theory with the experi- 
mental results and found close agreement. 

Cumming used the method of Tsakonas to carry out 
calculations for a highly skewed propeller in the wake 
of a Series 60 ship. He concluded that a significant 
reduction of unsteady shaft forces could be obtained 
by a judicious choice of the amount of skew. This was, 
however, strongly dependent on the way in which the 
phase angle of the different harmonics varied with the 
radius. If the phase angle also shows skewness, some 
skew angles of the propeller may lead to an increase 
of the unsteady forces. 

The other contribution to unsteady phenomena, the 
hull pressure fluctuations, was first investigated by 
Denny (1967) for highly skewed propellers. A reduction 
of 50 percent was obtained for a 100 percent skewed 
propeller compared to an unskewed propeller. Cum- 
ming noted that rake has no influence on the reduction 
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fig. 47 Initial inception curves for skew series propellers 
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= 0.5190 
For this propeller loading value the data given in Table 
19 can be derived from the B, - 1/J charts for the 
B4-40, B4-55 and B4-70 propellers 

To choose the correct blade area, it is necessary to 
apply a cavitation criterion discussed in Section 7.7. 
The required thrust is 

= 1044.9 kN - 9592 - 
(1 - 0.15) x 10.80 

The Keller area criterion for a single-screw vessel 
gives 

with Po - P, = 98,100 - 1750 + 1025 x 9.81 x 7.5 

= 171,764 N/mZ 
= 171.8 kN/m2 

(1.3 + 0.3 x 4) 1044.9 + o.2 A,IA, = 
171.8 x (6.4)' 

= 0.571 
By interpolation from Table 19, P/D = 1.087 and 

qo = 0.669. The qD value becomes: 
l - t  0.85 
l - w  0.80 q D  = - ' q o ' ) ) R  = - x 0.669 x 1.05 = 0.746 

This compares with the value of 0.750 assumed. If a 
larger difference had been found, a new estimate of 
the power would have to be made, using = 0.746 
and the calculations repeated until the difference be- 
tween the assumed and calculated qo values are within 
1 percent. 

The same procedure should be followed if the di- 
ameter is to be determined (the RPM being given). If 
in this case the engine RPM is specified a t  maximum 
continuous rating (mcr), while for the propeller cal- 
culations the RPM at some reduced PD has to be 
adopted, use can be made of the fact that PDln3 will 
be constant. With the use of the KT and KQ polynomials 
given in Table 46 it is relatively simple to carry out 
the calculation of optimum diameter, RPM, blade area 
ratio, P/D and yo by computer. 

With blade area ratio, P/D, diameter and number 
of blades known, the propeller can now be drawn, see 
Tables 14 and 15. The strength of the blades must then 
be checked to ensure that they comply with classifi- 
cation society requirements. 

8.4 Application of Circulation Theory to Propeller De- 
sign. When using Series charts, a propeller is de- 
signed to suit the average flow conditions behind the 
ship. No account is taken of the variation of the wake 

Table 19-Data From Charts 

Ex anded blade area ratio 0.40 0.55 0.70 
Vafue of 1 / J a t  optimum rpm 1.260 1.275 1.290 

?oyre;ponding, P/D 1.110 1.090 1.070 
Open water efficiency q, 0.673 0.670 0.663 

1/J x V,/D x 60 102.1 103.3 104.5 

over the propeller disk, except that in single-screw 
ships a somewhat arbitrary reduction of pitch is some- 
times made near the root of the blade where the wake 
is heaviest. To avoid cavitation, reference is made to 
one of the criteria already discussed to ensure that the 
propeller has sufficient blade area. 

Two of the advantages of a detailed design method 
are that the pitch of the sections can be chosen to suit 
the mean circumferential wake at each radius and that 
the shape of the sections can be chosen to minimize 
cavitation. The simple blade-element theory described 
in Section 2.5 attempts to do this, but suffers from the 
defects that it ignores tip-loss effects and the inter- 
ference to the flow through the propeller by the blades 
themselves, which induces curvature and velocity 
changes in the flow. The better understanding of the 
propeller action resulting from the use of circulation 
theory described in Section 2.6 enables correction fac- 
tors to be derived which to a large extent take account 
of these deficiencies. I t  also leads to avoidance or re- 
duction of vibration, cavitation and noise. 

The design of a marine propeller working in its com- 
plicated environment is a difficult problem. The cir- 
culation method involves a combination of theoretical 
and experimental knowledge, and its practical appli- 
cation has been greatly extended by the use of high- 
speed computers. Programs have been written to suit 
variations of the method and to calculate the appro- 
priate correction factors. Many variations of a design 
can be obtained from the computer very quickly, thus 
enabling the effects of wide ranges in parameters to 
be investigated. 

The basis of the circulation theory as applied to 
propeller design has been described in Section 2.6. The 
theory accounted for the lift of an airplane wing due 
to the development of circulation around each section 
in the span direction. It was postulated that the vortex 
movement around such an airfoil is continued in the 
fluid in the form of vortices trailing from the ends, 
and in the case of propeller blades, passing down- 
stream in approximately helical paths from the tips. 
This concept of the shedding of vortices from the tips 
of propeller blades was shown to be true by means of 
photographs of the wake of a propeller. Many scien- 
tists subsequently endeavored to calculate the induced 
velocity associated with this system of trailing vor- 
tices. Prandtl(l918) succeeded, and the concept of trail- 
ing vortices became fully accepted. Prandtl concluded 
to state that the behavior of an element of an airfoil 
of finite span can only be considered the same as in 
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two-dimensional flow when proper allowance is made 
for the induced velocities caused by the shedding of 
vortices from such an airfoil. This first vortex theory 
is often referred to as a lifting line theory due to the 
fact that a wing of finite span is replaced by a vortex 
line. In this way it was possible to account for spanwise 
variations in the circulation distribution, the circulation 
of the vortex line at each section being put equal to 
the chordwise integrated circulation at that section. 
This theory is therefore not able to calculate subse- 
quent effects of the fact that the circulation around a 
section of a propeller blade or a wing is not concen- 
trated at the position of the line vortex, but distributed 
along the chord. For moderate aspect ratios it was 
found that the Prandtl lifting line theory was satis- 
factory, and this soon led to the standard procedure 
in airscrew design to use two-dimensional lift and drag 
characteristics (so-called profile characteristics) at an 
angle of incidence corrected for the induced velocities. 
For the broad-bladed propeller this theory was still not 
satisfactory, however. 

On assuming that the trailing vortices behind a pro- 
peller blade follow helical paths with a constant angle 
of advance (implying a uniform propeller inflow and 
that the induced velocities are small, i.e. that the pro- 
peller is lightly loaded), and on neglecting the profile 
drag of the blade sections. Betz (1919) succeeded in 
establishing the best load or thrust distribution along 
the blades for minimum induced drag. Due to the in- 
volved mathematical difficulties, Betz had to assume 
that the propeller had an infinite number of blades. In 
an appendix to Betz’s paper, Prandtl established an 
approximate correction to account for a finite number 
of blades. The difficulty inherent in the finite blade 
number case lies in the complexity of calculating the 
induced velocities caused by the system of trailing 
vortices constituting a finite number of vortex sheets. 
Particular credit must be paid to Betz’s paper, not only 
for determining the optimum radial load distribution 
from the viewpoint of efficiency, but also for being the 
first to successfully apply the Prandtl vortex theory 
to propellers and to define the mathematical model 
concerned. 

With these new vortex conceptions, which in fact 
constituted an important break-through in propeller 
theory, various important propeller theories were de- 
veloped in the years that followed. Bienen, et  al (1924) 
extended Betz’s 1919 paper and performed the addi- 
tional calculations for the case that the effects of pro- 
file drag are included. Later Betz extended his work 
to the heavily loaded, free-running case. In the case 
of a heavily loaded propeller the influence of the in- 
duced velocities on the shape of the helical vortex 
sheets is taken into account as well as the effects of 
centrifugal forces and of the contraction of the induced 
velocity components. Only in the case of the lightly 
loaded propeller are the vortex sheets true helical sur- 
faces. 

Goldstein (1929) successfully considered the flow 
past a finite number of true helical vortex sheets and 
obtained an expression for the ratio between the mean 
circulation taken around an annulus and the circulation 
at the helical surfaces for a 2 and a 4-bladed propeller. 
From these values the ratio between the mean inflow 
velocity taken around any annulus and the correspond- 
ing larger inflow velocity in way of the helical vortex 
sheets at the position of the propeller blades was de- 
rived. The values of this ratio for various values of 
the propeller radius, the hydrodynamic pitch angle and 
the number of blades have since been designated as 
Goldstein factors. A large number of these values were 
calculated very accurately by Tachmindji and Milam 
(1956). The Tachmindji and Milam values are valid for 
the case of zero circulation a t  the hub, which case is 
now considered as correct. 

Today these Goldstein factors are still used, and 
often in cases where they are not applicable. They are 
strictly valid only for uniform propeller-inflow (so- 
called free running propellers), having a constant ra- 
dial virtual pitch, i.e. the Betz optimum radial circu- 
lation distribution. Furthermore, none of the devised 
marine propeller design methods based on the Gold- 
stein factors are suitable for heavy screw loading. 
Very few recognize slipstream contraction and the in- 
fluence of the radial pressure gradient. The most used 
marine propeller design methods based on the lifting 
line procedure incorporating Goldstein factors are 
those due to Burrill, Lerbs, Hill, Van Manen and Eck- 
hardt and Morgan. When Lerbs (1952) published his 
lifting line method based on induction factors as de- 
fined by Kawada, it was a timely introduction of a 
method suitable for a radially varying wake and a non- 
optimum circulation distribution. Van Manen (1958) 
showed that important differences occur between the 
results of the induction factor method and the Gold- 
stein factor method when applied to so-called wake 
adapted propellers. 

As mentioned above, lifting-line procedures were 
found to be very suitable for the design of propellers 
and wings of moderate aspect ratios as low as 3. This 
was contrary to the case with wide-bladed propellers 
having lower aspect ratios. Soon after lifting-line pro- 
cedures were introduced it was found necessary to 
supplement design procedures based on the lifting-line 
concepts for wide-bladed marine propellers with em- 
pirical or theoretical correction factors. It is now 
known that this is due to the fact that in the case of 
wide propeller blades it is no longer correct to calculate 
the induced velocity at the position of the vortex line 
representing the blade and to neglect the variation of 
the induced velocity along the chord. A distribution in 
the induced velocity or downwash along the chord re- 
sults in a specific curvature of the flow over the blade 
which, among other effects, changes the effective cam- 
ber of the blade sections. Such effects remain unac- 
counted for in lifting-line procedures. In the case of 
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moderate aspect ratios it is more or less correct to 
consider the induced velocity a t  the lifting line as a 
correction to be applied to the geometric angle of in- 
cidence in determining an effective angle of incidence 
to which the corresponding blade section reacts as if 
it were in a two-dimensional flow. In the case of low 
aspect ratios, however, the decrease in effective cam- 
ber and, in general, the way in which the blade sections 
react to the curved flow, must also be accounted for. 
Changes in the ideal angle of attack and, in the case 
of non-symmetric chordwise loading of the meanline 
about the midchord position, in the hydrodynamic pitch 
angle are a result. 

Ludwieg, et  a1 (1944) were the first to recognize this 
influence and they actually calculated some correction 
factors with which the amount of blade section camber 
could be corrected for the induced curvature of the 
flow. These camber corrections were given in the form 
of a ratio between the effective camber and the geo- 
metric camber of the blade sections as a function of 
propeller radius, blade area, blade number and hydro- 
dynamic pitch. These particular correction factors 
were, however, only strictly valid for the optimum 
radial circulation distribution, uniform chordwise load- 
ing (circular arc meanlines) and a uniform propeller 
inflow. Because of the large amount of work involved 
in calculating such correction factors, the Ludwieg and 
Ginzel camber factors were used for a long time fol- 
lowing 1945. Very often they were applied in cases 
where they were unsuitable, resulting in fact in larger 
errors than caused by the correction factors based on 
experiments with profiles in cascades, which they re- 
placed. 

Prior to the work performed by Ludwieg and Ginzel, 
all lifting-line procedures for the design or analysis of 
marine propellers incorporated correction factors 
based on previous experience or theoretical or exper- 
imental work on cascade effects. The opinion, that the 
differences occurring between theory and the results 
of experiments with marine propellers are due to so- 
called cascade effects, was then a general one, and 
many efforts were made a t  developing reliable theories 
and at obtaining relative experimental information in 
the 50-year period following the first suggestion to do 
so by Drzewiecki in 1892. Drzewiecki first found that 
the lift and drag forces appeared to depend consid- 
erably on the ratio of length to breadth of the propeller 
blades. The experimental investigations eventually cul- 
minated in the work of Gutsche (1933), (1938) who 
tested a series of cascades of airfoils and propeller 
blade sections at different pitch angles and various gap 
ratios. 

After the Ludwieg and Ginzel paper, the application 
of cascade corrections in marine propeller problems 
continued. The reason for this was pointed out by Bur- 
rill in the discussion of his paper on the optimum di- 
ameter of marine propellers. He stated: “One of the 
deficiencies of the Ludwieg-Ginzel corrections is that 

they have been worked out for wide-tipped outlines 
and another is that the basic aerofoil (sic) section char- 
acteristics obtained from wind tunnel work must be 
corrected by similar lifting surface curvature effects 
in order that they may be applied to propeller design 
work. The use of the Gutsche cascade corrections may 
seem to be out-of-date, but they have the merit of 
simplicity and they do seem to be of the right order 
and to give satisfactory integrated values of thrust, 
torque and efficiency.” Hence many designers felt that 
it was better to make use of the simpler Gutsche cas- 
cade corrections instead. 

With the advent of high speed computers, gradually 
proper and more accurate lifting surface calculations 
were made, and now all propeller design procedures 
based on lifting line theory incorporate lifting surface 
correction factors. Cox (1961) derived a set of camber 
corrections valid for four different types of blade 
shapes, with 3, 4 and 5 blades, applicable to the case 
of constant chordwise loading at shock-free entry of 
the flow. An extensive set of lifting surface correction 
factors were derived by Morgan, et  a1 (1968) for a 
family of non-skewed and skewed propellers. These 
correction factors were derived from the lifting sur- 
face programs developed by Cheng for blade loading 
and Kerwin for blade thickness. They are valid for the 
NACA a = 0.8 meanline and the NACA 66 thickness 
distribution. The number of blades for which these 
corrections are given are 4 , 5  and 6. For the respective 
3-bladed propellers of this series, the correction factors 
were derived by Minsaas, et  a1 (1971) by means of the 
same programs. 

Lifting surface theory for marine propellers has de- 
veloped basically along two different paths. The first 
calculations and theories were really extended lifting- 
line methods. These eventually developed into so-called 
vortex lattice methods, in which the lifting surface is 
represented by a discrete lattice of vortices. Then Spar- 
enberg (1959) derived the three-dimensional integral 
lifting surface equation for a screw propeller in a 
steady flow. This theory incorporated a continuous vor- 
tex sheet representation of the lifting surface, i.e. with- 
out physical or mathematical assumptions and models 
for the arrangement of the lattice. Hanaoka (1962) 
extended Sparenberg’s work to the case of unsteady 
flow. This theory was then further developed by Pien, 
Yamazaki and others. In obtaining numerical results 
with this theory, various different numerical proce- 
dures have evolved to solve the integral equation. In 
this connection the work done by Cheng, Shiori, Tsa- 
konas, Brown, Greenberg, Verbrugh and Van Gent 
should be particularly mentioned. 

Lifting surface theory is now widely used to deter- 
mine the pitch and camber distribution required to 
generate a prescribed loading over the propeller 
blades. For all other aspects of propeller design lifting 
line theory is still commonly used. 

In the design of a propeller it is first necessary to 
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Fig. 62 Velocity diagram for “lifting-line’’ propeller in nonviscous flow 
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carry out a preliminary calculation using series charts 
or other approximate means, to determine the diam- 
eter. The effect of changes in this preliminary choice 
of diameter can be determined subsequently by re- 
peating the calculations. This is a simple matter when 
the method of design has been programmed for a high- 
speed computer. In some cases the draft or the stern 
arrangements may limit the diameter to less than the 
desired value. 

As a propeller in open water develops thrust, it in- 
duces three inflow velocity components, radial, axial, 
and tangential. These are in general small compared 
with the speed of advance V,, but, as we have seen 
in Section 2.5, the axial and tangential components 
have a large effect upon the angle of incidence, which 
is itself small and so very sensitive to changes in di- 
rection of the relative velocity, Fig. 62. 

The radial component is due to the contraction of 
the slipstream in passing through the propeller, and 
this is small in all but heavily loaded propellers, so 
that the resulting radial inflow velocity is usually ne- 
glected. 

From the circulation theory for the optimum, free- 
running propeller we have seen in Section 2.6 that, 
when the blades are replaced by lifting lines, an in- 
duced velocity u, is generated far aft  of the propeller, 
which is normal to the helicoidal vortex sheets, and 
that this induced velocity has the value u,/2 at the 
lifting line itself. This is represented by the vector BA 
in Fig. 11, assuming the “condition of normality,” i.e., 
that u,/2 is normal to the resultant inflow velocity 
vector V,. The axial and tangential inflow components, 
a .  V, and a’. o. r, are then the appropriate components 

of u,/2, Fig. 62. 
The assumption is made that the method also applies 

to a propeller under variable loading due to particular 
pitch or wake distributions, but we know that this 
assumption will not apply when the variations in pitch 
or wake are large. 

Up to this point, the circulation theory has been 
applied to a propeller in a nonviscous fluid. When vis- 
cosity is introduced, an additional drag is experienced 
by the blade, and the general effect is to decrease the 
thrust and increase the torque; Fig. 63. To restore the 
thrust to the required value, it is necessary to increase 
the pitch at each section, the amount depending upon 
the particular blade-section shape being used. 

In determining the pitch distribution over the blade, 
we can only make the blade section at any radius suit 
the average circumferential velocity of inflow around 
that particular radius, and so determine its average 
angle of attack. I t  will not work at maximum efficiency 
throughout, but we can get nearer to this condition 
over the whole blade than in chart designs. 

The circumferential variation in the wake at different 
radii can be measured on a model by pitot tubes and 
the average at each radius determined. The average 
values at each radius can be measured also directly 
by the use of blade wheels. When such experiment 
results are not available for a particular design, the 
radial variation of the average wake can be estimated 
from published results. 

Van Lammeren gave the distribution of average cir- 
cumferential wake along the radius in the form of 
curves based upon a great number of tests made at 
MARIN in 1948 using blade wheels. Two diagrams are 
given, for single-screw and twin-screw models, re- 
spectively. They are plotted to a base of the vertical 
prismatic coefficient C, = C,/C,, because this coef- 
ficient to some extent characterizes the shape of the 

/ 

Fig. 63 Force diogrom for viscous flow at a blade section at radius r 

D T = thrust c = ratio 
D = drag 
L = lift 
F = torque force 

= angle in radians, approximately 

i = subscript for ideal (nonviscous) flow 



208 PRINCIPLES OF NAVAL ARCHITECTURE 

C 2  03 0 4  05 06 0 7  00 09 10 
RADIUS FRACTION S;= ;/R 

Fig. 64 Local wake fraction (Harvald) 

transverse sections. Troost (1956) also has discussed 
the effect of radial-wake variation. Harvald (1950) has 
given curves of local wake fraction at different radii 
for both single and twin-screw models for a variety of 
block coefficients and length-beam ratios. His diagram 
is reproduced in Fig. 64. 

The wakes determined by pitot tubes or blade wheels 
are nominal wakes, as discussed in Section 4.2. These 
are somewhat greater than the eflective wakes mea- 
sured by the propeller when operating behind the 
model. For a particular design the effective wake for 
the whole propeller can be found either by self-pro- 
pelled tests with a stock propeller or from published 
results of self-propelled series data. If this effective 
wake is assumed to apply a t  0.7 radius, the variation 
of the effective wake over the blade from hub to tip 
can be found by using one of the foregoing radial 
distribution curves, assuming that the ratio of effective 
to nominal wake a t  0.7 radius applies at all other radii. 

When detailed wake data are available it is prefer- 
able to calculate the volumetric mean wake5 over the 
propeller disk and to apply the ratio of effective wake 
to volumetric wake to the measured mean circumfer- 
ential wake velocity at each radius. A propeller de- 
signed in this way is referred to as wake-adapted. 

In using the circulation theory, two approaches are 
possible. The optimum circulation distribution along 

the blade can be selected and the pitch distribution 
calculated, or the pitch distribution can be assumed 
and the resulting circulation computed. For the general 
case of a wake-adapted propeller, a relationship for 
the tangent of the hydrodynamic pitch angle pi for an 
optimum wake-adapted propeller can be used. The re- 
sultant pitch variation depends upon the average ef- 
fective wake for which each blade section is designed. 
Small errors in the assumed wake will not affect ma- 
terially the resulting propeller efficiency, since model 
tests have shown that this efficiency is relatively in- 
sensitive to quite large variations in pitch distribution. 

The first step is to estimate the propeller diameter 
from Series Chart data or other sources, remembering 
the reduction necessary below the optimum figure for 
the reasons discussed in Section 8.3. Ideally, the design 
should be made for the optimum combination of di- 
ameter and propeller revolutions per minute, but there 
are often many practical restrictions on the choice of 
these two factors. Diameter may be restricted because 
of draft limitations and the maintenance of adequate 
clearances, while the RPM may be limited by the avail- 
able machinery. The calculation of diameter will follow 
the same general lines as described in Section 8.3. The 
number of blades will be chosen primarily to avoid 
vibration, taking into account the wake pattern and 
the natural frequencies of hull and shafting. 

For an open-water propeller, i.e. one working in a 
uniform wake, the hydrodynamic pitch angle pi,  Fig. 
11, is first calculated for each section. To do this, the 
thrust T is determined from the resistance and thrust- 
deduction fraction and the thrust coefficient obtained: 

Since the propeller is first designed for nonviscous 

From the detailed wake data, the mean flow velocity v( r, m )  a t  

The volume of water flowing through an annulus at radius T in 
any radius T can be determined. 

unit time is 

2 r r  dr v(r ,  m) = 27rr dr  V[1 - w(r,  m)]  
The total volume flowing through disk is 

27r1/"1 - W ( T ,  m ) ] r  d7 

where R is propeller radius and ri is hub radius. 

of any wake is 
The total volume which would flow through the disk in the absence 

W(R* - r12)V 

and volumetric mean wake factor is 

lr[l - w(r ,  m ) ] r d r  

(1 - W " )  = 
i(R* - r12) 



PROPULSION 209 

flow, CT is changed to an ideal thrust coefficient CTi by 
the approximate formula 

C, = (1.02 to 1.06)CT (70) 
Kramer (1939) has developed a set of curves for 

determining the ideal efficiency qi of an optimum pro- 
peller in open water. Knowing the number of blades, 
the advance ratio6 A = V A / r n D  or the whole propeller 
and the value of CTi, the Kramer curves give the ap- 
propriate value of qi. This is then used to derive the 
hydrodynamic pitch angle at each radius, viz: 

tan pi = (l/qi) tan 0, where tan /3 = V A / X T ~ D  
and x = r/R is the nondimensional radius. The induced 
axial and tangential velocities at the propeller, at ra- 
dius x, are determined from 

where Ut = induced tangential velocity at x 
and Uu = induced axial velocity at x 
The non-dimensional circulation G a t  x, is defined as: 

where r = WcrV = circulation around a propeller 
blade a t  x 

in which V = resultant velocity at x. 
The value of G follows from the equation: 

where K is the appropriate Goldstein factor. 
Curves of the Goldstein factors are given by Tach- 

mindji for propellers with 3, 4, 5 and 6 blades. Alter- 
natively the value for G can be found using the 
induction factors as adopted by Lerbs. The radial dis- 
tribution of the thrust and power coefficients (without 
viscous effects) can then be found from 

It should be noted that this is not the advance ratio J = V,/ 
nD, used generally in this book in accordance with 1°C terminol- 
ogy. 

After integration and iteration as necessary to ob- 
tain the required thrust (or power) values, the lift coef- 
ficient is calculated by means of 

(74) 
C   IT G cosPi 

1 3) c, D = 

(m. - VA 
where c is chord length at x. When a blade contour is 
chosen, CL can be calculated. On adopting suitable 
values for the drag coefficient C, for the various radii, 
the value of E = C d c ,  can be determined. 

From the value of E so derived, the assumption made 
in Equation (70) can be checked from the approximate 
formula 

(75) 

and if necessary the calculations repeated. 
The pitch for the optimum propeller in open water 

can thus be obtained. When such a propeller is de- 
signed so that the sections operate under the condition 
of shock-free entry, where all the lift is due to the 
camber of the sections, the result is a constant-pitch 
propeller. 

When the propeller is designed to suit a particular 
wake pattern, Kramer’s curves no longer strictly ap- 
ply, but they still work very well as a first approxi- 
mation if applied to a typical section a t  0.7 radius. To 
determine the pitch at different radii, the distribution 
of the mean circumferential wake must be assumed, 
as already discussed. 

Lerbs and Van Manen have developed formulas for 
the hydrodynamic pitch angle of wake-adapted pro- 
pellers in which the average circumferential wake var- 
ies from radius to radius. These formulas are as 
follows: 

tan pi = - tan (’ - - ur (Van Manen) (76) 
7)i 1 - 0, 

Either one of these relations, together with Kramer’s 
curves, can be used to derive a first approximation to 
the radial distribution of p,. 

In the case of wake-adapted propellers it is recom- 
mended to use the Lerbs induction factor method for 
calculating the radial circulation distribution, since 
adoption of the Goldstein factors will lead to inaccur- 
acies, as shown by Van Manen. This calculation pro- 
cedure can be carried out by using the initial values 
for pi, which allow induction factors to be calculated 
by means of formulas derived by Wrench (1957). The 
resulting axial and tangential induction factors, as well 
as the (unknown) circulation, are expanded in a Fourier 
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Fig. 65 Geometry of optimum NACA 66 u = 0.8 foils (Brockett, 1966) 

series and on substituting these expressions in Biot- 
Savant's formula for a free helical vortex, one obtains 
expressions for the induced axial and tangential ve- 
locities, which still contain the unknown Fourier coef- 
ficients of the circulation. Therefore, it is necessary to 
have one more equation in the unknowns U,, U, and 
G. Such a relation is (see Fig. 62), 

v, (1 - w,) + U, 
tan P,  = 

xv nD - U, 
which can be written as: 

-- tan " - 1 (78) 
tan p 

- 

With the help of this relation the values of U , ,  U, and 
G can be derived (Van Oossanen, 1974), and the ideal 
thrust and power loading coefficients can be deter- 
mined, 

G ,  = 4 2  1; G(l - w ~ ) ~  

* (1 + u' ) dx (80) 
Vs (1 - w,) 

The required T, and P, values are determined from 

Q D  
0 1  I and C,, = 

vp VA3 D2 

If the T, and P, values do not agree with the design 
requirements, the values for P,  are modified and the 
procedure is repeated. Once the correct value of tan 
P,  is known for each radius, it is possible to calculate 
the corresponding values of the lift parameter 

CL. c 
D (83) 

where 
C, = lift coefficient of blade section 

c = length of section chord 
D = propeller diameter 

The values of c and C, at any radius must be chosen 
so as to combine high efficiency, i.e., high liftldrag 
ratio, with the minimum amount of cavitation. 

Many airfoil sections designed and tested by the 
National Advisory Committee for Aeronautics (NACA, 
now NASA) have characteristics suitable for marine 
propellers, i.e., high lift/drag ratios and chord-wise 
pressure distributions likely to delay surface cavitation 
(Abbot, et  al, 1945). The sections are derived from a 
symmetrical streamlined shape disposed about a 
curved mean line. 

The shapes considered by Eckhardt and Morgan 
were the NACA 16 and 66 sections, the latter with a 
thickened trailing edge suitable for construction re- 
quirements. In circumferentially varying flow, where 
the angle of incidence is changing, the elliptic nose of 
16 is theoretically more favorable than the somewhat 
blunter nose of 66, but this superiority has not been 
confirmed by experiment. To delay cavitation at high 
loadings, it is desirable to have as uniform a pressure 
distribution as possible over the back of the section in 
order to avoid the occurrence of any local pressure- 
reduction peak. NACA has developed a number of 
curved mean lines, which are defined by the value of 
the symbol a, indicating the proportion of the chord 
from the leading edge over which the pressure is the- 
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oretically uniform. For a = 1.0, it would be uniform 
from leading to trailing edge. This mean line also gives 
the section of minimum chord to avoid incipient cavi- 
tation. With the mean line a = 0.8, for which the 
pressure distribution is uniform for 0.8 of the chord 
from the nose, dropping to zero a t  the trailing edge, 
the pressure reduction is slightly greater than on the 
a = 1.0 line at the same value of C,, but the correction 
going from ideal to viscous flow is very close to zero. 

When the type of thickness and camber lines have 
been chosen, the maximum thickness and the maxi- 
mum camber (as yet uncorrected for lifting surface 
effects) is chosen by cavitation considerations. For the 
a = 0.8 mean line, the section maximum camber to 
chord ratio can be found from 

fM/c = 0.0679 C, (84) 

while the section ideal angle of attack in degrees of 
this mean line is 

a ,  = 1.54 C, (85) 
Brockett in 1966 has prepared design charts for the 
NACA 66 thickness section and the a = 0.8 camber 
line, these are given in Figs. 65 and 66. These charts 
are based on “optimum” foil characteristics, defined 
as the foil allowing the greatest total angle change 
without occurrence of cavitation for a given u. The 
procedure Brockett suggests relative to the use of 
these charts is as follows. In the design of cavitation- 
free foils, a design C, is set, a minimum thickness 
from strength considerations is obtained, and a mini- 
mum operation u is calculated. In some cases a vari- 
ation in the operating angle of attack is known or can 
be estimated. I t  is now necessary to find a camber 
ratio, thickness ratio, and an average operating angle 
of attack such that the design C, is met, the thickness 
is not less than the strength considerations permit, 
and such that -CPmln is less than u over the range of 
angle-of-attack variations. 

For situations when the angle-of-attack variation is 
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Fig. 66 Optimum characteristics for modified NACA 66 profile with a = 0.8 mean line. (Brockett, 1966). 
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not known or not critical, the following procedure is 
recommended With the minimum thickness and 
known cr (i.e., - CPmLn), enter Fig. 65 to obtain a camber 
ratio. Then enter Fig. 66 with a selected type of angle 
variation to obtain an operating incidence and C,. In 
general, this C, will not be the same as that required. 
Either the thickness may be increased or the chord 
lengthened-or both-and the process repeated until 
the required C, is obtained for an “optimum” foil. 

If the angle-of-attack variation is known and critical, 
then the known variation and known u uniquely de- 
termine t / c  and f/c from Fig. 65. Fig. 66 will give an 
operating incidence and C, for the foil. Here too, it 
may be necessary to change the chord length to carry 
the necessary load, remembering that the thickness 
and camber ratio are fixed. If this section does not 
quite make the strength requirements, a judicious re- 
reading of the charts is suggested since some latitude 
is permitted in the readings. For large disagreements, 
designing for a smaller angle variation is suggested 
if possible. 

The above procedures are not rigid, of course, and 
are offered only as a guide. It is quite possible that 
other design approaches will be used. In some in- 
stances perhaps the camber, cr, and incidence are fixed. 
In this case, Fig. 65 will give an optimum thickness 
for the fixed u and also the permissible angle variation. 
Fig. 66 will give the midpoint of the envelope. The end- 
point incidences of the envelope width would be the 
mid-point plus or minus one-half the width. These end- 
points permit a check that the operating angle of in- 
cidence is within their limits. 

To illustrate and extend the remarks made in the 
previous paragraphs, a specific design problem will be 
presented. The problem is to determine a foil shape 
and incidence for a given C, for the foil considered in 
this section (i.e. NACA 66 (mod)) and such that the 
minimum pressure envelopes extend approximately 
equal distances on both sides of the design angle of 
attack. For each foil, the average lift coefficient was 
taken to be 0.3 and u (or --CPmJ was taken to be 0.6. 
For the 66 foil, Fig. 66 is entered with cr and C,, 
respectively, and a common thickness and camber ratio 
found. This gives thickness ratio of 0.126, a camber 
ratio of 0.0225, and an operating incidence of 0.41 de- 
grees. The second part of Fig. 65 gives a total per- 
missible angle variation of 3.9 degrees. 

In foil selection from a cavitation standpoint, several 
points are worth keeping in mind: First, for constant 
angle of attack in the favorable operating range (the 
nearly vertical line on the figures for which -C,,,, is 
low), the value of -Cpm,, increases with both t / c  and 
f/c. Second, the extent, with respect to a, of the fa- 
vorable range increases with increasing t / c  and also 
with increasing f/c. Third, in this favorable range 
- Cpm,, increases more rapidly with f/c than with angle 
of attack for equal changes in C,. Fourth, the thin- 
wing ideal angle of attack may be of use when de- 

signing cavitation-free foils to meet a given variation 
in angle of attack. Fifth, often it will not be possible 
to avoid cavitation for given 0- and angle-of-attack 
variation. Estimations of the variation in angle of at- 
tack a t  a particular radius can be made from the results 
of a wake survey. Alternatively, use can be made of 
the diagrams given by Lerbs, et a1 (1962). 

A strength calculation must now be carried out and, 
if necessary, the blade thicknesses or the chord lengths 
adjusted. In order to retain the value of C , * C / D  a t  
any section, the value of C, must be adjusted to suit 
the new chord length c at each section. 

The camber ratios determined from cavitation charts 
must be corrected to take into account the curvature 
of the Aow. This is done through use of lifting-surface 
theory. Lifting-surface theory is necessary to account 
for finite blade width effects since in lifting-line theory 
only three-dimensional spanwise effects are accounted 
for. The camber correction factor K ,  accounts for the 
loss in lift due to the curvature of the distribution of 
the induced velocity along the chord. In the same way 
the ideal angle-of-attack correction factor K ,  accounts 
for the change in ideal angle-of-incidence from the two- 
dimensional value. The angle of attack correction fac- 
tor for thickness K ,  accounts for the main effect of 
blade thickness. Morgan, e t  a1 (1968), Minsaas, et a1 
(1971) and Cumming, et a1 (1972) published accurate 
values for these correction factors in tabulated form 
as a function of the number of propeller blades Z, the 
expanded blade area ratio A E / A o ,  the induced ad- 
vance coefficient A, = x tan P I ,  the radial coordinate 
x and the skew angle O S .  

Current trends in propeller design have led to com- 
plex blade shapes involving high skew and rake and 
extreme radial pitch distributions. Such designs re- 
quire checking by means of lifting surface programs 
and model tests, particularly when off-design perform- 
ance is important. 

8.5 Service Power Allowances. After completing 
the final design of the propeller it is possible to confirm 
or modify the tentative selection of required machinery 
power, P,. To do this the service power allowance 
must be added to the power required under ideal trial 
conditions (Section 5.2)-or the trial power must be 
multiplied by the corresponding factor-in order to 
obtain the service power needed under the influence 
of storm seas and wind, including the effects of fouling 
and corrosion. The service power is the total power 
required to enable the ship to maintain its intended 
sailing schedule or number of voyages per year in 
service. 

The standard U.S. Maritime Administration service 
power factor for cargo ships has been 1.25 (i.e. service 
speed is that obtainable on trial with 111.25 = 80 
percent of maximum designed power.). The U.S. Na- 
vy’s sustained speed is determined in the same way. 
The factor for large, full super-tankers is often taken 
to be only 1.15. 
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On the other hand, fast containerships and LNG 
carriers on rough weather services, with rigid sched- 
ules to meet, may need a more detailed estimate of 
service power requirements, as noted by Giblon (1975). 
In such ships the attainable speed often depends on 
the severity of the ship motions and the resulting ac- 
celerations, shipping water or slamming, rather than 
on available power (Aertssen, et  al, 1972). Thus it is 
not always possible to provide a desired rough weather 
speed by simply increasing power. Instead the power 
must be adequate to permit the ship to make up lost 
time when conditions lessen, if possible. 

Such detailed analyses have been outlined by Lewis 
(1958) and given in detail by Levine, et  a1 (1969). They 
involve direct estimates of the service power require- 

ment, considering wind and sea conditions expected on 
the ship’s intended service and all sources of added 
resistance (Section 6.4, Chapter V) of reduced propul- 
sive efficiency and of environmental delays such as 
currents, fog, ice, etc. (It may be assumed that delays 
in ports and restricted waters can be allowed for in 
the sailing schedule.) The service power factor is then 
simply the ratio of total required service power to the 
power required on trial. 

Methods of calculating added power in realistic ir- 
regular waves of different levels of severity and de- 
termining the overall power required for a particular 
ship in a specific service are discussed in Chapter VIII, 
Vol. I11 along with worldwide ocean wave data that 
have been gathered. 

Section 9 
Ducted Propellers 

9.1 General. Although the idea of surrounding a 
propeller by a nozzle is very old, it was not until the 
early 1930’s that the ducted propeller came into prac- 
tical use. Luisa Stipa and later Kort (1934) experimen- 
tally showed the advantages that can be obtained by 
application of the nozzle. These investigations clearly 
showed that an increase in efficiency can be obtained 
when applied in the case of heavy screw loads. Pri- 
marily due to the work done by Kort, the application 
of ducted propellers behind certain ships (tugs, push- 
boats, supply vessels, trawlers) has become common 
practice. This may be the reason that the ducted pro- 
peller is frequently referred to as the Kort Nozzle. 

Insight into the working principle of a ducted pro- 
peller can be gained by the application of fundamental 
momentum relationships. Fig. 67 shows the simplified 
system by which the ducted propeller can be replaced. 
Here the screw propeller is represented by an actuator 
disk rotating at infinite angular velocity. The tangen- 
tial induced velocities and consequently the losses due 
to the rotation of the fluid are then zero. The influence 
of friction is neglected. With momentum theory the 
following expressions for the ideal efficiency q i  and 
the ratio between the velocity V, at the impeller plane 
and the undisturbed stream velocity V, can be derived: 

(86) 

(87) 

2 

q 2  = 1 + JrnT 
cr V,/V, = 

2 [ - l + J r n  
where 

T and T, denote the total thrust and the impeller thrust 
respectively: D is the propeller diameter. These for- 
mulas are graphically represented in Fig. 68. From 
this diagram it can be seen that due to the nozzle action 
the inflow velocity of the impeller can be either less 
or greater than the inflow velocity of an open propeller 
under equal conditions. For a thrust ratio 7 equal to 
1.0, no force acts on the nozzle and the flow pattern 
is comparable with that of an open screw. With de- 
creasing valves of 7, the nozzle produces a positive 
thrust, the inflow velocity of the impeller is increased, 
and an improvement in ideal efficiency is found. For 
thrust ratios greater than 1.0, a negative thrust or 
drag force acts on the nozzle, the inflow velocity of 
the impeller decreases and the ideal efficiency is lower. 

Insight into the shape of the nozzle profile of a 
ducted propeller can be gained by means of Fig. 69. 

Fig. 67 Control for volume momentum considerations of ducted propeller. 
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this work was made by Sacks, et a1 (1962). A general 
review of the more recent theoretical studies on ducted 
propellers has been given by Weissinger et al; (1968). 
Among the theoretical studies on ducted propellers the 
investigations of Horn, et a1 (1950), Kiicheman, e t  a1 
(1953) and Dickmann, et a1 (1955) may be mentioned 
in particular. Especially, the work of Dickmann and 
Weissinger was a first step to develop a more refined 
theory for ducted propellers. This paper was the basis 
for the work which has been performed a t  Karlsruhe 
by Dickmann, Weissinger, Wiedemer, Bollheimer, 
Brakhage, Maass and Rautmann. Some of the basic 
idea4 used at Karlsruhe were also used by other in- 
vestigators such as Ordway, Ritter, Greenberg, 
Hough, Kaskel, Lo, Sluyter, Sonnerup, Morgan, 
Caster, Chaplin, Voight, Nielsen, Krievel, Mendenhall, 
Sacks, Spangler, etc. 

Most of the theoretical investigations on ducted pro- 
pellers were concentrated to a large extent on linear- 
ized theory and on axisymmetrical nozzles in a uniform 
flow. These theories do not give data about the danger 
of flow separation on the nozzle. If flow separation 
occurs, which may happen if the nozzle is very heavily 
loaded, the drag of the nozzle will increase sharply. 
The efficiency of the system will decrease and the pro- 
peller will operate in a highly irregular flow. Hence 
flow separation on the nozzle surface should be 
avoided. For the design of a ducted propeller it is 
therefore necessary to have available a sound theo- 
retical method supported by the results of carefully 
selected systematic experiments. A comparison of the- 
ory and experiments on ducted propellers has been 
made by Morgan, et a1 (1968). 

Extensive systematic experiments on ducted pro- 
Fig. 68 Efficiency and mean axial velocity of a ducted propeller. 

Here the flow through different types of ducted pro- 
pellers is superimposed on the flow through an open 
propeller. Both the open- and the ducted propeller are 
designed for the same mass flow rate and velocity in 
the ultimate wake. Consequently the thrust and ideal 
efficiency of these systems are equal. 

The ducted propeller with the accelerating flow type 
of nozzle is now used extensively in cases where the 
ship screw is heavily loaded or where the screw is 

In the case of the decelerating flow type of nozzle, the 

limited in diameter. The accelerating nozzle offers a 
means of increasing the efficiency of heavily loaded 
propellers. The nozzle itself produces a positive thrust. 

nozzle is used to increase the static pressure a t  the 
impeller. The duct will produce a negative thrust. This 
nozzle may be used if retardation of propeller cavi- 
tation is desired. For naval ships a reduction in noise 
level can be obtained, which may be of importance for 
tactical reasons. 

Many studies on ducted propellers have been made 

- - 

------------_ 

during the last 40 years. An extensive summary of Fig. 69 Streamline forms induced by different nozzle types. 
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I ' C L E A R A N C E  

~ 

OROINAIES FOR NOZZLE PROFILE 19' 

Fig. 70 MARIN'S Nozzle No. 19A 

pellers for application on ships have been performed 
at MARIN. These investigations included nozzles of 
both the accelerating (Van Manen 1954, 1957, 1962) 
(Van Manen, et a1 1959, 1966) and decelerating type 
(Oosterveld 1968, 1970). 

9.2 Accelerating nozzles. The investigations on ac- 
celerating nozzles have led to the development of a 
nozzle designated MARIN 19A for application in the 
case of heavy screw loads. This nozzle has, from the 
structural point of view, a simple shape. The inner side 
of the nozzle at the location of the screw has an axial 
cylindrical form. The outside of the nozzle profile is 
straight and the trailing edge of the nozzle is relatively 
thick. The profile of Nozzle No. 19A is shown in Fig. 
70. 

For use in Nozzle No. 19A, special screw series (the 
so-called Ka-screw series) were designed. Screws of 
these series have relatively wide blade tips which make 
them less susceptable to blade tip cavitation Extensive 
investigations performed a t  MARIN have led to the 

design of these series having uniform pitch and flat 
face sections. The results of the experiments men- 
tioned show that this type of screw has no drawbacks 
with respect to efficiency and cavitation. The particu- 
lars of these screw models are given in Table 20 and 
Fig. 71. Nozzle No. 19A has a length-diameter ratio 
L / D  equal to 0.5. For application on pushboats and 
tugs, nozzles with larger length-diameter ratios may 
be attractive. Therefore two other nozzles were de- 
signed of which the basic form is equal to the shape 
of Nozzle No. 19A, possessing length-diameter ratios 
L / D  of 0.8 and 1.0. These nozzles were designated as 
No. 22 and 24. The backing characteristics of these 
nozzle types are rather poor. For towing vessels (es- 
pecially pushboats), the thrust which can be developed 
a t  bollard pull condition either with the propeller run- 
ning ahead or astern is of the utmost importance. In 
such cases it is attractive to use a nozzle with a relative 
thick trailing edge. Therefore, a new type of nozzle, 
especially suited for astern operation was developed. 
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Table 20-Characteristics of the Ka-screw Series 

Dimensions r / R  0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

Length of the blade from center lane 30.21 36.17 41.45 45.99 49.87 52.93 55.04 56.33 56.44 Length of blade section 
sections in percent- to trailing edge at 0.6 R 
ages of the maxi- 
mum length of the from center line 36.94 40.42 43.74 47.02 50.13 52.93 55.04 56.33 56.44 1 A ,  
blade section at 0.6 to leading edge A0 

1.969 - * - 

R total length 67.15 76.59 85.19 93.01 100.00 105.86 110.08 112.66 122.88 

Max. blade thickness in percentage of 4.00 3.52 3.00 2.45 1.90 1.38 0.92 0.61 0.50 Maximum thickness at 
the diam. center of shaft = 0.049 

D 

Distance of maximum thickness from 34.98 39.76 46.02 49.13 49.98 - - - - 
leading edge in percentages of the 
length of the sections 

Ordinates 
~ ~~ ~~- 

Distance of the ordinates from the maximum thickness 

r/R, percent 7 edge 80 90 95 100 

Traili;: edge 

Ordinates for the back 
0.2 - 38.23 63.65 82.40 95.00 97.92 90.83 77.19 55.00 38.75 27.40 - 
0.3 - 39.05 66.63 84.14 95.86 97.63 90.06 75.62 53.02 37.87 27.57 - 
0.4 - 40.56 66.94 85.69 96.25 97.22 88.89 73.61 50.00 34.72 25.83 - 
0.5 - 41.77 68.59 86.42 96.60 96.77 87.10 70.46 45.84 30.22 22.24 - 
0.6 - 43.58 68.26 85.89 96.47 96.47 85.89 68.26 43.58 28.59 20.44 - 
0.7 - 45.31 69.24 86.33 96.58 96.58 86.33 69.24 45.31 30.79 22.88 - 
0.8 - 48.16 70.84 87.04 96.76 96.76 87.04 70.84 48.16 34.39 26.90 - 
0.9 - 51.75 72.94 88.09 97.17 97.17 88.09 72.94 51.75 38.87 31.87 - 
1.0 - 52.00 73.00 88.00 97.00 97.00 88.00 73.00 52.00 39.25 32.31 - 

0.2 20.21 7.29 1.77 0.1 - 0.21 1.46 4.37 10.52 16.04 20.62 33.33 
0.3 13.85 4.62 1.07 - - 0.12 0.83 2.72 6.15 8.28 10.30 21.18 
0.4 9.17 2.36 0.56 - - - 0.42 1.39 2.92 3.89 4.44 13.47 

0.17 0.51 1.02 1.36 1.53 7.81 0.5 6.62 0.68 0.17 - - - 

Ordinates for the face 

Note: The percentages of the ordinates relate to the maximum thickness of the corresponding section. 

The profile of this nozzle is given in Fig. 72. In com- 
parison with Nozzle No. 19A, this nozzle (designated 
as Nozzle No. 37) has a well-rounded and relatively 
thick trailing-edge. This prevents flow separation in 
reversed condition. Open-water tests were performed 
with all these nozzles in combination with the Ka 4-70 
screw series. The fairing of the open-water test results 
was performed by means of regression analysis and 
the polynomials for the Ka-4-70 propeller in the Noz- 
zles 19A and 37 are given in Tables 21 and 22. The 
coefficients for other propeller-nozzle combinations 
may be found in Van Gent, et a1 (1983). The coefficients 
given in these tables are those of the following poly- 
nomials: 

K ,  = C. C,(x,y) (P/D)" (J)Y 
G Y 

K ,  = ZC,(x,y) (P/D)"(J)Y  

K,, = C. C T N ( X , Y )  ( P / D ) W Y  
2. Y 

zr Y 

where 
K ,  is total thrust coefficient 

K,, is nozzle thrust coefficient 
K ,  is torque coefficient 

Important factors in the selection of a nozzle pro- 
peller for tugs, pushboats etc. are: 

The forward static bollard pull, 
the astern static bollard pull, 
the free-running speed. 

A comparison between the forward static bollard 
pull of Nozzles nos. 24, 22, 19A and 37 and a conven- 
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Fig. 71 Blade plonform of the Ka-series propellers. 

tional screw series (the B4-70 series) can be made with 
the aid of Fig. 73. In this diagram the thrust coefficient 
KT, the torque coefficient K,, the impeller thrust-total 
thrust ratio T and the efficiency coefficient q d  of the 
different propulsion devices are given on a base of the 

pitch ratio P/D. The efficiency coefficient 7 ) d  is defined 
as: 

(KT/ TP 
K Q  

q d  = 

DIMENSONS ARE GIVEN IN -1. OF LENGTH OF WZZLE 

c LzLENGTH OF NOZZLE i 1 0 0 %  

Fig. 72 MARIN'S Nozzle No. 37, L/D = 0.5 
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This efficiency can be used as a direct measure for the 
effectiveness of different propulsion devices at the 
static condition, if systems with the same diameter and 
power are considered. However, this coefficient must 
not be used if there are restrictions in choosing the 
RPM of the different propulsion devices. 

From Fig. 73 it can be seen that for ducted propellers 
the efficiency coefficient q d  is much higher than for 
conventional screws. Further, it can be seen that the 
effect of nozzle length on q d  is small. With increasing 
length-diameter ratio of the system a slight increase 
in the efficiency factor q d  has been found. 

A comparison between the astern static bollard pull 
of Nozzles Nos. 19A and 37 and the B4-70 screw series 
can be made with the aid of Fig. 74. From this diagram 
it can be seen that the efficiency factor qd  for Nozzle 
No. 37 is much higher than for Nozzle No. 19A. This 
can be explained by the fact that Nozzle No. 19A suf- 
fers from flow separation when operating astern. The 
efficiency factor r ) d  of Nozzle No. 1% is still higher 
than the value of this factor for the B4-70 screw series. 

For the method of selecting the propulsion device 
based on the free-running speed of the vessel, more 
practical information can be derived from the K ,  = 
K,-J diagram. The most widely encountered design 
problem for the screws of cargo ships is that where 
the speed of advance of the screw V,, the power to 
be absorbed by the screw P and the number of revo- 

" 

10  

KT 

06 0 8  12 1 4  16 18 P/D 

Fig. 73 Characteristics of different propulsion devices at forward static 

lutions n are given. The diameter D is to be chosen 
such that the greatest efficiency can be obtained. Push- 
boats often operate in restricted water. This means 
that the ship must be limited in draft and have small 
propellers or tunnel sterns. In such cases it is more 
convenient to start the propeller design from given 
V,, T and D or V,, P ,  and D. The problem of deter- 
mining the optimum diameter or the optimum number 
of revolutions can be solved by plotting r ) d  and J as 
functions of: 

K,/J5 if V,, P ,  and n are given, 
K T / J 4  if V,, T and n are given, 
K,/J3 if V,, P ,  and D are given, 
K T / J 2  if V,, T and D are given. 

For the Ka4-70 screw series in Nozzles Nos. 24, 22, 
19A and 37, the curves for optimum diameter (on base 
of ( K,/J5)ln and ( K,/J4)") and for optimum number 
of revolutions (on base of (K, /J2)  and (K, /J3))  are 
given in Figs. 75-78. 

On comparing the characteristics of ducted propel- 
lers with the B4-70 screw series, it may be concluded 
that ducted propellers give a higher efficiency than 
conventional screws at larger screw loads. The differ- 
ences between the different ducted propellers are 
small. Nozzles Nos. 19A, 22 and 24 have about a 2 
percent higher efficiency than Nozzle No. 37. Nozzle 
No. 37 in comparison with Nozzles Nos. 19A, 22 and 

0 6  0 8  10 14 16 P/D 
E 

l 
condition. bollard condition. 

Fig. 74 Characteristics of different propulsion devices a t  ostern static bollard 
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Fig. 75 Curves for the determination of the optimum diameter of various Fig. 76 Curves for the determinotion of the optimum diameter of various 
ducted propellers if V,, P, and n are given. ducted propellers if V,,, T and n are given. 
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Fig. 77 Curves for the determination of the optimum number of revolutions Fig. 78 Curves for the determination of the optimum number of revolutions 
of various ducted propellers if V,, P, and D are given. of various ducted propellers if V,, T and D ore given. 

24 presents, however, a very attractive solution when 
both ahead astern operation are of interest. 

From these results it can be concluded that ducted 
propellers are to be recommended for heavy screw 
loads such as occur on towing vessels, trawlers etc. 
In addition, the ducted propeller lends itself very well 
to restricted water applications as the nozzle protects 
the propeller blades from striking fixed objects such 
as the bottom or banks. Furthermore the nozzle may 

protect the propeller from damage by ice. 
Finally, it must be noted that the flow velocity at 

the impeller disk of a ducted propeller is far less sen- 
sitive to variations in ship speed than in the case of a 
conventional screw propeller. Consequently the power 
absorption of a ducted propeller is relatively less sen- 
sitive to variations in ship speed. This in turn leads to 
smaller variations in the required number of revolu- 
tions at the same maximum engine torque. These fea- 

Next Page 
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Fig. 79 Photo model pushboot showing the ducted propeller configuration 

tures have also been important in the choice of ducted 
propellers behind tugs, pushboats and trawlers. All 
these ships must operate satisfactorily at different 
loadings (towing and free-running) of the screw. 

For single screw tugs spending an appreciable per- 
centage of their service life to maneuvering, the ducted 
propeller configuration must include backing rudders 
forward of the propeller besides the traditional steer- 
ing rudder located aft of the propeller. Without back- 
ing or flanking rudders a fixed nozzle does not provide 
directional control when backing. A twin-screw tug has 
satisfactory maneuvering qualities. 

River pushboats can not operate safely without 
flanking rudders. Even on multi-screw pushboats, 
flanking rudders are to be used to provide satisfactory 
directional control when backing. In Fig. 79 a typical 
ducted propeller configuration for a pushboat is shown. 
In this figure the flanking rudders forward of the pro- 
pellers can be seen. 

Investigations have also been carried out to deter- 
mine the effect on performance of various ducted pro- 
peller-rudder systems when applied to pushboats and 
tugs. For instance the effect of the flanking rudder 
angle 8 on performance was investigated for a ducted 
propeller arrangement as shown in Fig. 80. The results 
of these tests are given in Fig. 81. From this diagram 
it can be seen that the flanking rudder angle has a 
marked effect on the characteristics of the system. 
With increased loading of the ducted propeller system 
a larger flanking rudder 8 becomes attractive. This is 
due to the relatively larger slipstream contraction a t  
larger screw loads. A flanking rudder angle 8 of 15 to 
20 degrees gives the best characteristics. 

9.3 Decelerating nozzles. As already mentioned, 
the application of the flow decelerating nozzle may be 
attractive if retardation of propeller cavitation phe- 
nomena is desired. The reduction of the flow rate inside 
the decelerating type of nozzle results in an increase 
of the static pressure a t  the impeller. However, the 
duct itself will produce a negative thrust (T > 1). In 

order to compensate for this thrust loss (induced nozzle 
drag), the impeller loading must be increased. An im- 
provement of the cavitation properties of the impeller 
will therefore only be obtained if the gain in static 
pressure at least compensates the unfavorable effect 
of the increased screw loading. The result of an anal- 
ysis of the minimum pressures which may occur at the 
blades of a ducted propeller is given in Fig. 82. This 
diagram shows that improved cavitation properties for 
the particular screw considered (blade-area ratio A,/ 
A .  = 1.0 and number of blades x = 5) only occur for 
low values of the thrust coefficient C,. If ducted pro- 
pellers with larger blade-area ratios of the impeller or 
with more rotor- (and eventually more stator-) rows 
are considered, the decelerating nozzle may favorably 
affect the cavitation properties of the screw for larger 
values of C,. 

Application of the decelerating nozzle results, fur- 
thermore, in a reduction of the pressure at the exterior 
surface of the nozzle. From a comparison between the 
minimum pressures which occur at the exterior surface 
of the nozzle and at the impeller blades, it can be 
concluded that except in the case of very short nozzles 
or very low loaded systems, impeller cavitation is more 
critical. Systematic series of model tests with deceler- 
ating ducted propellers have also been performed. The 
design of the nozzles was based on the vortex theory 
as described in Oosterveld (1970). The variation of the 
design parameters considered is shown in Table 23. 
The experiments with these nozzles were all carried 
out with a series of five bladed Kaplan type screws 
(Kd 5-100 series). The Kd 5-100 series screws were 
designed in combination with MARIN Nozzle No. 33. 
The pitch distribution of the screws depend on the 
velocities induced by the nozzle at the impeller plane 
and on the radial load distribution. For the design, use 
was made of the method described by Van Manen in 
1966. Particulars of the screw models are given in 
Table 24 and in Fig. 83. The screws were located in 
the nozzle with a uniform tip clearance of 1 mm ( X  
in.). The fairing of the open-water test results was 
performed by means of regression analysis. The poly- 

Fig. 80 Ducted propeller configuration with rudder arrangement for o push- 
boat. 

Previous Page 
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Fig. 81 Effect of flonking rudder angle 8 on open-water characteristics of ducted propeller configuration for a pushboat. 

nomials together with the coefficients are given in Ta- 
ble 25. 

9.4 Further Remarks on Accelerating and Deceler- 
ating Nozzles. From all the model tests performed 
with accelerating and decelerating nozzles a t  MARIN 
it can be deduced that the relation between the thrust 
coefficient C, and the thrust ratio r of a ducted pro- 
peller system is approximately independent of the pitch 
ratio P/D of the impeller. Furthermore, it was found 
that for the considered nozzles there exists a fixed 
relation between the impeller disk area-nozzle exit area 
ratio Ao/A,,. This result is shown in Fig. 84. In Fig. 
85 the optimum efficiency which can be obtained with 
the different ducted propeller systems is also given. 
Furthermore it can be seen that with decreasing value 

Table 23-Design Parameters of Decelerating Nozzle Series 

Nozzle number C, r, L/D a / L  S / L  d / D  
30 0.95 1.00 0.6 0.5 0.15 0.20 
31 0.95 1.15 0.6 0.5 0.15 0.20 
32 0.95 1.30 0.6 0.5 0.15 0.20 
33 1.0 1.2 0.6 0.5 0.15 0.20 
34 1.0 1.2 0.6 0.5 0.09 0.20 
35 1.0 1.2 0.9 0.5 0.10 0.20 
36 1.0 1.2 1.2 0.5 0.075 0.20 Fig. 82 Minimum static pressure at impeller blades of a ducted propeller. 
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Fig. 83 Particulars of Kd 5-100 model propellers. 
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Table 24-Particulars of Screw Models of the Kd 5-100 Series 

Diameter D 240 mm (9.5 in.) 
Number of blades z 5 
Pitch ratio (at 0.7 D) 
Blade area Ratio A d A O  1.00 
Blade outline Kaplan type 
Blade section NASA 16-parabolic camberline 
Hub diameter rates d / D  0.167 

P / D  1.0- 1.2- 1.4- 1.6- 1.8 

1 

Table 25-Coefficients for Kd 5-100 in 33-Nozzle 

PROPELLER Kd 5-100 NOZZLE 33 
X Y C T  C T N  CQ 

0 0 - .347562 .025149 - .007789 
1 - .321224 0.0 - .022424 
2 .075277 .317808 0.0 
3 0.0 - .083296 - .009087 
4 - .009560 -.070735 0.0 
5 0.0 .050083 0.0 
6 0.0 0.0 0.0 
0 .963261 0.0 0.0 
1 - .215803 - .371072 0.0 
2 0.0 -.561715 -.010492 
3 0.0 .921327 0.0 

2 

3 

4 

5 

6 

0 

4 
5 
6 
0 
1 
2 
3 
4 
5 
6 
0 
1 
2 
3 
4 
5 
6 
0 
1 
2 
3 
4 
5 
6 
0 
1 
2 

2 
3 
4 
5 
6 
7 

0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 

- .016882 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

.013401 

0.0 
0.0 
0.0 
0.0 
0.0 

- .410495 

0.0 

0.0 

0.0 
0.0 
0.0 
0.0 
0.0 

.067465 

.138501 

-.315179 

.235429 

.077988 
0.0 
0.0 
0.0 
0.0 
- .015350 
- .073049 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
- .003473 

0.0 
0.0 
0.0 

0.0 

- .009585 
0.0 

0.0 
0.0 
- .007692 
0.0 
0.0 
0.0 

.082463 

.026193 

.001029 

0.0 
- .000094 
-.003196 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 

- .000117 

.000152 
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Fig. 84 Relations between impeller disc area-nozzle exit area ratio, thrust 
coefficient C, and efficiency 1). of a ducted propeller system. 

of the area ratio AO/AEX,  the thrust ratio T decreases 
and the efficiency y o  of the ducted propeller system 
increases. Thus with increasing positive loading of the 
nozzle, the efficiency of the ducted propeller system 
increases. The loading of the nozzle, however, is lim- 
ited by the risk of flow separation on the nozzle. 

Optimum curves for open-water efficiency qo ,  di- 
ameter coefficient 6 and thrust ratio T of the Ka 4-70 
screw series in Nozzle No. 19A, the Kd 5-100 screw 
series in Nozzle No. 33 and the B 4-70 screw series 
are presented in Fig. 85. Typical B, values for different 
ship types are indicated in Table 26. The lightly loaded 
screws of fast ships are on the left side of Fig. 85, 

Fig. 85 Optimum relationship between %, 6 and pp of the KO 4-70 screw 
series in Nozzle no. 19A. the 84-70 screw series and the Kd 5-100 screw 

series in Nozzle no. 33. 

Table 26-Typical 6, and C, Values for Different Ship 
Types. 

BP c, 
Torpedo's < 10 < 0.5 

Fast warships grigates, destroyers) 10-25 0.5-1.5 
Twin-screw shi s 10-15 0.5-1.0 

Single screw cargo ships 15-35 1.0-2.5 
Coasters 35-60 2.5-4.0 
Tankers 35-70 2.5-5.0 
Trawlers 60-100 4.0-8.0 
Towing vessels (tugs, pushboats) > 80 > 6.0 

while the heavily loaded propellers of towing vessels 
are on the right. It can be seen from Fig. 85 that the 
accelerating nozzle (Nozzle No. 19A), when compared 
with a conventional screw (B 4-70 series), gives rise to 
an improvement in open-water efficiency yo in the case 
of heavy screw loads. The decelerating nozzle (Nozzle 
No. 33) has a low open-water efficiency q,. The curves 
of the diameter coefficient 6 of the accelerating and 
the decelerating nozzle almost coincide; the B 4-70 se- 
ries has a larger optimum screw diameter. I t  is inter- 
esting to note that the curves for the diameter 
coefficient 6 *  based on the maximum diameter of the 
system of both the accelerating and the decelerating 
nozzle and the B 4-70 screw series almost coincide. 

Section 10 
Other Propulsion Devices 

10.1 General. Although marine screw propellers merits and demerits may be useful. Further infor- 
are used to propel the vast majority of ships, there mation on the various devices can be found in the 
are other propulsion devices which have advantages references cited in the various paragraphs. 
in special circumstances. It is not possible to deal with 10.2 Jet Propulsion. This is the oldest known type 
these in full detail here, but a review of some of their of mechanical propulsion for ships. Patents were 
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- V OF SHIP T = change in momentum in unit time (88) 

Useful work done on ship = T V = p V,A( V, - V )  V 
Kinetic energy lost in discharge = i p  V,A( V, - V ) z  

= p V,A(V,  - V )  

- The efficiency is 
I 
I 
I 

AREA A 

Fig. 86 Jet propulsion 

granted to Toogood and Hayes in England in 1661, it 
was reproposed by Benjamin Franklin in 1775 and ac- 
tually applied by James Rumsey in 1782 to propel a 
24 m (80 ft) passenger boat on the Potomac between 
Washington and Alexandria. 

The method usually consists of an impeller or pump 
inside the hull, which draws water from outside, im- 
poses on it an acceleration, and discharges it astern 
as a jet at a higher velocity. I t  is therefore a reaction 
device exactly like the ordinary propeller, but in which 
the moving parts are contained inside the hull. 

Many claims have been made for jet propulsion, but 
these cannot be substantiated on grounds of efficiency. 
Referring to Fig. 86, and for an ideal fluid: 

Mass of water discharged in unit time = pV, A 
Change in velocity = (V ,  - V )  

The thrust is given by 

useful work 
= useful work + lost jet energy 

- - PI/;A(VJ - v v  
pvJA(v, - v)v 3- +V,A(V, - V)' 

or 

2 v  
q = r V  

The efficiency approaches unity as V, approaches 
the velocity of the ship, but from Equation (88) the 
thrust a t  the same time approaches zero unless A is 
made extremely large. This is the same as with the 
ordinary propeller, where the efficiency increases as 
the amount of water used increases and the acceler- 
ation imparted to it decreases. To obtain such large 
values of A, it is obviously better to have the propeller 
outside the hull where the penalty on size is much less. 

The foregoing analysis is on the assumption that the 

Type of ship 

5.1-m power boat 
30 knots 
qp = 0.90 

161.0-m cargo ship 
25 knots 
qp = 0.85 

(89) 

Table 27-Examples of Jet Propulsive Efficiencies (Kim, 1964) 
D = nozzle diameter ql = jet efficiency 
qp = pump efficiency PC = propulsive coefficient 

Destroyer 
33 knots 
qp = 0.85 

Cargo ship 
16 knots 
vlp = 0.85 

Hydrofoil boat 
60 knots 
qp == 0.90 

Nozzle 
diameter 

(m) 
0.05 
0.10 
0.15 
0.20 
0.25 
1.83 
2.44 
3.05 
3.66 

Loss factor - 

5- /-- 0.50 , 
0.59 0.53 
0.60 0.54 max 
0.53 0.48 
0.45 0.41 
0.30 0.27 
0.55 0.47 0.49 
0.59 0.50 0.50 
0.60 0.51 max 0.49 
0.57 0.49 0.43 

q1 PC 

1.22 0.58 0.50 0.50 
1.83 0.60 0.51 max 0.49 
2.44 0.57 0.49 0.43 
3.05 0.52 0.44 0.38 
3.66 0.46 0.39 0.32 

1.22 0.38 0.32 0.36 
1.83 0.48 0.41 0.46 
2.44 0.55 0.47 0.49 
3.05 0.59 0.50 0.50 
3.66 0.60 0.51 max 0.49 
0.15 0.51 0.46 0.47 
0.31 0.59 0.53 max 0.48 
0.61 0.42 0.30 
0.92 0.28 0.25 0.18 

1.00 -2- 
PC ' 

0.42 
0.43 max m 
0.37 
0.43 max 
0.42 
0.37 
0.32 
0.27 
0.31 
0.39 
0.42 
0.43 max 
0.42 
0.42 
0.43 max m 
0.16 
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Fig. 87 Kirsten-Boeing propeller 

water flowing into the impeller has a velocity equal to 
that of the ship, i.e., it has been taken in at the bow 
and suffered no intake losses. If these losses in fact 
are such as to bring the water almost to rest relative 
to the ship before reaching the impeller, or if the intake 
is in the bottom or side of the ship without any scoop, 
then the impeller has to supply the full acceleration 
from zero to V,, and the additional kinetic energy nec- 
essary is hpAV,. V’. 

The efficiency is now 

which has a maximum value of only 0.5 when VJ = 
2 v. 

N T ( C )  

Fig. 88 Voith-Schneider propeller 

In these calculations, no allowance has been made 
for the efficiency of the pumping mechanism or for the 
inevitable frictional and other losses in the intake and 
ducting. The overall efficiency is therefore likely to be 
quite low in practice, a point brought out in some 
examples quoted by Kim (1964), (Table 27). 

The loss factor is an estimate of the inlet and fric- 
tional losses, and Kim states that it will vary in actual 
cases between 0.25 and 0.50 for well-designed systems 
and 0.50 to 1.00 for poorly designed ones. 

The maximum efficiencies are inferior to those at- 
tainable by normal propellers and it is also doubtful 
whether some of the values of pump efficiency q p  could 
be realized in practice. 

Among other disadvantages of jet propulsion are 
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the loss of volume inside the ship due to ducting and 
impeller, or conversely the increase in size of the ship 
to restore the displacement to its original value, the 
danger of fouling of the impeller by debris or weeds 
unless resistful gratings are placed over the intakes, 
and the difficulty of obtaining uniform flow into the 
impeller when the water comes from the boundary 
layer around bends in the ducts. 

The principal advantage is possibly in maneuvering 
ability when the discharge is made to operate as a 
movable rudder. If it can be made to deliver astern 
thrust as well, it eliminates the need for reversing gear 
on the engine. The fact that the impeller is inside the 
hull may also make for quietness, and external ap- 
pendage drag is absent. 

Chemicals or explosives may be used to accelerate 
and discharge the water, or a jet engine or rocket may 
be used above water. Aircraft jet engines have been 
used in racing boats. Rockets are not very efficient 
unless the speed of the craft is a reasonable fraction 
of the velocity of the gas in the jet, and there are 
problems arising from the heat and noise of the ex- 
haust. 

A particularly good overview of waterjet and gas- 
augmented waterjet propulsion systems and ejectors 
and rotary jets is given in Marine Propulsion, edited 
by Sladky (1976). 

10.3 Pump Jets. This is the name given to an ar- 
rangement in which the impeller is external to the hull, 
taking the form of a rotating impeller with fixed guide 
vanes either ahead of it or astern, or both, the whole 
unit being enclosed in a duct or long shroud ring. The 
first device of this kind, called a screw turbine, was 
fitted by Thornycroft as early as 1881 to a great many 
shallow-draft steamers; a ship 42.2 m (138.5 ft) long 
with two such screws attained a speed of 15.25 knots 
(Barnaby, 1900). 

In the modern pump jet, the duct diameter increases 
from the entrance up to the impeller, so that the ve- 
locity falls and the pressure increases. In this way the 
diameter of the impeller is larger and the thrust load- 
ing coefficient C, is less, leading to a higher efficiency. 
However, there is some penalty to be paid for the 
resistance of the duct itself, and the final outcome 
depends very much on individual circumstances. 

In the pump jet the velocity at the propeller is less 
and the pressure is higher than for the open propeller 
and so the incidence of cavitation and noise is delayed. 
If the tip clearance between impeller and ring is small, 
the formation of tip vortices is also inhibited. 

Much general information on jet propulsion may be 
found in Wald (1970) and McCormick, et  a1 (1962). The 
only known design method available in open literature 
can be found in Henderson, et  a1 (1963, 1964). 

10.4 Paddle Wheels. The general characteristics 
of paddle wheels are discussed in Section 1.1. The early 
wheels had fixed, flat blades, but by 1830 curved, feath- 
ering blades had been introduced which, for the same 

angle of entering the water, reduced the diameter by 
a factor of two or more (Saunders, 1957). With feath- 
ering wheels the efficiency of propulsion may approach 
or equal that of the screw propeller where draft and 
depth restrict the diameter of the latter. 

It is important to locate the wheel over a crest in 
the wave profile, so as to take advantage of the for- 
ward motion of the water in the crest. This takes care 
of itself in the case of stern wheels, but requires care- 
ful attention, and usually should be checked by model 
tests, for side wheels. This is easy to ensure in vessels 
of fixed speed, such as river passenger vessels, but 
may be difficult in other classes. Tugs when towing 
have no serious wave system, and so side paddles can 
be placed to suit the free-running speed. 

Much information on the design of paddle wheels 
has been given as the result of systematic series of 
models run at the Denny tank on the Clyde (Volpich 
e t  al, 1954-57). 

10.5 Vertical-Axis Propellers. As mentioned in 
Section 1.1 the vertical-axis propeller had its origin as 
long ago as 1870. There are two types of such a pro- 
peller. One, the Kirsten-Boeing, has its blades so in- 
terlocked by gears that each blade is constrained to 
make a half-revolution about its axis for each revo- 
lution of the whole propeller, the action being as shown 
in Fig. 87 (Kirsten, 1928). The propeller is assumed to 
be advancing from left to right with uniform velocity 
V, and rotating with uniform angular velocity o in the 
counterclockwise direction. 
(a) With the blades set as in (a), the resultant velocity 

is as shown, and the normal forces Nfurnish a thrust 
T for going ahead. 

(b) With the blades set as in (b), the blade forces 
oppose the motion of the ship. 

(c) With the blades set as in (c), the blade forces are 
such that the resultant thrust acts a t  right angles to 
the motion of the ship. 

A mechanism by which the blades can be set a t  will 
to any of the dispositions shown, as well as interme- 
diate dispositions, is incorporated in the design, and it 
is therefore possible not only to propel the ship but to 
steer it also. 

The second type, the Voith-Schneider, introduced in 
1931, differs in that the blades describe a complete 
revolution about their own axes for each revolution of 
the disk, Fig. 88. The point C is a point to which the 
blades are connected by linkages and which can be 
moved to different positions in the plane of the disk. 
(a) With C located as in (a), the blades have the 

disposition shown, and the resultant force is such as 
to propel the ship in the direction of motion. 

(b)  With C located as in (b), the resultant force is 
directed astern, and opposes the motion. 

(c) With C located as in (c), the resultant force acts 
a t  right angles to the original motion of the ship. 

A mechanism to alter the position of C while the 
propeller is in operation is incorporated in the design, 
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Fig. 89 Photo of model ship fitted with vertical-axis propellers, 

so that again the ship can be propelled and steered at 
the same time. The distance of C to the center 0, made 
dimensionless with the radius R, is called the eccen- 
tricity. It is always smaller than unity for Voith-Schnei- 
der propellers. 

Propellers of this type have been fitted to a consid- 
erable number of ships and have proved entirely prac- 
tical; details of some installations will be found in a 
paper by Mueller (1955). They have also been used at 
the bow to assist in maneuvering. A photograph of a 
vertical-axis propeller arrangement on a model is 
shown in Fig. 89. 

The advantage of vertical-axis propellers lies in the 
fact that the propeller thrust can be used for steering 
and stopping the ship without stopping or changing 
the direction of rotation of the main engine. This makes 
it eminently suitable for the propulsion of ships that 
operate in crowded and restricted waters, requiring 
large steering power at low speeds. 

For cycloidal propellers in general, the following 
three kinematically characteristic situations result: 

The rotational velocity oR is grater than the 
translational velocity, V, . The advance coefficient 

v o  J = - < 1. Here the blade centers describe an ep- 
W R  

icycloid. 

The speed of rotation o R equals the translation 
velocity V,. The advance coefficient J = - V O  = 1. The 

velocity V,. The advance coefficient J = - V O  > 1. The 

UR 
blade centers describe a normal cycloid. 

The speed of rotation is less than the translation 

CdR 
blade centers describe an elongated cycloid or trochoid. 

The course of the effective angle of attack along the 
blade circle determines the unsteady load distribution 
along the blade circle and hence the system of free 
vortices shed in the propeller stream. From the con- 
sideration of this free vorticity system in the propeller 
slipstream, Sparenberg (1960) derived a condition for 
minimal energy loss; this indicated that the blade cir- 
culation along the foremost and the rearmost part of 
the blade circle must be held constant, so that only for 
blades near the mid-position, fore and aft, are the free 
vortices shed. The condition can be described in terms 
of the relationship for the effective angle of attack ( p  
- P, = 0) 

in which V, is the induced velocity at the blade. 
Vis the resultant blade velocity relative to the 

p is the geometric pitch angle 
Po is the hydrodynamic pitch angle, without in- 

duced velocity effects 
This relation for the blade movement is different from 
the movement for the Voith-Schneider system, which 
is recommended from a constructional point of view. 

Pitch for vertical axis propellers is again defined as 
the traversed path in the translation direction per rev- 
olution at zero slip, p - Po = 0. Hence, P / D  = .rrJ 
= T Vo/(oR). The pitch at zero slip is also related to 
the eccentricity, i.e., e = J. 

A number of models of vertical-axis propellers have 
been tested at MARIN for the US. Office of Naval 
Research (Van Manen, 1966). The highest efficiencies 
were obtained with propellers having six blades. The 
propellers covered a number of pitch ratios, and the 
maximum efficiencies plotted to a base of B,are shown 
in Fig. 90. The open-water test results are shown in 
Fig. 91. These hold for blades with aspect ratio 3.33. 
On the same diagram are shown the optimum open 
efficiencies for two Troost propellers having 4 blades 
and blade-area ratios of 0.40 and 0.85. The vertical- 
axis propeller is considerably less efficient, by amounts 
varying from 30 to 40 percent. 

Van Manen also reports on tests with the blade 
movement according to the optimum efficiency crite- 
rion of Sparenberg. These tests show some 6 percent 
higher efficiency values for eccentricities exceeding 
1.0. 

water 
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BP 

Fig. 90 Comparison of open water propeller efficiencies 

For very high velocities (J > 1) Van Manen found 
high efficiency values for a four-bladed cycloidal pro- 
peller at eccentricities of about 1.6 (as high as 0.7). 
The trochoidal blade motion in that case is quite rem- 
iniscent of the movement of a fish. The lack of sys- 
tematic data for the trochoidal case did not allow one 
to infer general conclusions from this test. Also cav- 
itation may set a bound to such speeds (hay 1957 and 
Van Manen 1966). 

Ficken (1966) carried out tests for six pitch ratios 
ranging from 0.477 to 0 . 9 ~  (J-values of 0.4 to 0.9). He 
found higher efficiencies compared to Van Manen for 
similar test conditions. Also the thrust and torque coef- 
ficients for bollard pull were significantly lower com- 
pared to Van Manen’s results. 

Ficken compared results for rectangular and ellipti- 
cal blade form and found that the rectangular blades 
achieved some 2 percent higher peak efficiency. 

A great number of researchers have developed the- 
oretical models for vertical-axis propellers, e.g. Tani- 
guchi (1960 and 1962), Isay (1958), Sparenberg (1960) 
and Sparenberg, e t  a1 (1967). Only the method of Tan- 
iguchi yielded quantitatively reasonable results at 
some advance values (Haberman, e t  a1 1961, 1962). 
Taniguchi’s method was found to be adequate for me- 
dium advance values and for lower eccentricities. It is 
based on the assumption that a quasi-steady state ex- 
ists. The thrust and torque of the propeller are eval- 
uated by integrating the lift and drag on each blade 
section. As such it is similar to the blade element the- 
ory covered in Section 2.5. 

Taniguchi neglected the camber induced by the 
curved orbit and the rotation of the blade around its 
own axis. He also assumed the induced velocities to 
be constant over the entire blade span. In his method 
only the longitudinal induced velocities due to the trail- 
ing vortex system were taken into account, and the 
induced velocity was considered independent of the 
orbital blade position. 

Zhu (1981) included the effects of induced camber 
and also obtained a better representation of section 
lift and drag coefficients. Comparison between his 
method, Taniguchi’s method and experiments per- 
formed at  the DTRC indicates a much better agree- 
ment with measurements. 

Other notable contributions to the performance of 
vertical-axis propellers are the theoretical analysis car- 
ried out by Mendenhall, and the investigations into the 
steering characteristics of cycloidal propellers of 
Ficken. Jobst, et a1 (1972) obtained flow visualizations 
for a high-pitch cycloidal propeller. 

10.6 Controllable-Pitch Propellers. Controllable- 
pitch propellers are propellers in which the blades are 
separately mounted on the hub, each on an axis, and 
in which the pitch of the blades can be changed, and 
even reversed, while the propeller is running, by means 
of an internal mechanism in the hub. 

Although many designs of controllable-pitch pro- 
pellers have been evolved over a long period, the mod- 
ern usage goes back to about 1935, the mechanism 
consisting essentially of hydraulic pistons in the hub 
acting on crossheads. 

From the ship point of view, the chief advantages 
of this type of propeller are in ships which have to 
meet very different operating conditions, such as tugs 
and trawlers or in ships that have non-reversing prime 
movers, usually naval ships powered by gas turbines. 
By reducing the propeller pitch when towing or trawl- 
ing, for example, the engine can still run at  its full 
revolutions, and so develop full power without increas- 
ing the mean effective pressure in the cylinders, an 
important matter in diesel engines. Ferries which have 
to stop, start, and reverse repeatedly also benefit by 
the fact that full-astern power is available by reversing 
the pitch while the engines continue to run in the same 
direction. 

From the engine point of view, such propellers ob- 
viate the necessity of reversing mechanism in recip- 
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rocating engines and of astern turbines in turbine- 
powered ships, thus saving both weight and cost, and 
making the reversing of thrust in an emergency very 
much quicker. 

The controllable-pitch propeller can be made almost 
as efficient as the solid, fixed-blade propeller at any 
particular chosen condition-say that in normal ser- 
vice-the only difference being the somewhat larger 
hub needed to house the pitch-changing mechanism. 
When the pitch is changed, all sections turn through 
the same angle, so that the pitch face is no longer a 
true helical surface. 

Further information on controllable-pitch propellers 
can be found in Strom-Tejsen et  a1 (1972), Stephens 
(1974), Boswell et  a1 (1975) Muller-Graf (1978) and Tani, 
e t  a1 (1979). 

10.7 Tandem and Contrarotating Propellers. When 
the diameter of a propeller is restricted on account of 
draft or other reasons, the loading factor is greater, 
the efficiency suffers and the liability to cavitation is 
increased. This situation can be relieved by dividing 
the load between two or more propellers, and we have 
already seen (Section 7.1), how this idea was used to 
solve the problem on the Turbinia by fitting three 
propellers to one of the three shafts. 

Propellers arranged in this way, on the same shaft 
and trailing in the same direction, are called tandem 

propellers. Such screws were fitted to the 14 m (46 ft) 
long Francis B. Ogden by John Ericsson in England 
in 1837. After the Turbinia experience they were also 
used on a number of British destroyers around 1900, 
which had 4 shafts with 2 tandem propellers on each 
(Saunders, 1957). In these later applications it was 
realized that the after propeller, working in the race 
of the forward one, required a higher pitch to give the 
same power absorption. 

With both propellers rotating in the same direction, 
the rotational energy in the race from the forward one 
is augmented by the working of the after one. The 
idea of regaining the rotational energy from the for- 
ward one is attractive, and has led to the development 
of contrarotating propellers working on coaxial, con- 
trary-turning shafts. The after propeller of the pair 
must be of smaller diameter to suit the contracting 
race column of the forward one and must have the 
pitch designed to suit the required power absorption. 
Ideally there would be no rotation in the race behind 
the second propeller. 

The first recorded use of contrarotating propellers 
seems to have been by John Ericsson in 1837 on the 
21 m (69 ft) steam-driven ship Robert F. Stockton built 
in Birkenhead, England (Saunders, 1957). Rota in Italy 
found a gain in propulsive efficiency, and attributed 
this to an improvement in the propulsive factors of 

VERTICAL AXIS PROPELLERS I I 

Fig. 91 Open-water test results for a six-bladed series with cycloidal blade motion (c/ l  = 0.30) 
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hull efficiency. Such propellers have been used for 
many years on torpedoes to balance the reaction 
torques and prevent the torpedo body from rotating. 

Early design procedures consisted of treating each 
screw as a separate propeller and relying on subse- 
quent model experiments to check the design and find 
the pitches necessary for power balance. The circula- 
tion theory has been applied to the design of such 
propellers, originally for aircraft, and later to marine 
propellers. Lerbs (1955) developed a design method 
using his induction factors. Later Morgan described 
the practical application of Lerbs’ theory to the suc- 
cessful design of such propellers. He gave a numerical 
example and showed that there was good agreement 
between theoretical predictions and the results of 
model tests. Morgan concluded that Lerbs’ theory re- 
sulted in propellers with good torque balance and 
higher efficiencies than single propellers, and by giving 
more accurate values of the inflow velocities to each 
section of the propeller blades gave better control over 
the cavitation performance of contrarotating propel- 
lers. 

The results of a model investigation into the relative 

Number of blades= 3 

merits of twin, single, tandem and contrarotating pro- 
pellers for a very large merchant ship of large block 
coefficient were reported by Hadler, et  a1 (1964). The 
size and speed of such ships calls for powers of 20,000 
kW or more per shaft (26,800 hp). There is no great 
difficulty in absorbing such powers on one screw of a 
multiscrew ship where the propellers are working in 
a rather uniform wake. The trouble arises in single- 
screw ships because of the dangers of cavitation and 
propeller-excited vibration where the propeller has to 
operate in a highly uneven inflow pattern. 

The model chosen for the experiments was that of 
the 106,000-dwt tanker Manhattan, with an installed 
power of 32,000 kW (42,880 hp) which, because of the 
resultant heavy propeller loading, was built as a twin- 
screw ship. The twin-screw model results were avail- 
able for comparison, and the large power and relatively 
low speed would give a heavily loaded single screw 
for comparison with tandem and contrarotating ar- 
rangements. 

The forebody and parallel part of the hull were un- 
changed, but the afterbody was altered to give a clear- 
water stern with an aperture suitable for a 7.6 m (24.9 
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ft)  diameter propeller and sufficient fore-and-aft length 
to accommodate tandem and contrarotating propellers. 
As a result of these changes the length was increased 
by 6 m (19.68 ft). 

The propeller designs were based on a PD of 32,000 
kW (42,880 hp) with a maximum diameter of 7.6 m 
(24.9 ft). Those for the 5 and 9-bladed, single screws 
were done by Lerbs’ induction factor method (Lerbs, 
1952) that for the contrarotating ones by the method 
of Morgan while a new method had to be developed 
for the tandem screws. In all cases extensive use was 
made of computer programs. The blade-area ratio for 
the 5-bladed design was based on Burrill’s 5 percent 
back-cavitation criterion (Section 7.7 and Fig. 45). The 
blade area for the other screws was chosen to give 
the same degree of cavitation based on a comparative 
local u at 0.7 radius. Tests in the cavitation tunnel in 
a simulated wake showed that no face cavitation or 
loss in efficiency was present in any screw. There was 
slight back cavitation near the tips a t  about 19 knots, 
there being little difference between the propellers. 

The results of the test show that there was little 
difference between the Pu for the original twin-screw 
design and the single screw with 5 blades-the latter 
required some 0.4 percent less power. The 9-bladed 
screw required about 4 percent more power while the 
tandem arrangement was almost exactly halfway be- 
tween them in efficiency. The contrarotating arrange- 
ment, on the other hand, where most of the rotational 
energy in the wake was regained, required 7 percent 
less power than the twin-screw design and 6% percent 
less than the &bladed single screw. This gain in pro- 
pulsive efficiency, together with the improved vibration 
characteristics of the smaller diameter screws and 
higher blade frequency, make the contrarotating pro- 
pellers very attractive from the hydrodynamic point 
of view. But against this must be set the added weight 
and complication of the gearing, coaxial shafting, and 
sealing problems of the contrarotating arrangement. 

10.8 Super-Cavitating Propellers. When the cavity 
on the back of a propeller blade has spread until it 
covers the whole of the back, which is then no longer 
wetted, the propeller is said to be operating in the 
fully- or super-cavitating regime. After the back of the 
section has become completely denuded of water, fur- 
ther increase in revolutions per minute cannot reduce 
pressure there any more, and so no additional lift can 
be generated by the back. On the face, however, pres- 
sure continues to increase with higher revolutions and 
so does the total thrust, although a t  a slower rate than 
before cavitation began. 

One advantage of such propellers is the absence of 
back erosion, because the cavitation bubbles no longer 
collapse on the back of the blades. Also, the unsteady 
forces resulting from intermittent cavitation will be 
much reduced so that less vibration may be expected 
(Todd, 1946). 

Parsons observed propellers working in this regime 

in his small tunnel in connection with the Turbinia 
design, and they have long been used on high-speed 
racing motor boats, the characteristics being deter- 
mined by extensive trial-and-error experiments. One 
of the pioneers in this research was V. L. Posdunine, 
of the Moscow Academy, who directed attention to the 
use of super-cavitating propellers in a paper presented 
in London (Posdunine, 1944). He gave a theoretical 
model of the flow and deduced expressions for the 
thrust and ideal efficiency. It is of interest to note that 
he spoke at this time of “wedge-shaped blades,” and 
in other papers showed sections quite similar to those 
used in such propellers today. He also stated that the 
action of such propellers was so different from that of 
conventional propellers that no single theory would 
cover both kinds. 

In the discussion on Posdunine’s paper some results 
of experiments carried out in the NPL water tunnel 
a t  Teddington in 1939 were given by Todd. These were 
for a model of an ordinary marine-type screw run up 
into the super-cavitating range and are perhaps the 
first such published results, Fig. 92. The propeller was 
illuminated by stroboscopic lighting and sketches of 
the cavitation are reproduced in the figure. At full 
atmospheric pressure in the tunnel there was no cav- 
itation. With the pressure reduced to give a value of 
u = 0.83, the thrust T and torque Q departed from 
the full pressure curves a t  about 800 rpm as back 
cavitation began to spread from the blade tips. At 1200 
rpm, with cavitation covering nearly all the back of 
the blades, the efficiency was 0.49 as compared with 
0.61 a t  full pressure without any cavitation. From 1500 
rpm upwards, in the fully-cavitating zone, there was 
some recovery of the propeller as a thrusting mech- 
anism, the rate of increase of thrust with rpm increas- 
ing, T/n2  being practically constant, while the fall in 
efficiency became less pronounced. The cavity ex- 
tended downstream for about one complete turn of a 
helix. 

Since the back of the section when fully cavitating 
is no longer in contact with the water, the emphasis 
in design must be on a section shape which will ensure 
clean separation of the flow at the leading and trailing 
edges, at the same time providing good values of 
L / D  ratio to give high efficiency. The theoretical de- 
termination of the lift and drag characteristics of 
super-cavitating sections in two-dimensional flow at 
zero cavitation number and a method of choosing the 
optimum shape for the face were presented by Tulin 

FROM TULINS THEORY 
- MODIFIED TO INCREASE STRENGTH 

Fig. 93 Wedge sections for super-cavitoting propeller 
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higher efficiencies than hitherto thought possible un- 
der such conditions of operation. 

Tachmindji and Morgan (1958) applied circulation 
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the regions in which super-cavkating propellers be- 
come practical, Fig. 95. Using the design charts and 
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Tachmindji, et 
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Table 28-Comparison of Normal and Super-Cavitating Propellers (Performance 
of Normal Propellers Assumes no Thrust-loss Due to Cavitation). 

Type of Ship Passenger 
Liner Destroyer Motor Boat 

V,  knots.. ............. 40 39 36.5 
P,, kW ................ 186250 74500 5960 
No. of screws ......... 4 2 4 
Type .................. NC SC NC SC NC SC 
Diameter, m .......... 5.67 3.05 3.84 3.05 0.73 0.73 
RPM . . . . . . . . . . . . . . . . . .  200 688 350 655 1800 2570 

............ 1.16 0.90 Pitch ratio 1.23 0.96 1.18 0.94 
0.66 0.62 0.67 0.64 Efficiency ............. 0.68 0.61 

NC = noncavitating design. SC = super-cavitating design. 

basing the estimates on conditions a t  point A, where 
the use of super-cavitating propellers is marginal, Ta- 
ble 28 indicates in a general way the possible fields of 
usefulness in ships. The figures for conventional 
screws assume that there is no cavitation, or at least 
insufficient to affect the thrust. This qualification is, 
of course, critical, since in the cases used in illustration 
cavitation is already a problem with conventional pro- 
pellers, many of which would suffer from erosion. The 
estimates in Table 28 show that in order to achieve 
the low U-values necessary for full cavitation the rev- 
olutions per minute have to be much higher and the 
pitch ratio lower than for the conventional propeller. 
For the liner the super-cavitating propeller is some 10 
percent less efficient than the conventional, while in 
the destroyer and motor boat the difference is appre- 
ciably less, and in these cases the fully-cavitating pro- 
peller has the added advantage of not suffering from 
erosion. As still higher speeds are considered, the dif- 
ficulties with the conventional propeller increase and 
the fully-cavitating type may be the only alternative 
for speeds in the range from 40 to 80 knots. It would 
not be possible to design conventional propellers to 
suit such conditions even if the necessary power plants 
were available. With super-cavitating screws there 
may, however, be serious strength problems (Allison, 
1978). Nevertheless, the figures bring out the possi- 
bilities of adopting lighter, faster-running engines with 
such propellers. 

Strength problems may be caused by the combina- 
tion of high thrust and thin leading edge sections. In 
addition, as super-cavitating propellers achieve their 
highest efficiency at partial submergence, large vary- 
ing forces and pressures may be expected as each 
blade enters, traverses through and exits from the 
water. Fig. 96 shows a pressure-time history based on 
full-scale tests for a SES at two locations on the pro- 
peller blade. Very high pressures show up at the mo- 
ment of entry of the blade. Fig. 97 shows the measured 
strain near the blade root of the same propeller. 

In the early fully-cavitating propellers the sections 
were of airfoil or crescent (hollow-faced) type and had 
relatively low efficiencies. Later work has shown that 

with proper choice of sections this loss of efficiency 
can to a considerable extent be avoided and the pro- 
pellers made to give reasonable efficiencies under very 
advanced design conditions, thus extending the range 
over which marine propellers may continue to be used 
for high-speed ship propulsion. 

Recent research a t  DTRC has confirmed the possi- 
bility of reaching efficiencies a t  least approaching 
those of the best subcavitating propellers if suitable 
rake is applied (Moore, et  all 1973). Fig. 98 shows that 
increased efficiency may be obtained by using inclined 
shafts (Crown et  a1 1971). This is confirmed by the 
results of Rutgersson (1978) for lower pitch ratios. For 
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Fig. 96 Measured pressure-time histories 
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higher pitch ratios inclination may have adverse effects 
in some cases. Rutgersson also investigated the effect 
of bottom clearance on the propeller characteristics. 
Both torque and thrust were found to drop with de- 
creasing clearance and attained lowest values of about 
92 percent of the corresponding open-water values. 
Though the scatter was large, shaft inclination appar- 
ently had little influence. The presence of a rudder 
may be beneficial for thrust (some 10 percent) and 
efficiency (about 2 percent), especially for small clear- 
ances between rudder and propeller. Adverse effects 
were observed for a twin-rudder arrangement. 

To check the adequacy of the design method and of 
the charts described by Tachmindji, a propeller was 
made with a diameter of 45.7 cm (18 in.), pitch ratio 
1.533, and an expanded blade-area ratio of 0.444, which 
when run in the cavitation tunnel under fully-cavitat- 
ing conditions gave an efficiency of 0.685 at the design 
conditions. The calculated series charts gave a pitch 
ratio of 1.57 and an efficiency of 0.70 for an area ratio 
of 0.50. Other similar tests have indicated agreement 
within some 3 percent (Hecker, et al, 1964). The or- 
dinary conventional propeller charts based on model 
results call for a great deal of experimenting, and are 
costly both in time and money. For cavitating propel- 
lers this work is multiplied several-fold because a 
range of a-values has to be covered with each model. 
The charts for cavitating propellers were made using 
theory and a computer only, and the foregoing com- 
parisons were sufficiently close to make their use ad- 
equate a t  least for feasibility studies and preliminary 
design purposes. Further calculations were therefore 
made and design charts prepared for 2 and 4-bladed 
propellers (Caster, 1963). Together with the original 
charts, these now cover a wide range of propeller pa- 
rameters: 

Number of blades ........ 
Blade-area ratio .......... 

2, 3 and 4 
0.3 to 0.5 (2 blades) 
0.4 to 0.6 (3 blades) 
0.5 to 0.7 (4 blades) 

011 a h  0 6  1 0  12 1 4  1 6  1 8  2 0  

IOVANCE COEFFlClEM 

Fig. 98 Propeller characteristics showing effect of shaft angle 

J-values . ...... , ... .. . .. . . . 
&values ............ ... ... 
The charts such as Fig. 94 give curves of pitch ratio 

and efficiency on a grid of J and 1/ C, They apply to 
the case of Q = 0, and correction factors are given 
for other values. 

A series of model propellers operating partly in the 
fully-cavitating regime has been run in the Vosper 
cavitation tunnel (Newton, et a1 1961) . The series com- 
prised twelve 3-bladed propellers suitable for high- 
speed craft, covering pitch ratios from 1.05 to 2.04 and 
blade-area ratios from 0.48 to 0.95. Under partial cav- 
itation conditions, a propeller with hollow-faced sec- 
tions has better performance characteristics than one 
with flat faces. The sections were therefore made with 
faces in accordance with the NACA (a = 1) mean line, 
with a quasi-elliptical thickness form superposed. The 
results therefore give information on fully-cavitating 
propellers with other than wedge-shaped sections. 
Newton and Rader concluded that the circulation the- 
ory as developed for conventional propellers can also 
be used in the design of cavitating propellers. 

The performance of super-cavitating propellers was 
discussed a t  length by Venning, e t  a1 (1962). They 
considered that such propellers can meet the demand 
for high thrust and a t  the same time lessen blade 
erosion. The same thrust could not be supplied by 
conventional propellers under the conditions of high- 
speed, high RPM and small submergence occurring in 
certain high-speed craft. They offer no advantage over 
conventional propellers in noncavitating regions and 
should not be used unless the proper relation between 
Vand n can be established. Also, a low value of a on 
the blade sections is essential for success. Line 1 in 
Fig. 94 is based upon the incipient cavitation diagrams 
given by Eckhardt, e t  a1 (1955) and shows the begin- 
ning of performance breakdown due to cavitation on 
conventional propellers. Line 2 is based on an attempt 
to ensure that the local U-value on a section at 0.7 
radius is not greater than 0.045 as originally set down 
as a criterion for full cavitation by Tachmindji. 

0. to 1.6 
0.3 to 2.25 

Next Page 



PROPULSION 237 

There are still many problems to be investigated in 
the application of fully-cavitating propellers. These 
have been reviewed by Venning, et  a1 (1962) and Tulin 
(1964). Among these problems, the following may be 
mentioned briefly. 

In a hydrofoil craft the thrust a t  take-off is almost 
the same as that when flying at full speed, although 
the speed is only about one half. This, combined with 
the accompanying change in immersion and the need 
to meet certain engine relationships between rpm and 
power, poses a difficult design problem. Also, such 
propellers are not suitable for running for extended 
periods at off-design conditions, such as a lower cruis- 
ing speed, since the efficiency will be low and if they 
experience face cavitation they will probably suffer 
from erosion. 

A discussion of this matching problem, along with 
two simplified design examples applied to a Surface 
Effect Ship (SES), may be found in Allison's work. 

With present design knowledge super-cavitating 
conditions are not always achieved, and the thrust and 
efficiency are then usually low. The large cavities on 
the blades increase the interference between them and 
have a blockage effect, and the hull efficiency elements 
are changed, the thrust-deduction fraction being much 
reduced. One way of ensuring super-cavitating per- 
formance is by introducing air to the backs of the 
blades, either naturally or by pressure, so giving a 
ventilated propeller. Apart from ensuring full cavita- 
tion, this also enables such propellers to be used a t  
lower speeds and perhaps even to simulate cavitation- 
on propellers in ordinary self-propulsion tests in the 
towing tank (Bavin, et  al, 1963). There is little differ- 
ence in efficiency between fully-cavitating and venti- 
lated propellers once the cavity is formed, providing 
the performance is compared on a basis of cavitation 
number and the latter is based on cavity pressure. 

10.9 Overlapping propellers. Pien and Strsm Tej- 
sen introduced a stern arrangement with a twin-screw 
propulsion system having overlapping propeller fields 
in 1967. 

From tests performed with ship models with over- 
lapping propellers both at the DTRC and a t  MARIN, 
it can be concluded that the reductions in power due 
to the overlapping twin screw arrangement are 5 to 8 
percent compared to the conventional single screw so- 
lution and 20 to 25 percent compared to the conven- 
tional twin screw arrangement. 

At MARIN Kerlen, et  a1 (1972) found that the lon- 
gitudinal distance between both propeller planes as 
well as the direction of rotation of the aft propeller 
and the pitch of the aft  propeller are of relatively minor 
importance on the power requirements. The influence 
of the center distance (degree of overlapping) proved 
to be more distinct. In this particular case the optimum 
center distance was equal to approximately 0.7D. The 
maximum degree of overlapping does not lead to min- 
imum power for these tests as the wake fraction of 

the aft  propeller is so strongly decreased that the ef- 
ficiency drop cannot be balanced by the increased ef- 
ficiency of the forward propeller, which experiences a 
higher wake fraction. 

Kerlen also investigated the propeller induced vi- 
bratory forces. They found thrust and torque varia- 
tions of about 10 percent of the average thrust and 
torque. Compared to a conventional four-bladed pro- 
peller these variations are about 50 percent higher. 
However, if proper vibration analyses are performed 
this will probably not lead to excessive problems. The 
variations were not dependent on the relative phase 
position of the propellers. 

The propeller shaft bending moments are deter- 
mined by the eccentricity of the thrust (i.e. the point 

'. 
\ 

with interference 

Fig. 99 Sketch of the observed interference of the tip vortices of overlapping 
propellers. 
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of application of the thrust), by the magnitude of the 
thrust and by the magnitude of the lateral propeller 
forces (in the vertical propeller plane). The latter force 
can be considered to work through the center of the 
propeller as any shift of this force vector is included 
in the torque of the propeller. For overlapping pro- 
pellers it was found that both lateral forces are ap- 
proximately equal and opposite in direction. Also they 
are not excessive in magnitude. The mean thrust ec- 
centricity and the lateral bending moments have a 
value comparable to conventional single or twin screw 
arrangements. The phase position of the propellers 
was again almost irrelevant. The resulting bending 
moments have acceptable values. They were also found 
to be nearly independent of the relative angular pro- 
peller position. Hence no beating phenomena will oc- 
cur. The difference in speed of the propellers when 
driven by independent prime movers will, however, 
lead to alternating vertical and torsional excitations of 
the hull, caused by pressure fluctuations. The cavita- 
tion properties of both propellers appear to be com- 
parable to those of the respective conventional single- 
screw configurations. Unfavorable interaction of cav- 
itating tip vortices can however occur, Fig. 99. As no 
unfavorable phenomena such as bubble cavitation 
were observed, the risk of erosion is considered neg- 
ligible. More recently Muntjewerf, et  a1 (1981) reported 
on results obtained at MARIN with an overlapping 
propeller arrangement applied to a 425,000-dwt tanker. 
For this ship the power saving amounted to 16 percent 
when compared to the original conventional single 
screw version. 

10.10 Partially Submerged Propeller. Partially sub- 
merged or surface piercing propellers may be attrac- 
tive due to the following aspects: 

They can be located directly behind the ship. 
Therefore, the additional resistance of shafts and shaft 
brackets is small, whereas the propeller diameter can 
be chosen larger than possible below the ship’s bottom 
where often restrictions are posed. 

Most propeller designs will produce large cavities 
in the high-speed range (above 40 knots). When these 
cavities collapse in the neighborhood of the propeller 
blade, erosion damage can be unavoidable. Cavities 
filled with air do not collapse so vehemently. 

As the danger for erosion decreases, smaller 
blade area ratios than for a conventional propeller be- 
come possible. This reduces friction, and affects the 
efficiency positively. 

The skin friction of the propeller blade itself is 
reduced slightly when compared with a pure water 
environment. 

With respect to efficiency in the 40-knot speed range 
the publications of Brandt (1970), Fleischer (1974), 
Hadler et  a1 (1968), Hecker (1973), Rains (1981) and 
Scherer (1977) illustrate that an open water efficiency 
above 60 percent must be possible. Opposite to the 
aforementioned advantages stand two disadvantages: 

Propeller strength. 
Effect of cavitation/ventilation on propeller 

torque. 
Partially submerged propellers suffer from larger 

stress variations than submerged propellers. Blade 
loading will vary roughly between zero in top position 
and maximum in bottom position, which is more than 
for conventional propellers. This implies that some at- 
tention must be paid to fatigue. 

Because fast vessels generally operate in a large 
range of speed, and ship resistance is characterized 
by a considerable hump, conditions occur where speed 
is relatively low but propeller torque exceeds the de- 
sign torque. Reasons for this are the difference in 
submergence of the propellers and the related strong 
influence of cavitation and ventilation on propeller 
thrust and torque. I t  is therefore recommended to 
choose the pitch ratio such that a t  lower speeds the 
torque values remain within reasonable limits which 
must be verified by experiments in a free surface cav- 
itation tunnel or a depressurized towing tank. Initially, 
experiments with partially submerged propellers were 
carried out under atmospheric pressure (Hadler, et  al, 
1968) but later it was realised that the pressure above 
the water surface has to be scaled to meet the cavi- 
tation characteristics (Brandt, 1973). 

10.11 Other Devices. Muntjewerf (1983) has pre- 
sented a review of the efforts directed towards ob- 
taining energy savings. Some of the mentioned devices 
have been covered in the previous sections. The use 
of low-RPM high-diameter arrangements has been 
mentioned in Section 8.2. A device suggested by Grim 
in 1966 in the vane-wheel, (Grim, 1983) and (Blaurock, 
1983). The idea is simply to place behind the driven 
propeller of practically conventional design a second 
freely rotating vane wheel on the same shaft with a 
diameter larger than that of the propeller. The blades 
of this vane wheel are designed in such a way that 
the vane wheel is absorbing energy from the propeller 
race a t  its inner radii, which it transmits immediately 
in thrust a t  its outer radii outside the race of the 
propeller. In this way the required impulse to produce 
the total thrust of the propeller plus vane wheel is 
transmitted through a larger mass of water and hence 
at a lower required power than for the single conven- 
tional propeller of same thrust. 

Full-scale tests on a research vessel with this type 
of propulsor were published by Grim in 1982. Tests 
were carried out both with a conventional propeller 
and a propeller combined with a vane wheel. The latter 
system was found to be 9 percent more efficient. Grim 
also states that if optimization of the propeller and 
vane wheel is carried out in advance (as opposed to 
the retrofitted vane wheel) gains of up to 12 percent 
could be possible. A comparable low RPM-large di- 
ameter propeller of the same diameter as the vane 
wheel turning a t  about a 20 percent lower RPM than 
the original propeller, would lead to some 8 percent 
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Table 29-Energy Saving Propulsion Arrangements 
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Low rpm-large diameter 
Skew or stern tunnel 
Propeller retrofit 
Propeller with vane wheel 
Reaction fins 
Additional thrusting fins 
Asymmetric gondola 
Asymmetric aft  body 
Ducted pro eller 
Duct aheazof propeller 
Overlapping twin screw 
Overlapping twin screw + low rpm 

power saving (Muntjewerf, 1983). Probably the reduc- 
tion of the rotational energy in the propeller slipstream 
resulting from the action of the vane wheel is respon- 
sible for the high performance of the propeller-vane 
wheel combination. 

The advantages of the propeller and vane wheel 
combination over a low RPM propeller are evident, the 
combination can operate at normal shaft rpm so that 
for larger ships reduction gears are not necessary. 
Since the tip speeds of the vane wheel will be some- 
where in between 12 to  18 m/sec (49.2 ft/sec) as com- 
pared to around 30 m/sec (100 ft/sec) for the low RPM 
propeller, cavitation and hull pressure fluctuations will 
be no problem for the propeller and vane wheel com- 
bination, while smaller tip-hull clearances can be ac- 
cepted than with the low RPM propeller. 

Recently another device called reaction Jin was in- 
troduced (Takekuma, et  al, 1981). The object of the fin 
is to introduce a swirling flow forward of the propeller 
to counteract the vortex set up by the screw itself, 
and this is achieved by placing fins in an essentially 
radial pattern in the stern aperture. The principle of 
this device is stated to be similar to that of a contra- 
propeller. To gain maximum effect the incidence angles 
of the fins must be optimized by tank testing. For 
strength reasons the tips of the fins are linked by a 
ring. The hull form in the after body influences the 
effectiveness of the reaction fin to a marked degree 
and it is accepted that they are best suited to high 
block-coefficient ships. 

Sea trials were carried out on three large bulk car- 
riers, both with and without a reaction fin on one ship, 
with a fin on a second ship and without a fin on a third 
vessel, sister ship of the second. The results show a 
reasonable agreement between tank predictions and 
measured power savings, namely around 7 to 8 percent 
in the ballast condition. The tests and trials would 
appear to show that for suitable hull forms there are 
savings to be made by adding reaction fins to the pro- 
peller arrangement. The sea trials as mentioned were 
carried out in the ballast condition, and the agreement 
with predictions has led to estimated potential savings 
of 4 to 6 percent in loaded operations, based on the 

Savings in required power in 
percent of ower with conven- 
tional sing P e propeller 

5-18 
1- 5 
2-10 
9-12 
4- 8 
2- 5 
5-10 
5- 8 
5-12 
5-10 
5-16 

10-21 -+ ? 

model tests in that condition. 
Improvements in noise and vibration are also 

claimed from acceleration measurements on one of the 
vessels. Maneuverability is said to be little affected by 
the addition of the fins. At model size, no significant 
effect on the extent of cavitation is recorded, nor on 
propeller induced vibration. 

Since from the 10 percent maximum potential saving 
in energy from the total elimination of rotational 
losses, the contra-propeller action of the ship rudder 
alone is already contributing 3 to 4 percent, it will be 
clear from the above that part of the 4 to 8 percent 
power savings obtained with the reaction fin has to be 
attributed to an improvement in the flow on the after 
body and in the propeller-hull interaction. 

Finally, some attention will be paid to a variation of 
ducted propeller design wherein the duct is located 
forward of the propeller and is integrated into the hull, 
the integrated duct propeller (Narita, e t  al, 1981). A 
drawback of conventional ducted propellers may be 
the erosion on the innerside of the duct caused by the 
heavy implosion pressures of cavitation. A duct for- 
ward of the propeller can be of advantage in this re- 
spect. The hydrodynamic investigations into this 
arrangement led further to the following conclusions: 

Application of the integrated duct propeller re- 
sults in decreased hull resistance. Also the flow into 
the propeller is homogenized and stabilized. 

The duct thrust significantly increases in the be- 
hind condition due to inward radial flow around the 
stern. 

The effective wake fraction and the thrust de- 
duction factor are dependent on the longitudinal lo- 
cation of the duct. 

The asymmetrical integrated duct propeller with 
larger chord length a t  the top performed better com- 
pared to the symmetrical duct. 

Full-scale trials on a 250,000-dwt tanker indicated 
power savings of five percent. Cavitation observations 
with and without the device showed some reduction in 
sheet cavitation and an elimination of cloud cavitation. 
The hull pressure fluctuations were found to be re- 
duced also by some 50 percent for both the sixth (blade 
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frequency) and twelfth (twice the blade frequency) To obtain some idea of the expected power savings 
harmonics. with the use of the devices mentioned in this and pre- 

Finally, comparison of maneuvering tests at full vious sections, the table of Muntjewerf has been re- 
scale showed some improved maneuverability with the produced in Table 29. Some of the mentioned 
Integrated Duct Propeller. These test results, how- arrangements need more detailed investigations to 
ever, were not corrected for wind and current. gain further insight into the fields of application. 

Section 11 
Ship Standardization Trials 

1 1.1 Purpose of Trials. Standardization trials are 
carried out to establish the relationship between the 
speed, shaft horsepower and propeller revolutions per 
minute under specified conditions of displacement, 
draft and trim. 

They are run for one or more of the following pur- 
poses: 

(a )  To fulfill contractual obligations between build- 
ers and owners relating to speed, horsepower, and fuel 
consumption; 

( b )  To obtain performance data on full-sized ships 
for use in future designs; 

(c) To obtain model-ship correlation allowances 
(C,) for different types of ships and different hull sur- 
face conditions in order to improve the prediction of 
ship powers from the results of model tests; 

( d )  To determine the relationship between ship’s 
speed and RPM of the propeller for use by the ship 
as an aid to navigation after making any necessary 
corrections that may be established in service. 

11.2 General Plan of Trials. The most commonly 
used method of conducting standardization trials has 
been to make several consecutive runs, alternating in 
direction, over a measured distance at substantially 
constant RPM, observing the speed, power and rpm 
over each such run. Such observations of fixed land- 
marks or buoys give the speed over the ground, 
whereas we are interested in the speed of the ship 
through the water. These two speeds differ because 
of the effects of currents in the water due to tides or 
other causes. It is to eliminate such effects that the 
consecutive runs are necessary. Generally, three runs 
should be made at each of a number of engine settings, 
although two may be acceptable where the current 
conditions are favorable. Each series of runs at the 
same RPM should be made in uninterrupted sequence, 
so that the subsequent analysis will give a close ap- 
proximation to the true speed through the water. 

The number of such groups of runs needed in any 
particular case will depend upon the speed range to 
be covered, but should not be less than four, made at 
engine settings from half to full speed ahead. The 
intervals in rpm between the groups should be ap- 
proximately equal. In the case of high-speed ships, 
such as destroyers, where there are definite humps 

and hollows in the resistance curve, additional points 
should be taken to delineate these features. 

To eliminate uncertainties in the interpretation of 
the results, and in particular to obtain reliable model- 
ship correlation allowances, the ship on trial should be 
newly cleaned and painted, and the trials should be 
run under near-ideal conditions with little wind and 
sea. 

The basic data measured on trial should include the 
following: 

(a )  The time taken to cover the measured course. 
( b )  The total propeller revolutions over the full 

length of the course. 
(c) The thrust on the propeller (in ships fitted with 

a recording thrustmeter). 
(d)  The power transmitted to the propeller, pref- 

erably determined by measuring the torque in the pro- 
peller shaft by means of a torsionmeter. This is the 
only satisfactory way of obtaining the PD. If no tor- 
sionmeter is fitted, then the power can be determined 
by measuring the electrical power input to the motors 
in electrically propelled ships or the mean pressures 
in the cylinders of diesel or steam engines. The in- 
struments used to measure the pressures are called 
indicators and the corresponding power is called the 
indicated power. This is not likely to be very accurate, 
especially in motorships, and if reliable results are 
required a torsionmeter should always be used. 

( e )  Torsionmeter zero; i.e., the meter reading when 
there is no torque in the shaft. Before the installation 
of the meter, the shaft will have come to rest under 
the influence of the friction in the sterntube, shaft 
bearings and engine, so that there is usually an un- 
known residual torque in the shaft. Hence, the zero 
setting on the meter when fitted to the shaft does not 
correspond to zero torque. 

On turbine ships the recommended procedure for 
determining the torsionmeter reading for zero shaft 
torque is by means of drag shaft tests. These are 
conducted at the beginning and end of each day’s trials. 
However, it is desirable that there should be no pro- 
longed endurance runs or crash stops between the 
finish of the speed runs and the drag tests to avoid 
any chance of the torsionmeter moving on the shaft. 
Such movement should not occur if the meter is fitted 
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properly in the first place, but any doubts on this point 
will cast suspicion on the power measured on the trials. 

The drag shaft tests are made in both the ahead and 
astern directions. With the ship operating steadily at 
about one-third ahead speed, the throttle is closed and 
the shaft allowed to coast to a stop without the use 
of astern power. Torque readings are taken at 10-sec 
intervals until the shaft stops. The engine is then 
backed at about two-thirds speed until steady astern 
conditions are reached, when the engine is again 
stopped. Torque readings are taken while the shaft 
coasts to a stop, no ahead power being used. The shaft 
usually stops more quickly under astern conditions, so 
that the torque in this case is usually read a t  5-see 
intervals. 

The torque readings will be high at first, falling to 
a reasonably steady minimum value and than increas- 
ing slightly just before the shaft stops. The mean value 
of the average minimum ahead and astern torque read- 
ings is taken as the zero reading for the meter. The 
torque readings taken during the speed runs are cor- 
rected by adding or subtracting this zero reading, de- 
pending on its sign. 

In conducting a drag shaft test on ships having more 
than one propeller, all engine operations and all torque 
readings are made simultaneously. 

In direct-drive diesel and steam reciprocating-en- 
gined ships, the zero torque reading has to be obtained 
by means of the turning gear with the ship at rest. 
The torque measured is then assumed to be that due 
to friction in the sterntube and in the shaft bearings 
astern of the torsionmeter. If this is assumed to be 
equal for both directions of turning, the zero value 
will be given by the mean value of the ahead and astern 
readings. 

Drag shaft tests or turning-gear tests should not be 
conducted until the shafting has warmed up to oper- 
ating temperature. 

v) Clock time at the commencement of each run, 
direction of each run, and time of slack water. 

(g) Sufficient data to determine the displacement 
and trim of the ship on each run. Drafts should be 
taken with the ship stationary in sheltered waters be- 
fore the trial. The density of the water should be ob- 
tained at the same time by taking samples of water 
from about half-draft at each end of the ship. The 
displacement and trim during the trials should be cal- 
culated from the initial values by allowing for con- 
sumption of fuel and stores together with any changes 
made in ballasting arrangements. The final displace- 
ment should be checked after the trials by reading the 
drafts, if this is at all possible. 

(h )  Sea-water temperature and density on the 
course. 

(i) Apparent wind speed and direction for each run, 
measured by anemometer. 

G) Depth of water on course, by echo sounder, 
especially if there are nearby shallow areas which 

might affect the ship’s speed. 

used during the measured runs. 
(k) Record of any unusually large rudder angles 

(I) The size and direction of sea waves. 
The date of the last dry-docking previous to the trial 

should be noted, together with the condition of the 
shell and paint, and the location of the ship since un- 
docking should be recorded. When possible, a definition 
of the paint system together with records of the hull 
surface roughness should be made in order to assist 
in the derivation of meaningful model-ship correlation 
allowances, since such roughness is one of the prime 
causes of additional resistance, and can be the reason 
for otherwise inexplicable differences, even between 
sister ships. 

The condition of the propeller-blade surfaces should 
also be noted at the time of docking. 

Much information on the details of how to conduct 
standardization trials and the precautions to be ob- 
served will be found in a publication issued by The 
Society of Naval Architects and Marine Engineers 
(SNAME, 1973). 

11.3 Measurement of Speed. For many years the 
common method of conducting standardization trials 
has been to use a measured course. With the contin- 
uing increase in size and speed of the larger ships, the 
available measured courses around the coasts of the 
United States, except for those at Guantanamo in Cuba 
and Point Vincente in California, have become inade- 
quate for trials with such ships. These ships and many 
others are now often standardized in open water using 
electronic tracking systems, which are more conve- 
nient, reduce the time and cost of the trials and give 
results accurate enough for commercial purposes. 

A measured-mile course is usually defined by two 
pairs of beacons ashore, the lines passing through the 
two pairs being parallel, the perpendicular distance 
between them usually being 1 nautical mile. 

The minimum depth of water required in any given 
ship trial can be calculated by the methods set out in 
Section 5.5, Chapter V. In cases where an inadequate 
depth has to be accepted, these same methods will also 
allow an estimate to be made of the shallow-water 
effect and hence of the speed the ship would attain in 
deep water. Some figures of the loss of speed for dif- 

Table 30-Speed Loss in Shallow Water 

Percentage 
speed loss in 

water of depth 
110 60 45 40 

Ship m m m m  
65,000-ton tanker at 16% knots.. . . . . . . . . 0 0.9 2.0 2.7 
16,000-ton tanker a t  15% knots.. .. ...... 0 0.1 0.5 0.9 
137-m cargo liner a t  17 knots . .. .. . ..... 0 0 0.2 0.5 
174-m passenger ship at 22 knots . . . . . . . 0 0.1 0.6 1.1 
108-m cross-channel ship at 222 knots . . 0 0 0.1 0.3 
56-m trawler at 13% knots ............... 0 0 0 0 
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Table 3 1 -Distance Required for Acceleration of Ships 

Distance required for 
acceleration from 

rest to 99.8 percent 
of full speed, 
nautical miles 

Displace- Full With With 

Ship ton knots torque power 
ment speed, constant constant 

Low-speed cargo ship.. ....... 11,850 10.5 2.68 2.27 
Cargo liner. .................. 15,850 16.0 3.00 2.35 
Passenger ship ............... 48,158 24.0 3.01 2.60 
Fast cross-channel ship.. ..... 2,093 24.5 0.43 0.39 

ferent types of ships in different depths of water have 
been given by Lackenby, Table 30, which are useful 
for general guidance, (Lackenby, 1963). 

The ship should approach the measured mile on the 
prescribed course at steady propeller RPM for a suf- 
ficient distance to ensure that acceleration has ceased 
before entering the mile. The length of the approach 
run depends on the ship’s displacement, the resistance 
and power characteristics, the change of speed re- 
quired and the manner in which the machinery is op- 
erated. A run of 2 or 3 miles is ordinarily sufficient 
for large seagoing vessels of moderate speed, although 
this may prove inadequate in very large ships such as 
tankers. Estimates can be made of the length of ap- 
proach run required by a method given by Lackenby 
(1952). 

As examples, he gave the length of run required to 
accelerate a ship from rest to 99.8 percent of full speed, 
using either the full-speed constant torque or full- 
speed constant power throughout (Table 31). 

In these examples the ships have been assumed to 
start from rest. Similar calculations can be made for 
other initial speeds, but initial speed has a quite small 
effect upon the distance necessary to reach full speed. 
Starting with a speed as high as 0.75 of the full speed, 
the distance required is still some 0.85 of that needed 
from rest. In view of the substantial loss of speed 
during the turn between successive mile runs, the dis- 
tance needed to reach steady speed from rest may be 
taken as a guide to the length of a suitable approach 
run (Lackenby, 1952). 

The use of pitot and propeller logs as an alternative 
to the measured mile is not particularly satisfactory, 
because of the difficulty of getting them sufficiently 
far  out from the hull to be clear of the boundary layer. 
Even then, they are affected by the potential and wave 
flow at the point in question. They are useful for mon- 
itoring service performance if calibrated first on mea- 
sured-mile trials, although the calibration may alter 
with time as the ship becomes rougher and the bound- 
ary layer thicker. 

Modern electronic tracking and positioning systems 
offer a number of different ways of conducting speed 
trials that are economical and convenient. 

There are two broad classifications of such systems, 

one based on the timing of a radio pulse (as is radar 
itself), and one based on a phase comparison of elec- 
trical waves, the latter being intrinsically capable of 
far greater accuracy than the former. 

Because of the adoption of electronic tracking for 
many merchant ship trials, extensive studies have been 
made of the optimum procedure for such trials, and it 
has been determined that accuracy does not increase 
with length of run indefinitely; instead, there is an 
optimum length of run for optimum accuracy. 

By far the greatest inaccuracies in such trials are 
due to the vagaries of local ocean currents. It has been 
found that the water in two areas only a few miles 
apart is often moving in quite different directions, and 
that these areas of motion are themselves in motion, 
in a sort of very large-scale, very mild turbulence. A 
ship making two long runs in opposite directions 
through such water will not be returning through the 
same water that it traversed on the first run, and the 
discussion of “means” in Section 11.4 is not applicable. 
The optimum length of run, for optimum accuracy, 
depends on the accuracy of the tracking system. An 
analysis of probable errors, including probable varia- 
tions in current, leads to the conclusion that while 30 
to 40 miles may be necessary for the pulse type of 
systems, for the more accurate phase-comparison sys- 
tem a much shorter run, with higher probability of 
traversing the same water in both directions and there- 
fore more accurate “averaging,” will result in higher 
accuracy. 

In those areas where there is an electronic position- 
ing network available, the time taken by the ship to 
cover a known distance can be observed, and an av- 
erage speed over the ground obtained. This will not 
be the true water speed. 

Another method is to run the ship directly away from 
and then towards a station on shore. Alternating runs 
carried out in this way enable the tidal currents to be 
dealt with as on a measured course, if the course is 
not too long, while the ship can remain well offshore, 
in deep water, since visual observation is no longer 
required. 

Still a third possibility is to use either a radar re- 
flector buoy or a special buoy containing the necessary 
phase-comparison equipment, floating freely in the sea, 
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Table 32-Standardization Trials of Single-Screw Ship Old Colony Mariner 

(This is a Mariner-Class ship, and the trials were carried out on the measured- 
mile course at Rockland, Maine; and by electronic methods off Cape Cod.) 
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Ship Conditions: 
Length BP ........................ 
Length, LWL at trial draft.. . . . . . . .  
Beam, molded ...................... 

Propeller particulars (manganese 
bronze): 

Diameter ........................... 
Pitch a t  0.7 radius.. ................ 
Number of blades. ................. 
Course ............................. 
Date of trial.. ...................... 
Depth of water..  ................... 
Temperature of water. ............. 
Density of water, p ................ 
Sea s t a t e . .  ......................... 

Trial Courses: 

(1) 

Run No. and 
direction 

14 N 
15 S 
16 N 

Mean of 
means 

(6) 
Relative 

wind 
velocity, V, 

25.6 
31.7 
26.0 

(11) 
Corrected 

speed 
over 

ground, 
VG 

22.71 
22.77 
22.86 
22.78 

(16) 
Current 

v w  - VG 

0.05 S 
0.02 N 
0.10 N 

161.08 m Draft, mean 7.32 m 
159.49 m Trim by stern 1.00 m 
23.16 m Displacement 16716 ton 

6.71 m MWR 0.277 
6.96 m BTF Variable 
4 Proj. area ratio 0.418 

Rockland, Maine Cape Cod 
October 15, 1952 
100-120 m 160-180 m 
54.21;' (12.3C) 55.5F (13.1C) 
1026.8 kg/m3 1026.6 kg/m3 
Slight Moderate 

October 17, 1952 

Time of day Time on mile 
at start (average of 4) 

Pm m s  
2.49 2 40 
3.14 2 40.4 
3.41 2 38.9 

(7) (8) 
Wind direc- Power correc- 

tion tion 
coefficient, for wind, 

k SP (kW) 
1.17 542 
1.19 844 
1.06 506 

(12) (13) 
rPm ps 
n 

109.11 17621 
109.23 17641 
109.09 17702 
100.16 17651 

(17) 
Time of day 
a t  middle of 

run 

Pm 
2.50 
3.15 
3.42 

(4) 
Observed speed 

in knots over 
ground V, 

22.50 
22.44 
22.66 
22.51 

(9) 
Slope of 

PE curve, 
SPISV 

2563 

(14) 
n 
V 

average 

- 

4.792 

(5 )  

Relative wind 
direction 

33" s 
24" P 
39" s 

(10) 
Speed correc- 

tion 
for wind, 
6 V, knots 

0.21 
0.33 
0.20 

(15) 
Corrected V 

through 
water, 

VW 

22.76 
22.79 
22.76 
22.78 
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Table 33-Summary of Trial Results for Old Colony Mariner 

(Displacement = 16,716 tons. Details in Table 32) 

(2) (3) (4) (5) (6) 
Mean speed 
in knots V Mean 

(1) 

corrected for rPm Mean p. x 102 
Runs wind and tide n ps n3 

Rockland-October 15, 1952 
1-3 14.60 62.18 2,792 0.897 1.162 
4-6 18.13 78.93 5,892 0.989 1.198 
7-9 20.21 89.75 8,896 1.028 1.231 

10-12 21.52 99.80 13,027 1.307 1.311 

14-14 22.78 109.16 176.50 1.493 1.353 
a 

Cape Cod-October 17, 1952 
1-3 14.70 62.73 2,941 0.926 1.191 
4-6 20.71 92.68 9,907 1.115 1.244 
7-9 22.53 107.29 16,667 1.457 1.349 

a Run No. 13 was discarded, as ship had not reached steady conditions. 

carrying out successive runs towards and away from 
it. In this case, if the trials are carried out in the ocean, 
well away from land, and, again, if the course is not 
too long, the buoy and ship may be considered as sub- 
ject to the same current and rate of drift, so that the 
speed measured will be the speed through the water. 
Repeat runs at the same speed in the opposite direction 
are no longer necessary, so greatly reducing the total 
time required for the trials. The use of a radar reflector 
buoy in conjunction with the ship’s own radar will 
generally require too long a run to be practicable for 
standardization runs. Much information on the conduct 
of speed trials by electronic tracking methods and the 
analysis of the data will be found in papers by Com- 
stock, et  a1 (1952) and Verstelle (1953). 

11.4 Analysis of Speed Trials. There are several 
ways of analyzing speed trials, that described here 
being the one used at DTRC. 

During the trials, running plots are kept of the fol- 
lowing: 

( a )  Speed Vagainst RPM n. 
( b )  Shaft power, P,, against speed V. 
(c )  Ratio of V / n  against clock time as a check on 

(d)  Ratio of P,/n3 against n. 
The spots for runs in the same direction should fall 

on fair curves-any departure will suggest some in- 
accuracy in the data, which can be investigated at the 
time and corrected. 

The analysis is based on Eggert’s power method as 
described by Pitre (1932). I t  attempts to evaluate the 
effects of wind and current in order to reduce the data 
to standard model-basin conditions of zero current and 
zero air resistance. The procedure is best described by 
applying it to an actual example. Table 32 shows part 

the tidal current. 

of the trial results for the high-speed cargo ship Old 
Colony Mariner. Trials were conducted over the mea- 
sured mile at Rockland and also by electronic means 
off Cape Cod so that the results given by the two 
methods can be compared. 

The analysis of the highest speed group of 3 runs 
at Rockland is shown in detail in Table 32 and the final 
results over the whole speed range and for both trials 
are summarized in Table 33. 

The procedure is described by reference to the num- 
bered columns in Table 32: 

Col (1) shows the run numbers and direction. 
Col (2) lists the time of day for the start of each 

measured-mile run. 
Col(3) gives the elapsed time on each run, the value 

being an average from four independent observers. 
Col (4) shows the resulting observed speed V, over 

the ground. 
Cols (5,6) give the direction and velocity of the rel- 

ative wind, as observed by anemometer. 
Cols (7,8) give the estimated wind resistance, based 

upon experiments carried out in a wind tunnel upon a 
superstructure model of the ship. 

The air resistance for a head wind was expressed in 
the form (see also Section 5.2, Chapter V). 

R A A  = k x coefficient x A ,  x VRz (92) 

where 
A ,  is above-water cross-sectional area of ship, m2 
V, is relative wind velocity, m / sec. 
k is a wind-direction coefficient representing ratio of 

increase in axial resistance for any angle of relative 
wind to that for an ahead wind. In this case, k was 
obtained from specific model experiments. 
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The increase in PF necessary to overcome the wind 
resistance is then given by 

SP, = R,, x V, (93) 
For ships where no model tests have been made to 

determine the wind resistance, close estimates can be 
made by the methods described in Section 5.2, Chapter 
V. For this particular ship A ,  = 457 m’. 

Col(9) shows the rate of increase in P, with increase 
in speed, S P / 6  V. Values of 6 PIS V are derived from 
the model P, curve and plotted to a base of speed. For 
this ship the value a t  the mean speed of these three 
runs is 2563 kW per knot. 

Col (10) gives the speed correction S V for the wind, 
being equal to 

- 0.21 knot SV=- . - . - - - -  542 
S P / S V  2563 

- SP 

Col (11) gives the speed over the ground, V,, after 
correction for wind and air resistance. It is seen that 
this effect is quite large. It varies with strength and 
direction of wind, type of vessel and speed, and is 
greatest in slow ships with large superstructures (see 
Section 5.2, Chapter V). I t  is highest when the relative 
wind is about 30 deg off the bow. The correction used 
in the analysis is only an approximation, and trials 
should not be run in high winds entailing large cor- 
rections. 

Wind also means carrying rudder, and SO gives rise 
to additional resistance. -rv 

CURRENT 0 2 4  O I I  002 029 

---+I--- 

The Sea Trial Code (SNAME, 1973) suggests the 
following maximum true wind speeds for the success- 
ful conduct of speed trials: 

High-power, heavy vessels ................ 25 knots 
knots 

The speeds V, in column (11) are still influenced by 
the current existing over the trial course during the 
runs. This current effect is eliminated as far as possible 
by taking the “mean of means” of the three runs on 
the measured mile at the same RPM but in different 
directions. If these speeds are V, , V, , and V,, the mean 
speed V, is found as follows: 

Large passenger vessels ................. . 2 0  
Smaller ships ............................... 15 knots 

Mean speeds Mean of means speed 
V, 
Vz Vl + v, 

V, Vz + V3 v, + 2V, + V, 
2 

= V, 
2 4 

This method of weighing gives the correct ship speed 
only if the speed of the tide is increasing or decreasing 
uniformly with time. 

Similarly, the mean of two runs will give the correct 
speed only if the tide is constant, while that of 4 runs, 
V, = (V, + 3 V, + 3 V, + V4)IS will be correct only 
if the tide speed is varying parabolically with time. 

I I I I I 
1 120 10 20 3 0  40 

NOON PM AM 
TIME OF DAY. AT MIDDLE OF RUN 

Fig. 100 Tidal current variation 
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19.4 

o 0 0 TRIAL RESULTS AT CAPE COD 
&&& MODEL PREDICTION WITH C,= + 0.0004 

120 16.4 

Fig. 102 Trial analysis of Old Colony Mariner 

The mean of means speed for runs 14, 15 and 16 is 
shown at the bottom of column (11). 

Cols (12,13) The RPM, n, and the P, for the three 
runs are given in these columns, together with the 
mean of means values. 

Cols (14,15) The RPM are not the same for all the 
three runs. For small changes in RPM, the ratio of 
n I V is constant, and this may be used to find the true 
speed through the water, V,. 

The average ratio of nl V is 109.16122.78 = 4.792, 
as given in column (14). 

Then the true speed through the water for any in- 
dividual run will be V,, = nI4 I (n I V) = 109.11 14.792 
= 22.76. These figures are given in column (15). 

Cols (16,17) The current speed on any particular run 
is given by (V,  - Vc); i.e., by [Col (15) - Col (ll)]. 
These values of the current are shown in column (16) 
and the time of day at the middle of the corresponding 
run in column (17). By plotting the current speed 
against this time of day, a tidal-current curve can be 
drawn as a check upon the consistency of the results, 
Fig. 100. 

The collected results for the complete trials at Rock- 
land and Cape Cod are given in Table 33, and plotted 
in Figs. 101 and 102. The curves of P,l V3 and P,ln3 
are chiefly of use for fairing purposes. The former 
follows in a general way the shape of the @ curve, 
while the curve of PDln3 is almost level so long as the 
slip does not change materially. At  higher speeds, 
when slip begins to increase, the curve of P,ln3 also 
rises. 

I I I I 
+ + + TRIAL RESULTS AT ROCKLAND 
0 0 o TRIAL RESULTS AT CAPE COD 

0.74 

Fig. 101 Trial analysis for Old Colony Mariner; 
Curves of P , / V 3  and P,/n3 
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Figs. 101 and 102 show the curves of ship PD and n 
to a base of speed, together with curves of PE, P, and 
n as predicted from the model, and curves of PD/ V3 
and PD/ n3. For the latter purpose, special experiments 
were run, after the trials, with the model in a condition 
corresponding exactly with that of the ship on trial. 
The predictions were made by the usual ATTC method, 
including an allowance of C, = +0.0004. 

Two points are of interest in this plot. The results 
from the Cape Cod trials, where the ship was a con- 
siderable distance offshore and in deep water, and 
made alternate runs towards and away from a land- 
based electronic station, are almost identical with those 
obtained on the measured mile. Such a method appears, 
therefore, to be an acceptable alternative to running 
trials over a measured course. 

The second point is that both the predicted P, and 
RPM, using the allowance of + 0.0004, are higher than 
the values obtained on the trial, indicating that in this 
particular case the allowance is too high to give good 
correlation between model and ship. For more details 
concerning the allowance the reader is referred to Sec- 
tion 6.4 of Chapter V. 

The above method of analysis is generally directed 
towards making a comparison between the powers 
measured on the ship and those predicted from the 
model. For this reason the effect of air resistance, 
whether due to the ship's own motion or to wind, or 
both, is as far as possible taken out of the comparison. 
The resultant ship speeds and powers are therefore 
equivalent to those we would expect if the ship were 
continually operating in a following wind of her own 
speed. To obtain powers for the ship in still air, it is 
necessary to add the resistance due to a relative head 
wind equal in velocity to the ship's own speed. Alter- 
natively, the still air resistance may be considered as 
being included in the correlation allowance coefficient 
CA. 

The analysis of full-scale trials can be carried a little 
further to determine the analysis wake, for comparison 
with that measured on the model. This analysis wake 
is determined from the full-scale power and thrust 
measurements and the model open-water propeller 
curves. 

The PD a t  the propeller can be obtained from the 
measured P, by allowing for the friction losses in bear- 
ings and sterntube. As stated in Section 1.4, the shaft 
transmission efficiency is normally taken as 0.98 for 
ships with engines aft and 0.97 for those with engines 
amidships. 

The PD can be written in the form 
2 r n Q  PD = - 

60 

where Q is the torque in kNm and n is the RPM. 
The torque coefficient KQ is then 

KQ = 3.6 lo'' with n in RPM 
p n2D5 

or 
60 x 3.6 x lo6 x PD 

p 2 r n3D5 
KQ = 

Similarly, if the thrust T has been measured on the 
ship, 

3.6 x 106T 
pn2D4 

KT = 

Entering the open-water performance curves for the 
propeller with the values of KT and KQ, the true ad- 
vance coefficients JtT and JtQ can be found, where 

30.87 VA J,  = ~ 

n D  
with VA in knots, D in m. 

The apparent advance coefficient J, is given by 
30.87 V 

TZD J, = ____ 

Hence the analysis wake fractions wT and wg can be 
determined, since 

1 - wT = V,/V = J J J ,  and 1 - W Q  = VA/V  
= J tQ/J ,  

In the present example, thrust was not measured 
on the ship, so that only the torque wake wQ can be 
found. 

For the average speed runs 14, 15 and 16, the anal- 
ysis using the open-water diagram of Fig. 103 leads 

The analysis of full-scale trials can finally be carried 
a little further to allow for current effects under ideal 

to W Q  = 0.261. 

SPEED COEFFICIENT J 

Fig. 103 Trial analysis of Old Colony Mariner 
Propeller characteristic curves in open water 
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Fig. 104 Plot of Equations (94) and (95) 
V=an+P 

weather conditions, by making use of the following 
relations between V, n and Ps(o, given by Jourdain 
(1964) 

V = a n + P  (94) 
V 
n Ps(0,/n3 = y - + 6 (95) 

As will be shown below, these two functions are prac- 
tically linear over a wide range of operating conditions. 
They express the relation between ship speed through 
the water V and rate of rotation of the propeller n, 
and between the distance travelled per revolution 
V / n  and the power coefficient Ps(,,/n3. 

If Q is the shaft torque, then instead of P,,,/n3 the 
coefficient &/n2 or the torque coefficient KO could also 
be plotted as a function of V / n  or the more logical 
dimensionless coefficient J = V /  nD.  The range of J- 
values corresponding to the range of operation from 
about half to full power being rather limited, the KQ 
values can well be approximated by a linear function 
of J and hence the above mentioned linearity of Equa- 
tion (95) will normally be valid. 

A plot of Equations (94) and (95) shows the tend- 
encies given in Fig. 104. If two speed points have been 
determined from mean of means analysis of sufficient 
runs per speed point, the Equations (94) and (95) can 
be solved and plotted. These plots will be found to be 
the same as the ones obtained from two arbitrary runs 
at different speeds if the latter could have been made 
in the absence of current. 

The lines in the above figure drawn through the 
mean of means results can be used for various veri- 
fications. In the first place it is possible now to check 
for each run that the speed through the water V ob- 
tained from intersecting the left figure by n and the 
right figure Psc,,/n3 will be the same for both cases. 
If this is not the case it is certain that there is some- 
thing wrong with the measurements or that the num- 
ber of runs per speed point was not sufficient for 
eliminating the effect of current. 

This last supposition can be verified easily now by 
determining the V for each run from Equation (94) 

and by deducing the current speed by subtracting V 
from the speed over the ground as measured on the 
mile for each run. These current speeds plotted as a 
function of clock time at the middle of each run will 
permit the following observations: 

The dispersion of the measuring points gives an 
indication of the accuracy of the measurements, and 
anomalous results can be detected and eliminated le- 
gitimately by estimating their real value by interpo- 
lation from the other points. 

A verification of the validity of the current func- 
tion allowed in the mean of means approach can be 
made and if it is shown that appreciable differences 
exist between the actual and the allowed current func- 
tion an iterative analysis of the current effect can be 
carried out by reintroducing the speed through the 
water found through use of the first current curve into 
Equation (94) and by repeating the process until con- 
vergence occurs. 

Finally it should be noted, that the above analysis 
method can be used to advantage to complete series 
of runs per speed point that are incomplete due to 
mistakes made during the trials, while even single runs 
can be used now as long as they are properly sur- 
rounded by speed points determined from normal se- 
ries of runs. 
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C H A P T E R  V I I  

William S. Vows I Vibration 

Section 1 
Introduction 

1.1 General. One of the problems in the design of 
all modern ships is the avoidance of objectionable elas- 
tic vibration of the hull structure in response to ex- 
ternal or internal forces. Such vibration can cause 
discomfort to passengers and interfere with perform- 
ance of crew duties, and damage or adversely affect 
the operation of mechanical and electrical equipment 
on board. 

Since mechanical vibration can be defined generally 
as the oscillatory motion of rigid, as well as elastic, 
bodies, the subject of ship vibration is actually very 
broad in scope. In fact, all of the ship dynamics prob- 
lems of primary interest to the naval architect, ex- 
cluding maneuvering, involve some form of vibration. 

For convenience, the overall response of a ship can 
be separated into two parts: One is the ship’s motion 
as a rigid body in response to a seaway; the other is 
the elastic or flexural response of the hull or other 
structure to external or internal forces. Rigid body 
motions are considered under the general subject of 
seakeeping and are therefore not usually referred to 
as vibration. See Chapter VIII, Vol. 111 on motions in 
waves. Flexural vibration can be excited in the form 
of vertical and horizontal bending, torsion, and axial 
modes of the elastic structure of the hull girder, as 
well as in the form of local vibration of sub-structures 
and components. Such vibration that is excited by the 
ship’s propellers is a particularly troublesome problem, 
and it will be the principal subject of this Chapter. 
Flexural vibration can also be excited directly by forces 
internal to rotating machinery, and by the external 
forces of sea waves encountered by the ship. Vibration 
excited by sea waves (referred to as springing and 
whipping) is considered under both Motions in Waves 
(Chapter VIII Vol. 111), and Strength (Chapter IV Vol. 
I), although many of the basic principles of hull vi- 
bration covered in this chapter are directly applicable. 

Concern about propeller-induced ship vibration has 
existed since the marine screw propeller was first de- 
veloped in the mid 19th century; the French text book 

Theorie du Navire (Pollard and Dudebout, 1894)’ in- 
cluded a chapter on propeller-induced ship vibration. 
In the early days the relatively few blades per propeller 
and the low propeller RPM excited ships at low fre- 
quency in a characteristically beam-like hull flexure. 
The early analytical work, such as that by Schlick 
(1884-1911) and by Krylov (1936) therefore concen- 
trated on the application of beam theory in developing 
methods to help in avoiding propeller-induced ship hull 
vibration problems. 

As ships have evolved the character of propeller- 
induced vibration has become more complex and vi- 
bration trouble has become more frequent. The great- 
est problems have occurred in the modern generation 
of oceangoing merchant ships. This has been due, in 
large part, to two aspects of design evolution that, 
aside from a consideration of vibration, qualify as tech- 
nological advancements. These two aspects are the 
location of engine rooms and accommodations aft  into 
the immediate vicinity of the propeller(s), and the in- 
crease in ship power. The increased use of diesel en- 
gines has also contributed to the increased frequency 
of vibration problems, but not to as great a degree. 
Ship vibration has also become a greater problem in 
recent years because of tightening of standards of 
acceptable vibration. Most commercial ship specifica- 
tions now establish criteria on acceptable vibration; 
compliance must be demonstrated by the measurement 
of vibration on the vessel builder’s trials. Today, ex- 
haustive studies, employing both experimental and an- 
alytical methods, are conducted during the design of 
almost all large ships in attempting to avoid vibration 
troubles. 

The object of this chapter is to discuss the basic 
theory and the practical problems of flexural vibration 
of ships’ hulls, and of their sub-structures and com- 

Complete references are listed at  end of chapter. 
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ponents, with particular attention to propeller-excited 
vibration. Machinery-excited vibration is covered to a 
lesser extent. 

A working knowledge of ship vibration requires the 
reader to be reasonably well versed in mathematics 
and engineering mechanics, as well as in a set of 
“tricks of the trade” with which naval architects, and 
engineers in general, usually feel more comfortable. 
However, a comprehensive knowledge of ship vibra- 
tion theory is not necessarily required in order to work 
effectively with the subject as certain levels. Hence, 
this chapter has been organized so that readers with 
different interests and backgrounds can find material 
to meet their needs. 

Section 2, Theory and Concepts, provides depth in 
understanding the fundamental concepts of ship vi- 
bration, as well as a foundation for further study of 
the techniques employed in vibration analysis. I t  is 
intended primarily for those whose theoretical tools 
are relatively close to the surface of their working 
knowledge. 

The naval architect or shipyard engineer, interested 
more in design methods, can avoid some of the risk of 
becoming bogged-down in theory by proceeding to the 
third section, Analysis and Design. This section is self- 
contained and deals with practical solutions to poten- 
tial vibration problems that should be addressed dur- 
ing the design stage. 

The last section, Criteria, Measurements and Post- 
Trial Corrections, provides material for establishing 
whether or not vibration characteristics of a completed 
ship are satisfactory and how to make corrections, if 
necessary. The ship owner or operator, typically not 
particularly interested in design procedures, and not 
at all interested in vibration theory and concepts, may 
proceed directly to this section. 

1.2 Basic Definitions. The following basic defini- 
tions are provided for the uninitiated. The definitions 
are loose, and aimed a t  the context most needed and 
most often used in the theory of vibration of ships. 

Vibration-Vibration is a relatively small ampli- 
tude oscillation about a rest position. Fig. 1 depicts the 
variation in vibratory displacement with time. 

Amplitude-For vibration of a fixed level of sever- 

ity (steady-state periodic vibration), amplitude is the 
maximum repeating absolute value of the vibratory 
response, i.e., displacement, velocity, acceleration. Dis- 
placement amplitude for steady-state vibration is de- 
noted as A on Fig. 1. For transient vibration, a time 
dependent amplitude sometimes may be defined. 

Cycle-One cycle of vibration is the time between 
successive repeating points; refer to Fig. 1. The time 
required for completion of one cycle is its period. 

Frequency-Frequency is the number of vibration 
cycles executed per unit time; it is the inverse of the 
vibration period. 

Natural  Frequency-A natural frequency is a fre- 
quency at which a system vibrates when stimulated 
impulsively from the rest position. The requirement 
for natural vibration is that the system possess both 
mass and stiffness. For continuous mass and stiffness 
distributions, the system possesses an infinite number 
of natural frequencies, even though only a relatively 
small number are usually of practical significance. On 
impulsive stimulation from rest, the continuous system 
will vibrate a t  all of its natural frequencies, in super- 
position; the degree of vibration a t  any particular nat- 
ural frequency will depend on the characteristics of 
the impulsive stimulus. 

Mode-Each different natural frequency of a sys- 
tem defines a mode of system vibration. The modes 
are ordered numerically upward from the natural fre- 
quency with the lowest value. 

Mode Shape-A mode shape is a distribution of 
relative amplitude, or displacement shape, associated 
with each mode. Fig. 2 depicts mode shapes typical of 
a ship hull girder. The three vertical plane mode shapes 
shown correspond to the first three vertical plane flex- 
ural bending modes; two lower modes, with mode 
shapes corresponding to rigid body heave and pitch, 
occur at lower natural frequencies. 

Node-A node is a null point in a distribution of 
vibratory displacement, or in a mode shape. In general, 
the number of nodes in a mode shape increases with 
modal order (natural frequency). This is the case of 

2 NODE0 VIBRATION 

4 NODEO Vl8RATlON 

4--------- 

/----- ----- _ _ _ _ _ _ _ _  _---- 
I NODEO TORSIONAL VIBRATION 

Fig. 2 Modes of hull girder vibration 
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the ship hull girder vibration depicted in Fig. 2; modes 
2V, 3V and 4V have successively higher natural fre- 
quencies. 

Excitation-Vibratory excitation is an applied time- 
dependent stimulus (force or displacement) that pro- 
duces vibration. Excitation can be transient (e.g. im- 
pulsive), random, or periodic. A steady-state periodic 
excitation, such as approximately produced by a stead- 
ily operating ship propeller, produces a steady-state 
periodic forced vibration of the character of that de- 
picted in Fig. 1. 

Exciting Frequency- For a steady-state periodic 
excitation the exciting frequency is the number of 
cycles of the excitation completed per unit time, which 
is the inverse of the excitation period. Under steady- 
state conditions the frequency of the vibration is al- 
ways equal to the exciting frequency. However, the 
distribution of system vibration response at the steady- 
state exciting frequency can be viewed as a weighted 
superposition of the mode shapes of all the natural 
modes. The degree of participation of any mode is 
sensitive to the proximity of the natural frequency 

associated with that mode to the imposed exciting fre- 
quency. 

Resonance-Resonance is the condition that occurs 
in steady state forced vibration when the exciting fre- 
quency coincides with any one of the system natural 
frequencies. The common frequency is then also called 
a resonant frequency. At resonance the vibration am- 
plitude is limited only by system damping, ignoring 
non-linearities. The damping in engineering structures, 
including ships, is generally very light, so that reso- 
nant vibratory amplitudes are often disproportionately 
large relative to non-resonant levels. With the dispro- 
portionate amplification of one system mode at reso- 
nance, the distribution of system resonant vibration 
will often correspond closely to the mode shape of the 
resonant mode. 

Beat-Beating is a characteristic of systems whose 
exciting frequency varies over a small range. The re- 
sulting response contains a low beat frequency. The 
value of the beat frequency also varies, but its max- 
imum value is equal to the bandwidth of the exciting 
frequency variation. 

Section 2 
Theory and Concepts 

2.1 Continuous Analysis. All systems that are ca- 
pable of vibrating, including ships, have at least piece- 
wise continuous properties. That is, the mass, elastic- 
ity, damping and excitation properties are continuous 
within pieces, but may have jumps in value where these 
pieces connect. Unfortunately, piece-wise continuous 
mathematical models of piece-wise continuous systems 
that are at all general are of little use in vibration 
analysis because of the intractability of their solutions; 
discrete models are necessary for most practical pur- 
poses, as is shown in Section 2.2. However, simple 
continuous models, representing idealizations of real 
systems, are extremely valuable in understanding 
basic vibration concepts. Their simple solutions can 
often provide surprising insight into the behavior of 
the complex systems whose basic character they ap- 
proximate. 

The simple continuous model that has been used 
repeatedly over the years to demonstrate certain fun- 
damental aspects of ship vibration (Kennard, 1955) and 
(Todd, 1961), is the uniform continuous beam model of 
the ship hull. This model is depicted in Fig. 3 for the 
case of vertical vibration. 

Here the ship hull girder is represented by a uniform 
one-dimensional beam. The beam is supported by a 
uniform elastic foundation, of stiffness k per unit 
length, representing the buoyancy spring of the water 
(water specific weight times section beam). The foun- 

dation has a uniformly distributed damping coefficient, 
c, representing hydrodynamic damping. The uniform 
beam mass per unit length is p (including hydrody- 
namic added mass) and its uniform stiffness is El, 
where E is modulus of elasticity and I sectional mo- 
ment of inertia. The beam is acted upon by the dis- 
tributed forcing function, f (x, t ), which for purposes 
of example, represents the vibratory excitation due to 
the unsteady pressure field of a propeller. 

The Fig. 3 model is, in a strict sense, a valid dem- 
onstration tool for propeller induced ship vibration oc- 
curring typically a t  relatively low propeller RPM. At 
higher exciting frequencies associated with modern 
ship propellers operating near design RPM, the dy- 
namics of mass systems sprung2 from the hull girder, 
deckhouses for example, become important. However, 
as the vibration of the basic hull girder retains at least 
a beam-like character at high frequency, the Fig. 3 
model is still instructive, although incomplete. 

The differential equation of motion governing vibra- 
tion of the Fig. 3 model is available from almost any 
general reference on mechanical vibration. Denoting 
w(x,t) as the vertical vibratory displacement of the 
beam, the governing equation is: 

i.e., connected by structure that acts as a spring. 
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a 4  w a5 W a2 W 
E17 + v I -  

ax w a t  + at2 
aw 
at  + C -  + kw = f ( x , t )  

Aside from the second term on the left-hand side, 
Equation (1) represents the standard Euler beam on 
an elastic foundation. The second term in (1) derives 
from the inclusion of a visco-elastic term in the stress- 
strain law for the beam material (Kennard, 1955), v is 
the visco-elastic constant. The second term in (l), as 
well as the fourth, involve the first time derivative of 
the displacement, and therefore represent damping; c 
is the hydrodynamic damping coefficient of the elastic 
foundation, by previous definition; v I in the second 
term in (1) represents a material damping coefficient 
of the hull beam. 

The Euler beam representation, Equation (l), can be 
easily extended to  the Timoshenko beam by including 
beam rotational inertia and shear flexibility in the der- 
ivation. However, the additional terms introduced add 
substantial complexity to the equation a s  well a s  to 
the complexity of its possible analytic solutions. Since 
the purpose of this sub-section is only to establish 
concepts and the formulas to be derived are not in- 
tended for actual application, inclusion of shear flexi- 
bility and rotational inertia in the equation of motion 
would not serve the purpose well. 

End conditions on the equation of motion are  re- 
quired for uniqueness of its solution. The end condi- 
tions on Equation (l), corresponding to zero end 
moment and shear, are: 

a 2 W  a 3 ~  

axe ax3 
- 0 a t x  = 0 and x = L (2)  - 

(a)  Steady-State Response to Periodic Excita- 
tion. In propeller-induced ship vibration the steady 
propeller excitation is, in reality, a random excitation 
that  remains stationary while conditions are un- 
changed. However, it is approximately periodic with 
fundamental frequency equal to the propeller RPM 
times the number of blades. The excitation is therefore 
approximately expressible as  a Fourier series in the 
time variable. With steady state vibratory response to 
the periodic excitation being the interest, w(x, t )  is 
likewise expressible in a Fourier series. 

The procedure for solving the equation of motion, 
Equation (l), for the steady state vibration is to  sub- 
stitute the two Fourier series representations for 
w(x, t )  and f ( x ,  t )  into the equation. The time depen- 
dency is then cancelled out, and the resultant series 
of ordinary differential equations in x are solved term 
by term for the unknown coefficients of the displace- 
ment series. 

For demonstration purposes assume a one-term 
Fourier series (i.e., simple harmonic) representation for 

z 
A 

BOW STERN 

Fig. 3 Ship hull beam model 

the excitation force distribution in time. Then optional 
forms are: 

f ( x ,  t )  = F ( x )  cos (ot - a) (3) 
= Re F(x)ezo t  (4) 

where, by identity, 
ezwf  cos w t  + i sin wt 

and Re denotes “real part of.” F(x)  is the amplitude 
distribution of the excitation force along the length of 
the ship, and w is its frequency. Defining w as blade- 
rate frequency, N f l ,  where R is the propeller angular 
velocity and N the number of blades, Equation (3) 
would be a valid approximation of f ( x ,  t )  provided that 
the fundamental harmonic of the excitation is dom- 
inant, i.e., provided that the excitation at multiples of 
blade-rate frequency is relatively insignificant. This is 
often true, particularly in cases where propeller cav- 
itation does not occur. 

For steady-state vibration in response to f ( x ,  t ) ,  
w(x,  t )  will have the similar form, 

w(x, t )  = W J x )  cos ot  + W J x )  sin w t  

= Re W(x)e twt  (5) 
where, in view of Equation (5), 

W ( x )  = WJX) - iW,(X) (6) 
W ( x )  is the unknown complex amplitude, which in- 
cludes phase as  well as amplitude information. W ( x )  
is to be determined by solution of the equation of 
motion. 

Substitution of Equations (4) and (6) into Equation 
(1) and end conditions, Equation (2), with cancellation 
of the time dependency, produces: 

wv d 4 W  
E Z l + i -  --- (w2  p 0 E dx4 

- iwc - k ) W =  F ( x )  (7) 
with, 

d 2 W  - d Y W  - 0 
dx2 dx3 

a t x  = 0 and L (8) 
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I t  is convenient to non-dimensionalize the variables in 
Equations (7) and (8) before considering solutions for 
W ( x ) .  Redefine the variables in non-dimensional form 
as, 

Also define, 

where in K ~ ,  

n, = & 
A Characteristic Rigid-Body Frequency 

A Characteristic Flexural Frequency 

c 
t c  = - 

2P Q, 

Hydrodynamic Damping Factor 

and denote, 

5 = -  V f l f  

" 2E 
Structural Damping Factor 

Equation (7) then becomes: 

This is the non-dimensional equation for steady-state 
vibration amplitude in response to harmonic excitation. 
Its end conditions are: 

at x = 0 and 1 d 2 W  - d ' W -  
dx2 dx3 
- -__ -  

(b)  Undamped End-Forced Solution-Demon- 
strations. The simplest meaningful solution of Equa- 
tion (9) is obtained by specializing F(x) to be a 
concentrated end force and discarding the damping 
terms. This solution, obtained by direct inversion of 
the reduced equation, is, 

F 1 
W ( x )  = - * 

2~~ 1 - cosh K cos K 
. [(sinh K - sin K)(COS K X  + cosh K X )  

- (cosh K - cos K)(sin K X  + sinh KX)] (10) 

Here, the force is concentrated at the stern, x = 1 
(Fig. 3). With zero damping W ( x )  is pure real and K 
is given by, 

K4 = ( O m J  - (.n,/fl,)~ (11) 
The solution, Equation (lo), permits several relevant 

observations. These are developed a s  follows: 
1. Resonant Frequencies-Added Mass and 

Buoyancy Effects. The undamped solution, Equation 
(lo), implies infinite vibration amplitude at the values 
of e~ which make cosh K cos K equal to unity. These 
values of o are therefore the system resonant fre- 
quencies, which are  denoted as  e ~ ~ .  Denoting K = K, 
a t  values of w equal to w,, the resonant frequencies 
correspond to the infinity of roots of, 

cosh K, cos K, = 1 (12) 

K: = ( W n / Q f ) '  - (n,/i?,,)' (13) 
The first root of Equation (12) is obviously K, = 0. 

where, from Equation ( l l ) ,  

This implies, from (13), that, 

wg = a, = 4; 
This is just the rigid body heave, or pitch, resonant 
frequency; the two are  the same for a ship with uni- 
form, or longitudinally symmetric, mass and buoyancy 
distributions. At the low frequency of the rigid body 
resonance corresponding to K,, the mass distribution 
p is frequency dependent due to the surface wave 
effects in the hydrodynamic component of p.  The fre- 
quency dependence of p diminishes as the vibratory 
frequency increases. In reality, ship hydrodynamic 
added mass in essentially invariant with frequency at 
frequencies corresponding to the full flexural modes. 

The second root of Equation (12) is K~ = 4.73, which 
corresponds to the first hull flexural mode. All sub- 
sequent K, are  greater than K ~ .  Therefore, assuming 
p to be independent of frequency for n 2 1, a,- and 
0, are  constants in Equation (13), and the first flexural 
mode resonant frequency, and all of those above it, 
are directly available from Equation (13) as, 

a, = sl, J K ~  + ( f l r / C l f ) ' ;  n = 1, . . . , 00 (14) 
with K, determined from Equation (12). 

Now, for ships, the ratio fl,lflf is typically on the 
order of 1, and therefore much smaller than ~ , 4  in (14). 
This demonstrates the fact that  the effect of buoyancy 
in stiffening a ship hull in vertical flexural vibration 
exists, but is insignificant in normal circumstances. 
Discarding 0, / s2, in Equation (14), the beam resonant 
frequencies are approximated by, 
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w) = $ (tanK.1) 
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Fig. 4 Hull beam response characteristics 

Being typically negligible, the effects of buoyancy will 
be discarded in all subsequent considerations of flex- 
ural vibration; R, will be deleted in the definition of K 

so that the existence of non-zero rigid-body modes 
( n  = 0) is ignored. Furthermore, SZ, appearing in K will 
be taken as frequency independent, since the hydro- 
dynamic added mass in Rf is a constant at high fre- 
quency. 

Note that although in the case of wave-excited vi- 
bration both rigid-body and flexural vibration occur, 
the two responses are essentially independent super- 
positions. 

2. Stern Vibration Level. Consider the vibra- 
tion at the position of the concentrated excitation force 
by setting x = 1 in (10): 

(16) 
"(1) - sinh K cos K - cosh K sin K 

For exciting frequencies in the range of the beam 
flexural resonant frequencies, the corresponding val- 
ues of K ,  as arguments of the hyperbolic functions, 
can be considered as large. That is, for large K ,  

-- 
F K3 (1 - cash K COS K )  

1 
2 

sinh K z cosh K =: - e" 

Therefore, at high frequency, 
"(1) cos K - sin K 1 -- - - (tan K - 1) (17) - tc3 (Ze-. - cos K )  - K~ 

Equation (17) implies that, for a forcing function of 
fixed amplitude, the end vibration generally decreases 
with frequency as K - ~ ,  or o-%. Zero vibration at the 
stern occurs at the anti-resonant frequencies, w,~, 
corresponding approximately to, 

tan K , ~  = 1 

F 

or, from Equation (15), 

(18) 
Large vibration occurs only in the immediate vicinity 
of the resonant frequencies, the flexural values of 
which, from Equation (17), correspond approximately 
to, 

oXa/f l f  = [(4n + 1) d4I2; n = 1, . . . , 00 
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tan K,  = * co 

or, 

o, /Qf  = [(2n + 1) 77/21,; n = 1, . . . , (19) 

As o increases, Equation (17) implies a limiting state 
where the vibration is zero except at the resonances. 
But the resonant frequencies, (19), at which the vibra- 
tion is infinite, occur in the limit (large n), infinitely 
far apart. The trend toward this limiting case is ex- 
hibited in Fig. 4, which is a plot of Equation (17) in 
the frequency range of the first few flexural modes. 

With regard to the relationship of (17) to actual ship 
vibration, it is not true, in general, that the spacing of 
the hull girder resonances increases as frequency in- 
creases. The disagreement is due to the exclusion of 
shear and rotational inertia in the beam model, as well 
as to the exclusion of the effects of local vibratory 
subsystems sprung from the hull beam. These effects 
become influential in ship hull girder vibration at high 
frequency. 

The vibration is also, in reality, certainly not infinite 
a t  the resonant frequencies; this prediction is, of 
course, due to the deletion of damping in Equation (9). 

It is likewise not true that propeller-induced vibra- 
tion has a generally decreasing trend with frequency, 
as (17) implies. In reality, however, the amplitude of 
the propeller excitation, in this case F, increases with 
frequency, roughly as frequency squared. With an o2 
variation of F in (17), W(l) then increases general1 
as o', which is more realistic than decreasing as o . 

3. Relative Vibration of Bow and Stern. 
Setting x = 0 in (lo), the vibration amplitude at the 
beam end opposite that to which the excitation is ap- 
plied is, 

K 

(20) 
W(0) - sinh K - sin K 

K3 (1 - cosh K COS K )  
-- 

F 

Using (16) and (20), the ratio of the end displacements 
is, 

(21) W(0) - 
W(l) 

sinh K - sin K 

sinh K cos K - cosh K sin K 
-- 

Again, replacing the hyperbolic functions by the ex- 
ponential for large K ,  

W(0) - 1 - 2 sin K e-" 1 
cos K - sin K 

N -- 
W(1) cos K - sin K 

(22) 

At the anti-resonant frequencies, (18), W(0) / W(1) be- 
comes infinite since W(l) = 0 by definition of the anti- 
resonance. At the resonant frequencies, (19), W(0) / 
W(1) = *l, by (12). The minimum absolute value of 

the displacement ratio occurs at cos (K  + ~ / 4 )  = * 1; 

1 - - 
fi COS ( K  f T/4)  

its value is min 1 W(O)/ W(l) I = 1 / fi. The frequencies 
at which this minimum value occurs are, 

(23) 

This prediction is definitely contradictory to obser- 
vations of ship vibration at high frequency. The simple 
undamped end-forced solution predicts that the vibra- 
tion level at the ship bow should never be less than 
roughly 70 percent of the vibration at the stern. In 
reality, propeller-induced ship hull girder vibration is 
known to concentrate at the stern at high propeller 
RPM, with the vibration diminishing rapidly forward 
and often being hardly detectable in the vessel fore- 
body. 

A reconciliation of theory and observation as to this 
particular point requires a more general solution to 
Equation (9), which includes damping as well as a less 
restricted characterization of the propeller excitation. 
However, the direct analytic solution procedure used 
to produce Equation (10) is no longer suitable for pro- 
viding the desired insight in the more general case. 

(c) A More General Solution: Modal Expan- 
sion. The modal, or eigenfunction expansion tech- 
nique allows damping as well as an arbitrary excitation 
character to be handled with relative ease. Basically, 
modal expansion is an expression of the fact that the 
vibration can be viewed as a superposition of the in- 
dependent natural modes. The solution to the equation 
of motion is expressed as an infinite series, versus the 
alternative closed-form possibility represented by (10). 
The series is expanded in terms of the infinite set of 
normal modes of the unforced, undamped system. 

1. Natural Frequencies and Mode Shapes. 
Returning to the equation of motion for the Fig. 3 
uniform beam, Equation (9), the unforced, undamped 
system in this case corresponds to (9) with zero damp- 
ing and excitation: 

0 _ -  - [ (4n  + 3)  d 4 I 2 ;  n = 1, . . . , 00 

fir 

- 0 a t x  = 0 a n d 1  d 2 W  - d3W 
dx2 dx3 

where K is defined by Equation (11). The solution to 
the homogeneous differential, (24), is, for K f 0, 

W(x) = C, sin K X  + C, cos K X  

+ C3 sinh K X  + C, cosh K X  (25) 

Applying the two end conditions at x = 0 eliminates 
two of the four constants in (25) as, 

c, = c,, c, = c, (26) 

Application of the remaining end conditions at x = 1 
gives the following simultaneous equations for deter- 
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mining C3 and C,, 
sin K - sinh K 

[cos K - cosh K 

cos K - cosh K 

- sin K - sinh K ]  121 = lil 
(27) 

or, 
[BIlCl = 101 

ICI = [BI-' 101 

Then by inversion, 

Therefore, unless [ B ]  is singular, the only solution to 
Equations (27) is I CI = 101. But this implies that W ( x )  
= 0, which is not of interest. Non-zero ICI, and non- 
zero W(x) ,  therefore require that [B] be singular. [B]  
is singular only if its determinant is zero. From Equa- 
tion (27)) 

(28) 
Denote the values of K which make det [B] = 0 as 
K,; these values are the system eigenvalues. The in- 
finite set of eigenvalues are determined so that Equa- 
tion (28) is zero, i.e., so that, 

(29) 
But this is just Equation (12), which established the 
system resonant frequencies. From (ll), ignoring the 
OT term, 

(30) 
where the 0, were identified as the resonant fre- 
quencies. But under present considerations the on are 
the frequencies corresponding to unforced and un- 
damped, or natural, system vibration; the system res- 
onant frequencies are therefore synonomous with the 
svstem natural frequencies. 

Non-zero values of C3 and C, from (27) therefore 
exist only at  values of w satisfying (29). However, the 
values of the constants, while not zero, are indeter- 
minant, since the coefficient determinant is zero at  
these frequencies. The fact that the determinant of 
the coefficients is zero at  the natural frequencies im- 
plies that the two Equations (27) are linearly dependent 
a t  the natural frequencies. That is, two independent 
equations from which to determine the two constants 
are not available. The only information available from 
(27) is the relationship between C3 and C4 a t  the natural 
frequencies. Either one of the two equations can be 
used for this purpose; the same result will be obtained 
because of the linear dependency. From the second 
equation of (27)) 

(31) 
C, - sin K, + sinh K,  

C, cos K, - cosh K, 

Substitution of (31) and (26) back into the homogeneous 
solution (25) gives the beam vibration amplitude at the 
natural frequencies, as a function of x, except for a 

det [B] = -2 (1 - cos K cosh K )  

cos K, cosh K,  = 1, n = 1 , .  . . CO. 

K: = (0, / f&-)' 

- -  

constant factor. This relative amplitude distribution 
a t  the natural frequencies is called the eigenfunction, 
or mode shape, and is denoted by 3,. From (25)) in 
terms of arbitrary C,, the mode shape for the Fig. 3 
beam is, 

cos K , X  + cosh K , X  

sin K, + sinh K,  

cos K ,  - cosh K,  
(sin K , X  + sinh K , x ) ]  (32) + 

Equation (32) is the beam mode shape for K # 0. This 
function has the character of the vertical mode shapes 
depicted on Fig. 2 of Section 1.2; increasing n corre- 
sponds to increasing node number. 

For K = 0 the solution to the homogeneous system, 
Equation (24) is, 

(33) 

(34) 
which satisfies the end conditions at  x = 1 identically. 
The mode shape identified with (34) is therefore the 
zeroth order rigid body heave /pitch mode, whose ccr- 
responding natural frequency was previously identi- 
fied as R, by Equations (12) and (13); R, has been 
assumed to be zero in consideration of the flexural 
modes. 

2. Vibratory Displacement. Modal expansion ex- 
presses the solution of the equations of motion, Equa- 
tion (9)) as a weighted summation of the infinite set 
of mode shapes, 

W ( x )  = c, + c,x + c3x2 + c4x3 

W ( x )  = c, 4- c,x 
The end conditions at  x = 0 reduce (33) to, 

(35) 

Back substituting Equation (35) into (9) and utilizing 
the orthogonality property of the mode shapes, the 
A ,  in Equation (35) are determined as, 

n = l  

(36) Fn 1 Kn 
1 - (0/o,)2 + 2 i 5 , o / o n  

A ,  = 

where F,, K,, and Y, in Equation (36) represent the 
following: 

F, = 1 F ( x )  +,(x)dx Modal exciting force 
x = o  

(37) 

K, = (zy 1 +;(x)dx Modal stiffness (38) 
x = O  

Modal damping factor (39) 
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Substitution of (36) into (35) gives the complex vibra- 
tion amplitude, 

(40) 
Substitution of this result into (5), and using a trigon- 
ometric identity, gives the vibration displacement at 
any point x along the beam a t  any time, 

m 

n = l  

The modal phase angle, a,, relative to F,, is, 

The form of Equation (41) demonstrates that modal 
expansion can be viewed as just a superposition of the 
independent responses of an infinite number of equiv- 
alent one-degree-of-freedom systems. The stiffness, 
damping, and excitation of each equivalent system are 
the modal values corresponding to Equations (37), (38), 
and (39). The equivalent mass would be the modal 
mass, M,, = K,/o,2. The responses of each of the 
single degree-of-freedom systems is distributed ac- 
cording to the mode shapes of the respective modes. 

3. Relative Vibration of Bow and Stern. The 
reasons for the rapid attenuation of hull girder vibra- 
tion on moving forward from the stern, which were 
left unexplained by the simple theory of the last sub- 
section, can now be reconsidered with the aid of the 
modal expansion, Equation (40). 

I t  is first convenient, although not a t  all necessary, 
to normalize the eigenfunction set, Equation (32), by 
assigning specific values to the constant C4 . Choosing 
a value of unity of the +,(x) at the forcing end, i.e., 

(42) qln(l) = 1; n = 1, . . . , 00 

C, in Equation (32) is evaluated as, 
cos K, - cosh K, 
2 sin K, sinh K, c4 = (43) 

Then from (43) and (32), the eigenfunction at x = 0 
has the values, 

(44) 
It will also be notationally convenient to define, W,(x) = A ,  Jln(x),  where A ,  is given by Equation (36). Equa- 
tion (40) is then, alternatively, 

+,(O) = (--I),+’; n = 1, . . . , 00 

By Equations (42), (44), and (45), the displacements at 
the two ends of the beam are, 

m 

~ ( 1 )  = C wn(1) 
n = l  

and (46) 

W(0) = C ( - l ) , + l  Wn(l) 
m 

n = l  

Equation (46) shows that the absolute values of the 
displacement components from each mode are the 
same at the beam ends. Differences in the sums must 
therefore be due only to the alternating form of the 
series for W(O), associated with phase changes occur- 
ring within the displacement components at the forcing 
end. In fact, this character of the displacement series, 
Equation (46), is the basis for understanding the rea- 
sons for the rapid decay of hull girder vibration for- 
ward from the stern. Fig. 5 is intended as an aid in 
this purpose. Fig. 5 is composed of sketches of the W, 
components for six modes, arbitrarily, and their sum- 
mations, for three different cases. 

The first column in Fig. 5 depicts the displacement 
for the undamped beam with the concentrated force 
applied a t  the extreme end. This was the case studied 
in the last sub-section and for which the minimum ratio 
of end displacements was predicted to be never less 
than 1 / 4. The second column in Fig. 5 represents 
the case where damping remains zero, but the con- 
centrated force is applied at a position x = x, slightly 
less than 1, corresponding to a typical propeller posi- 
tion. In the third column on Fig. 5,the force has been 
replaced at the beam end, but damping has been as- 
sumed to be non-zero and significant. 

The exciting frequency is assumed to lie arbitrarily 
between modes 3 and 4 in Fig. 5. The value of o can 
be considered as that given by Formula (23) with 
n = 4; Equation (23) predicts the frequencies at which 
min I W(O)/ W(1) I = 1 / @  occurs for the undamped, 
end-forced case. 

Consider the three cases of Fig. 5 individually. 
Case 1 - Undamped, End forced. From Equation 

(40), with x, = 1 and for ln = 0, 

In general, the modal forces for the three cases of 
Fig. 5 are Fn = F+,(x,), by Equation (37). For x, = 
1 in the first case F, = F f o r  all n since +,(1) = 1 by 
Equation (42). For o between two resonant frequen- 
cies, oN ~ and oN, the beam end displacements can 
be written from (46) and (47) as, 

N -  1 m 

W(l> = - C I Wn(1)I + C I Wn(1)I 
n = 1  n = N  
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d 7 xo 

xo = 1 , J "  > 0 
I F  

n 

Fig. 5 Hull mode superpositions 

N - 1  

W(0) = - c ( - l ) n + l \  W,(l)I 
n = l  

+ 5 (- l )n i l (Wn( l ) I  (48) 
n = N  

Here, the sign change occurring in the denominator 
of Equation (47) at n = N has been explicitly assigned. 
At the end x = 1, all of the modes below o are of the 
same sign, but of opposite sign to the modes above o. 
Imperfect cancellation occurs, with the lower modes 
dominating the upper. At x = 0 on the other hand, 
interferences occur among the groups of modes both 
below and above o due to the alternating signs shown 
in Equation (48). The dominant terms immediately 
above and below o, i.e., W,- ,(O) and W,(O), have the 
same signs, however, and support rather than cancel. 
As a result, W(0) is relatively large. In fact, the ratio 
I W(O)/ W(1) 1 occurring at w for x, = 1 and tn = 0, 
which has the value 1 / 8, is a maximum value of the 

minimum ratio, as both repositioning the excitation 
force forward and allowing non-zero damping result 
in a more rapid attenuation of displacement away from 
the forcing point. 

Case 2- Undamped, x, < 1. Considering the case 
where x, < 1, which corresponds to the second column 
on Fig. 5, the modal force is, 

F n  = F J l n ( X 0 )  

in Equation (40). The modal forces now converge with 
increasing n, since, as the aftermost beam nodal point 
moves aft toward the forcing point with increasing n, 
the Jln(xo) decrease. Thus the higher modes become 
less excitable by the concentrated force. The result is 
a decrease in the cancellation in W(1), by Equation 
(48), as the net displacement produced by the modes 
above o decreases relative to the net contribution from 
below. Also, a weakening of the modes above o re- 
duces the support of the large Nth mode in W(O), rel- 
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ative to the N - lth. This results in a relative decrease 
in W(O), with respect to W(1), and a larger difference 
in the end displacements. This decreasing propeller 
excitability of the higher hull girder modes by virtue 
of convergence of the modal force series was the ex- 
planation given by Baier and Ormondroyd (1952) for 
the rapid attenuation of propeller induced hull girder 
vibration forward from the stern region. 

Case 3-Damped, End-forced. Turning to the 
case of non-zero damping, but with F, = F, the terms 
in the displacement series are: 

If the modal damping factor, Y n  in Equation (49) in- 
creases with n, then the convergence of the displace- 
ment series is accelerated, with the same effects as  
produced by convergence of the modal forces just con- 
sidered. Damping also modifies the relative phases of 
the modes. This occurs most strongly for modes in the 
immediate vicinity of the exciting frequency, since the 
damping in the denominator of (49) is relatively strong- 
est for w / w ,  in the vicinity of 1. For zero damping, 
the modes below the exciting frequency are 180 deg 
out of phase with the modes above due to the sign 
change in the denominator of (47). Damping spreads 
the phase shift. If the damping is strong enough the 
most dominant modes to either side of the exciting 
frequency can be approximately in phase and 90 deg 
out of phase with the exciting force. This is the situ- 
ation depicted on Fig. 5, where damping has delayed 
the phase shift in the two modes below w .  The result 
is increasing modal interference with distance away 
from the forcing point. 

The effect depicted in Column 3 of Fig. 5 is contin- 
gent upon a modal damping factor which increases 
with modal order and/or  is relatively large in the 
modes in the vicinity of the exciting frequency. In this 
regard reconsider the modal damping factor which 
arose in the derivation of the uniform beam modal 
expansion, (39), 

The structural damping factor, Y v ,  is a constant, by 
Equation (9). The hydrodynamic damping factor, Y,, 
has not been specifically defined, but it actually has a 
decreasing magnitude with frequency. Furthermore 
0, / SZ, is large for all n. Therefore, for n large, 

Y n  N Y v  ( w n / Q f )  = ( v / 2 E )  0, 
Y,, therefore increases with n, and becomes large at 
large n corresponding to w ,  at high frequency exci- 
tation. The In developed with the idealized beam model 
therefore appears to meet the requirements for the 
effects of damping exhibited on Fig. 5 .  High hull damp- 
ing in the frequency range of propeller excitation was 
the explanation suggested by Kennard (1955) for the 
concentration of vibration in the stern of vessels when 
operating a t  high propeller RPM. 

This discussion with regard to Fig. 5 should help to 
avoid the common misconception that the concentra- 
tion of propeller-induced vibration in the stern of a 
vessel is evidence that the vessel is exhibiting some- 
thing other than beam-like vibration. To the contrary, 
sternward concentration of vibration at high frequency 
is due to interference in the beam modes at the bow 
and support at the stern. As shown, this occurrence 
is due both to increasing modal damping and decreas- 
ing modal excitability as modal order, and exciting 
frequency, increase. 

2.2 Discrete Analysis. (a)  Mathematical Models. 
Modern day ship vibration analysis employs mathe- 
matical models that are non-uniform and discrete, 
rather than uniform and continuous, almost exclu- 
sively. Such models represent the continuous mass, 
stiffness, damping and excitation characteristics of the 
physical structure a t  a discrete number of points, 
which are called nodal points. The equivalent nodal 
point properties are translated in terms of an assem- 
blage of discrete, or jinite, elements; the finite ele- 
ments inter-connect the nodal points of the structural 
model. (Note that these nodal points are not the same 
as the nodes defined in Section 1.2). 

In analyzing the discrete model all forces and dis- 
placements are referred to the model nodal points. In 
general, six components of displacement, consisting of 
three translations and three rotations, and six corre- 
sponding components of force, can exist at each nodal 
point of the model. The model is usually constrained, 
however, so that less than the possible six displace- 
ments are allowed at any nodal point. The number of 
such displacements allowed at any point are  referred 
to as its degrees of freedom. If mass, or mass moment 
of inertia, is associated with a particular nodal point 
displacement, then that displacement defines a dy- 
namic degree of freedom. Otherwise, the degree of 
freedom is static. While the total number of degrees 
of freedom of continuous systems is always infinite, 
the total number of degrees of freedom of a discrete 
model is finite, being the sum of the numbers assigned 
to each of the model nodal points. 

Discrete analysis of ship vibration can be performed 
to any arbitrary level of detail, with model complexity 
limited primarily by available computing facilities. 
Often, the ship hull girder, a s  considered in the last 
subsection, is modeled along with its sprung substruc- 
tures, i.e., deckhouses, decks, double-bottoms, etc., in 
a single discrete model (Sellars and Kline, 1967) (Reed, 
1971) and (Kagawa, 1978). In many cases meaningful 
estimates of substructure vibration characteristics can 
also be obtained using only a discrete model of the 
substructure, with approximate boundary conditions 
applied a t  its attachment to the hull girder (Sandstrom 
and Smith, 1979). 

Discrete analysis is conveniently demonstrated by 
an idealized example of the latter approach noted 
above. Consider the simple finite element model for a 
ship deckhouse shown in Fig. 6. Here, the house is 
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Fig. 6 Ship deckhouse vibration model 

modeled two-dimensionally as a rigid box of mass m 
and radius of gyration F. The house front is taken, 
typically, as a continuation of the forward engine room 
bulkhead; the connection at main deck is assumed to 
act as a simple pin allowing completely free rotation. 
The parallel connection of finite elements with axial 
stiffness and axial damping represent the supporting 
structure along the house after bulkhead. This struc- 
ture would be composed, typically, of pillars erected 
within the engine room cavity. The house is base ex- 
cited by the vertical vibratory displacement of the hull 
girder, w (5, t ) ,  5 now being the axial coordinate along 
the hull girder. The applied base displacements, 
w (&, t) and w ( k 2 ,  t ), are the hull girder displacements 
at the forward engine room bulkhead and at the base 
of the after foundation; w(&, t)  and w(k2, t )  are as- 
sumed at this point to be specified in advance. 

Use of the Fig. 6 model for serious vibration analysis 
is not entirely valid in two respects. Primarily, the 
typical deckhouse does not truly act as if rigid at pro- 
peller excitation frequencies. While the underdeck sup- 
porting structure is quite often the predominant 
flexibility in propeller induced deckhouse vibration, the 
bending and shear flexibilities of the house itself can 
usually not be considered as unimportant. Some degree 
of interaction of the house with the hull girder also 
occurs. Because of this the base displacements are not 
easily prescribed with accuracy in advance. In spite of 
these shortcomings, the simple Fig. 6 deckhouse model 
is instructive; it captures the basic characteristics of 
fore-and-aft deckhouse vibration in the spirit of the 
simple uniform beam model for hull girder vertical 
vibration studied in the last sub-section. 

Proceeding as described, the degree of freedom as- 
signments of the Fig. 6 finite element model are shown 
on Fig. 7. Here x, is used to denote generalized dis- 
placement, i.e., rotation or translation. In view of the 
assumed house rigidity, all displacements in the ver- 
ticallfore-and-aft plane can be specified in terms of 
the three assigned on Fig. 7. All other possible dis- 
placements at the two nodal points of the Fig. 7 model 

are assigned zero values by virtue of their omission. 
Of the three total degrees of freedom assigned on Fig. 
7, two are dynamic degrees of freedom. These are x1 
and x2, as they are associated with the house mass 
moment of inertia and house mass, respectively. x3 is 
a static degree of freedom. Also, two of the .three 
degrees of freedom are specified: 

x, E w(&,t) and x3 zz w(ij2,t) 
from Fig. 6. 

Once x, is determined the vertical and fore-and-aft 
displacements a t  any point (5, 77) on the house are avail- 
able, respectively, as, 

w(k777,t) = w(k1,t) - x , ( t ) ( k  - 51) 

u(5,77,t) = xl(t)r, (50) 
(b)  Equations of Motion. The equations of mo- 

tion governing the general finite element model are 
derived as follows: 

I t  is first required that the model be in dynamic 
equilibrium in all of its degrees of freedom simulta- 
neously. Application of Newton's Law in each degree 
of freedom in turn produces, 

(51) [mil$ I = -1.L - lhl+ If1 
where, for M total degrees of freedom, 

[m] is the M x M model mass matrix, 
1x1 is the M x 1 nodal point acceleration vector 

and, 
Ifs 1, 1, and I f /  are the M x 1 nodal point stiffness, 

damping, and excitation force vectors, re- 
spectively. 

The characteristics of the model finite elements are 
established in advance to satisfy compatibility and ma- 
terial constitutive requirements on the local level. Sat- 
isfaction of these requirements for linear behavior 
leads to the following relations between the nodal point 
internal forces and the nodal point displacements, 

lLl= [k l lx l  Ih I = [ C I  I I (52) 
Here [k] is the model stiffness matrix and [c ]  is the 
model damping matrix, both of which are square 
matrices of order M. 

Substitution of (52) into (51) produces the linear 
equations of motion governing the general discrete 
model, 

(53) 
This M x M system of equations can be readily solved 
for the unknown nodal point displacements once [m], 
[ c], [ k], and 1 f I are specified. 

Actually, the equations of motion can be interpreted 
as a general statement and conveniently used to de- 
termine their own coefficients. For example, if the ac- 
celerations and velocities are set to zero, Equation (53) 
reduces to, 

[mil 3 I + [ell I + [k l lx t  = If1 
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If1 = 

[k l l x l  = If I 
In expanded notation, 

0 
fi 
f3 (54) 

h 
fi 

f M  

k ,  M 

The subscripts refer to the numbers assigned to the 
nodal point degrees of freedom. Now for purposes of 
defining the k,, require in addition to zero velocities 
and accelerations, that all displacements, xi, be zero 
except for i = j ,  and set x, = 1. Then for any degree 
of freedom i, multiplication gives, 

J;  = k,  
The k, is therefore defined as the force in degree of 
freedom i due to a unit displacement in degree of 
freedom j ,  with all other degrees of freedom com- 
pletely restrained. Complete restraint means restraint 
from acceleration, velocity, and displacement. Also, as 
to the matter of signs, the designation force in degree 
of freedom i is interpreted as the force required a t  i 
in order to accomplish the degree of freedom assign- 
ment a t  i. 

The corresponding definitions of mij and cij are sim- 
ilarly derived from the general Equations (53) by mak- 
ing the appropriate degree of freedom assignments. 
Definitions for m, and cij identical to that above for 
k,  result, but with unit accelerations and velocities, 
respectively, replacing the unit displacements. 

In calculating the components of the excitation force 
vector, J; ,  the model is completely restrained in all 
degrees of freedom. J;  is then the resultant of the 
applied forces tending to overcome the restraint in 
degree of freedom i. 

In this connection consider again the simple model 
of Fig. 7. The displacements in the 3 degrees of free- 
dom are xl, x2, and x, with x1 to be determined and 
the other two specified. By applying zero and unit 
accelerations, velocities, and displacements in the 3 
degrees of freedom, in turn, the mass, damping, stiff- 

m? - m f  

0 0 0 :I [ml = [ 
-""I [ c ]  = 1 4  c 

-"'I 

-m4 m 

C P  - c e  

ce  - c  C 

ke2 - k l  
k 

k l  - k  k 

I 
- 

k 
C 

x2 

Fig. 7 Deckhouse model, degrees of freedom 
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k - k  
k ]  1 (56) 

+ [ - k t  k e  - k  

(c) Solutions. For L of the total M model nodal 
point displacements unknown, L governing differential 
equations, in the general form of Equation (53), must 
be solved. The L x 1 force vector in Equation (53) will 
be completely known in terms of the L applied force 
components and the M - L applied displacements. 

The same basic solution procedure applied in the 
continuous analysis of the last section is also followed 
here. The approximate periodicity of the propeller ex- 
citation allows the time variable to be separated from 
the differential equations by the use of Fourier Series. 
For propeller angular velocity fl and blade number N, 
define o = mNfl as the mth harmonic propeller excit- 
ing frequency. Then for 1 F I and I XI representing the 
mth harmonic complex force and displacement ampli- 
tude vectors, the equations of motion, (53), can be 
satisfied harmonic by harmonic by solving 

[ - o z [ m ]  + i w [ c ]  + [ k ] ]  1x1 = IF1 (57) 
Define the system dynamic matrix as [ D ] ,  

[ D ]  = -w2[m] + i o [ c ]  + [ k ]  (58) 

[DllXl= IF1 (59) 

(60) 

Returning to the Figs. 6 and 7 deckhouse model, 

Equation (57) is then, 

with solution, I XI = [D]-'I Fl 

with 

1x1 = RelXl eiot 

the system dynamic matrix, from (55), is, 

[ D ]  = --02m? + i oce2  + k e 2  (61) 
which is a 1 x 1 matrix on the single unknown complex 
amplitude, X I .  Likewise, the complex exciting force 
vector in (55) is, 

IF1 = F, = - 0 2 m t X z  + ( i o c t  + k e ) ( X ,  - X,) 
The inversion required by (60), using (61), is then sim- 
Ply, 

(62) 
--U2mf X, + ( i w c e  + k e )  (X, - X,) 

--w2mV + ioce2 + k e 2  
XI = 

Equation (62) can be written in the standard form for 
vibration of systems with one dynamic degree of free- 
dom by writing its numerator as, 

F', = FIR + iF,' = mod F1epiD 

and the denominator as, 

so that, 

x, = ReX1etwt is, 

(63) 
(mod F l / K )  cos (wt - a - p )  

Xl(t) = 
J[1 - (w/w,)2]2 + ( z y w / o n ) 2  

where, in the above, 

mod F1 = J ( F , ~ ) ~  + (F,')' 

p = tan-' [-Fl'1FlR] 

K = k e 2  
w, = JXTZP 

24 w / o ,  a = tan-' 

In the general case, an analytic closed form inversion 
of the system equations like that performed above for 
the simple one dynamic degree-of-freedom system is 
not possible. Two alternatives exist. The most obvious 
is just a direct numerical inversion of Equation (60). 
Powerful numerical algorithms are readily available 
for inverting systems of linear simultaneous algebraic 
equations. However, direct numerical inversion can be 
disadvantageous in several respects, which are de- 
scribed further on. The alternative solution procedure 
is, again, eigenvector, or modal, expansion. Modal 
expansion is the series solution of the equations of 
motion, (57), in terms of the natural frequencies and 
mode shapes of the discrete model. 

1. Natural  Frequencies and Mode Shapes. By 
definition, natural frequencies are frequencies of vi- 
bration of the free, or unforced, and undamped system. 
From Equation (57), the equations of motion for the 
free, undamped discrete model are, 

{-o"ml + [ k l l  1x1 = 10 

[D*(o)l  = [DIl[c]=O = -o"mI 

Denote, 

Then, 
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[D*IlXl= 101 (65) 
This equation implies that 1 XI = 0 unless [ D * ]  is 
singular. But by definition of natural vibration, 1 XI is 
not zero. Therefore, the frequencies w which make 
[ D* (a)] singular are the system natural frequencies; 
[D*] is singular if its determinant is zero. Define, 

P ( w )  EZ det [D*(w)] (66) 
P(w)  is called the characteristic polynomial. For N 
system dynamic degrees of freedom, P(u)  is a poly- 
nomial of order N in w2; it has N positive roots in w. 
The N positive values of w which make P ( w )  = 0 are 
the natural frequencies, w, , 

P(w,)  = 0 n = 1,. . . , N (67) 
While the number of natural frequencies possessed by 
continuous systems is always infinite, the number of 
natural frequencies of the discrete model is equal 
to i ts  number of dynamic degrees of freedom. In this 
regard, it is worth repeating that all real physical sys- 
tems are a t  least piece-wise continuous. Therefore, dis- 
crete systems can be viewed only as discrete models 
of continuous systems; this distinction is not unim- 
portant. 

Proceeding, with the N model natural frequencies 
in hand, a return to Equation (65) gives, 

Now, 1x1 is not necessarily zero at w = w, since 
[D*(w)] is singular at these frequencies, but it is un- 
defined. Just  as with the continuous analysis, the sin- 
gularity of the coefficient matrix of Equation (68) 
implies a linear dependency within the L equations. 
That is, only L - 1 linearly independent equations ex- 
ist a t  w = a,, n = 1,. . . , N,  for determining the L 
unknown components of I X 1 .  All that is available from 
Equation (68) are the relative amplitudes, called mode 
shapes, or eigenvectors, at each of the N natural fre- 
quencies. 

n = 1 , .  . . N. I t  is determined by assuming any one 
of its L components as known. Then the L - 1 equa- 
tions on the remaining L - l mode shape components 
a t  each n are solved in terms of the one presumed 
known. That is, assuming arbitrarily that the Lth mode 
shape component is known, Equation (68) is written, 

The L x 1 mode shape vector is denoted 

The ( L  - 1) x ( L  - 1) system of linear algebraic 
equations, (69), is then solved by standard numerical 
methods for the ( L  - 1) component I JI, I for some or 
all of the N modes of interest. 

For the Fig. 6 deckhouse example the above is simple 
since both L and N are one. The [D*] matrix from 
Equation (61) is, 

[D*]  = -wO2~?O2 + kL2 

which is also the characteristic polynomial P(w) .  P(w, )  
= 0 gives the natural frequency, 

with n = 1. 

The mode shape j JI, I is JIll, which has an arbitrary 
value. 

2. Modal Expansion. At this point in the devel- 
opment of the solution for the uniform beam of the 
last sub-section, a brief description of the modal ex- 
pansion solution procedure was followed simply by its 
statement, for that simple case. Here, it is considered 
worthwhile to develop the solution in order to illustrate 
a special difficulty which occurs in the more general 
case. 

As before, the complex displacement amplitude vec- 
tor is first written as a series of the mode shapes 
weighted by unknown coefficients, A ,  : 

N 

1x1 = C A n I J I n I  (70) 
n = l  

Substitute Equation (70) back into the governing equa- 
tions (57), 

N 

C ( - w ~ [ ~ I I J I ~ I  + iu[cII+lnI 
n = l  

+ [kllJInIl An = IF1 (71) 
now multiply Equation (71) by some 1 \ I f r n  1 ', T denoting 
transpose, with m not necessarily equal to n. 
N 

C ~ - u ~ I J I ~ I ~ [ ~ I I J I ~ I  + ~ ~ I J I ~ I ~ [ c I I J I ~ I  
n = l  

+ I J I m I r [ ~ I I \ I f n I I  An = I J I m I ' I F I  (72) 
But due to orthogonality, 

l J I m I T C m l l J I n I  = 0 f o r m + %  

11 1 
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Define, for m = n, 

I$mIT[mll$ml = Mm (73) 

as the mth mode modal mass. 
By Equation (73), the summation of the matrix prod- 

ucts involving [m] in (72) is reduced to a single con- 
stant, M,. Similar reduction of the products involving 
[ k ]  in (72) is accomplished as follows: 

By Equation (68), 

[D*(on)lI+nI (-w2[mI + [k l j  I+nl = 101 

Multiply by I $m I T ,  
-~,21+mIT[mI/lClnI + I$mlT[klI+nI = 101 

Therefore, in view of Equation (73), 

Define, 

K, = om2 M,  (74) 

as the mth mode modal stifness, such that, 

Also define, 

as the mth mode modal exciting force. 

W), 
Substitute Equations (73), (74), and (75) back into 

Now, if orthogonality can be employed to reduce the 
damping term in Equation (76) similarly as with the 
mass and stiffness, then the A ,  required in the solution 
(70) are determined. However, the orthogonality on 
the damping matrix does not, in general, exist for N 
> 1. It exists only in special cases. For example, if [ c ]  
is proportional to [ m] and/or [ k], then orthogonality 
exists (c was proportional to both k and m in the simple 
distributed model of subsection 2.1; that provided the 
mode shape orthogonality required a t  (36)). That is, 
for, 

where yn and 8, are constants which are allowed to 
vary only from mode to mode, then, in Equation (76), 

I $ m I T I C I I + m I  = YmKm + 8 m M m  C m  (78) 

C, is called the modal damping coeficient. Presum- 
ing C, to exist, the A ,  are then, from (76), 

F m  
- 0 2 M ,  + i o C ,  + K, 

A ,  = 

or 

(79) Fm Km 
1 - (o/w,)2 + 2i(, o/o, 

A ,  = 

where, 

5, is the mth mode modal damping factor. Substitut- 
ing Equation (79) into (70) completes the derivation, 

N .  
1x1 = 1 IXnIe-i("n+Pn) 

n = l  

with 

[ x (  t )  1 follows as, 

J x ( t ) l  = Re J X / e i u t  
N 

= iXnl cos (ot - an - f i n )  (82) 
n = l  

Here, a, and f i n  are the modal phase angles, 

f i ,  = tan-' [-F,'/FnT 

Equations (81) and (82) are general equations that have 
wide application to ship vibration problems, as dis- 
cussed in Section 3. These equations again confirm that 
modal expansion can be viewed as just a superposition 
of the responses of Nequivalent one degree of freedom 
systems representing each of the N modes of the dis- 
crete model. The only difference between the above 
solution for continuous versus discrete models is the 
length of the series. The continuous case, having in- 
finite degrees of freedom, generates an infinite series. 

The restriction imposed upon damping in Equation 
(77) for N > 1 must also be observed in continuous 
analysis; this difficulty did not appear explicitly in the 
last sub-section because the beam with uniform prop- 
erties, in fact, possesses proportional damping auto- 
matically. 
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The restriction on damping is severe. For the inter- 
nal material damping of structural systems a damping 
matrix proportional to stiffness can be justified; the 
simple theory used in the last sub-section for allowing 
for material damping of the continuous beam leads to 
this conclusion. However, where other sources of 
damping are  also present, proportionality is usually 
destroyed and, in such cases, the modal expansion, 
Equation (81), does not exist, theoretically. 

Nevertheless, temptations exist for applying the 
modal formula to models where proportional damping 
cannot, in reality, be justified. Ship vibration is a typical 
example. Three rather significant advantages of modal 
expansion over the direct numerical inversion ap- 
proach, Equation (60), exist: 

(1) The solution, Equation (81), is in terms of ar- 
bitrary exciting frequency, o. A summation must 
merely be performed to evaluate the model response 
at any frequency of interest; the direct inversion re- 
quires complete numerical reanalysis of each variation 
of 0. 

(2) In general, a discrete model of a continuous 
system is accurate for only the system modes within 
a limited frequency range. That is, while typically the 
lowest modes of an N degree of freedom model should 
represent the same modes of the continuous system 
with accuracy, the Nth mode of the discrete model 
would be expected to bear no resemblance whatever 
to the Nth mode of the continuous system. A direct 
inversion theoretically includes the responses of all N 
model modes. While including the erroneous model 
modes may not actually contaminate the results of the 
analysis, it is certainly inefficient to carry them. In 
modal analysis, the series can be truncated at levels 
where modeling inaccuracy becomes pronounced with- 
out sacrificing the accuracy of the analysis within the 
frequency range for which the model was constructed. 
This means that only a relative few of the N natural 
frequencies and mode shapes of the discrete model 
need be evaluated in order to predict the system vi- 
bration characteristics of concern. 

(3 )  The semi-analytical form of the modal expan- 
sion provides insight into the relative contributions of 
the elements of mass, stiffness, damping, and excita- 
tion influencing a particular vibration problem. This 
visibility is not available with a purely numerical in- 
version of the model equations. 

Returning again to the Figs. 6 and 7 deckhouse 
model, the modal expansion of the one dynamic degree 
of freedom model is just the analytic solution, Equation 
(63), as comparison with Equations (81) and (82) con- 
firms. The deckhouse response predicted by the simple 
one degree of freedom model is interesting, however. 
For simplicity, assume that the hull girder vibration 
in way of the house, Fig. 6 ,  is rather “flat.” That is, 
assume that the aftermost hull girder nodal point a t  
frequency o is far  enough forward of the house that 
w ( t l ,  t )  zz w(&, t )  on Fig. 6; the house base experi- 

ences a pure vertical translation. Then, in Equation 
(62), with X, = X, E X ,  

F, = - w z m ~ X  
Taking X real (which implies a reference phase of 
zero), 

mod Fl = 0 2 m E X  and /3= rr. 

Also assume that the house is in resonance at o. The 
house rocking vibration, by Equation (63), is then, 

w , 2 m ( X I K  cos (at - 3 ~ / 2 )  (83) 
2t; 

x,(t) = 

with a = rr 1 2  at resonance. By Equation (50) the fore- 
and-aft vibration displacement a t  the house top is, 

u(h , t )  = x , ( t ) k  

Substituting Equation (83), 

But o,2 = Klrn;‘, which gives, 

_ -  Taking a s  typical values of the data in Equation (84), 
5 I r = 3 / 4, h 17 = 4 13,  and t; = 0.05, the house-top 
fore-and-aft displacement is, 

This simple analysis implies that the fore-and-aft vi- 
bration a t  the house top can be 10 times the vertical 
vibration on main deck a t  resonant conditions. This is 
not at all out of line with observations. Unacceptable 
fore-and-aft vibration levels in deckhouses, accom- 
panied by relatively low level vibration of the hull 
girder, and elsewhere in a ship, is a common occur- 
rence. 

2.3 Propeller Exciting Forces. The propeller exci- 
tation in the foregoing has been characterized a s  a 
simple force concentrated at some point near the a f t  
end of the hull girder. This is acceptable only for el- 
ementary demonstration purposes. Propeller excita- 
tion is a complicated combination of concentrated 
forces and moments acting a t  the propeller hub, plus 
a distribution of fluctuating pressure acting over the 
after hull surfaces. The concentrated propeller bearing 
forces and moments are  largely responsible for the 
vibration of main propulsion machinery and shafting 
systems, but are not unimportant, in general, as a 
source of hull vibratory excitation. The usually dom- 
inant hull excitation of modern ships is, however, the 
propeller-induced hull surface pressure field. This is 
particularly true when any degree of fluctuating sheet 
cavitation occurs on the propeller blades, which is more 
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collective effects of the N blades: 

G ( r , e ; p )  z 
N 

g ( r , 8  + 2 ~ ( k  - l) /N; p )  
k =  1 

N 

= - 2 L ( r , 8  
k =  1 

2nz(k,  - 1) + 2r(k - l) / iV)e'PB e 7  eJDG (87) 
Now, the circumferential wake non-uniformity appears 
from the blade to be very nearly periodic in time, with 
fundamental period T = 2 n / R .  With the assumption 
of linearity, the lift distribution, L(r, 8) E L(r,  t ) ,  is 
also periodic with the same period. L(r ,  8) can there- 
fore be written in the Fourier Series, 

Y L(r ,8)  = L,(r) + Re c L4(r )e zqe  (88) 
\;4 , = I  

Here L, ( r )  is the qth harmonic complex lift amplitude 
of the blade section at radius r ;  L,(r) is the steady 
lift distribution associated with steady thrust and 
torque. A choice in procedures for determining the 
L, ( r )  harmonics is available on specification of the 
corresponding harmonics of the wake inflow (see Sec- 
tion 3). It is presumed a t  this point that a sufficient 
number of the L,(r) harmonics are available from 
some source. 

An alternative representation of Equation (88), 
which is useful for insertion into (87), is, 

m 

f,,(W 

/' 
\ /  

\ 

Fig. 8 Propeller blade-element forces 

often the rule than the exception. The fundamental 
concepts and theory of propeller bearing forces and 
propeller induced hull surface forces are treated in the 
following. 

Consider Fig. 8, 
which depicts a propeller blade rotating with angular 
velocity R in the clockwise direction, looking forward. 
By virtue of the rotation through the CirCUmferentiallY 
non-uniform wake the spanwise blade lift distribution, 
L (r ,  8), fluctuates with time, or with blade position 
angle 8 = -R t. I t  is of interest to determine the three 
force and three moment components in the propeller 
hub produced by the time varying lift distributions of 
all N blades acting simultaneously. Toward this pur- 

1 "  
2 , = I  

L ( r , 8 )  = L,(r) + - c [Lq(r)e*qe 
(89) (a) Propeller Bearing Forces. + E , ( r ) e ~ q ~ ]  

where the bar denotes complex conjugate. Discarding 
the steady lift and substituting Equation (89) into (87) 
produces, 

G(r ,B;p)  = 

- 1 e3pG 
N t ( q  + p )  2a(k - 1) 

C e  N [ L,(r)eZiq + p ,B  
pose, define the complex function, 2 ,= 1 k = l  

(90) 
treated as independent in all algebraic manipulations; 
the reason for this artifice is only for compactness of 
notation. p G  in Equation (86) is the geometric pitch But it can be easily verified that the k summations 
angle of the blade section a t  r and p is an integer to appearing in (90) are equal to zero if q ' P is not SOme 

be assigned later. integer multiple of N, say mN, and the summations 
The function g (r ,  8; p )  by Equation (86) represents are equal to N f o r  q ' P = mN Utilizing these facts, 

a pseudo lift distribution on one blade of the N-bladed Equation 

neously is effected by replacing 8 by 8 + 2 r  (k - 1) / 
N in Equation (86) and summing over k. This operation 

1 
N - z ( q  - p )  2nik - 1) g ( r , e ; p )  = -L(r ,8)ezpe eJDG (86) 

Here i and j both denote m, but they are to be + T , ( r ) e  - ' ( q - p ) B  2 e N 
k = l  

reduces to, 
propeller. The effects of all N blades acting simulta- 

defines a new complex lift function representing the 

N G(r,B;p)  = -- eJBG 2 [Lmn-p(r )ezmNB 2 m = l  

m 

+ G m n + p (  r )  e-zmNe 1 (91) 
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The bearing forcesJ,(B), i = 1, . . . , 6, Fig. 8, are 
now given in terms of G ( r , @ ; p )  from (91) as: 

R 

fi ,(e) = Re, G(r,8; 0) dr  I 
.Ap (0) = Re, Im, G ( r ,  8; 1) d r  I 

fs,(e) = Re, Rej r G (r,@ 1) dr  I 
R 

f6,(0) = Im, Re, r G(r,e, 1) dr  (92) 

The subscripted prefixes Re and Im refer to the real 
and imaginary parts of the complex quantities involv- 
ing i and j ;  the complex lift harmonic is Lq = Lq" + 
iLq' in this regard. 

As an example, consider the vertical bearing force, 
J&,. Equations (91) and (92) give, 

I 
r = Th 

R 

+ rmN + ( r )  e-'mNe] dr ]  

Using the facts that, 
Im Z = - ReiZ 

and 
I m z  = ReiZ, 

R 

FLmN-1 ( r )  I f , , (e) = - Re - 2 eimNe 
R = Th 

1: m l 1  

- LmN + 1 ( r )  1 sin P C  dr] 
This formula differs from that given by Tsakonas, 
Breslin, e t  a1 (1967), for example, only in sign. The 
sign difference is due to the fact that positive lift is 
here taken as that with forward axial component, in 

Fig. 9 Flat-plate pressure measurements 

the usual sense. This is opposite to the above reference 
convention. 

The following important facts should be observed 
from Equations (91) and (92): 

1. Propeller bearing forces are periodic with fun- 
damental frequency equal to the propeller angular ve- 
locity times the number of blades. The fundamental 
frequency, Nfl,  is called blade-rate frequency. The 
bearing forces, as written in Equations (91) and (92), 
are composed of terms at blade-rate frequency, plus 
all of its integer multiples, or harmonics, mNn. 

Only certain terms, or harmonics, of the un- 
steady blade lift, and therefore of the hull wake, con- 
tribute to the bearing forces. While the forces on a 
single blade consist of components corresponding to 
all wake harmonics, a filtering occurs when the blade 
forces superimpose at the propeller hub. Equations 
(91) and (92) show that the unsteady thrust and torque, 
fi, and&,, depend only on the lift, or wake, harmonics 
that are integer multiples of blade number. The lateral 
forces and moments, on the other hand, are produced 
entirely by the wake harmonics corresponding to in- 
teger multiples of blade number, plus and minus one. 

( b )  Propeller-Induced Hull Surface Pressures 
and Forces. A thorough understanding of the hull 
surface pressure distributions produced by a propeller, 
and the integration to resultant hull surface forces, is 
only attained with a considerable expenditure of effort. 
The subject is very complex. Nevertheless, much has 
been accomplished since the pioneering experimental 
work of F. M. Lewis (1973), in both understanding hull 
surface excitation and developing methods for pre- 
dicting it. 

1. Uniform inJlow conditions. It is useful to be- 
gin with the simplest possible case: the pressure in- 
duced on a flat plate by a propeller operating in a 

2. 



274 PRINCIPLES OF NAVAL ARCHITECTURE 

uniform inflow. This is depicted in Fig. 9, which is a 
sketch of the water tunnel arrangement from which 
the data shown in Fig. 10 were measured (Denny, 
1967). Two different 3-bladed propellers were used in 
the experiments. The propellers were identical in all 
respects, including performance, except one had blades 
of double the thickness of the other. With the assump- 
tion of linearity, this allowed the independent 

effects of blade thickness and blade lift to be distin- 
guished from the experimental data recorded with the 
two propellers. The left-side plots in Fig. 10 show the 
amplitude and phase of the plate pressure induced by 
blade thickness; the right-side plots correspond to 
blade lift. The predictions of theories available in the 
late 1960's are also shown in Fig. 10. 

The pressure data shown on Figure 10 correspond 
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Fig. 10 Flat-plote pressure amplitude and phase distributions 
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to blade rate frequency. Just  as in the case of bearing 
forces, all multiples of blade-rate frequency also occur, 
but the higher harmonics become negligible quickly 
for the uniform wake case. The phase indicated on Fig. 
10 is defined a s  the position angle of the propeller blade 
nearest the plate (Fig. 9) when the pressure is positive 
(compressive) maximum; positive angle is defined a s  
counterclockwise, looking forward. With this defini- 
tion, the phase relative to a single cycle of the three- 
cycle per revolution blade rate signal is obtained by 
multiplying the phase angles on Fig. 10 by 3. This 
quickly confirms that the blade thickness pressure is 
approximately in-phase up and down stream of the 
propeller; it is an even function in x, approximately. 
On the other hand, a large phase shift occurs in the 
pressure due to blade lift up and downstream; it be- 
haves as  an odd function in x, approximately. This 
behavior suggest some substantial cancellation in the 
lift associated pressure, a t  least, on integration to the 
net resultant vertical force on the plate. Actually, if 
the plate is infinite in extent, the thickness pressure, 
as well as the lift pressure, both independently inte- 
grate to produce identically zero net vertical force on 
the plate. This fact is a demonstration of the Breslin 
Condition (Breslin, 1959). This was established by in- 
tegrating theoretical pressures induced by a non-cav- 
itating propeller operating in uniform inflow over the 
infinite flat plate, and showing the identically zero 
result. 

Fig. 11 is a contour plot of the blade rate pressure 
amplitude from a similar, but different, uniform wake, 
flat plate experiment (Breslin and Kowalski, 1964). 
Here, only amplitude is shown; the phase shift distri- 
bution responsible for the cancellation on integration 
is not apparent from Fig. 11. Figs. 10 and 11 clearly 
imply that propeller-induced hull surface pressure is 
highly localized in the immediate vicinity of the pro- 
peller; the pressure is reduced to a small percentage 
of its maximum value within one propeller radius of 
the maximum. There is a tendency, on the basis of this 
observation, to draw the false conclusion that resultant 
forces occurring in the general ship case should be 
similarly concentrated on the hull in the near region 
of the propeller. This common misconception is ex- 
plained by the considerations of the following sub- 
section. 

2. Circumferentially non-uniform wake efects. 
I t  was shown in the propeller bearing force theory 
that only certain shaft rate harmonics of the non-uni- 
form wake contribute to the blade rate bearing force 
harmonics. In the case of the propeller induced hull- 
surface excitation, the entire infinity of shaft rate wake 
harmonics contribute to each blade rate excitation har- 
monic. But particular wake harmonics are nevertheless 
dominant, with the degree of dominance depending 
primarily on hull form. This will be considered in more 
detail further on. 

The pressure distribution corresponding to the wake 

Flat plate at J = 0.6 

Fig. 11 Flor-plate pressure contours 

operating propeller (without cavitation) has a very sim- 
ilar appearance to the uniform wake case. Fig. 12, from 
Vorus (1974), shows calculated and measured blade- 
rate pressure amplitude a t  points on a section in the 
propeller plane of a model of the DE1040. It was as- 
sumed in both of the pressure calculations shown that 
the hull surface appeared to the propeller as  a flat 
plate of infinite extent. 

The upper part of Fig. 12 shows the measured pres- 
sures produced by the wake operating propeller, along 
with the corresponding calculated results. Both blade 
rate pressure calculations include the uniform wake 
effects of steady blade lift and blade thickness (Fig. 
10 and ll), plus the contributions from the circumfer- 
entially non-uniform part of the wake. The nonuniform 
wake contribution is represented by wake harmonics 
1 through 8 (the “zeroth” wake harmonic component 
referred to in Fig. 12 is equivalent to the steady blade- 
lift and blade-thickness components). 

The lower part of Fig. 12 shows a breakdown of the 
calculated blade rate pressure distribution from above, 
a s  indicated, into contributions from the uniform wake 
components (steady blade lift and blade thickness) and 
non-uniform wake components (sum of unsteady lift 
harmonics 1 to 8). The important point is that  the pres- 
sure is dominated by the uniform wake effects; the 
pressure associated with the uniform wake from the 
lower part of Fig. 12 is essentially identical to  the total 
from above. The non-uniform wake contribution to the 
blade rate pressure is buried at a low level within the 
large uniform wake component. 

Interestingly, the integral of the pressure to a ver- 
tical force on the relatively flat stern has an entirely 
different character with regard to the relative contri- 
butions of the uniform and non-uniform wake com- 
ponents. This is shown in Fig. 13, also from Vorus 
(1974). The second column on Fig. 13 shows the total 
blade rate vertical hull surface force calculated on the 
DE1040. The succeeding 10 columns show the contri- 
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Fig. 12 Blode-rote "flat-plate" pressures on destroyer stern, station 19 

butions to the force from blade thickness and the first 
9 harmonics of blade lift. Fig. 13 shows that it is the 
non-uniform wake components, which are so small in 
the surface pressure, that dominate the integrated sur- 
face force. The large uniform wake pressure due to 
steady blade lift and thickness essentially integrates 
to zero over the flat stern surface (the Breslin Con- 
dition), leaving a blade-rate exciting force due almost 
entirely to the wake harmonics of orders in the vicinity 
of blade number (the DE1040 propeller has 5 blades). 

Actually, the Breslin condition, as established by 
Breslin (1959) for the uniform inflow case, can be gen- 

eralized to cover the non-uniform inflow case as well. 
It can be stated that, for the case of the general non- 
cavitating propeller, the unsteady vertical force in- 
duced o n  an infinite plate above the propeller is 
equal and opposite to the unsteady vertical force 
acting o n  the propeller; the net vertical force o n  the 
plate-propeller combination is identically zero. This, 
of course, covers the uniform inflow case since the 
vertical forces on the plate and propeller are both in- 
dividually zero. The DE 1040 example of Fig. 13 is a 
good approximate demonstration of the non-uniform 
inflow case. It was shown by Equations (91) and (92) 
that the vertical bearing force is produced exclusively 
by the blade order multiple harmonics of the wake, 
plus and minus one. For the propeller operating in a 
wake under an infinite flat plate, the vertical force on 
the plate, being equal but opposite to the vertical bear- 
ing force, must also have to be composed exclusively 
of the blade order wake harmonics, plus and minus 
one. These harmonics are obvious in the DE 1040 ver- 
tical surface force spectrum of Fig. 13; the DE 1040 
stern would be characterized as flat plate-like. With 5 
blades, the 4th and 6th harmonics dominate the vertical 
blade rate surface force, along with the 5th. Amplifi- 
cation of the 5th harmonic is due to the presence of 
the water surface off the water-plane ending aft. 

With regard to the degree of cancellation in the net 
vertical force on the DE 1040, the bearing force am- 
plitude was calculated to be 0.00205. Its vector addition 
with the surface force of 0.0015 amplitude produced 
a net force of amplitude equal to 0.00055, which re- 
flects substantial cancellation. It is noteworthy that F. 
M. Lewis (1963) measured a net vertical force of am- 
plitude 0.0004 on a model of the same vessel at M.I.T. 
In the case of the DE 1040, the surface force is smaller 
in amplitude than the bearing force, but this is not a 
generality. 

At any rate, the characteristics demonstrated in 
Figs. 11, 12 and 13 clearly indicate that measured sur- 
face pressure is a very poor measure of merit of pro- 
peller vibratory excitation; hull vibration is produced 
largely by the surface pressure integral, whose se- 
verity is not necessarily well represented by the mag- 
nitude of the surface pressure distribution. This fact 
also implies the level of difficulty that one should ex- 
pect in attempting to evaluate hull surface forces by 
numerically integrating measured hull surface pres- 
sure. The measurements would have to be extremely 
precise so as to accurately capture the details of the 
small non-uniform wake pressure components imbed- 
ded in the large, but essentially inconsequential, uni- 
form wake pressure component. 

One other relevant aspect with regard to this last 
point deserves consideration. Returning to Fig. 12, it 
was noted that the hull was assumed to be an infinite 
flat plate for purposes of the pressure calculation. This 
assumption might be expected to result in reasonable 
satisfaction of the hull surface boundary condition in 
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the very near field of the propeller. So long as the 
pressure decays rapidly within the propeller near field, 
reasonably accurate estimates of the pressure maxima 
might therefore be expected with the flat plate as- 
sumption. This is confirmed by Fig. 12; all of the pres- 
sure measurement points, where good agreement with 
calculation is shown, are relatively close to the pro- 
peller, and well inside the waterplane boundaries. Out- 
side the waterplane boundaries the relief effects of the 
water free-surface impose a very different boundary 
condition than that of a rigid flat plate. Hull surface 
pressure in the vicinity of the waterplane extremities 
would therefore be poorly approximated by the infinite 
flat plate assumption (Vorus, 1976). The overall validity 
of the flat plate assumption should therefore depend 
on the relative importance of surface pressure near 
the waterplane extremities, outside the immediate pro- 
peller near field. 

From the point of view of the pressure maxima, the 
very rapid decay of the dominant uniform wake part 
justifies the flat plate assumption. On the other hand, 
accuracy of the integrated hull surface forces depend 
on accurate prediction 05 the small non-uniform wake 
pressure components. It i: a fact that while these com- 
ponents are relatively small, they also decay much 
more slowly with distance away from the propeller. It 
is obvious from Fig. 12 that the pressure persisting 
laterally to the water surface (which is assumed to be 
a continuation of the flat plate in the calculations) is 
due entirely to the non-uniform wake components. 
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Fig. 13 Calculated blade rate vertical hull surface forces on destroyer stern 
[DE 1040) 

These small pressures persist over large distances and 
integrate largely in-phase to produce the hull surface 
forces. 

The flat-plate assumption should therefore be less 
reliable for the prediction of hull surface forces, than 
for hull surface pressure maxima. This is supported 
by Fig. 13. The first column on Fig. 13 represents the 
vertical force amplitude calculated by integrating the 
calculated “flat plate” pressures over the DE1040 
afterbody. The second column in Fig. 13 is the vertical 
force calculated using a reciprocity principle (Vorus, 
1974) which satisfies the hull and water surface bound- 
ary conditions much more closely than does the flat 
plate approximation. While some slight differences in 
the wake used in the two calculations were discovered, 
the main differense in the two total force levels shown 
is due primarily €0 misrepresentation of the water sur- 
face in the flat plate calculation. 

The fact that the most important non-uniform wake 
part of the surface pressure acts over a large surface 
area actually suggest that total integrated hull surface 
forces are not the best measure of hull vibratory ex- 
citation either. It is the scalar product of pressure 
distribution and vibratory mode shape represented in 
the generalized forces of Equation (41), or (82), that 
would properly allow for “propeller excitability,” in 
the context of the discussion of Fig. 5 (Vorus, 1971.) 

3. Cavitation effects. The propeller cavitation of 
concern from the standpoint of vibratory excitation is 
fluctuating sheet cavitation which expands and col- 
lapses on the back of each blade in a repeating fashion, 
revolution after revolution (Figure 14). The sheet ex- 
pansion typically commences as the blade enters the 
region of high wake in the top part of the propeller 
disc. Collapse occurs on leaving the high-wake region 
in a violent and unstable fashion, with the final rem- 
nants of the sheet typically trailed out behind in the 
blade tip vortex. The sheet may envelope almost the 
entire back of the outboard blade sections at its max- 
imum extent. For large ship propellers, sheet average 
thicknesses are on the order of 10 cm, with maxima 
on the order of 25 cm occurring near the blade tip just 
before collapse. 

The Fig. 14 type of cavitation, while of catastrophic 
appearance, is usually not deleterious from the stand- 
point of ship propulsive performance. The blade con- 
tinues to lift effectively; the blade suction-side surface 
pressure is maintained at the cavity vapor pressure 
where cavitation occurs. The propeller bearing forces 
may be largely unaffected relative to non-cavitating 
values for the same reason. The cavitation may or may 
not be errosive, depending largely on the degree of 
cloud cavitation (a mist of small bubbles) accompa- 
nying the sheet dynamics. The devastating appearance 
of fluctuating sheet cavitation is manifested consist- 
ently only in the field pressure that it radiates. The 
level of hull surface excitation induced by a cavitating 
propeller can be easily an order of magnitude larger 
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Fig. 14 Fluctuating sheet cavitation 

than typical non-cavitating levels. The Breslin Condi- 
tion does not apply in the cavitating case, and vertical 
hull surface forces due to unsteady cavitation typically 
exceed vertical propeller bearing forces by large 
amounts. 

Fluctuating sheet cavitation can be characterized as 
an unsteady blade thickness effect from the standpoint 
of field pressure radiation. Any unsteady blade thick- 
ness effects associated with the non-cavitating propel- 
ler are higher order. Furthermore, the steady average 
cavity thickness (zeroth harmonic) produces field pres- 
sure on the order of that produced by the bare blade. 
I t  is the source-like volume expansion associated with 
the cavity unsteadiness that produces the large blade 
rate radiated pressures, and its multiples. 

Just  as with the unsteadiness of blade lift in the 
non-cavitating case, the cavitating hull forces are pro- 
duced primarily by the pressure components associ- 
ated with the higher cavitation harmonics of order near 
blade number, and its multiples. For the same maxi- 
mum cavity volume, the shorter the duration of the 
cavitation, the higher its high harmonic content. 

Strength in the high harmonics of the cavitation spec- 
trum results in significant excitation a t  the blade rate 
multiples; slow convergence of the blade rate excita- 
tion series is a characteristic of cavitating propellers. 

In view of the importance of the various sets of 
harmonics involved in propeller excitation, one impor- 
tant distinction between the cavitating and non-cavi- 
tating cases should be recognized at this point. In the 
non-caviting case a one-to-one relationship exists be- 
tween the harmonics of the circumferentially non-uni- 
form wake and the harmonics of blade lift; the 
assumption of linearity which makes each blade lift 
harmonic a function of only the corresponding wake 
harmonic has been established as valid because of the 
typically small flow perturbation in the non-cavitating 
case. Such a linear relationship does not exist between 
the wake harmonics and the cavitation volume har- 
monics. Certainly it is the non-uniform wake that al- 
most solely produces the fluctuating sheet cavitation. 
But sheet cavitation growth has been found theoreti- 
cally to be most responsive only to the first few har- 
monics of the wake. The sheet cavitation, which is 
produced mainly by the low harmonic content of the 
wake, typically completes its cycle within a relatively 
small fraction of one propeller revolution. The volume 
associated with this rapid expansion and collapse has 
much more strength in its high harmonics than does 
the part of the wake that produces it. 

As an aside, it may some day prove to be a fortunate 
circumstance that cavitation effects, which are most 
important in the propeller vibratory excitation prob- 
lem, depend most strongly on only the gross features 
(low harmonics) of the non-uniform wake. Unlike the 
fine detail of the wake to which non-cavitating forces 
are most sensitive, some hope may be held for rational 
prediction of gross wake characteristics. 

The character of the cavitation-induced hull pressure 
field differs from the non-cavitating case in one im- 
portant respect. The multiple blade-rate pressure com- 
ponents produced by the higher cavity harmonics, 
which are dominant in the integrated forces, are no 
longer mere “squiggles” imbedded in a vastly larger 
zeroth harmonic field. The now large pressure com- 
ponents from the cavitation unsteadiness should be 
more accurately captured in measurements of total 
pressure signals. For this reason, measurements of 
cavitation-induced point pressures would be expected 
to be a more meaningful measure of vibratory exci- 
tation than are non-cavitating pressures. However, the 
filtering action of the hull surface on integration still 
appears to  be capable of producing inconsistencies be- 
tween point pressure and integrated force levels. 
Higher order cavitation harmonics with strength in the 
pressure distribution will be modified in strength by 
the surface integration, to different degrees. Different 
weightings of the various pressure harmonic compo- 
nents could logically result in a superposition of dras- 
tically different character in the force resultants. Mea- 

Next Page 



C H A P T E R  V I I  

William S. Vows I Vibration 

Section 1 
Introduction 

1.1 General. One of the problems in the design of 
all modern ships is the avoidance of objectionable elas- 
tic vibration of the hull structure in response to ex- 
ternal or internal forces. Such vibration can cause 
discomfort to passengers and interfere with perform- 
ance of crew duties, and damage or adversely affect 
the operation of mechanical and electrical equipment 
on board. 

Since mechanical vibration can be defined generally 
as the oscillatory motion of rigid, as well as elastic, 
bodies, the subject of ship vibration is actually very 
broad in scope. In fact, all of the ship dynamics prob- 
lems of primary interest to the naval architect, ex- 
cluding maneuvering, involve some form of vibration. 

For convenience, the overall response of a ship can 
be separated into two parts: One is the ship’s motion 
as a rigid body in response to a seaway; the other is 
the elastic or flexural response of the hull or other 
structure to external or internal forces. Rigid body 
motions are considered under the general subject of 
seakeeping and are therefore not usually referred to 
as vibration. See Chapter VIII, Vol. 111 on motions in 
waves. Flexural vibration can be excited in the form 
of vertical and horizontal bending, torsion, and axial 
modes of the elastic structure of the hull girder, as 
well as in the form of local vibration of sub-structures 
and components. Such vibration that is excited by the 
ship’s propellers is a particularly troublesome problem, 
and it will be the principal subject of this Chapter. 
Flexural vibration can also be excited directly by forces 
internal to rotating machinery, and by the external 
forces of sea waves encountered by the ship. Vibration 
excited by sea waves (referred to as springing and 
whipping) is considered under both Motions in Waves 
(Chapter VIII Vol. 111), and Strength (Chapter IV Vol. 
I), although many of the basic principles of hull vi- 
bration covered in this chapter are directly applicable. 

Concern about propeller-induced ship vibration has 
existed since the marine screw propeller was first de- 
veloped in the mid 19th century; the French text book 

Theorie du Navire (Pollard and Dudebout, 1894)’ in- 
cluded a chapter on propeller-induced ship vibration. 
In the early days the relatively few blades per propeller 
and the low propeller RPM excited ships at low fre- 
quency in a characteristically beam-like hull flexure. 
The early analytical work, such as that by Schlick 
(1884-1911) and by Krylov (1936) therefore concen- 
trated on the application of beam theory in developing 
methods to help in avoiding propeller-induced ship hull 
vibration problems. 

As ships have evolved the character of propeller- 
induced vibration has become more complex and vi- 
bration trouble has become more frequent. The great- 
est problems have occurred in the modern generation 
of oceangoing merchant ships. This has been due, in 
large part, to two aspects of design evolution that, 
aside from a consideration of vibration, qualify as tech- 
nological advancements. These two aspects are the 
location of engine rooms and accommodations aft  into 
the immediate vicinity of the propeller(s), and the in- 
crease in ship power. The increased use of diesel en- 
gines has also contributed to the increased frequency 
of vibration problems, but not to as great a degree. 
Ship vibration has also become a greater problem in 
recent years because of tightening of standards of 
acceptable vibration. Most commercial ship specifica- 
tions now establish criteria on acceptable vibration; 
compliance must be demonstrated by the measurement 
of vibration on the vessel builder’s trials. Today, ex- 
haustive studies, employing both experimental and an- 
alytical methods, are conducted during the design of 
almost all large ships in attempting to avoid vibration 
troubles. 

The object of this chapter is to discuss the basic 
theory and the practical problems of flexural vibration 
of ships’ hulls, and of their sub-structures and com- 

Complete references are listed at  end of chapter. 
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x (t) 

A = AMPLITUDE 

FREQUENCY, f = T ’  CYC/SEC (HERTZ) 

Fig. 1 Vibration dirplacemeni 

ponents, with particular attention to propeller-excited 
vibration. Machinery-excited vibration is covered to a 
lesser extent. 

A working knowledge of ship vibration requires the 
reader to be reasonably well versed in mathematics 
and engineering mechanics, as well as in a set of 
“tricks of the trade” with which naval architects, and 
engineers in general, usually feel more comfortable. 
However, a comprehensive knowledge of ship vibra- 
tion theory is not necessarily required in order to work 
effectively with the subject as certain levels. Hence, 
this chapter has been organized so that readers with 
different interests and backgrounds can find material 
to meet their needs. 

Section 2, Theory and Concepts, provides depth in 
understanding the fundamental concepts of ship vi- 
bration, as well as a foundation for further study of 
the techniques employed in vibration analysis. I t  is 
intended primarily for those whose theoretical tools 
are relatively close to the surface of their working 
knowledge. 

The naval architect or shipyard engineer, interested 
more in design methods, can avoid some of the risk of 
becoming bogged-down in theory by proceeding to the 
third section, Analysis and Design. This section is self- 
contained and deals with practical solutions to poten- 
tial vibration problems that should be addressed dur- 
ing the design stage. 

The last section, Criteria, Measurements and Post- 
Trial Corrections, provides material for establishing 
whether or not vibration characteristics of a completed 
ship are satisfactory and how to make corrections, if 
necessary. The ship owner or operator, typically not 
particularly interested in design procedures, and not 
at all interested in vibration theory and concepts, may 
proceed directly to this section. 

1.2 Basic Definitions. The following basic defini- 
tions are provided for the uninitiated. The definitions 
are loose, and aimed a t  the context most needed and 
most often used in the theory of vibration of ships. 

Vibration-Vibration is a relatively small ampli- 
tude oscillation about a rest position. Fig. 1 depicts the 
variation in vibratory displacement with time. 

Amplitude-For vibration of a fixed level of sever- 

ity (steady-state periodic vibration), amplitude is the 
maximum repeating absolute value of the vibratory 
response, i.e., displacement, velocity, acceleration. Dis- 
placement amplitude for steady-state vibration is de- 
noted as A on Fig. 1. For transient vibration, a time 
dependent amplitude sometimes may be defined. 

Cycle-One cycle of vibration is the time between 
successive repeating points; refer to Fig. 1. The time 
required for completion of one cycle is its period. 

Frequency-Frequency is the number of vibration 
cycles executed per unit time; it is the inverse of the 
vibration period. 

Natural  Frequency-A natural frequency is a fre- 
quency at which a system vibrates when stimulated 
impulsively from the rest position. The requirement 
for natural vibration is that the system possess both 
mass and stiffness. For continuous mass and stiffness 
distributions, the system possesses an infinite number 
of natural frequencies, even though only a relatively 
small number are usually of practical significance. On 
impulsive stimulation from rest, the continuous system 
will vibrate a t  all of its natural frequencies, in super- 
position; the degree of vibration a t  any particular nat- 
ural frequency will depend on the characteristics of 
the impulsive stimulus. 

Mode-Each different natural frequency of a sys- 
tem defines a mode of system vibration. The modes 
are ordered numerically upward from the natural fre- 
quency with the lowest value. 

Mode Shape-A mode shape is a distribution of 
relative amplitude, or displacement shape, associated 
with each mode. Fig. 2 depicts mode shapes typical of 
a ship hull girder. The three vertical plane mode shapes 
shown correspond to the first three vertical plane flex- 
ural bending modes; two lower modes, with mode 
shapes corresponding to rigid body heave and pitch, 
occur at lower natural frequencies. 

Node-A node is a null point in a distribution of 
vibratory displacement, or in a mode shape. In general, 
the number of nodes in a mode shape increases with 
modal order (natural frequency). This is the case of 

2 NODE0 VIBRATION 

4 NODEO Vl8RATlON 

4--------- 

/----- ----- _ _ _ _ _ _ _ _  _---- 
I NODEO TORSIONAL VIBRATION 

Fig. 2 Modes of hull girder vibration 
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the ship hull girder vibration depicted in Fig. 2; modes 
2V, 3V and 4V have successively higher natural fre- 
quencies. 

Excitation-Vibratory excitation is an applied time- 
dependent stimulus (force or displacement) that pro- 
duces vibration. Excitation can be transient (e.g. im- 
pulsive), random, or periodic. A steady-state periodic 
excitation, such as approximately produced by a stead- 
ily operating ship propeller, produces a steady-state 
periodic forced vibration of the character of that de- 
picted in Fig. 1. 

Exciting Frequency- For a steady-state periodic 
excitation the exciting frequency is the number of 
cycles of the excitation completed per unit time, which 
is the inverse of the excitation period. Under steady- 
state conditions the frequency of the vibration is al- 
ways equal to the exciting frequency. However, the 
distribution of system vibration response at the steady- 
state exciting frequency can be viewed as a weighted 
superposition of the mode shapes of all the natural 
modes. The degree of participation of any mode is 
sensitive to the proximity of the natural frequency 

associated with that mode to the imposed exciting fre- 
quency. 

Resonance-Resonance is the condition that occurs 
in steady state forced vibration when the exciting fre- 
quency coincides with any one of the system natural 
frequencies. The common frequency is then also called 
a resonant frequency. At resonance the vibration am- 
plitude is limited only by system damping, ignoring 
non-linearities. The damping in engineering structures, 
including ships, is generally very light, so that reso- 
nant vibratory amplitudes are often disproportionately 
large relative to non-resonant levels. With the dispro- 
portionate amplification of one system mode at reso- 
nance, the distribution of system resonant vibration 
will often correspond closely to the mode shape of the 
resonant mode. 

Beat-Beating is a characteristic of systems whose 
exciting frequency varies over a small range. The re- 
sulting response contains a low beat frequency. The 
value of the beat frequency also varies, but its max- 
imum value is equal to the bandwidth of the exciting 
frequency variation. 

Section 2 
Theory and Concepts 

2.1 Continuous Analysis. All systems that are ca- 
pable of vibrating, including ships, have at least piece- 
wise continuous properties. That is, the mass, elastic- 
ity, damping and excitation properties are continuous 
within pieces, but may have jumps in value where these 
pieces connect. Unfortunately, piece-wise continuous 
mathematical models of piece-wise continuous systems 
that are at all general are of little use in vibration 
analysis because of the intractability of their solutions; 
discrete models are necessary for most practical pur- 
poses, as is shown in Section 2.2. However, simple 
continuous models, representing idealizations of real 
systems, are extremely valuable in understanding 
basic vibration concepts. Their simple solutions can 
often provide surprising insight into the behavior of 
the complex systems whose basic character they ap- 
proximate. 

The simple continuous model that has been used 
repeatedly over the years to demonstrate certain fun- 
damental aspects of ship vibration (Kennard, 1955) and 
(Todd, 1961), is the uniform continuous beam model of 
the ship hull. This model is depicted in Fig. 3 for the 
case of vertical vibration. 

Here the ship hull girder is represented by a uniform 
one-dimensional beam. The beam is supported by a 
uniform elastic foundation, of stiffness k per unit 
length, representing the buoyancy spring of the water 
(water specific weight times section beam). The foun- 

dation has a uniformly distributed damping coefficient, 
c, representing hydrodynamic damping. The uniform 
beam mass per unit length is p (including hydrody- 
namic added mass) and its uniform stiffness is El, 
where E is modulus of elasticity and I sectional mo- 
ment of inertia. The beam is acted upon by the dis- 
tributed forcing function, f (x, t ), which for purposes 
of example, represents the vibratory excitation due to 
the unsteady pressure field of a propeller. 

The Fig. 3 model is, in a strict sense, a valid dem- 
onstration tool for propeller induced ship vibration oc- 
curring typically a t  relatively low propeller RPM. At 
higher exciting frequencies associated with modern 
ship propellers operating near design RPM, the dy- 
namics of mass systems sprung2 from the hull girder, 
deckhouses for example, become important. However, 
as the vibration of the basic hull girder retains at least 
a beam-like character at high frequency, the Fig. 3 
model is still instructive, although incomplete. 

The differential equation of motion governing vibra- 
tion of the Fig. 3 model is available from almost any 
general reference on mechanical vibration. Denoting 
w(x,t) as the vertical vibratory displacement of the 
beam, the governing equation is: 

i.e., connected by structure that acts as a spring. 



258 PRINCIPLES OF NAVAL ARCHITECTURE 

a 4  w a5 W a2 W 
E17 + v I -  

ax w a t  + at2 
aw 
at  + C -  + kw = f ( x , t )  

Aside from the second term on the left-hand side, 
Equation (1) represents the standard Euler beam on 
an elastic foundation. The second term in (1) derives 
from the inclusion of a visco-elastic term in the stress- 
strain law for the beam material (Kennard, 1955), v is 
the visco-elastic constant. The second term in (l), as 
well as the fourth, involve the first time derivative of 
the displacement, and therefore represent damping; c 
is the hydrodynamic damping coefficient of the elastic 
foundation, by previous definition; v I in the second 
term in (1) represents a material damping coefficient 
of the hull beam. 

The Euler beam representation, Equation (l), can be 
easily extended to  the Timoshenko beam by including 
beam rotational inertia and shear flexibility in the der- 
ivation. However, the additional terms introduced add 
substantial complexity to the equation a s  well a s  to 
the complexity of its possible analytic solutions. Since 
the purpose of this sub-section is only to establish 
concepts and the formulas to be derived are not in- 
tended for actual application, inclusion of shear flexi- 
bility and rotational inertia in the equation of motion 
would not serve the purpose well. 

End conditions on the equation of motion are  re- 
quired for uniqueness of its solution. The end condi- 
tions on Equation (l), corresponding to zero end 
moment and shear, are: 

a 2 W  a 3 ~  

axe ax3 
- 0 a t x  = 0 and x = L (2)  - 

(a)  Steady-State Response to Periodic Excita- 
tion. In propeller-induced ship vibration the steady 
propeller excitation is, in reality, a random excitation 
that  remains stationary while conditions are un- 
changed. However, it is approximately periodic with 
fundamental frequency equal to the propeller RPM 
times the number of blades. The excitation is therefore 
approximately expressible as  a Fourier series in the 
time variable. With steady state vibratory response to 
the periodic excitation being the interest, w(x, t )  is 
likewise expressible in a Fourier series. 

The procedure for solving the equation of motion, 
Equation (l), for the steady state vibration is to  sub- 
stitute the two Fourier series representations for 
w(x, t )  and f ( x ,  t )  into the equation. The time depen- 
dency is then cancelled out, and the resultant series 
of ordinary differential equations in x are solved term 
by term for the unknown coefficients of the displace- 
ment series. 

For demonstration purposes assume a one-term 
Fourier series (i.e., simple harmonic) representation for 

z 
A 

BOW STERN 

Fig. 3 Ship hull beam model 

the excitation force distribution in time. Then optional 
forms are: 

f ( x ,  t )  = F ( x )  cos (ot - a) (3) 
= Re F(x)ezo t  (4) 

where, by identity, 
ezwf  cos w t  + i sin wt 

and Re denotes “real part of.” F(x)  is the amplitude 
distribution of the excitation force along the length of 
the ship, and w is its frequency. Defining w as blade- 
rate frequency, N f l ,  where R is the propeller angular 
velocity and N the number of blades, Equation (3) 
would be a valid approximation of f ( x ,  t )  provided that 
the fundamental harmonic of the excitation is dom- 
inant, i.e., provided that the excitation at multiples of 
blade-rate frequency is relatively insignificant. This is 
often true, particularly in cases where propeller cav- 
itation does not occur. 

For steady-state vibration in response to f ( x ,  t ) ,  
w(x,  t )  will have the similar form, 

w(x, t )  = W J x )  cos ot  + W J x )  sin w t  

= Re W(x)e twt  (5) 
where, in view of Equation (5), 

W ( x )  = WJX) - iW,(X) (6) 
W ( x )  is the unknown complex amplitude, which in- 
cludes phase as  well as amplitude information. W ( x )  
is to be determined by solution of the equation of 
motion. 

Substitution of Equations (4) and (6) into Equation 
(1) and end conditions, Equation (2), with cancellation 
of the time dependency, produces: 

wv d 4 W  
E Z l + i -  --- (w2  p 0 E dx4 

- iwc - k ) W =  F ( x )  (7) 
with, 

d 2 W  - d Y W  - 0 
dx2 dx3 

a t x  = 0 and L (8) 
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I t  is convenient to non-dimensionalize the variables in 
Equations (7) and (8) before considering solutions for 
W ( x ) .  Redefine the variables in non-dimensional form 
as, 

Also define, 

where in K ~ ,  

n, = & 
A Characteristic Rigid-Body Frequency 

A Characteristic Flexural Frequency 

c 
t c  = - 

2P Q, 

Hydrodynamic Damping Factor 

and denote, 

5 = -  V f l f  

" 2E 
Structural Damping Factor 

Equation (7) then becomes: 

This is the non-dimensional equation for steady-state 
vibration amplitude in response to harmonic excitation. 
Its end conditions are: 

at x = 0 and 1 d 2 W  - d ' W -  
dx2 dx3 
- -__ -  

(b)  Undamped End-Forced Solution-Demon- 
strations. The simplest meaningful solution of Equa- 
tion (9) is obtained by specializing F(x) to be a 
concentrated end force and discarding the damping 
terms. This solution, obtained by direct inversion of 
the reduced equation, is, 

F 1 
W ( x )  = - * 

2~~ 1 - cosh K cos K 
. [(sinh K - sin K)(COS K X  + cosh K X )  

- (cosh K - cos K)(sin K X  + sinh KX)] (10) 

Here, the force is concentrated at the stern, x = 1 
(Fig. 3). With zero damping W ( x )  is pure real and K 
is given by, 

K4 = ( O m J  - (.n,/fl,)~ (11) 
The solution, Equation (lo), permits several relevant 

observations. These are developed a s  follows: 
1. Resonant Frequencies-Added Mass and 

Buoyancy Effects. The undamped solution, Equation 
(lo), implies infinite vibration amplitude at the values 
of e~ which make cosh K cos K equal to unity. These 
values of o are therefore the system resonant fre- 
quencies, which are  denoted as  e ~ ~ .  Denoting K = K, 
a t  values of w equal to w,, the resonant frequencies 
correspond to the infinity of roots of, 

cosh K, cos K, = 1 (12) 

K: = ( W n / Q f ) '  - (n,/i?,,)' (13) 
The first root of Equation (12) is obviously K, = 0. 

where, from Equation ( l l ) ,  

This implies, from (13), that, 

wg = a, = 4; 
This is just the rigid body heave, or pitch, resonant 
frequency; the two are  the same for a ship with uni- 
form, or longitudinally symmetric, mass and buoyancy 
distributions. At the low frequency of the rigid body 
resonance corresponding to K,, the mass distribution 
p is frequency dependent due to the surface wave 
effects in the hydrodynamic component of p.  The fre- 
quency dependence of p diminishes as the vibratory 
frequency increases. In reality, ship hydrodynamic 
added mass in essentially invariant with frequency at 
frequencies corresponding to the full flexural modes. 

The second root of Equation (12) is K~ = 4.73, which 
corresponds to the first hull flexural mode. All sub- 
sequent K, are  greater than K ~ .  Therefore, assuming 
p to be independent of frequency for n 2 1, a,- and 
0, are  constants in Equation (13), and the first flexural 
mode resonant frequency, and all of those above it, 
are directly available from Equation (13) as, 

a, = sl, J K ~  + ( f l r / C l f ) ' ;  n = 1, . . . , 00 (14) 
with K, determined from Equation (12). 

Now, for ships, the ratio fl,lflf is typically on the 
order of 1, and therefore much smaller than ~ , 4  in (14). 
This demonstrates the fact that  the effect of buoyancy 
in stiffening a ship hull in vertical flexural vibration 
exists, but is insignificant in normal circumstances. 
Discarding 0, / s2, in Equation (14), the beam resonant 
frequencies are approximated by, 
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Fig. 4 Hull beam response characteristics 

Being typically negligible, the effects of buoyancy will 
be discarded in all subsequent considerations of flex- 
ural vibration; R, will be deleted in the definition of K 

so that the existence of non-zero rigid-body modes 
( n  = 0) is ignored. Furthermore, SZ, appearing in K will 
be taken as frequency independent, since the hydro- 
dynamic added mass in Rf is a constant at high fre- 
quency. 

Note that although in the case of wave-excited vi- 
bration both rigid-body and flexural vibration occur, 
the two responses are essentially independent super- 
positions. 

2. Stern Vibration Level. Consider the vibra- 
tion at the position of the concentrated excitation force 
by setting x = 1 in (10): 

(16) 
"(1) - sinh K cos K - cosh K sin K 

For exciting frequencies in the range of the beam 
flexural resonant frequencies, the corresponding val- 
ues of K ,  as arguments of the hyperbolic functions, 
can be considered as large. That is, for large K ,  

-- 
F K3 (1 - cash K COS K )  

1 
2 

sinh K z cosh K =: - e" 

Therefore, at high frequency, 
"(1) cos K - sin K 1 -- - - (tan K - 1) (17) - tc3 (Ze-. - cos K )  - K~ 

Equation (17) implies that, for a forcing function of 
fixed amplitude, the end vibration generally decreases 
with frequency as K - ~ ,  or o-%. Zero vibration at the 
stern occurs at the anti-resonant frequencies, w,~, 
corresponding approximately to, 

tan K , ~  = 1 

F 

or, from Equation (15), 

(18) 
Large vibration occurs only in the immediate vicinity 
of the resonant frequencies, the flexural values of 
which, from Equation (17), correspond approximately 
to, 

oXa/f l f  = [(4n + 1) d4I2; n = 1, . . . , 00 
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tan K,  = * co 

or, 

o, /Qf  = [(2n + 1) 77/21,; n = 1, . . . , (19) 

As o increases, Equation (17) implies a limiting state 
where the vibration is zero except at the resonances. 
But the resonant frequencies, (19), at which the vibra- 
tion is infinite, occur in the limit (large n), infinitely 
far apart. The trend toward this limiting case is ex- 
hibited in Fig. 4, which is a plot of Equation (17) in 
the frequency range of the first few flexural modes. 

With regard to the relationship of (17) to actual ship 
vibration, it is not true, in general, that the spacing of 
the hull girder resonances increases as frequency in- 
creases. The disagreement is due to the exclusion of 
shear and rotational inertia in the beam model, as well 
as to the exclusion of the effects of local vibratory 
subsystems sprung from the hull beam. These effects 
become influential in ship hull girder vibration at high 
frequency. 

The vibration is also, in reality, certainly not infinite 
a t  the resonant frequencies; this prediction is, of 
course, due to the deletion of damping in Equation (9). 

It is likewise not true that propeller-induced vibra- 
tion has a generally decreasing trend with frequency, 
as (17) implies. In reality, however, the amplitude of 
the propeller excitation, in this case F, increases with 
frequency, roughly as frequency squared. With an o2 
variation of F in (17), W(l) then increases general1 
as o', which is more realistic than decreasing as o . 

3. Relative Vibration of Bow and Stern. 
Setting x = 0 in (lo), the vibration amplitude at the 
beam end opposite that to which the excitation is ap- 
plied is, 

K 

(20) 
W(0) - sinh K - sin K 

K3 (1 - cosh K COS K )  
-- 

F 

Using (16) and (20), the ratio of the end displacements 
is, 

(21) W(0) - 
W(l) 

sinh K - sin K 

sinh K cos K - cosh K sin K 
-- 

Again, replacing the hyperbolic functions by the ex- 
ponential for large K ,  

W(0) - 1 - 2 sin K e-" 1 
cos K - sin K 

N -- 
W(1) cos K - sin K 

(22) 

At the anti-resonant frequencies, (18), W(0) / W(1) be- 
comes infinite since W(l) = 0 by definition of the anti- 
resonance. At the resonant frequencies, (19), W(0) / 
W(1) = *l, by (12). The minimum absolute value of 

the displacement ratio occurs at cos (K  + ~ / 4 )  = * 1; 

1 - - 
fi COS ( K  f T/4)  

its value is min 1 W(O)/ W(l) I = 1 / fi. The frequencies 
at which this minimum value occurs are, 

(23) 

This prediction is definitely contradictory to obser- 
vations of ship vibration at high frequency. The simple 
undamped end-forced solution predicts that the vibra- 
tion level at the ship bow should never be less than 
roughly 70 percent of the vibration at the stern. In 
reality, propeller-induced ship hull girder vibration is 
known to concentrate at the stern at high propeller 
RPM, with the vibration diminishing rapidly forward 
and often being hardly detectable in the vessel fore- 
body. 

A reconciliation of theory and observation as to this 
particular point requires a more general solution to 
Equation (9), which includes damping as well as a less 
restricted characterization of the propeller excitation. 
However, the direct analytic solution procedure used 
to produce Equation (10) is no longer suitable for pro- 
viding the desired insight in the more general case. 

(c) A More General Solution: Modal Expan- 
sion. The modal, or eigenfunction expansion tech- 
nique allows damping as well as an arbitrary excitation 
character to be handled with relative ease. Basically, 
modal expansion is an expression of the fact that the 
vibration can be viewed as a superposition of the in- 
dependent natural modes. The solution to the equation 
of motion is expressed as an infinite series, versus the 
alternative closed-form possibility represented by (10). 
The series is expanded in terms of the infinite set of 
normal modes of the unforced, undamped system. 

1. Natural Frequencies and Mode Shapes. 
Returning to the equation of motion for the Fig. 3 
uniform beam, Equation (9), the unforced, undamped 
system in this case corresponds to (9) with zero damp- 
ing and excitation: 

0 _ -  - [ (4n  + 3)  d 4 I 2 ;  n = 1, . . . , 00 

fir 

- 0 a t x  = 0 a n d 1  d 2 W  - d3W 
dx2 dx3 

where K is defined by Equation (11). The solution to 
the homogeneous differential, (24), is, for K f 0, 

W(x) = C, sin K X  + C, cos K X  

+ C3 sinh K X  + C, cosh K X  (25) 

Applying the two end conditions at x = 0 eliminates 
two of the four constants in (25) as, 

c, = c,, c, = c, (26) 

Application of the remaining end conditions at x = 1 
gives the following simultaneous equations for deter- 
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mining C3 and C,, 
sin K - sinh K 

[cos K - cosh K 

cos K - cosh K 

- sin K - sinh K ]  121 = lil 
(27) 

or, 
[BIlCl = 101 

ICI = [BI-' 101 

Then by inversion, 

Therefore, unless [ B ]  is singular, the only solution to 
Equations (27) is I CI = 101. But this implies that W ( x )  
= 0, which is not of interest. Non-zero ICI, and non- 
zero W(x) ,  therefore require that [B] be singular. [B]  
is singular only if its determinant is zero. From Equa- 
tion (27)) 

(28) 
Denote the values of K which make det [B] = 0 as 
K,; these values are the system eigenvalues. The in- 
finite set of eigenvalues are determined so that Equa- 
tion (28) is zero, i.e., so that, 

(29) 
But this is just Equation (12), which established the 
system resonant frequencies. From (ll), ignoring the 
OT term, 

(30) 
where the 0, were identified as the resonant fre- 
quencies. But under present considerations the on are 
the frequencies corresponding to unforced and un- 
damped, or natural, system vibration; the system res- 
onant frequencies are therefore synonomous with the 
svstem natural frequencies. 

Non-zero values of C3 and C, from (27) therefore 
exist only at  values of w satisfying (29). However, the 
values of the constants, while not zero, are indeter- 
minant, since the coefficient determinant is zero at  
these frequencies. The fact that the determinant of 
the coefficients is zero at  the natural frequencies im- 
plies that the two Equations (27) are linearly dependent 
a t  the natural frequencies. That is, two independent 
equations from which to determine the two constants 
are not available. The only information available from 
(27) is the relationship between C3 and C4 a t  the natural 
frequencies. Either one of the two equations can be 
used for this purpose; the same result will be obtained 
because of the linear dependency. From the second 
equation of (27)) 

(31) 
C, - sin K, + sinh K,  

C, cos K, - cosh K, 

Substitution of (31) and (26) back into the homogeneous 
solution (25) gives the beam vibration amplitude at the 
natural frequencies, as a function of x, except for a 

det [B] = -2 (1 - cos K cosh K )  

cos K, cosh K,  = 1, n = 1 , .  . . CO. 

K: = (0, / f&-)' 

- -  

constant factor. This relative amplitude distribution 
a t  the natural frequencies is called the eigenfunction, 
or mode shape, and is denoted by 3,. From (25)) in 
terms of arbitrary C,, the mode shape for the Fig. 3 
beam is, 

cos K , X  + cosh K , X  

sin K, + sinh K,  

cos K ,  - cosh K,  
(sin K , X  + sinh K , x ) ]  (32) + 

Equation (32) is the beam mode shape for K # 0. This 
function has the character of the vertical mode shapes 
depicted on Fig. 2 of Section 1.2; increasing n corre- 
sponds to increasing node number. 

For K = 0 the solution to the homogeneous system, 
Equation (24) is, 

(33) 

(34) 
which satisfies the end conditions at  x = 1 identically. 
The mode shape identified with (34) is therefore the 
zeroth order rigid body heave /pitch mode, whose ccr- 
responding natural frequency was previously identi- 
fied as R, by Equations (12) and (13); R, has been 
assumed to be zero in consideration of the flexural 
modes. 

2. Vibratory Displacement. Modal expansion ex- 
presses the solution of the equations of motion, Equa- 
tion (9)) as a weighted summation of the infinite set 
of mode shapes, 

W ( x )  = c, + c,x + c3x2 + c4x3 

W ( x )  = c, 4- c,x 
The end conditions at  x = 0 reduce (33) to, 

(35) 

Back substituting Equation (35) into (9) and utilizing 
the orthogonality property of the mode shapes, the 
A ,  in Equation (35) are determined as, 

n = l  

(36) Fn 1 Kn 
1 - (0/o,)2 + 2 i 5 , o / o n  

A ,  = 

where F,, K,, and Y, in Equation (36) represent the 
following: 

F, = 1 F ( x )  +,(x)dx Modal exciting force 
x = o  

(37) 

K, = (zy 1 +;(x)dx Modal stiffness (38) 
x = O  

Modal damping factor (39) 
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Substitution of (36) into (35) gives the complex vibra- 
tion amplitude, 

(40) 
Substitution of this result into (5), and using a trigon- 
ometric identity, gives the vibration displacement at 
any point x along the beam a t  any time, 

m 

n = l  

The modal phase angle, a,, relative to F,, is, 

The form of Equation (41) demonstrates that modal 
expansion can be viewed as just a superposition of the 
independent responses of an infinite number of equiv- 
alent one-degree-of-freedom systems. The stiffness, 
damping, and excitation of each equivalent system are 
the modal values corresponding to Equations (37), (38), 
and (39). The equivalent mass would be the modal 
mass, M,, = K,/o,2. The responses of each of the 
single degree-of-freedom systems is distributed ac- 
cording to the mode shapes of the respective modes. 

3. Relative Vibration of Bow and Stern. The 
reasons for the rapid attenuation of hull girder vibra- 
tion on moving forward from the stern, which were 
left unexplained by the simple theory of the last sub- 
section, can now be reconsidered with the aid of the 
modal expansion, Equation (40). 

I t  is first convenient, although not a t  all necessary, 
to normalize the eigenfunction set, Equation (32), by 
assigning specific values to the constant C4 . Choosing 
a value of unity of the +,(x) at the forcing end, i.e., 

(42) qln(l) = 1; n = 1, . . . , 00 

C, in Equation (32) is evaluated as, 
cos K, - cosh K, 
2 sin K, sinh K, c4 = (43) 

Then from (43) and (32), the eigenfunction at x = 0 
has the values, 

(44) 
It will also be notationally convenient to define, W,(x) = A ,  Jln(x),  where A ,  is given by Equation (36). Equa- 
tion (40) is then, alternatively, 

+,(O) = (--I),+’; n = 1, . . . , 00 

By Equations (42), (44), and (45), the displacements at 
the two ends of the beam are, 

m 

~ ( 1 )  = C wn(1) 
n = l  

and (46) 

W(0) = C ( - l ) , + l  Wn(l) 
m 

n = l  

Equation (46) shows that the absolute values of the 
displacement components from each mode are the 
same at the beam ends. Differences in the sums must 
therefore be due only to the alternating form of the 
series for W(O), associated with phase changes occur- 
ring within the displacement components at the forcing 
end. In fact, this character of the displacement series, 
Equation (46), is the basis for understanding the rea- 
sons for the rapid decay of hull girder vibration for- 
ward from the stern. Fig. 5 is intended as an aid in 
this purpose. Fig. 5 is composed of sketches of the W, 
components for six modes, arbitrarily, and their sum- 
mations, for three different cases. 

The first column in Fig. 5 depicts the displacement 
for the undamped beam with the concentrated force 
applied a t  the extreme end. This was the case studied 
in the last sub-section and for which the minimum ratio 
of end displacements was predicted to be never less 
than 1 / 4. The second column in Fig. 5 represents 
the case where damping remains zero, but the con- 
centrated force is applied at a position x = x, slightly 
less than 1, corresponding to a typical propeller posi- 
tion. In the third column on Fig. 5,the force has been 
replaced at the beam end, but damping has been as- 
sumed to be non-zero and significant. 

The exciting frequency is assumed to lie arbitrarily 
between modes 3 and 4 in Fig. 5. The value of o can 
be considered as that given by Formula (23) with 
n = 4; Equation (23) predicts the frequencies at which 
min I W(O)/ W(1) I = 1 / @  occurs for the undamped, 
end-forced case. 

Consider the three cases of Fig. 5 individually. 
Case 1 - Undamped, End forced. From Equation 

(40), with x, = 1 and for ln = 0, 

In general, the modal forces for the three cases of 
Fig. 5 are Fn = F+,(x,), by Equation (37). For x, = 
1 in the first case F, = F f o r  all n since +,(1) = 1 by 
Equation (42). For o between two resonant frequen- 
cies, oN ~ and oN, the beam end displacements can 
be written from (46) and (47) as, 

N -  1 m 

W(l> = - C I Wn(1)I + C I Wn(1)I 
n = 1  n = N  
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d 7 xo 

xo = 1 , J "  > 0 
I F  

n 

Fig. 5 Hull mode superpositions 

N - 1  

W(0) = - c ( - l ) n + l \  W,(l)I 
n = l  

+ 5 (- l )n i l (Wn( l ) I  (48) 
n = N  

Here, the sign change occurring in the denominator 
of Equation (47) at n = N has been explicitly assigned. 
At the end x = 1, all of the modes below o are of the 
same sign, but of opposite sign to the modes above o. 
Imperfect cancellation occurs, with the lower modes 
dominating the upper. At x = 0 on the other hand, 
interferences occur among the groups of modes both 
below and above o due to the alternating signs shown 
in Equation (48). The dominant terms immediately 
above and below o, i.e., W,- ,(O) and W,(O), have the 
same signs, however, and support rather than cancel. 
As a result, W(0) is relatively large. In fact, the ratio 
I W(O)/ W(1) 1 occurring at w for x, = 1 and tn = 0, 
which has the value 1 / 8, is a maximum value of the 

minimum ratio, as both repositioning the excitation 
force forward and allowing non-zero damping result 
in a more rapid attenuation of displacement away from 
the forcing point. 

Case 2- Undamped, x, < 1. Considering the case 
where x, < 1, which corresponds to the second column 
on Fig. 5, the modal force is, 

F n  = F J l n ( X 0 )  

in Equation (40). The modal forces now converge with 
increasing n, since, as the aftermost beam nodal point 
moves aft toward the forcing point with increasing n, 
the Jln(xo) decrease. Thus the higher modes become 
less excitable by the concentrated force. The result is 
a decrease in the cancellation in W(1), by Equation 
(48), as the net displacement produced by the modes 
above o decreases relative to the net contribution from 
below. Also, a weakening of the modes above o re- 
duces the support of the large Nth mode in W(O), rel- 
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ative to the N - lth. This results in a relative decrease 
in W(O), with respect to W(1), and a larger difference 
in the end displacements. This decreasing propeller 
excitability of the higher hull girder modes by virtue 
of convergence of the modal force series was the ex- 
planation given by Baier and Ormondroyd (1952) for 
the rapid attenuation of propeller induced hull girder 
vibration forward from the stern region. 

Case 3-Damped, End-forced. Turning to the 
case of non-zero damping, but with F, = F, the terms 
in the displacement series are: 

If the modal damping factor, Y n  in Equation (49) in- 
creases with n, then the convergence of the displace- 
ment series is accelerated, with the same effects as  
produced by convergence of the modal forces just con- 
sidered. Damping also modifies the relative phases of 
the modes. This occurs most strongly for modes in the 
immediate vicinity of the exciting frequency, since the 
damping in the denominator of (49) is relatively strong- 
est for w / w ,  in the vicinity of 1. For zero damping, 
the modes below the exciting frequency are 180 deg 
out of phase with the modes above due to the sign 
change in the denominator of (47). Damping spreads 
the phase shift. If the damping is strong enough the 
most dominant modes to either side of the exciting 
frequency can be approximately in phase and 90 deg 
out of phase with the exciting force. This is the situ- 
ation depicted on Fig. 5, where damping has delayed 
the phase shift in the two modes below w .  The result 
is increasing modal interference with distance away 
from the forcing point. 

The effect depicted in Column 3 of Fig. 5 is contin- 
gent upon a modal damping factor which increases 
with modal order and/or  is relatively large in the 
modes in the vicinity of the exciting frequency. In this 
regard reconsider the modal damping factor which 
arose in the derivation of the uniform beam modal 
expansion, (39), 

The structural damping factor, Y v ,  is a constant, by 
Equation (9). The hydrodynamic damping factor, Y,, 
has not been specifically defined, but it actually has a 
decreasing magnitude with frequency. Furthermore 
0, / SZ, is large for all n. Therefore, for n large, 

Y n  N Y v  ( w n / Q f )  = ( v / 2 E )  0, 
Y,, therefore increases with n, and becomes large at 
large n corresponding to w ,  at high frequency exci- 
tation. The In developed with the idealized beam model 
therefore appears to meet the requirements for the 
effects of damping exhibited on Fig. 5 .  High hull damp- 
ing in the frequency range of propeller excitation was 
the explanation suggested by Kennard (1955) for the 
concentration of vibration in the stern of vessels when 
operating a t  high propeller RPM. 

This discussion with regard to Fig. 5 should help to 
avoid the common misconception that the concentra- 
tion of propeller-induced vibration in the stern of a 
vessel is evidence that the vessel is exhibiting some- 
thing other than beam-like vibration. To the contrary, 
sternward concentration of vibration at high frequency 
is due to interference in the beam modes at the bow 
and support at the stern. As shown, this occurrence 
is due both to increasing modal damping and decreas- 
ing modal excitability as modal order, and exciting 
frequency, increase. 

2.2 Discrete Analysis. (a)  Mathematical Models. 
Modern day ship vibration analysis employs mathe- 
matical models that are non-uniform and discrete, 
rather than uniform and continuous, almost exclu- 
sively. Such models represent the continuous mass, 
stiffness, damping and excitation characteristics of the 
physical structure a t  a discrete number of points, 
which are called nodal points. The equivalent nodal 
point properties are translated in terms of an assem- 
blage of discrete, or jinite, elements; the finite ele- 
ments inter-connect the nodal points of the structural 
model. (Note that these nodal points are not the same 
as the nodes defined in Section 1.2). 

In analyzing the discrete model all forces and dis- 
placements are referred to the model nodal points. In 
general, six components of displacement, consisting of 
three translations and three rotations, and six corre- 
sponding components of force, can exist at each nodal 
point of the model. The model is usually constrained, 
however, so that less than the possible six displace- 
ments are allowed at any nodal point. The number of 
such displacements allowed at any point are  referred 
to as its degrees of freedom. If mass, or mass moment 
of inertia, is associated with a particular nodal point 
displacement, then that displacement defines a dy- 
namic degree of freedom. Otherwise, the degree of 
freedom is static. While the total number of degrees 
of freedom of continuous systems is always infinite, 
the total number of degrees of freedom of a discrete 
model is finite, being the sum of the numbers assigned 
to each of the model nodal points. 

Discrete analysis of ship vibration can be performed 
to any arbitrary level of detail, with model complexity 
limited primarily by available computing facilities. 
Often, the ship hull girder, a s  considered in the last 
subsection, is modeled along with its sprung substruc- 
tures, i.e., deckhouses, decks, double-bottoms, etc., in 
a single discrete model (Sellars and Kline, 1967) (Reed, 
1971) and (Kagawa, 1978). In many cases meaningful 
estimates of substructure vibration characteristics can 
also be obtained using only a discrete model of the 
substructure, with approximate boundary conditions 
applied a t  its attachment to the hull girder (Sandstrom 
and Smith, 1979). 

Discrete analysis is conveniently demonstrated by 
an idealized example of the latter approach noted 
above. Consider the simple finite element model for a 
ship deckhouse shown in Fig. 6. Here, the house is 
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I 
t9I 

Fig. 6 Ship deckhouse vibration model 

modeled two-dimensionally as a rigid box of mass m 
and radius of gyration F. The house front is taken, 
typically, as a continuation of the forward engine room 
bulkhead; the connection at main deck is assumed to 
act as a simple pin allowing completely free rotation. 
The parallel connection of finite elements with axial 
stiffness and axial damping represent the supporting 
structure along the house after bulkhead. This struc- 
ture would be composed, typically, of pillars erected 
within the engine room cavity. The house is base ex- 
cited by the vertical vibratory displacement of the hull 
girder, w (5, t ) ,  5 now being the axial coordinate along 
the hull girder. The applied base displacements, 
w (&, t) and w ( k 2 ,  t ), are the hull girder displacements 
at the forward engine room bulkhead and at the base 
of the after foundation; w(&, t)  and w(k2, t )  are as- 
sumed at this point to be specified in advance. 

Use of the Fig. 6 model for serious vibration analysis 
is not entirely valid in two respects. Primarily, the 
typical deckhouse does not truly act as if rigid at pro- 
peller excitation frequencies. While the underdeck sup- 
porting structure is quite often the predominant 
flexibility in propeller induced deckhouse vibration, the 
bending and shear flexibilities of the house itself can 
usually not be considered as unimportant. Some degree 
of interaction of the house with the hull girder also 
occurs. Because of this the base displacements are not 
easily prescribed with accuracy in advance. In spite of 
these shortcomings, the simple Fig. 6 deckhouse model 
is instructive; it captures the basic characteristics of 
fore-and-aft deckhouse vibration in the spirit of the 
simple uniform beam model for hull girder vertical 
vibration studied in the last sub-section. 

Proceeding as described, the degree of freedom as- 
signments of the Fig. 6 finite element model are shown 
on Fig. 7. Here x, is used to denote generalized dis- 
placement, i.e., rotation or translation. In view of the 
assumed house rigidity, all displacements in the ver- 
ticallfore-and-aft plane can be specified in terms of 
the three assigned on Fig. 7. All other possible dis- 
placements at the two nodal points of the Fig. 7 model 

are assigned zero values by virtue of their omission. 
Of the three total degrees of freedom assigned on Fig. 
7, two are dynamic degrees of freedom. These are x1 
and x2, as they are associated with the house mass 
moment of inertia and house mass, respectively. x3 is 
a static degree of freedom. Also, two of the .three 
degrees of freedom are specified: 

x, E w(&,t) and x3 zz w(ij2,t) 
from Fig. 6. 

Once x, is determined the vertical and fore-and-aft 
displacements a t  any point (5, 77) on the house are avail- 
able, respectively, as, 

w(k777,t) = w(k1,t) - x , ( t ) ( k  - 51) 

u(5,77,t) = xl(t)r, (50) 
(b)  Equations of Motion. The equations of mo- 

tion governing the general finite element model are 
derived as follows: 

I t  is first required that the model be in dynamic 
equilibrium in all of its degrees of freedom simulta- 
neously. Application of Newton's Law in each degree 
of freedom in turn produces, 

(51) [mil$ I = -1.L - lhl+ If1 
where, for M total degrees of freedom, 

[m] is the M x M model mass matrix, 
1x1 is the M x 1 nodal point acceleration vector 

and, 
Ifs 1, 1, and I f /  are the M x 1 nodal point stiffness, 

damping, and excitation force vectors, re- 
spectively. 

The characteristics of the model finite elements are 
established in advance to satisfy compatibility and ma- 
terial constitutive requirements on the local level. Sat- 
isfaction of these requirements for linear behavior 
leads to the following relations between the nodal point 
internal forces and the nodal point displacements, 

lLl= [k l lx l  Ih I = [ C I  I I (52) 
Here [k] is the model stiffness matrix and [c ]  is the 
model damping matrix, both of which are square 
matrices of order M. 

Substitution of (52) into (51) produces the linear 
equations of motion governing the general discrete 
model, 

(53) 
This M x M system of equations can be readily solved 
for the unknown nodal point displacements once [m], 
[ c], [ k], and 1 f I are specified. 

Actually, the equations of motion can be interpreted 
as a general statement and conveniently used to de- 
termine their own coefficients. For example, if the ac- 
celerations and velocities are set to zero, Equation (53) 
reduces to, 

[mil 3 I + [ell I + [k l lx t  = If1 
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If1 = 

[k l l x l  = If I 
In expanded notation, 

0 
fi 
f3 (54) 

h 
fi 

f M  

k ,  M 

The subscripts refer to the numbers assigned to the 
nodal point degrees of freedom. Now for purposes of 
defining the k,, require in addition to zero velocities 
and accelerations, that all displacements, xi, be zero 
except for i = j ,  and set x, = 1. Then for any degree 
of freedom i, multiplication gives, 

J;  = k,  
The k, is therefore defined as the force in degree of 
freedom i due to a unit displacement in degree of 
freedom j ,  with all other degrees of freedom com- 
pletely restrained. Complete restraint means restraint 
from acceleration, velocity, and displacement. Also, as 
to the matter of signs, the designation force in degree 
of freedom i is interpreted as the force required a t  i 
in order to accomplish the degree of freedom assign- 
ment a t  i. 

The corresponding definitions of mij and cij are sim- 
ilarly derived from the general Equations (53) by mak- 
ing the appropriate degree of freedom assignments. 
Definitions for m, and cij identical to that above for 
k,  result, but with unit accelerations and velocities, 
respectively, replacing the unit displacements. 

In calculating the components of the excitation force 
vector, J; ,  the model is completely restrained in all 
degrees of freedom. J;  is then the resultant of the 
applied forces tending to overcome the restraint in 
degree of freedom i. 

In this connection consider again the simple model 
of Fig. 7. The displacements in the 3 degrees of free- 
dom are xl, x2, and x, with x1 to be determined and 
the other two specified. By applying zero and unit 
accelerations, velocities, and displacements in the 3 
degrees of freedom, in turn, the mass, damping, stiff- 

m? - m f  

0 0 0 :I [ml = [ 
-""I [ c ]  = 1 4  c 

-"'I 

-m4 m 

C P  - c e  

ce  - c  C 

ke2 - k l  
k 

k l  - k  k 

I 
- 

k 
C 

x2 

Fig. 7 Deckhouse model, degrees of freedom 
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k - k  
k ]  1 (56) 

+ [ - k t  k e  - k  

(c) Solutions. For L of the total M model nodal 
point displacements unknown, L governing differential 
equations, in the general form of Equation (53), must 
be solved. The L x 1 force vector in Equation (53) will 
be completely known in terms of the L applied force 
components and the M - L applied displacements. 

The same basic solution procedure applied in the 
continuous analysis of the last section is also followed 
here. The approximate periodicity of the propeller ex- 
citation allows the time variable to be separated from 
the differential equations by the use of Fourier Series. 
For propeller angular velocity fl and blade number N, 
define o = mNfl as the mth harmonic propeller excit- 
ing frequency. Then for 1 F I and I XI representing the 
mth harmonic complex force and displacement ampli- 
tude vectors, the equations of motion, (53), can be 
satisfied harmonic by harmonic by solving 

[ - o z [ m ]  + i w [ c ]  + [ k ] ]  1x1 = IF1 (57) 
Define the system dynamic matrix as [ D ] ,  

[ D ]  = -w2[m] + i o [ c ]  + [ k ]  (58) 

[DllXl= IF1 (59) 

(60) 

Returning to the Figs. 6 and 7 deckhouse model, 

Equation (57) is then, 

with solution, I XI = [D]-'I Fl 

with 

1x1 = RelXl eiot 

the system dynamic matrix, from (55), is, 

[ D ]  = --02m? + i oce2  + k e 2  (61) 
which is a 1 x 1 matrix on the single unknown complex 
amplitude, X I .  Likewise, the complex exciting force 
vector in (55) is, 

IF1 = F, = - 0 2 m t X z  + ( i o c t  + k e ) ( X ,  - X,) 
The inversion required by (60), using (61), is then sim- 
Ply, 

(62) 
--U2mf X, + ( i w c e  + k e )  (X, - X,) 

--w2mV + ioce2 + k e 2  
XI = 

Equation (62) can be written in the standard form for 
vibration of systems with one dynamic degree of free- 
dom by writing its numerator as, 

F', = FIR + iF,' = mod F1epiD 

and the denominator as, 

so that, 

x, = ReX1etwt is, 

(63) 
(mod F l / K )  cos (wt - a - p )  

Xl(t) = 
J[1 - (w/w,)2]2 + ( z y w / o n ) 2  

where, in the above, 

mod F1 = J ( F , ~ ) ~  + (F,')' 

p = tan-' [-Fl'1FlR] 

K = k e 2  
w, = JXTZP 

24 w / o ,  a = tan-' 

In the general case, an analytic closed form inversion 
of the system equations like that performed above for 
the simple one dynamic degree-of-freedom system is 
not possible. Two alternatives exist. The most obvious 
is just a direct numerical inversion of Equation (60). 
Powerful numerical algorithms are readily available 
for inverting systems of linear simultaneous algebraic 
equations. However, direct numerical inversion can be 
disadvantageous in several respects, which are de- 
scribed further on. The alternative solution procedure 
is, again, eigenvector, or modal, expansion. Modal 
expansion is the series solution of the equations of 
motion, (57), in terms of the natural frequencies and 
mode shapes of the discrete model. 

1. Natural  Frequencies and Mode Shapes. By 
definition, natural frequencies are frequencies of vi- 
bration of the free, or unforced, and undamped system. 
From Equation (57), the equations of motion for the 
free, undamped discrete model are, 

{-o"ml + [ k l l  1x1 = 10 

[D*(o)l  = [DIl[c]=O = -o"mI 

Denote, 

Then, 
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[D*IlXl= 101 (65) 
This equation implies that 1 XI = 0 unless [ D * ]  is 
singular. But by definition of natural vibration, 1 XI is 
not zero. Therefore, the frequencies w which make 
[ D* (a)] singular are the system natural frequencies; 
[D*] is singular if its determinant is zero. Define, 

P ( w )  EZ det [D*(w)] (66) 
P(w)  is called the characteristic polynomial. For N 
system dynamic degrees of freedom, P(u)  is a poly- 
nomial of order N in w2; it has N positive roots in w. 
The N positive values of w which make P ( w )  = 0 are 
the natural frequencies, w, , 

P(w,)  = 0 n = 1,. . . , N (67) 
While the number of natural frequencies possessed by 
continuous systems is always infinite, the number of 
natural frequencies of the discrete model is equal 
to i ts  number of dynamic degrees of freedom. In this 
regard, it is worth repeating that all real physical sys- 
tems are a t  least piece-wise continuous. Therefore, dis- 
crete systems can be viewed only as discrete models 
of continuous systems; this distinction is not unim- 
portant. 

Proceeding, with the N model natural frequencies 
in hand, a return to Equation (65) gives, 

Now, 1x1 is not necessarily zero at w = w, since 
[D*(w)] is singular at these frequencies, but it is un- 
defined. Just  as with the continuous analysis, the sin- 
gularity of the coefficient matrix of Equation (68) 
implies a linear dependency within the L equations. 
That is, only L - 1 linearly independent equations ex- 
ist a t  w = a,, n = 1,. . . , N,  for determining the L 
unknown components of I X 1 .  All that is available from 
Equation (68) are the relative amplitudes, called mode 
shapes, or eigenvectors, at each of the N natural fre- 
quencies. 

n = 1 , .  . . N. I t  is determined by assuming any one 
of its L components as known. Then the L - 1 equa- 
tions on the remaining L - l mode shape components 
a t  each n are solved in terms of the one presumed 
known. That is, assuming arbitrarily that the Lth mode 
shape component is known, Equation (68) is written, 

The L x 1 mode shape vector is denoted 

The ( L  - 1) x ( L  - 1) system of linear algebraic 
equations, (69), is then solved by standard numerical 
methods for the ( L  - 1) component I JI, I for some or 
all of the N modes of interest. 

For the Fig. 6 deckhouse example the above is simple 
since both L and N are one. The [D*] matrix from 
Equation (61) is, 

[D*]  = -wO2~?O2 + kL2 

which is also the characteristic polynomial P(w) .  P(w, )  
= 0 gives the natural frequency, 

with n = 1. 

The mode shape j JI, I is JIll, which has an arbitrary 
value. 

2. Modal Expansion. At this point in the devel- 
opment of the solution for the uniform beam of the 
last sub-section, a brief description of the modal ex- 
pansion solution procedure was followed simply by its 
statement, for that simple case. Here, it is considered 
worthwhile to develop the solution in order to illustrate 
a special difficulty which occurs in the more general 
case. 

As before, the complex displacement amplitude vec- 
tor is first written as a series of the mode shapes 
weighted by unknown coefficients, A ,  : 

N 

1x1 = C A n I J I n I  (70) 
n = l  

Substitute Equation (70) back into the governing equa- 
tions (57), 

N 

C ( - w ~ [ ~ I I J I ~ I  + iu[cII+lnI 
n = l  

+ [kllJInIl An = IF1 (71) 
now multiply Equation (71) by some 1 \ I f r n  1 ', T denoting 
transpose, with m not necessarily equal to n. 
N 

C ~ - u ~ I J I ~ I ~ [ ~ I I J I ~ I  + ~ ~ I J I ~ I ~ [ c I I J I ~ I  
n = l  

+ I J I m I r [ ~ I I \ I f n I I  An = I J I m I ' I F I  (72) 
But due to orthogonality, 

l J I m I T C m l l J I n I  = 0 f o r m + %  

11 1 
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Define, for m = n, 

I$mIT[mll$ml = Mm (73) 

as the mth mode modal mass. 
By Equation (73), the summation of the matrix prod- 

ucts involving [m] in (72) is reduced to a single con- 
stant, M,. Similar reduction of the products involving 
[ k ]  in (72) is accomplished as follows: 

By Equation (68), 

[D*(on)lI+nI (-w2[mI + [k l j  I+nl = 101 

Multiply by I $m I T ,  
-~,21+mIT[mI/lClnI + I$mlT[klI+nI = 101 

Therefore, in view of Equation (73), 

Define, 

K, = om2 M,  (74) 

as the mth mode modal stifness, such that, 

Also define, 

as the mth mode modal exciting force. 

W), 
Substitute Equations (73), (74), and (75) back into 

Now, if orthogonality can be employed to reduce the 
damping term in Equation (76) similarly as with the 
mass and stiffness, then the A ,  required in the solution 
(70) are determined. However, the orthogonality on 
the damping matrix does not, in general, exist for N 
> 1. It exists only in special cases. For example, if [ c ]  
is proportional to [ m] and/or [ k], then orthogonality 
exists (c was proportional to both k and m in the simple 
distributed model of subsection 2.1; that provided the 
mode shape orthogonality required a t  (36)). That is, 
for, 

where yn and 8, are constants which are allowed to 
vary only from mode to mode, then, in Equation (76), 

I $ m I T I C I I + m I  = YmKm + 8 m M m  C m  (78) 

C, is called the modal damping coeficient. Presum- 
ing C, to exist, the A ,  are then, from (76), 

F m  
- 0 2 M ,  + i o C ,  + K, 

A ,  = 

or 

(79) Fm Km 
1 - (o/w,)2 + 2i(, o/o, 

A ,  = 

where, 

5, is the mth mode modal damping factor. Substitut- 
ing Equation (79) into (70) completes the derivation, 

N .  
1x1 = 1 IXnIe-i("n+Pn) 

n = l  

with 

[ x (  t )  1 follows as, 

J x ( t ) l  = Re J X / e i u t  
N 

= iXnl cos (ot - an - f i n )  (82) 
n = l  

Here, a, and f i n  are the modal phase angles, 

f i ,  = tan-' [-F,'/FnT 

Equations (81) and (82) are general equations that have 
wide application to ship vibration problems, as dis- 
cussed in Section 3. These equations again confirm that 
modal expansion can be viewed as just a superposition 
of the responses of Nequivalent one degree of freedom 
systems representing each of the N modes of the dis- 
crete model. The only difference between the above 
solution for continuous versus discrete models is the 
length of the series. The continuous case, having in- 
finite degrees of freedom, generates an infinite series. 

The restriction imposed upon damping in Equation 
(77) for N > 1 must also be observed in continuous 
analysis; this difficulty did not appear explicitly in the 
last sub-section because the beam with uniform prop- 
erties, in fact, possesses proportional damping auto- 
matically. 
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The restriction on damping is severe. For the inter- 
nal material damping of structural systems a damping 
matrix proportional to stiffness can be justified; the 
simple theory used in the last sub-section for allowing 
for material damping of the continuous beam leads to 
this conclusion. However, where other sources of 
damping are  also present, proportionality is usually 
destroyed and, in such cases, the modal expansion, 
Equation (81), does not exist, theoretically. 

Nevertheless, temptations exist for applying the 
modal formula to models where proportional damping 
cannot, in reality, be justified. Ship vibration is a typical 
example. Three rather significant advantages of modal 
expansion over the direct numerical inversion ap- 
proach, Equation (60), exist: 

(1) The solution, Equation (81), is in terms of ar- 
bitrary exciting frequency, o. A summation must 
merely be performed to evaluate the model response 
at any frequency of interest; the direct inversion re- 
quires complete numerical reanalysis of each variation 
of 0. 

(2) In general, a discrete model of a continuous 
system is accurate for only the system modes within 
a limited frequency range. That is, while typically the 
lowest modes of an N degree of freedom model should 
represent the same modes of the continuous system 
with accuracy, the Nth mode of the discrete model 
would be expected to bear no resemblance whatever 
to the Nth mode of the continuous system. A direct 
inversion theoretically includes the responses of all N 
model modes. While including the erroneous model 
modes may not actually contaminate the results of the 
analysis, it is certainly inefficient to carry them. In 
modal analysis, the series can be truncated at levels 
where modeling inaccuracy becomes pronounced with- 
out sacrificing the accuracy of the analysis within the 
frequency range for which the model was constructed. 
This means that only a relative few of the N natural 
frequencies and mode shapes of the discrete model 
need be evaluated in order to predict the system vi- 
bration characteristics of concern. 

(3 )  The semi-analytical form of the modal expan- 
sion provides insight into the relative contributions of 
the elements of mass, stiffness, damping, and excita- 
tion influencing a particular vibration problem. This 
visibility is not available with a purely numerical in- 
version of the model equations. 

Returning again to the Figs. 6 and 7 deckhouse 
model, the modal expansion of the one dynamic degree 
of freedom model is just the analytic solution, Equation 
(63), as comparison with Equations (81) and (82) con- 
firms. The deckhouse response predicted by the simple 
one degree of freedom model is interesting, however. 
For simplicity, assume that the hull girder vibration 
in way of the house, Fig. 6 ,  is rather “flat.” That is, 
assume that the aftermost hull girder nodal point a t  
frequency o is far  enough forward of the house that 
w ( t l ,  t )  zz w(&, t )  on Fig. 6; the house base experi- 

ences a pure vertical translation. Then, in Equation 
(62), with X, = X, E X ,  

F, = - w z m ~ X  
Taking X real (which implies a reference phase of 
zero), 

mod Fl = 0 2 m E X  and /3= rr. 

Also assume that the house is in resonance at o. The 
house rocking vibration, by Equation (63), is then, 

w , 2 m ( X I K  cos (at - 3 ~ / 2 )  (83) 
2t; 

x,(t) = 

with a = rr 1 2  at resonance. By Equation (50) the fore- 
and-aft vibration displacement a t  the house top is, 

u(h , t )  = x , ( t ) k  

Substituting Equation (83), 

But o,2 = Klrn;‘, which gives, 

_ -  Taking a s  typical values of the data in Equation (84), 
5 I r = 3 / 4, h 17 = 4 13,  and t; = 0.05, the house-top 
fore-and-aft displacement is, 

This simple analysis implies that the fore-and-aft vi- 
bration a t  the house top can be 10 times the vertical 
vibration on main deck a t  resonant conditions. This is 
not at all out of line with observations. Unacceptable 
fore-and-aft vibration levels in deckhouses, accom- 
panied by relatively low level vibration of the hull 
girder, and elsewhere in a ship, is a common occur- 
rence. 

2.3 Propeller Exciting Forces. The propeller exci- 
tation in the foregoing has been characterized a s  a 
simple force concentrated at some point near the a f t  
end of the hull girder. This is acceptable only for el- 
ementary demonstration purposes. Propeller excita- 
tion is a complicated combination of concentrated 
forces and moments acting a t  the propeller hub, plus 
a distribution of fluctuating pressure acting over the 
after hull surfaces. The concentrated propeller bearing 
forces and moments are  largely responsible for the 
vibration of main propulsion machinery and shafting 
systems, but are not unimportant, in general, as a 
source of hull vibratory excitation. The usually dom- 
inant hull excitation of modern ships is, however, the 
propeller-induced hull surface pressure field. This is 
particularly true when any degree of fluctuating sheet 
cavitation occurs on the propeller blades, which is more 
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collective effects of the N blades: 

G ( r , e ; p )  z 
N 

g ( r , 8  + 2 ~ ( k  - l) /N; p )  
k =  1 

N 

= - 2 L ( r , 8  
k =  1 

2nz(k,  - 1) + 2r(k - l) / iV)e'PB e 7  eJDG (87) 
Now, the circumferential wake non-uniformity appears 
from the blade to be very nearly periodic in time, with 
fundamental period T = 2 n / R .  With the assumption 
of linearity, the lift distribution, L(r, 8) E L(r,  t ) ,  is 
also periodic with the same period. L(r ,  8) can there- 
fore be written in the Fourier Series, 

Y L(r ,8)  = L,(r) + Re c L4(r )e zqe  (88) 
\;4 , = I  

Here L, ( r )  is the qth harmonic complex lift amplitude 
of the blade section at radius r ;  L,(r) is the steady 
lift distribution associated with steady thrust and 
torque. A choice in procedures for determining the 
L, ( r )  harmonics is available on specification of the 
corresponding harmonics of the wake inflow (see Sec- 
tion 3). It is presumed a t  this point that a sufficient 
number of the L,(r) harmonics are available from 
some source. 

An alternative representation of Equation (88), 
which is useful for insertion into (87), is, 

m 

f,,(W 

/' 
\ /  

\ 

Fig. 8 Propeller blade-element forces 

often the rule than the exception. The fundamental 
concepts and theory of propeller bearing forces and 
propeller induced hull surface forces are treated in the 
following. 

Consider Fig. 8, 
which depicts a propeller blade rotating with angular 
velocity R in the clockwise direction, looking forward. 
By virtue of the rotation through the CirCUmferentiallY 
non-uniform wake the spanwise blade lift distribution, 
L (r ,  8), fluctuates with time, or with blade position 
angle 8 = -R t. I t  is of interest to determine the three 
force and three moment components in the propeller 
hub produced by the time varying lift distributions of 
all N blades acting simultaneously. Toward this pur- 

1 "  
2 , = I  

L ( r , 8 )  = L,(r) + - c [Lq(r)e*qe 
(89) (a) Propeller Bearing Forces. + E , ( r ) e ~ q ~ ]  

where the bar denotes complex conjugate. Discarding 
the steady lift and substituting Equation (89) into (87) 
produces, 

G(r ,B;p)  = 

- 1 e3pG 
N t ( q  + p )  2a(k - 1) 

C e  N [ L,(r)eZiq + p ,B  
pose, define the complex function, 2 ,= 1 k = l  

(90) 
treated as independent in all algebraic manipulations; 
the reason for this artifice is only for compactness of 
notation. p G  in Equation (86) is the geometric pitch But it can be easily verified that the k summations 
angle of the blade section a t  r and p is an integer to appearing in (90) are equal to zero if q ' P is not SOme 

be assigned later. integer multiple of N, say mN, and the summations 
The function g (r ,  8; p )  by Equation (86) represents are equal to N f o r  q ' P = mN Utilizing these facts, 

a pseudo lift distribution on one blade of the N-bladed Equation 

neously is effected by replacing 8 by 8 + 2 r  (k - 1) / 
N in Equation (86) and summing over k. This operation 

1 
N - z ( q  - p )  2nik - 1) g ( r , e ; p )  = -L(r ,8)ezpe eJDG (86) 

Here i and j both denote m, but they are to be + T , ( r ) e  - ' ( q - p ) B  2 e N 
k = l  

reduces to, 
propeller. The effects of all N blades acting simulta- 

defines a new complex lift function representing the 

N G(r,B;p)  = -- eJBG 2 [Lmn-p(r )ezmNB 2 m = l  

m 

+ G m n + p (  r )  e-zmNe 1 (91) 
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The bearing forcesJ,(B), i = 1, . . . , 6, Fig. 8, are 
now given in terms of G ( r , @ ; p )  from (91) as: 

R 

fi ,(e) = Re, G(r,8; 0) dr  I 
.Ap (0) = Re, Im, G ( r ,  8; 1) d r  I 

fs,(e) = Re, Rej r G (r,@ 1) dr  I 
R 

f6,(0) = Im, Re, r G(r,e, 1) dr  (92) 

The subscripted prefixes Re and Im refer to the real 
and imaginary parts of the complex quantities involv- 
ing i and j ;  the complex lift harmonic is Lq = Lq" + 
iLq' in this regard. 

As an example, consider the vertical bearing force, 
J&,. Equations (91) and (92) give, 

I 
r = Th 

R 

+ rmN + ( r )  e-'mNe] dr ]  

Using the facts that, 
Im Z = - ReiZ 

and 
I m z  = ReiZ, 

R 

FLmN-1 ( r )  I f , , (e) = - Re - 2 eimNe 
R = Th 

1: m l 1  

- LmN + 1 ( r )  1 sin P C  dr] 
This formula differs from that given by Tsakonas, 
Breslin, e t  a1 (1967), for example, only in sign. The 
sign difference is due to the fact that positive lift is 
here taken as that with forward axial component, in 

Fig. 9 Flat-plate pressure measurements 

the usual sense. This is opposite to the above reference 
convention. 

The following important facts should be observed 
from Equations (91) and (92): 

1. Propeller bearing forces are periodic with fun- 
damental frequency equal to the propeller angular ve- 
locity times the number of blades. The fundamental 
frequency, Nfl,  is called blade-rate frequency. The 
bearing forces, as written in Equations (91) and (92), 
are composed of terms at blade-rate frequency, plus 
all of its integer multiples, or harmonics, mNn. 

Only certain terms, or harmonics, of the un- 
steady blade lift, and therefore of the hull wake, con- 
tribute to the bearing forces. While the forces on a 
single blade consist of components corresponding to 
all wake harmonics, a filtering occurs when the blade 
forces superimpose at the propeller hub. Equations 
(91) and (92) show that the unsteady thrust and torque, 
fi, and&,, depend only on the lift, or wake, harmonics 
that are integer multiples of blade number. The lateral 
forces and moments, on the other hand, are produced 
entirely by the wake harmonics corresponding to in- 
teger multiples of blade number, plus and minus one. 

( b )  Propeller-Induced Hull Surface Pressures 
and Forces. A thorough understanding of the hull 
surface pressure distributions produced by a propeller, 
and the integration to resultant hull surface forces, is 
only attained with a considerable expenditure of effort. 
The subject is very complex. Nevertheless, much has 
been accomplished since the pioneering experimental 
work of F. M. Lewis (1973), in both understanding hull 
surface excitation and developing methods for pre- 
dicting it. 

1. Uniform inJlow conditions. It is useful to be- 
gin with the simplest possible case: the pressure in- 
duced on a flat plate by a propeller operating in a 

2. 
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uniform inflow. This is depicted in Fig. 9, which is a 
sketch of the water tunnel arrangement from which 
the data shown in Fig. 10 were measured (Denny, 
1967). Two different 3-bladed propellers were used in 
the experiments. The propellers were identical in all 
respects, including performance, except one had blades 
of double the thickness of the other. With the assump- 
tion of linearity, this allowed the independent 

effects of blade thickness and blade lift to be distin- 
guished from the experimental data recorded with the 
two propellers. The left-side plots in Fig. 10 show the 
amplitude and phase of the plate pressure induced by 
blade thickness; the right-side plots correspond to 
blade lift. The predictions of theories available in the 
late 1960's are also shown in Fig. 10. 

The pressure data shown on Figure 10 correspond 
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Fig. 10 Flat-plote pressure amplitude and phase distributions 
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to blade rate frequency. Just  as in the case of bearing 
forces, all multiples of blade-rate frequency also occur, 
but the higher harmonics become negligible quickly 
for the uniform wake case. The phase indicated on Fig. 
10 is defined a s  the position angle of the propeller blade 
nearest the plate (Fig. 9) when the pressure is positive 
(compressive) maximum; positive angle is defined a s  
counterclockwise, looking forward. With this defini- 
tion, the phase relative to a single cycle of the three- 
cycle per revolution blade rate signal is obtained by 
multiplying the phase angles on Fig. 10 by 3. This 
quickly confirms that the blade thickness pressure is 
approximately in-phase up and down stream of the 
propeller; it is an even function in x, approximately. 
On the other hand, a large phase shift occurs in the 
pressure due to blade lift up and downstream; it be- 
haves as  an odd function in x, approximately. This 
behavior suggest some substantial cancellation in the 
lift associated pressure, a t  least, on integration to the 
net resultant vertical force on the plate. Actually, if 
the plate is infinite in extent, the thickness pressure, 
as well as the lift pressure, both independently inte- 
grate to produce identically zero net vertical force on 
the plate. This fact is a demonstration of the Breslin 
Condition (Breslin, 1959). This was established by in- 
tegrating theoretical pressures induced by a non-cav- 
itating propeller operating in uniform inflow over the 
infinite flat plate, and showing the identically zero 
result. 

Fig. 11 is a contour plot of the blade rate pressure 
amplitude from a similar, but different, uniform wake, 
flat plate experiment (Breslin and Kowalski, 1964). 
Here, only amplitude is shown; the phase shift distri- 
bution responsible for the cancellation on integration 
is not apparent from Fig. 11. Figs. 10 and 11 clearly 
imply that propeller-induced hull surface pressure is 
highly localized in the immediate vicinity of the pro- 
peller; the pressure is reduced to a small percentage 
of its maximum value within one propeller radius of 
the maximum. There is a tendency, on the basis of this 
observation, to draw the false conclusion that resultant 
forces occurring in the general ship case should be 
similarly concentrated on the hull in the near region 
of the propeller. This common misconception is ex- 
plained by the considerations of the following sub- 
section. 

2. Circumferentially non-uniform wake efects. 
I t  was shown in the propeller bearing force theory 
that only certain shaft rate harmonics of the non-uni- 
form wake contribute to the blade rate bearing force 
harmonics. In the case of the propeller induced hull- 
surface excitation, the entire infinity of shaft rate wake 
harmonics contribute to each blade rate excitation har- 
monic. But particular wake harmonics are nevertheless 
dominant, with the degree of dominance depending 
primarily on hull form. This will be considered in more 
detail further on. 

The pressure distribution corresponding to the wake 

Flat plate at J = 0.6 

Fig. 11 Flor-plate pressure contours 

operating propeller (without cavitation) has a very sim- 
ilar appearance to the uniform wake case. Fig. 12, from 
Vorus (1974), shows calculated and measured blade- 
rate pressure amplitude a t  points on a section in the 
propeller plane of a model of the DE1040. It was as- 
sumed in both of the pressure calculations shown that 
the hull surface appeared to the propeller as  a flat 
plate of infinite extent. 

The upper part of Fig. 12 shows the measured pres- 
sures produced by the wake operating propeller, along 
with the corresponding calculated results. Both blade 
rate pressure calculations include the uniform wake 
effects of steady blade lift and blade thickness (Fig. 
10 and ll), plus the contributions from the circumfer- 
entially non-uniform part of the wake. The nonuniform 
wake contribution is represented by wake harmonics 
1 through 8 (the “zeroth” wake harmonic component 
referred to in Fig. 12 is equivalent to the steady blade- 
lift and blade-thickness components). 

The lower part of Fig. 12 shows a breakdown of the 
calculated blade rate pressure distribution from above, 
a s  indicated, into contributions from the uniform wake 
components (steady blade lift and blade thickness) and 
non-uniform wake components (sum of unsteady lift 
harmonics 1 to 8). The important point is that  the pres- 
sure is dominated by the uniform wake effects; the 
pressure associated with the uniform wake from the 
lower part of Fig. 12 is essentially identical to  the total 
from above. The non-uniform wake contribution to the 
blade rate pressure is buried at a low level within the 
large uniform wake component. 

Interestingly, the integral of the pressure to a ver- 
tical force on the relatively flat stern has an entirely 
different character with regard to the relative contri- 
butions of the uniform and non-uniform wake com- 
ponents. This is shown in Fig. 13, also from Vorus 
(1974). The second column on Fig. 13 shows the total 
blade rate vertical hull surface force calculated on the 
DE1040. The succeeding 10 columns show the contri- 
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Fig. 12 Blode-rote "flat-plate" pressures on destroyer stern, station 19 

butions to the force from blade thickness and the first 
9 harmonics of blade lift. Fig. 13 shows that it is the 
non-uniform wake components, which are so small in 
the surface pressure, that dominate the integrated sur- 
face force. The large uniform wake pressure due to 
steady blade lift and thickness essentially integrates 
to zero over the flat stern surface (the Breslin Con- 
dition), leaving a blade-rate exciting force due almost 
entirely to the wake harmonics of orders in the vicinity 
of blade number (the DE1040 propeller has 5 blades). 

Actually, the Breslin condition, as established by 
Breslin (1959) for the uniform inflow case, can be gen- 

eralized to cover the non-uniform inflow case as well. 
It can be stated that, for the case of the general non- 
cavitating propeller, the unsteady vertical force in- 
duced o n  an infinite plate above the propeller is 
equal and opposite to the unsteady vertical force 
acting o n  the propeller; the net vertical force o n  the 
plate-propeller combination is identically zero. This, 
of course, covers the uniform inflow case since the 
vertical forces on the plate and propeller are both in- 
dividually zero. The DE 1040 example of Fig. 13 is a 
good approximate demonstration of the non-uniform 
inflow case. It was shown by Equations (91) and (92) 
that the vertical bearing force is produced exclusively 
by the blade order multiple harmonics of the wake, 
plus and minus one. For the propeller operating in a 
wake under an infinite flat plate, the vertical force on 
the plate, being equal but opposite to the vertical bear- 
ing force, must also have to be composed exclusively 
of the blade order wake harmonics, plus and minus 
one. These harmonics are obvious in the DE 1040 ver- 
tical surface force spectrum of Fig. 13; the DE 1040 
stern would be characterized as flat plate-like. With 5 
blades, the 4th and 6th harmonics dominate the vertical 
blade rate surface force, along with the 5th. Amplifi- 
cation of the 5th harmonic is due to the presence of 
the water surface off the water-plane ending aft. 

With regard to the degree of cancellation in the net 
vertical force on the DE 1040, the bearing force am- 
plitude was calculated to be 0.00205. Its vector addition 
with the surface force of 0.0015 amplitude produced 
a net force of amplitude equal to 0.00055, which re- 
flects substantial cancellation. It is noteworthy that F. 
M. Lewis (1963) measured a net vertical force of am- 
plitude 0.0004 on a model of the same vessel at M.I.T. 
In the case of the DE 1040, the surface force is smaller 
in amplitude than the bearing force, but this is not a 
generality. 

At any rate, the characteristics demonstrated in 
Figs. 11, 12 and 13 clearly indicate that measured sur- 
face pressure is a very poor measure of merit of pro- 
peller vibratory excitation; hull vibration is produced 
largely by the surface pressure integral, whose se- 
verity is not necessarily well represented by the mag- 
nitude of the surface pressure distribution. This fact 
also implies the level of difficulty that one should ex- 
pect in attempting to evaluate hull surface forces by 
numerically integrating measured hull surface pres- 
sure. The measurements would have to be extremely 
precise so as to accurately capture the details of the 
small non-uniform wake pressure components imbed- 
ded in the large, but essentially inconsequential, uni- 
form wake pressure component. 

One other relevant aspect with regard to this last 
point deserves consideration. Returning to Fig. 12, it 
was noted that the hull was assumed to be an infinite 
flat plate for purposes of the pressure calculation. This 
assumption might be expected to result in reasonable 
satisfaction of the hull surface boundary condition in 
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the very near field of the propeller. So long as the 
pressure decays rapidly within the propeller near field, 
reasonably accurate estimates of the pressure maxima 
might therefore be expected with the flat plate as- 
sumption. This is confirmed by Fig. 12; all of the pres- 
sure measurement points, where good agreement with 
calculation is shown, are relatively close to the pro- 
peller, and well inside the waterplane boundaries. Out- 
side the waterplane boundaries the relief effects of the 
water free-surface impose a very different boundary 
condition than that of a rigid flat plate. Hull surface 
pressure in the vicinity of the waterplane extremities 
would therefore be poorly approximated by the infinite 
flat plate assumption (Vorus, 1976). The overall validity 
of the flat plate assumption should therefore depend 
on the relative importance of surface pressure near 
the waterplane extremities, outside the immediate pro- 
peller near field. 

From the point of view of the pressure maxima, the 
very rapid decay of the dominant uniform wake part 
justifies the flat plate assumption. On the other hand, 
accuracy of the integrated hull surface forces depend 
on accurate prediction 05 the small non-uniform wake 
pressure components. It i: a fact that while these com- 
ponents are relatively small, they also decay much 
more slowly with distance away from the propeller. It 
is obvious from Fig. 12 that the pressure persisting 
laterally to the water surface (which is assumed to be 
a continuation of the flat plate in the calculations) is 
due entirely to the non-uniform wake components. 
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Fig. 13 Calculated blade rate vertical hull surface forces on destroyer stern 
[DE 1040) 

These small pressures persist over large distances and 
integrate largely in-phase to produce the hull surface 
forces. 

The flat-plate assumption should therefore be less 
reliable for the prediction of hull surface forces, than 
for hull surface pressure maxima. This is supported 
by Fig. 13. The first column on Fig. 13 represents the 
vertical force amplitude calculated by integrating the 
calculated “flat plate” pressures over the DE1040 
afterbody. The second column in Fig. 13 is the vertical 
force calculated using a reciprocity principle (Vorus, 
1974) which satisfies the hull and water surface bound- 
ary conditions much more closely than does the flat 
plate approximation. While some slight differences in 
the wake used in the two calculations were discovered, 
the main differense in the two total force levels shown 
is due primarily €0 misrepresentation of the water sur- 
face in the flat plate calculation. 

The fact that the most important non-uniform wake 
part of the surface pressure acts over a large surface 
area actually suggest that total integrated hull surface 
forces are not the best measure of hull vibratory ex- 
citation either. It is the scalar product of pressure 
distribution and vibratory mode shape represented in 
the generalized forces of Equation (41), or (82), that 
would properly allow for “propeller excitability,” in 
the context of the discussion of Fig. 5 (Vorus, 1971.) 

3. Cavitation effects. The propeller cavitation of 
concern from the standpoint of vibratory excitation is 
fluctuating sheet cavitation which expands and col- 
lapses on the back of each blade in a repeating fashion, 
revolution after revolution (Figure 14). The sheet ex- 
pansion typically commences as the blade enters the 
region of high wake in the top part of the propeller 
disc. Collapse occurs on leaving the high-wake region 
in a violent and unstable fashion, with the final rem- 
nants of the sheet typically trailed out behind in the 
blade tip vortex. The sheet may envelope almost the 
entire back of the outboard blade sections at its max- 
imum extent. For large ship propellers, sheet average 
thicknesses are on the order of 10 cm, with maxima 
on the order of 25 cm occurring near the blade tip just 
before collapse. 

The Fig. 14 type of cavitation, while of catastrophic 
appearance, is usually not deleterious from the stand- 
point of ship propulsive performance. The blade con- 
tinues to lift effectively; the blade suction-side surface 
pressure is maintained at the cavity vapor pressure 
where cavitation occurs. The propeller bearing forces 
may be largely unaffected relative to non-cavitating 
values for the same reason. The cavitation may or may 
not be errosive, depending largely on the degree of 
cloud cavitation (a mist of small bubbles) accompa- 
nying the sheet dynamics. The devastating appearance 
of fluctuating sheet cavitation is manifested consist- 
ently only in the field pressure that it radiates. The 
level of hull surface excitation induced by a cavitating 
propeller can be easily an order of magnitude larger 
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Fig. 14 Fluctuating sheet cavitation 

than typical non-cavitating levels. The Breslin Condi- 
tion does not apply in the cavitating case, and vertical 
hull surface forces due to unsteady cavitation typically 
exceed vertical propeller bearing forces by large 
amounts. 

Fluctuating sheet cavitation can be characterized as 
an unsteady blade thickness effect from the standpoint 
of field pressure radiation. Any unsteady blade thick- 
ness effects associated with the non-cavitating propel- 
ler are higher order. Furthermore, the steady average 
cavity thickness (zeroth harmonic) produces field pres- 
sure on the order of that produced by the bare blade. 
I t  is the source-like volume expansion associated with 
the cavity unsteadiness that produces the large blade 
rate radiated pressures, and its multiples. 

Just  as with the unsteadiness of blade lift in the 
non-cavitating case, the cavitating hull forces are pro- 
duced primarily by the pressure components associ- 
ated with the higher cavitation harmonics of order near 
blade number, and its multiples. For the same maxi- 
mum cavity volume, the shorter the duration of the 
cavitation, the higher its high harmonic content. 

Strength in the high harmonics of the cavitation spec- 
trum results in significant excitation a t  the blade rate 
multiples; slow convergence of the blade rate excita- 
tion series is a characteristic of cavitating propellers. 

In view of the importance of the various sets of 
harmonics involved in propeller excitation, one impor- 
tant distinction between the cavitating and non-cavi- 
tating cases should be recognized at this point. In the 
non-caviting case a one-to-one relationship exists be- 
tween the harmonics of the circumferentially non-uni- 
form wake and the harmonics of blade lift; the 
assumption of linearity which makes each blade lift 
harmonic a function of only the corresponding wake 
harmonic has been established as valid because of the 
typically small flow perturbation in the non-cavitating 
case. Such a linear relationship does not exist between 
the wake harmonics and the cavitation volume har- 
monics. Certainly it is the non-uniform wake that al- 
most solely produces the fluctuating sheet cavitation. 
But sheet cavitation growth has been found theoreti- 
cally to be most responsive only to the first few har- 
monics of the wake. The sheet cavitation, which is 
produced mainly by the low harmonic content of the 
wake, typically completes its cycle within a relatively 
small fraction of one propeller revolution. The volume 
associated with this rapid expansion and collapse has 
much more strength in its high harmonics than does 
the part of the wake that produces it. 

As an aside, it may some day prove to be a fortunate 
circumstance that cavitation effects, which are most 
important in the propeller vibratory excitation prob- 
lem, depend most strongly on only the gross features 
(low harmonics) of the non-uniform wake. Unlike the 
fine detail of the wake to which non-cavitating forces 
are most sensitive, some hope may be held for rational 
prediction of gross wake characteristics. 

The character of the cavitation-induced hull pressure 
field differs from the non-cavitating case in one im- 
portant respect. The multiple blade-rate pressure com- 
ponents produced by the higher cavity harmonics, 
which are dominant in the integrated forces, are no 
longer mere “squiggles” imbedded in a vastly larger 
zeroth harmonic field. The now large pressure com- 
ponents from the cavitation unsteadiness should be 
more accurately captured in measurements of total 
pressure signals. For this reason, measurements of 
cavitation-induced point pressures would be expected 
to be a more meaningful measure of vibratory exci- 
tation than are non-cavitating pressures. However, the 
filtering action of the hull surface on integration still 
appears to  be capable of producing inconsistencies be- 
tween point pressure and integrated force levels. 
Higher order cavitation harmonics with strength in the 
pressure distribution will be modified in strength by 
the surface integration, to different degrees. Different 
weightings of the various pressure harmonic compo- 
nents could logically result in a superposition of dras- 
tically different character in the force resultants. Mea- 

Next Page 



C H A P T E R  V I I  

William S. Vows I Vibration 

Section 1 
Introduction 

1.1 General. One of the problems in the design of 
all modern ships is the avoidance of objectionable elas- 
tic vibration of the hull structure in response to ex- 
ternal or internal forces. Such vibration can cause 
discomfort to passengers and interfere with perform- 
ance of crew duties, and damage or adversely affect 
the operation of mechanical and electrical equipment 
on board. 

Since mechanical vibration can be defined generally 
as the oscillatory motion of rigid, as well as elastic, 
bodies, the subject of ship vibration is actually very 
broad in scope. In fact, all of the ship dynamics prob- 
lems of primary interest to the naval architect, ex- 
cluding maneuvering, involve some form of vibration. 

For convenience, the overall response of a ship can 
be separated into two parts: One is the ship’s motion 
as a rigid body in response to a seaway; the other is 
the elastic or flexural response of the hull or other 
structure to external or internal forces. Rigid body 
motions are considered under the general subject of 
seakeeping and are therefore not usually referred to 
as vibration. See Chapter VIII, Vol. 111 on motions in 
waves. Flexural vibration can be excited in the form 
of vertical and horizontal bending, torsion, and axial 
modes of the elastic structure of the hull girder, as 
well as in the form of local vibration of sub-structures 
and components. Such vibration that is excited by the 
ship’s propellers is a particularly troublesome problem, 
and it will be the principal subject of this Chapter. 
Flexural vibration can also be excited directly by forces 
internal to rotating machinery, and by the external 
forces of sea waves encountered by the ship. Vibration 
excited by sea waves (referred to as springing and 
whipping) is considered under both Motions in Waves 
(Chapter VIII Vol. 111), and Strength (Chapter IV Vol. 
I), although many of the basic principles of hull vi- 
bration covered in this chapter are directly applicable. 

Concern about propeller-induced ship vibration has 
existed since the marine screw propeller was first de- 
veloped in the mid 19th century; the French text book 

Theorie du Navire (Pollard and Dudebout, 1894)’ in- 
cluded a chapter on propeller-induced ship vibration. 
In the early days the relatively few blades per propeller 
and the low propeller RPM excited ships at low fre- 
quency in a characteristically beam-like hull flexure. 
The early analytical work, such as that by Schlick 
(1884-1911) and by Krylov (1936) therefore concen- 
trated on the application of beam theory in developing 
methods to help in avoiding propeller-induced ship hull 
vibration problems. 

As ships have evolved the character of propeller- 
induced vibration has become more complex and vi- 
bration trouble has become more frequent. The great- 
est problems have occurred in the modern generation 
of oceangoing merchant ships. This has been due, in 
large part, to two aspects of design evolution that, 
aside from a consideration of vibration, qualify as tech- 
nological advancements. These two aspects are the 
location of engine rooms and accommodations aft  into 
the immediate vicinity of the propeller(s), and the in- 
crease in ship power. The increased use of diesel en- 
gines has also contributed to the increased frequency 
of vibration problems, but not to as great a degree. 
Ship vibration has also become a greater problem in 
recent years because of tightening of standards of 
acceptable vibration. Most commercial ship specifica- 
tions now establish criteria on acceptable vibration; 
compliance must be demonstrated by the measurement 
of vibration on the vessel builder’s trials. Today, ex- 
haustive studies, employing both experimental and an- 
alytical methods, are conducted during the design of 
almost all large ships in attempting to avoid vibration 
troubles. 

The object of this chapter is to discuss the basic 
theory and the practical problems of flexural vibration 
of ships’ hulls, and of their sub-structures and com- 

Complete references are listed at  end of chapter. 
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Fig. 1 Vibration dirplacemeni 

ponents, with particular attention to propeller-excited 
vibration. Machinery-excited vibration is covered to a 
lesser extent. 

A working knowledge of ship vibration requires the 
reader to be reasonably well versed in mathematics 
and engineering mechanics, as well as in a set of 
“tricks of the trade” with which naval architects, and 
engineers in general, usually feel more comfortable. 
However, a comprehensive knowledge of ship vibra- 
tion theory is not necessarily required in order to work 
effectively with the subject as certain levels. Hence, 
this chapter has been organized so that readers with 
different interests and backgrounds can find material 
to meet their needs. 

Section 2, Theory and Concepts, provides depth in 
understanding the fundamental concepts of ship vi- 
bration, as well as a foundation for further study of 
the techniques employed in vibration analysis. I t  is 
intended primarily for those whose theoretical tools 
are relatively close to the surface of their working 
knowledge. 

The naval architect or shipyard engineer, interested 
more in design methods, can avoid some of the risk of 
becoming bogged-down in theory by proceeding to the 
third section, Analysis and Design. This section is self- 
contained and deals with practical solutions to poten- 
tial vibration problems that should be addressed dur- 
ing the design stage. 

The last section, Criteria, Measurements and Post- 
Trial Corrections, provides material for establishing 
whether or not vibration characteristics of a completed 
ship are satisfactory and how to make corrections, if 
necessary. The ship owner or operator, typically not 
particularly interested in design procedures, and not 
at all interested in vibration theory and concepts, may 
proceed directly to this section. 

1.2 Basic Definitions. The following basic defini- 
tions are provided for the uninitiated. The definitions 
are loose, and aimed a t  the context most needed and 
most often used in the theory of vibration of ships. 

Vibration-Vibration is a relatively small ampli- 
tude oscillation about a rest position. Fig. 1 depicts the 
variation in vibratory displacement with time. 

Amplitude-For vibration of a fixed level of sever- 

ity (steady-state periodic vibration), amplitude is the 
maximum repeating absolute value of the vibratory 
response, i.e., displacement, velocity, acceleration. Dis- 
placement amplitude for steady-state vibration is de- 
noted as A on Fig. 1. For transient vibration, a time 
dependent amplitude sometimes may be defined. 

Cycle-One cycle of vibration is the time between 
successive repeating points; refer to Fig. 1. The time 
required for completion of one cycle is its period. 

Frequency-Frequency is the number of vibration 
cycles executed per unit time; it is the inverse of the 
vibration period. 

Natural  Frequency-A natural frequency is a fre- 
quency at which a system vibrates when stimulated 
impulsively from the rest position. The requirement 
for natural vibration is that the system possess both 
mass and stiffness. For continuous mass and stiffness 
distributions, the system possesses an infinite number 
of natural frequencies, even though only a relatively 
small number are usually of practical significance. On 
impulsive stimulation from rest, the continuous system 
will vibrate a t  all of its natural frequencies, in super- 
position; the degree of vibration a t  any particular nat- 
ural frequency will depend on the characteristics of 
the impulsive stimulus. 

Mode-Each different natural frequency of a sys- 
tem defines a mode of system vibration. The modes 
are ordered numerically upward from the natural fre- 
quency with the lowest value. 

Mode Shape-A mode shape is a distribution of 
relative amplitude, or displacement shape, associated 
with each mode. Fig. 2 depicts mode shapes typical of 
a ship hull girder. The three vertical plane mode shapes 
shown correspond to the first three vertical plane flex- 
ural bending modes; two lower modes, with mode 
shapes corresponding to rigid body heave and pitch, 
occur at lower natural frequencies. 

Node-A node is a null point in a distribution of 
vibratory displacement, or in a mode shape. In general, 
the number of nodes in a mode shape increases with 
modal order (natural frequency). This is the case of 

2 NODE0 VIBRATION 

4 NODEO Vl8RATlON 

4--------- 

/----- ----- _ _ _ _ _ _ _ _  _---- 
I NODEO TORSIONAL VIBRATION 

Fig. 2 Modes of hull girder vibration 
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the ship hull girder vibration depicted in Fig. 2; modes 
2V, 3V and 4V have successively higher natural fre- 
quencies. 

Excitation-Vibratory excitation is an applied time- 
dependent stimulus (force or displacement) that pro- 
duces vibration. Excitation can be transient (e.g. im- 
pulsive), random, or periodic. A steady-state periodic 
excitation, such as approximately produced by a stead- 
ily operating ship propeller, produces a steady-state 
periodic forced vibration of the character of that de- 
picted in Fig. 1. 

Exciting Frequency- For a steady-state periodic 
excitation the exciting frequency is the number of 
cycles of the excitation completed per unit time, which 
is the inverse of the excitation period. Under steady- 
state conditions the frequency of the vibration is al- 
ways equal to the exciting frequency. However, the 
distribution of system vibration response at the steady- 
state exciting frequency can be viewed as a weighted 
superposition of the mode shapes of all the natural 
modes. The degree of participation of any mode is 
sensitive to the proximity of the natural frequency 

associated with that mode to the imposed exciting fre- 
quency. 

Resonance-Resonance is the condition that occurs 
in steady state forced vibration when the exciting fre- 
quency coincides with any one of the system natural 
frequencies. The common frequency is then also called 
a resonant frequency. At resonance the vibration am- 
plitude is limited only by system damping, ignoring 
non-linearities. The damping in engineering structures, 
including ships, is generally very light, so that reso- 
nant vibratory amplitudes are often disproportionately 
large relative to non-resonant levels. With the dispro- 
portionate amplification of one system mode at reso- 
nance, the distribution of system resonant vibration 
will often correspond closely to the mode shape of the 
resonant mode. 

Beat-Beating is a characteristic of systems whose 
exciting frequency varies over a small range. The re- 
sulting response contains a low beat frequency. The 
value of the beat frequency also varies, but its max- 
imum value is equal to the bandwidth of the exciting 
frequency variation. 

Section 2 
Theory and Concepts 

2.1 Continuous Analysis. All systems that are ca- 
pable of vibrating, including ships, have at least piece- 
wise continuous properties. That is, the mass, elastic- 
ity, damping and excitation properties are continuous 
within pieces, but may have jumps in value where these 
pieces connect. Unfortunately, piece-wise continuous 
mathematical models of piece-wise continuous systems 
that are at all general are of little use in vibration 
analysis because of the intractability of their solutions; 
discrete models are necessary for most practical pur- 
poses, as is shown in Section 2.2. However, simple 
continuous models, representing idealizations of real 
systems, are extremely valuable in understanding 
basic vibration concepts. Their simple solutions can 
often provide surprising insight into the behavior of 
the complex systems whose basic character they ap- 
proximate. 

The simple continuous model that has been used 
repeatedly over the years to demonstrate certain fun- 
damental aspects of ship vibration (Kennard, 1955) and 
(Todd, 1961), is the uniform continuous beam model of 
the ship hull. This model is depicted in Fig. 3 for the 
case of vertical vibration. 

Here the ship hull girder is represented by a uniform 
one-dimensional beam. The beam is supported by a 
uniform elastic foundation, of stiffness k per unit 
length, representing the buoyancy spring of the water 
(water specific weight times section beam). The foun- 

dation has a uniformly distributed damping coefficient, 
c, representing hydrodynamic damping. The uniform 
beam mass per unit length is p (including hydrody- 
namic added mass) and its uniform stiffness is El, 
where E is modulus of elasticity and I sectional mo- 
ment of inertia. The beam is acted upon by the dis- 
tributed forcing function, f (x, t ), which for purposes 
of example, represents the vibratory excitation due to 
the unsteady pressure field of a propeller. 

The Fig. 3 model is, in a strict sense, a valid dem- 
onstration tool for propeller induced ship vibration oc- 
curring typically a t  relatively low propeller RPM. At 
higher exciting frequencies associated with modern 
ship propellers operating near design RPM, the dy- 
namics of mass systems sprung2 from the hull girder, 
deckhouses for example, become important. However, 
as the vibration of the basic hull girder retains at least 
a beam-like character at high frequency, the Fig. 3 
model is still instructive, although incomplete. 

The differential equation of motion governing vibra- 
tion of the Fig. 3 model is available from almost any 
general reference on mechanical vibration. Denoting 
w(x,t) as the vertical vibratory displacement of the 
beam, the governing equation is: 

i.e., connected by structure that acts as a spring. 
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a 4  w a5 W a2 W 
E17 + v I -  

ax w a t  + at2 
aw 
at  + C -  + kw = f ( x , t )  

Aside from the second term on the left-hand side, 
Equation (1) represents the standard Euler beam on 
an elastic foundation. The second term in (1) derives 
from the inclusion of a visco-elastic term in the stress- 
strain law for the beam material (Kennard, 1955), v is 
the visco-elastic constant. The second term in (l), as 
well as the fourth, involve the first time derivative of 
the displacement, and therefore represent damping; c 
is the hydrodynamic damping coefficient of the elastic 
foundation, by previous definition; v I in the second 
term in (1) represents a material damping coefficient 
of the hull beam. 

The Euler beam representation, Equation (l), can be 
easily extended to  the Timoshenko beam by including 
beam rotational inertia and shear flexibility in the der- 
ivation. However, the additional terms introduced add 
substantial complexity to the equation a s  well a s  to 
the complexity of its possible analytic solutions. Since 
the purpose of this sub-section is only to establish 
concepts and the formulas to be derived are not in- 
tended for actual application, inclusion of shear flexi- 
bility and rotational inertia in the equation of motion 
would not serve the purpose well. 

End conditions on the equation of motion are  re- 
quired for uniqueness of its solution. The end condi- 
tions on Equation (l), corresponding to zero end 
moment and shear, are: 

a 2 W  a 3 ~  

axe ax3 
- 0 a t x  = 0 and x = L (2)  - 

(a)  Steady-State Response to Periodic Excita- 
tion. In propeller-induced ship vibration the steady 
propeller excitation is, in reality, a random excitation 
that  remains stationary while conditions are un- 
changed. However, it is approximately periodic with 
fundamental frequency equal to the propeller RPM 
times the number of blades. The excitation is therefore 
approximately expressible as  a Fourier series in the 
time variable. With steady state vibratory response to 
the periodic excitation being the interest, w(x, t )  is 
likewise expressible in a Fourier series. 

The procedure for solving the equation of motion, 
Equation (l), for the steady state vibration is to  sub- 
stitute the two Fourier series representations for 
w(x, t )  and f ( x ,  t )  into the equation. The time depen- 
dency is then cancelled out, and the resultant series 
of ordinary differential equations in x are solved term 
by term for the unknown coefficients of the displace- 
ment series. 

For demonstration purposes assume a one-term 
Fourier series (i.e., simple harmonic) representation for 

z 
A 

BOW STERN 

Fig. 3 Ship hull beam model 

the excitation force distribution in time. Then optional 
forms are: 

f ( x ,  t )  = F ( x )  cos (ot - a) (3) 
= Re F(x)ezo t  (4) 

where, by identity, 
ezwf  cos w t  + i sin wt 

and Re denotes “real part of.” F(x)  is the amplitude 
distribution of the excitation force along the length of 
the ship, and w is its frequency. Defining w as blade- 
rate frequency, N f l ,  where R is the propeller angular 
velocity and N the number of blades, Equation (3) 
would be a valid approximation of f ( x ,  t )  provided that 
the fundamental harmonic of the excitation is dom- 
inant, i.e., provided that the excitation at multiples of 
blade-rate frequency is relatively insignificant. This is 
often true, particularly in cases where propeller cav- 
itation does not occur. 

For steady-state vibration in response to f ( x ,  t ) ,  
w(x,  t )  will have the similar form, 

w(x, t )  = W J x )  cos ot  + W J x )  sin w t  

= Re W(x)e twt  (5) 
where, in view of Equation (5), 

W ( x )  = WJX) - iW,(X) (6) 
W ( x )  is the unknown complex amplitude, which in- 
cludes phase as  well as amplitude information. W ( x )  
is to be determined by solution of the equation of 
motion. 

Substitution of Equations (4) and (6) into Equation 
(1) and end conditions, Equation (2), with cancellation 
of the time dependency, produces: 

wv d 4 W  
E Z l + i -  --- (w2  p 0 E dx4 

- iwc - k ) W =  F ( x )  (7) 
with, 

d 2 W  - d Y W  - 0 
dx2 dx3 

a t x  = 0 and L (8) 
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I t  is convenient to non-dimensionalize the variables in 
Equations (7) and (8) before considering solutions for 
W ( x ) .  Redefine the variables in non-dimensional form 
as, 

Also define, 

where in K ~ ,  

n, = & 
A Characteristic Rigid-Body Frequency 

A Characteristic Flexural Frequency 

c 
t c  = - 

2P Q, 

Hydrodynamic Damping Factor 

and denote, 

5 = -  V f l f  

" 2E 
Structural Damping Factor 

Equation (7) then becomes: 

This is the non-dimensional equation for steady-state 
vibration amplitude in response to harmonic excitation. 
Its end conditions are: 

at x = 0 and 1 d 2 W  - d ' W -  
dx2 dx3 
- -__ -  

(b)  Undamped End-Forced Solution-Demon- 
strations. The simplest meaningful solution of Equa- 
tion (9) is obtained by specializing F(x) to be a 
concentrated end force and discarding the damping 
terms. This solution, obtained by direct inversion of 
the reduced equation, is, 

F 1 
W ( x )  = - * 

2~~ 1 - cosh K cos K 
. [(sinh K - sin K)(COS K X  + cosh K X )  

- (cosh K - cos K)(sin K X  + sinh KX)] (10) 

Here, the force is concentrated at the stern, x = 1 
(Fig. 3). With zero damping W ( x )  is pure real and K 
is given by, 

K4 = ( O m J  - (.n,/fl,)~ (11) 
The solution, Equation (lo), permits several relevant 

observations. These are developed a s  follows: 
1. Resonant Frequencies-Added Mass and 

Buoyancy Effects. The undamped solution, Equation 
(lo), implies infinite vibration amplitude at the values 
of e~ which make cosh K cos K equal to unity. These 
values of o are therefore the system resonant fre- 
quencies, which are  denoted as  e ~ ~ .  Denoting K = K, 
a t  values of w equal to w,, the resonant frequencies 
correspond to the infinity of roots of, 

cosh K, cos K, = 1 (12) 

K: = ( W n / Q f ) '  - (n,/i?,,)' (13) 
The first root of Equation (12) is obviously K, = 0. 

where, from Equation ( l l ) ,  

This implies, from (13), that, 

wg = a, = 4; 
This is just the rigid body heave, or pitch, resonant 
frequency; the two are  the same for a ship with uni- 
form, or longitudinally symmetric, mass and buoyancy 
distributions. At the low frequency of the rigid body 
resonance corresponding to K,, the mass distribution 
p is frequency dependent due to the surface wave 
effects in the hydrodynamic component of p.  The fre- 
quency dependence of p diminishes as the vibratory 
frequency increases. In reality, ship hydrodynamic 
added mass in essentially invariant with frequency at 
frequencies corresponding to the full flexural modes. 

The second root of Equation (12) is K~ = 4.73, which 
corresponds to the first hull flexural mode. All sub- 
sequent K, are  greater than K ~ .  Therefore, assuming 
p to be independent of frequency for n 2 1, a,- and 
0, are  constants in Equation (13), and the first flexural 
mode resonant frequency, and all of those above it, 
are directly available from Equation (13) as, 

a, = sl, J K ~  + ( f l r / C l f ) ' ;  n = 1, . . . , 00 (14) 
with K, determined from Equation (12). 

Now, for ships, the ratio fl,lflf is typically on the 
order of 1, and therefore much smaller than ~ , 4  in (14). 
This demonstrates the fact that  the effect of buoyancy 
in stiffening a ship hull in vertical flexural vibration 
exists, but is insignificant in normal circumstances. 
Discarding 0, / s2, in Equation (14), the beam resonant 
frequencies are approximated by, 
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Fig. 4 Hull beam response characteristics 

Being typically negligible, the effects of buoyancy will 
be discarded in all subsequent considerations of flex- 
ural vibration; R, will be deleted in the definition of K 

so that the existence of non-zero rigid-body modes 
( n  = 0) is ignored. Furthermore, SZ, appearing in K will 
be taken as frequency independent, since the hydro- 
dynamic added mass in Rf is a constant at high fre- 
quency. 

Note that although in the case of wave-excited vi- 
bration both rigid-body and flexural vibration occur, 
the two responses are essentially independent super- 
positions. 

2. Stern Vibration Level. Consider the vibra- 
tion at the position of the concentrated excitation force 
by setting x = 1 in (10): 

(16) 
"(1) - sinh K cos K - cosh K sin K 

For exciting frequencies in the range of the beam 
flexural resonant frequencies, the corresponding val- 
ues of K ,  as arguments of the hyperbolic functions, 
can be considered as large. That is, for large K ,  

-- 
F K3 (1 - cash K COS K )  

1 
2 

sinh K z cosh K =: - e" 

Therefore, at high frequency, 
"(1) cos K - sin K 1 -- - - (tan K - 1) (17) - tc3 (Ze-. - cos K )  - K~ 

Equation (17) implies that, for a forcing function of 
fixed amplitude, the end vibration generally decreases 
with frequency as K - ~ ,  or o-%. Zero vibration at the 
stern occurs at the anti-resonant frequencies, w,~, 
corresponding approximately to, 

tan K , ~  = 1 

F 

or, from Equation (15), 

(18) 
Large vibration occurs only in the immediate vicinity 
of the resonant frequencies, the flexural values of 
which, from Equation (17), correspond approximately 
to, 

oXa/f l f  = [(4n + 1) d4I2; n = 1, . . . , 00 
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tan K,  = * co 

or, 

o, /Qf  = [(2n + 1) 77/21,; n = 1, . . . , (19) 

As o increases, Equation (17) implies a limiting state 
where the vibration is zero except at the resonances. 
But the resonant frequencies, (19), at which the vibra- 
tion is infinite, occur in the limit (large n), infinitely 
far apart. The trend toward this limiting case is ex- 
hibited in Fig. 4, which is a plot of Equation (17) in 
the frequency range of the first few flexural modes. 

With regard to the relationship of (17) to actual ship 
vibration, it is not true, in general, that the spacing of 
the hull girder resonances increases as frequency in- 
creases. The disagreement is due to the exclusion of 
shear and rotational inertia in the beam model, as well 
as to the exclusion of the effects of local vibratory 
subsystems sprung from the hull beam. These effects 
become influential in ship hull girder vibration at high 
frequency. 

The vibration is also, in reality, certainly not infinite 
a t  the resonant frequencies; this prediction is, of 
course, due to the deletion of damping in Equation (9). 

It is likewise not true that propeller-induced vibra- 
tion has a generally decreasing trend with frequency, 
as (17) implies. In reality, however, the amplitude of 
the propeller excitation, in this case F, increases with 
frequency, roughly as frequency squared. With an o2 
variation of F in (17), W(l) then increases general1 
as o', which is more realistic than decreasing as o . 

3. Relative Vibration of Bow and Stern. 
Setting x = 0 in (lo), the vibration amplitude at the 
beam end opposite that to which the excitation is ap- 
plied is, 

K 

(20) 
W(0) - sinh K - sin K 

K3 (1 - cosh K COS K )  
-- 

F 

Using (16) and (20), the ratio of the end displacements 
is, 

(21) W(0) - 
W(l) 

sinh K - sin K 

sinh K cos K - cosh K sin K 
-- 

Again, replacing the hyperbolic functions by the ex- 
ponential for large K ,  

W(0) - 1 - 2 sin K e-" 1 
cos K - sin K 

N -- 
W(1) cos K - sin K 

(22) 

At the anti-resonant frequencies, (18), W(0) / W(1) be- 
comes infinite since W(l) = 0 by definition of the anti- 
resonance. At the resonant frequencies, (19), W(0) / 
W(1) = *l, by (12). The minimum absolute value of 

the displacement ratio occurs at cos (K  + ~ / 4 )  = * 1; 

1 - - 
fi COS ( K  f T/4)  

its value is min 1 W(O)/ W(l) I = 1 / fi. The frequencies 
at which this minimum value occurs are, 

(23) 

This prediction is definitely contradictory to obser- 
vations of ship vibration at high frequency. The simple 
undamped end-forced solution predicts that the vibra- 
tion level at the ship bow should never be less than 
roughly 70 percent of the vibration at the stern. In 
reality, propeller-induced ship hull girder vibration is 
known to concentrate at the stern at high propeller 
RPM, with the vibration diminishing rapidly forward 
and often being hardly detectable in the vessel fore- 
body. 

A reconciliation of theory and observation as to this 
particular point requires a more general solution to 
Equation (9), which includes damping as well as a less 
restricted characterization of the propeller excitation. 
However, the direct analytic solution procedure used 
to produce Equation (10) is no longer suitable for pro- 
viding the desired insight in the more general case. 

(c) A More General Solution: Modal Expan- 
sion. The modal, or eigenfunction expansion tech- 
nique allows damping as well as an arbitrary excitation 
character to be handled with relative ease. Basically, 
modal expansion is an expression of the fact that the 
vibration can be viewed as a superposition of the in- 
dependent natural modes. The solution to the equation 
of motion is expressed as an infinite series, versus the 
alternative closed-form possibility represented by (10). 
The series is expanded in terms of the infinite set of 
normal modes of the unforced, undamped system. 

1. Natural Frequencies and Mode Shapes. 
Returning to the equation of motion for the Fig. 3 
uniform beam, Equation (9), the unforced, undamped 
system in this case corresponds to (9) with zero damp- 
ing and excitation: 

0 _ -  - [ (4n  + 3)  d 4 I 2 ;  n = 1, . . . , 00 

fir 

- 0 a t x  = 0 a n d 1  d 2 W  - d3W 
dx2 dx3 

where K is defined by Equation (11). The solution to 
the homogeneous differential, (24), is, for K f 0, 

W(x) = C, sin K X  + C, cos K X  

+ C3 sinh K X  + C, cosh K X  (25) 

Applying the two end conditions at x = 0 eliminates 
two of the four constants in (25) as, 

c, = c,, c, = c, (26) 

Application of the remaining end conditions at x = 1 
gives the following simultaneous equations for deter- 
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mining C3 and C,, 
sin K - sinh K 

[cos K - cosh K 

cos K - cosh K 

- sin K - sinh K ]  121 = lil 
(27) 

or, 
[BIlCl = 101 

ICI = [BI-' 101 

Then by inversion, 

Therefore, unless [ B ]  is singular, the only solution to 
Equations (27) is I CI = 101. But this implies that W ( x )  
= 0, which is not of interest. Non-zero ICI, and non- 
zero W(x) ,  therefore require that [B] be singular. [B]  
is singular only if its determinant is zero. From Equa- 
tion (27)) 

(28) 
Denote the values of K which make det [B] = 0 as 
K,; these values are the system eigenvalues. The in- 
finite set of eigenvalues are determined so that Equa- 
tion (28) is zero, i.e., so that, 

(29) 
But this is just Equation (12), which established the 
system resonant frequencies. From (ll), ignoring the 
OT term, 

(30) 
where the 0, were identified as the resonant fre- 
quencies. But under present considerations the on are 
the frequencies corresponding to unforced and un- 
damped, or natural, system vibration; the system res- 
onant frequencies are therefore synonomous with the 
svstem natural frequencies. 

Non-zero values of C3 and C, from (27) therefore 
exist only at  values of w satisfying (29). However, the 
values of the constants, while not zero, are indeter- 
minant, since the coefficient determinant is zero at  
these frequencies. The fact that the determinant of 
the coefficients is zero at  the natural frequencies im- 
plies that the two Equations (27) are linearly dependent 
a t  the natural frequencies. That is, two independent 
equations from which to determine the two constants 
are not available. The only information available from 
(27) is the relationship between C3 and C4 a t  the natural 
frequencies. Either one of the two equations can be 
used for this purpose; the same result will be obtained 
because of the linear dependency. From the second 
equation of (27)) 

(31) 
C, - sin K, + sinh K,  

C, cos K, - cosh K, 

Substitution of (31) and (26) back into the homogeneous 
solution (25) gives the beam vibration amplitude at the 
natural frequencies, as a function of x, except for a 

det [B] = -2 (1 - cos K cosh K )  

cos K, cosh K,  = 1, n = 1 , .  . . CO. 

K: = (0, / f&-)' 

- -  

constant factor. This relative amplitude distribution 
a t  the natural frequencies is called the eigenfunction, 
or mode shape, and is denoted by 3,. From (25)) in 
terms of arbitrary C,, the mode shape for the Fig. 3 
beam is, 

cos K , X  + cosh K , X  

sin K, + sinh K,  

cos K ,  - cosh K,  
(sin K , X  + sinh K , x ) ]  (32) + 

Equation (32) is the beam mode shape for K # 0. This 
function has the character of the vertical mode shapes 
depicted on Fig. 2 of Section 1.2; increasing n corre- 
sponds to increasing node number. 

For K = 0 the solution to the homogeneous system, 
Equation (24) is, 

(33) 

(34) 
which satisfies the end conditions at  x = 1 identically. 
The mode shape identified with (34) is therefore the 
zeroth order rigid body heave /pitch mode, whose ccr- 
responding natural frequency was previously identi- 
fied as R, by Equations (12) and (13); R, has been 
assumed to be zero in consideration of the flexural 
modes. 

2. Vibratory Displacement. Modal expansion ex- 
presses the solution of the equations of motion, Equa- 
tion (9)) as a weighted summation of the infinite set 
of mode shapes, 

W ( x )  = c, + c,x + c3x2 + c4x3 

W ( x )  = c, 4- c,x 
The end conditions at  x = 0 reduce (33) to, 

(35) 

Back substituting Equation (35) into (9) and utilizing 
the orthogonality property of the mode shapes, the 
A ,  in Equation (35) are determined as, 

n = l  

(36) Fn 1 Kn 
1 - (0/o,)2 + 2 i 5 , o / o n  

A ,  = 

where F,, K,, and Y, in Equation (36) represent the 
following: 

F, = 1 F ( x )  +,(x)dx Modal exciting force 
x = o  

(37) 

K, = (zy 1 +;(x)dx Modal stiffness (38) 
x = O  

Modal damping factor (39) 
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Substitution of (36) into (35) gives the complex vibra- 
tion amplitude, 

(40) 
Substitution of this result into (5), and using a trigon- 
ometric identity, gives the vibration displacement at 
any point x along the beam a t  any time, 

m 

n = l  

The modal phase angle, a,, relative to F,, is, 

The form of Equation (41) demonstrates that modal 
expansion can be viewed as just a superposition of the 
independent responses of an infinite number of equiv- 
alent one-degree-of-freedom systems. The stiffness, 
damping, and excitation of each equivalent system are 
the modal values corresponding to Equations (37), (38), 
and (39). The equivalent mass would be the modal 
mass, M,, = K,/o,2. The responses of each of the 
single degree-of-freedom systems is distributed ac- 
cording to the mode shapes of the respective modes. 

3. Relative Vibration of Bow and Stern. The 
reasons for the rapid attenuation of hull girder vibra- 
tion on moving forward from the stern, which were 
left unexplained by the simple theory of the last sub- 
section, can now be reconsidered with the aid of the 
modal expansion, Equation (40). 

I t  is first convenient, although not a t  all necessary, 
to normalize the eigenfunction set, Equation (32), by 
assigning specific values to the constant C4 . Choosing 
a value of unity of the +,(x) at the forcing end, i.e., 

(42) qln(l) = 1; n = 1, . . . , 00 

C, in Equation (32) is evaluated as, 
cos K, - cosh K, 
2 sin K, sinh K, c4 = (43) 

Then from (43) and (32), the eigenfunction at x = 0 
has the values, 

(44) 
It will also be notationally convenient to define, W,(x) = A ,  Jln(x),  where A ,  is given by Equation (36). Equa- 
tion (40) is then, alternatively, 

+,(O) = (--I),+’; n = 1, . . . , 00 

By Equations (42), (44), and (45), the displacements at 
the two ends of the beam are, 

m 

~ ( 1 )  = C wn(1) 
n = l  

and (46) 

W(0) = C ( - l ) , + l  Wn(l) 
m 

n = l  

Equation (46) shows that the absolute values of the 
displacement components from each mode are the 
same at the beam ends. Differences in the sums must 
therefore be due only to the alternating form of the 
series for W(O), associated with phase changes occur- 
ring within the displacement components at the forcing 
end. In fact, this character of the displacement series, 
Equation (46), is the basis for understanding the rea- 
sons for the rapid decay of hull girder vibration for- 
ward from the stern. Fig. 5 is intended as an aid in 
this purpose. Fig. 5 is composed of sketches of the W, 
components for six modes, arbitrarily, and their sum- 
mations, for three different cases. 

The first column in Fig. 5 depicts the displacement 
for the undamped beam with the concentrated force 
applied a t  the extreme end. This was the case studied 
in the last sub-section and for which the minimum ratio 
of end displacements was predicted to be never less 
than 1 / 4. The second column in Fig. 5 represents 
the case where damping remains zero, but the con- 
centrated force is applied at a position x = x, slightly 
less than 1, corresponding to a typical propeller posi- 
tion. In the third column on Fig. 5,the force has been 
replaced at the beam end, but damping has been as- 
sumed to be non-zero and significant. 

The exciting frequency is assumed to lie arbitrarily 
between modes 3 and 4 in Fig. 5. The value of o can 
be considered as that given by Formula (23) with 
n = 4; Equation (23) predicts the frequencies at which 
min I W(O)/ W(1) I = 1 / @  occurs for the undamped, 
end-forced case. 

Consider the three cases of Fig. 5 individually. 
Case 1 - Undamped, End forced. From Equation 

(40), with x, = 1 and for ln = 0, 

In general, the modal forces for the three cases of 
Fig. 5 are Fn = F+,(x,), by Equation (37). For x, = 
1 in the first case F, = F f o r  all n since +,(1) = 1 by 
Equation (42). For o between two resonant frequen- 
cies, oN ~ and oN, the beam end displacements can 
be written from (46) and (47) as, 

N -  1 m 

W(l> = - C I Wn(1)I + C I Wn(1)I 
n = 1  n = N  
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d 7 xo 

xo = 1 , J "  > 0 
I F  

n 

Fig. 5 Hull mode superpositions 

N - 1  

W(0) = - c ( - l ) n + l \  W,(l)I 
n = l  

+ 5 (- l )n i l (Wn( l ) I  (48) 
n = N  

Here, the sign change occurring in the denominator 
of Equation (47) at n = N has been explicitly assigned. 
At the end x = 1, all of the modes below o are of the 
same sign, but of opposite sign to the modes above o. 
Imperfect cancellation occurs, with the lower modes 
dominating the upper. At x = 0 on the other hand, 
interferences occur among the groups of modes both 
below and above o due to the alternating signs shown 
in Equation (48). The dominant terms immediately 
above and below o, i.e., W,- ,(O) and W,(O), have the 
same signs, however, and support rather than cancel. 
As a result, W(0) is relatively large. In fact, the ratio 
I W(O)/ W(1) 1 occurring at w for x, = 1 and tn = 0, 
which has the value 1 / 8, is a maximum value of the 

minimum ratio, as both repositioning the excitation 
force forward and allowing non-zero damping result 
in a more rapid attenuation of displacement away from 
the forcing point. 

Case 2- Undamped, x, < 1. Considering the case 
where x, < 1, which corresponds to the second column 
on Fig. 5, the modal force is, 

F n  = F J l n ( X 0 )  

in Equation (40). The modal forces now converge with 
increasing n, since, as the aftermost beam nodal point 
moves aft toward the forcing point with increasing n, 
the Jln(xo) decrease. Thus the higher modes become 
less excitable by the concentrated force. The result is 
a decrease in the cancellation in W(1), by Equation 
(48), as the net displacement produced by the modes 
above o decreases relative to the net contribution from 
below. Also, a weakening of the modes above o re- 
duces the support of the large Nth mode in W(O), rel- 
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ative to the N - lth. This results in a relative decrease 
in W(O), with respect to W(1), and a larger difference 
in the end displacements. This decreasing propeller 
excitability of the higher hull girder modes by virtue 
of convergence of the modal force series was the ex- 
planation given by Baier and Ormondroyd (1952) for 
the rapid attenuation of propeller induced hull girder 
vibration forward from the stern region. 

Case 3-Damped, End-forced. Turning to the 
case of non-zero damping, but with F, = F, the terms 
in the displacement series are: 

If the modal damping factor, Y n  in Equation (49) in- 
creases with n, then the convergence of the displace- 
ment series is accelerated, with the same effects as  
produced by convergence of the modal forces just con- 
sidered. Damping also modifies the relative phases of 
the modes. This occurs most strongly for modes in the 
immediate vicinity of the exciting frequency, since the 
damping in the denominator of (49) is relatively strong- 
est for w / w ,  in the vicinity of 1. For zero damping, 
the modes below the exciting frequency are 180 deg 
out of phase with the modes above due to the sign 
change in the denominator of (47). Damping spreads 
the phase shift. If the damping is strong enough the 
most dominant modes to either side of the exciting 
frequency can be approximately in phase and 90 deg 
out of phase with the exciting force. This is the situ- 
ation depicted on Fig. 5, where damping has delayed 
the phase shift in the two modes below w .  The result 
is increasing modal interference with distance away 
from the forcing point. 

The effect depicted in Column 3 of Fig. 5 is contin- 
gent upon a modal damping factor which increases 
with modal order and/or  is relatively large in the 
modes in the vicinity of the exciting frequency. In this 
regard reconsider the modal damping factor which 
arose in the derivation of the uniform beam modal 
expansion, (39), 

The structural damping factor, Y v ,  is a constant, by 
Equation (9). The hydrodynamic damping factor, Y,, 
has not been specifically defined, but it actually has a 
decreasing magnitude with frequency. Furthermore 
0, / SZ, is large for all n. Therefore, for n large, 

Y n  N Y v  ( w n / Q f )  = ( v / 2 E )  0, 
Y,, therefore increases with n, and becomes large at 
large n corresponding to w ,  at high frequency exci- 
tation. The In developed with the idealized beam model 
therefore appears to meet the requirements for the 
effects of damping exhibited on Fig. 5 .  High hull damp- 
ing in the frequency range of propeller excitation was 
the explanation suggested by Kennard (1955) for the 
concentration of vibration in the stern of vessels when 
operating a t  high propeller RPM. 

This discussion with regard to Fig. 5 should help to 
avoid the common misconception that the concentra- 
tion of propeller-induced vibration in the stern of a 
vessel is evidence that the vessel is exhibiting some- 
thing other than beam-like vibration. To the contrary, 
sternward concentration of vibration at high frequency 
is due to interference in the beam modes at the bow 
and support at the stern. As shown, this occurrence 
is due both to increasing modal damping and decreas- 
ing modal excitability as modal order, and exciting 
frequency, increase. 

2.2 Discrete Analysis. (a)  Mathematical Models. 
Modern day ship vibration analysis employs mathe- 
matical models that are non-uniform and discrete, 
rather than uniform and continuous, almost exclu- 
sively. Such models represent the continuous mass, 
stiffness, damping and excitation characteristics of the 
physical structure a t  a discrete number of points, 
which are called nodal points. The equivalent nodal 
point properties are translated in terms of an assem- 
blage of discrete, or jinite, elements; the finite ele- 
ments inter-connect the nodal points of the structural 
model. (Note that these nodal points are not the same 
as the nodes defined in Section 1.2). 

In analyzing the discrete model all forces and dis- 
placements are referred to the model nodal points. In 
general, six components of displacement, consisting of 
three translations and three rotations, and six corre- 
sponding components of force, can exist at each nodal 
point of the model. The model is usually constrained, 
however, so that less than the possible six displace- 
ments are allowed at any nodal point. The number of 
such displacements allowed at any point are  referred 
to as its degrees of freedom. If mass, or mass moment 
of inertia, is associated with a particular nodal point 
displacement, then that displacement defines a dy- 
namic degree of freedom. Otherwise, the degree of 
freedom is static. While the total number of degrees 
of freedom of continuous systems is always infinite, 
the total number of degrees of freedom of a discrete 
model is finite, being the sum of the numbers assigned 
to each of the model nodal points. 

Discrete analysis of ship vibration can be performed 
to any arbitrary level of detail, with model complexity 
limited primarily by available computing facilities. 
Often, the ship hull girder, a s  considered in the last 
subsection, is modeled along with its sprung substruc- 
tures, i.e., deckhouses, decks, double-bottoms, etc., in 
a single discrete model (Sellars and Kline, 1967) (Reed, 
1971) and (Kagawa, 1978). In many cases meaningful 
estimates of substructure vibration characteristics can 
also be obtained using only a discrete model of the 
substructure, with approximate boundary conditions 
applied a t  its attachment to the hull girder (Sandstrom 
and Smith, 1979). 

Discrete analysis is conveniently demonstrated by 
an idealized example of the latter approach noted 
above. Consider the simple finite element model for a 
ship deckhouse shown in Fig. 6. Here, the house is 
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Fig. 6 Ship deckhouse vibration model 

modeled two-dimensionally as a rigid box of mass m 
and radius of gyration F. The house front is taken, 
typically, as a continuation of the forward engine room 
bulkhead; the connection at main deck is assumed to 
act as a simple pin allowing completely free rotation. 
The parallel connection of finite elements with axial 
stiffness and axial damping represent the supporting 
structure along the house after bulkhead. This struc- 
ture would be composed, typically, of pillars erected 
within the engine room cavity. The house is base ex- 
cited by the vertical vibratory displacement of the hull 
girder, w (5, t ) ,  5 now being the axial coordinate along 
the hull girder. The applied base displacements, 
w (&, t) and w ( k 2 ,  t ), are the hull girder displacements 
at the forward engine room bulkhead and at the base 
of the after foundation; w(&, t)  and w(k2, t )  are as- 
sumed at this point to be specified in advance. 

Use of the Fig. 6 model for serious vibration analysis 
is not entirely valid in two respects. Primarily, the 
typical deckhouse does not truly act as if rigid at pro- 
peller excitation frequencies. While the underdeck sup- 
porting structure is quite often the predominant 
flexibility in propeller induced deckhouse vibration, the 
bending and shear flexibilities of the house itself can 
usually not be considered as unimportant. Some degree 
of interaction of the house with the hull girder also 
occurs. Because of this the base displacements are not 
easily prescribed with accuracy in advance. In spite of 
these shortcomings, the simple Fig. 6 deckhouse model 
is instructive; it captures the basic characteristics of 
fore-and-aft deckhouse vibration in the spirit of the 
simple uniform beam model for hull girder vertical 
vibration studied in the last sub-section. 

Proceeding as described, the degree of freedom as- 
signments of the Fig. 6 finite element model are shown 
on Fig. 7. Here x, is used to denote generalized dis- 
placement, i.e., rotation or translation. In view of the 
assumed house rigidity, all displacements in the ver- 
ticallfore-and-aft plane can be specified in terms of 
the three assigned on Fig. 7. All other possible dis- 
placements at the two nodal points of the Fig. 7 model 

are assigned zero values by virtue of their omission. 
Of the three total degrees of freedom assigned on Fig. 
7, two are dynamic degrees of freedom. These are x1 
and x2, as they are associated with the house mass 
moment of inertia and house mass, respectively. x3 is 
a static degree of freedom. Also, two of the .three 
degrees of freedom are specified: 

x, E w(&,t) and x3 zz w(ij2,t) 
from Fig. 6. 

Once x, is determined the vertical and fore-and-aft 
displacements a t  any point (5, 77) on the house are avail- 
able, respectively, as, 

w(k777,t) = w(k1,t) - x , ( t ) ( k  - 51) 

u(5,77,t) = xl(t)r, (50) 
(b)  Equations of Motion. The equations of mo- 

tion governing the general finite element model are 
derived as follows: 

I t  is first required that the model be in dynamic 
equilibrium in all of its degrees of freedom simulta- 
neously. Application of Newton's Law in each degree 
of freedom in turn produces, 

(51) [mil$ I = -1.L - lhl+ If1 
where, for M total degrees of freedom, 

[m] is the M x M model mass matrix, 
1x1 is the M x 1 nodal point acceleration vector 

and, 
Ifs 1, 1, and I f /  are the M x 1 nodal point stiffness, 

damping, and excitation force vectors, re- 
spectively. 

The characteristics of the model finite elements are 
established in advance to satisfy compatibility and ma- 
terial constitutive requirements on the local level. Sat- 
isfaction of these requirements for linear behavior 
leads to the following relations between the nodal point 
internal forces and the nodal point displacements, 

lLl= [k l lx l  Ih I = [ C I  I I (52) 
Here [k] is the model stiffness matrix and [c ]  is the 
model damping matrix, both of which are square 
matrices of order M. 

Substitution of (52) into (51) produces the linear 
equations of motion governing the general discrete 
model, 

(53) 
This M x M system of equations can be readily solved 
for the unknown nodal point displacements once [m], 
[ c], [ k], and 1 f I are specified. 

Actually, the equations of motion can be interpreted 
as a general statement and conveniently used to de- 
termine their own coefficients. For example, if the ac- 
celerations and velocities are set to zero, Equation (53) 
reduces to, 

[mil 3 I + [ell I + [k l lx t  = If1 
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If1 = 

[k l l x l  = If I 
In expanded notation, 

0 
fi 
f3 (54) 

h 
fi 

f M  

k ,  M 

The subscripts refer to the numbers assigned to the 
nodal point degrees of freedom. Now for purposes of 
defining the k,, require in addition to zero velocities 
and accelerations, that all displacements, xi, be zero 
except for i = j ,  and set x, = 1. Then for any degree 
of freedom i, multiplication gives, 

J;  = k,  
The k, is therefore defined as the force in degree of 
freedom i due to a unit displacement in degree of 
freedom j ,  with all other degrees of freedom com- 
pletely restrained. Complete restraint means restraint 
from acceleration, velocity, and displacement. Also, as 
to the matter of signs, the designation force in degree 
of freedom i is interpreted as the force required a t  i 
in order to accomplish the degree of freedom assign- 
ment a t  i. 

The corresponding definitions of mij and cij are sim- 
ilarly derived from the general Equations (53) by mak- 
ing the appropriate degree of freedom assignments. 
Definitions for m, and cij identical to that above for 
k,  result, but with unit accelerations and velocities, 
respectively, replacing the unit displacements. 

In calculating the components of the excitation force 
vector, J; ,  the model is completely restrained in all 
degrees of freedom. J;  is then the resultant of the 
applied forces tending to overcome the restraint in 
degree of freedom i. 

In this connection consider again the simple model 
of Fig. 7. The displacements in the 3 degrees of free- 
dom are xl, x2, and x, with x1 to be determined and 
the other two specified. By applying zero and unit 
accelerations, velocities, and displacements in the 3 
degrees of freedom, in turn, the mass, damping, stiff- 

m? - m f  

0 0 0 :I [ml = [ 
-""I [ c ]  = 1 4  c 

-"'I 

-m4 m 

C P  - c e  

ce  - c  C 

ke2 - k l  
k 

k l  - k  k 

I 
- 

k 
C 

x2 

Fig. 7 Deckhouse model, degrees of freedom 
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k - k  
k ]  1 (56) 

+ [ - k t  k e  - k  

(c) Solutions. For L of the total M model nodal 
point displacements unknown, L governing differential 
equations, in the general form of Equation (53), must 
be solved. The L x 1 force vector in Equation (53) will 
be completely known in terms of the L applied force 
components and the M - L applied displacements. 

The same basic solution procedure applied in the 
continuous analysis of the last section is also followed 
here. The approximate periodicity of the propeller ex- 
citation allows the time variable to be separated from 
the differential equations by the use of Fourier Series. 
For propeller angular velocity fl and blade number N, 
define o = mNfl as the mth harmonic propeller excit- 
ing frequency. Then for 1 F I and I XI representing the 
mth harmonic complex force and displacement ampli- 
tude vectors, the equations of motion, (53), can be 
satisfied harmonic by harmonic by solving 

[ - o z [ m ]  + i w [ c ]  + [ k ] ]  1x1 = IF1 (57) 
Define the system dynamic matrix as [ D ] ,  

[ D ]  = -w2[m] + i o [ c ]  + [ k ]  (58) 

[DllXl= IF1 (59) 

(60) 

Returning to the Figs. 6 and 7 deckhouse model, 

Equation (57) is then, 

with solution, I XI = [D]-'I Fl 

with 

1x1 = RelXl eiot 

the system dynamic matrix, from (55), is, 

[ D ]  = --02m? + i oce2  + k e 2  (61) 
which is a 1 x 1 matrix on the single unknown complex 
amplitude, X I .  Likewise, the complex exciting force 
vector in (55) is, 

IF1 = F, = - 0 2 m t X z  + ( i o c t  + k e ) ( X ,  - X,) 
The inversion required by (60), using (61), is then sim- 
Ply, 

(62) 
--U2mf X, + ( i w c e  + k e )  (X, - X,) 

--w2mV + ioce2 + k e 2  
XI = 

Equation (62) can be written in the standard form for 
vibration of systems with one dynamic degree of free- 
dom by writing its numerator as, 

F', = FIR + iF,' = mod F1epiD 

and the denominator as, 

so that, 

x, = ReX1etwt is, 

(63) 
(mod F l / K )  cos (wt - a - p )  

Xl(t) = 
J[1 - (w/w,)2]2 + ( z y w / o n ) 2  

where, in the above, 

mod F1 = J ( F , ~ ) ~  + (F,')' 

p = tan-' [-Fl'1FlR] 

K = k e 2  
w, = JXTZP 

24 w / o ,  a = tan-' 

In the general case, an analytic closed form inversion 
of the system equations like that performed above for 
the simple one dynamic degree-of-freedom system is 
not possible. Two alternatives exist. The most obvious 
is just a direct numerical inversion of Equation (60). 
Powerful numerical algorithms are readily available 
for inverting systems of linear simultaneous algebraic 
equations. However, direct numerical inversion can be 
disadvantageous in several respects, which are de- 
scribed further on. The alternative solution procedure 
is, again, eigenvector, or modal, expansion. Modal 
expansion is the series solution of the equations of 
motion, (57), in terms of the natural frequencies and 
mode shapes of the discrete model. 

1. Natural  Frequencies and Mode Shapes. By 
definition, natural frequencies are frequencies of vi- 
bration of the free, or unforced, and undamped system. 
From Equation (57), the equations of motion for the 
free, undamped discrete model are, 

{-o"ml + [ k l l  1x1 = 10 

[D*(o)l  = [DIl[c]=O = -o"mI 

Denote, 

Then, 
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[D*IlXl= 101 (65) 
This equation implies that 1 XI = 0 unless [ D * ]  is 
singular. But by definition of natural vibration, 1 XI is 
not zero. Therefore, the frequencies w which make 
[ D* (a)] singular are the system natural frequencies; 
[D*] is singular if its determinant is zero. Define, 

P ( w )  EZ det [D*(w)] (66) 
P(w)  is called the characteristic polynomial. For N 
system dynamic degrees of freedom, P(u)  is a poly- 
nomial of order N in w2; it has N positive roots in w. 
The N positive values of w which make P ( w )  = 0 are 
the natural frequencies, w, , 

P(w,)  = 0 n = 1,. . . , N (67) 
While the number of natural frequencies possessed by 
continuous systems is always infinite, the number of 
natural frequencies of the discrete model is equal 
to i ts  number of dynamic degrees of freedom. In this 
regard, it is worth repeating that all real physical sys- 
tems are a t  least piece-wise continuous. Therefore, dis- 
crete systems can be viewed only as discrete models 
of continuous systems; this distinction is not unim- 
portant. 

Proceeding, with the N model natural frequencies 
in hand, a return to Equation (65) gives, 

Now, 1x1 is not necessarily zero at w = w, since 
[D*(w)] is singular at these frequencies, but it is un- 
defined. Just  as with the continuous analysis, the sin- 
gularity of the coefficient matrix of Equation (68) 
implies a linear dependency within the L equations. 
That is, only L - 1 linearly independent equations ex- 
ist a t  w = a,, n = 1,. . . , N,  for determining the L 
unknown components of I X 1 .  All that is available from 
Equation (68) are the relative amplitudes, called mode 
shapes, or eigenvectors, at each of the N natural fre- 
quencies. 

n = 1 , .  . . N. I t  is determined by assuming any one 
of its L components as known. Then the L - 1 equa- 
tions on the remaining L - l mode shape components 
a t  each n are solved in terms of the one presumed 
known. That is, assuming arbitrarily that the Lth mode 
shape component is known, Equation (68) is written, 

The L x 1 mode shape vector is denoted 

The ( L  - 1) x ( L  - 1) system of linear algebraic 
equations, (69), is then solved by standard numerical 
methods for the ( L  - 1) component I JI, I for some or 
all of the N modes of interest. 

For the Fig. 6 deckhouse example the above is simple 
since both L and N are one. The [D*] matrix from 
Equation (61) is, 

[D*]  = -wO2~?O2 + kL2 

which is also the characteristic polynomial P(w) .  P(w, )  
= 0 gives the natural frequency, 

with n = 1. 

The mode shape j JI, I is JIll, which has an arbitrary 
value. 

2. Modal Expansion. At this point in the devel- 
opment of the solution for the uniform beam of the 
last sub-section, a brief description of the modal ex- 
pansion solution procedure was followed simply by its 
statement, for that simple case. Here, it is considered 
worthwhile to develop the solution in order to illustrate 
a special difficulty which occurs in the more general 
case. 

As before, the complex displacement amplitude vec- 
tor is first written as a series of the mode shapes 
weighted by unknown coefficients, A ,  : 

N 

1x1 = C A n I J I n I  (70) 
n = l  

Substitute Equation (70) back into the governing equa- 
tions (57), 

N 

C ( - w ~ [ ~ I I J I ~ I  + iu[cII+lnI 
n = l  

+ [kllJInIl An = IF1 (71) 
now multiply Equation (71) by some 1 \ I f r n  1 ', T denoting 
transpose, with m not necessarily equal to n. 
N 

C ~ - u ~ I J I ~ I ~ [ ~ I I J I ~ I  + ~ ~ I J I ~ I ~ [ c I I J I ~ I  
n = l  

+ I J I m I r [ ~ I I \ I f n I I  An = I J I m I ' I F I  (72) 
But due to orthogonality, 

l J I m I T C m l l J I n I  = 0 f o r m + %  

11 1 
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Define, for m = n, 

I$mIT[mll$ml = Mm (73) 

as the mth mode modal mass. 
By Equation (73), the summation of the matrix prod- 

ucts involving [m] in (72) is reduced to a single con- 
stant, M,. Similar reduction of the products involving 
[ k ]  in (72) is accomplished as follows: 

By Equation (68), 

[D*(on)lI+nI (-w2[mI + [k l j  I+nl = 101 

Multiply by I $m I T ,  
-~,21+mIT[mI/lClnI + I$mlT[klI+nI = 101 

Therefore, in view of Equation (73), 

Define, 

K, = om2 M,  (74) 

as the mth mode modal stifness, such that, 

Also define, 

as the mth mode modal exciting force. 

W), 
Substitute Equations (73), (74), and (75) back into 

Now, if orthogonality can be employed to reduce the 
damping term in Equation (76) similarly as with the 
mass and stiffness, then the A ,  required in the solution 
(70) are determined. However, the orthogonality on 
the damping matrix does not, in general, exist for N 
> 1. It exists only in special cases. For example, if [ c ]  
is proportional to [ m] and/or [ k], then orthogonality 
exists (c was proportional to both k and m in the simple 
distributed model of subsection 2.1; that provided the 
mode shape orthogonality required a t  (36)). That is, 
for, 

where yn and 8, are constants which are allowed to 
vary only from mode to mode, then, in Equation (76), 

I $ m I T I C I I + m I  = YmKm + 8 m M m  C m  (78) 

C, is called the modal damping coeficient. Presum- 
ing C, to exist, the A ,  are then, from (76), 

F m  
- 0 2 M ,  + i o C ,  + K, 

A ,  = 

or 

(79) Fm Km 
1 - (o/w,)2 + 2i(, o/o, 

A ,  = 

where, 

5, is the mth mode modal damping factor. Substitut- 
ing Equation (79) into (70) completes the derivation, 

N .  
1x1 = 1 IXnIe-i("n+Pn) 

n = l  

with 

[ x (  t )  1 follows as, 

J x ( t ) l  = Re J X / e i u t  
N 

= iXnl cos (ot - an - f i n )  (82) 
n = l  

Here, a, and f i n  are the modal phase angles, 

f i ,  = tan-' [-F,'/FnT 

Equations (81) and (82) are general equations that have 
wide application to ship vibration problems, as dis- 
cussed in Section 3. These equations again confirm that 
modal expansion can be viewed as just a superposition 
of the responses of Nequivalent one degree of freedom 
systems representing each of the N modes of the dis- 
crete model. The only difference between the above 
solution for continuous versus discrete models is the 
length of the series. The continuous case, having in- 
finite degrees of freedom, generates an infinite series. 

The restriction imposed upon damping in Equation 
(77) for N > 1 must also be observed in continuous 
analysis; this difficulty did not appear explicitly in the 
last sub-section because the beam with uniform prop- 
erties, in fact, possesses proportional damping auto- 
matically. 
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The restriction on damping is severe. For the inter- 
nal material damping of structural systems a damping 
matrix proportional to stiffness can be justified; the 
simple theory used in the last sub-section for allowing 
for material damping of the continuous beam leads to 
this conclusion. However, where other sources of 
damping are  also present, proportionality is usually 
destroyed and, in such cases, the modal expansion, 
Equation (81), does not exist, theoretically. 

Nevertheless, temptations exist for applying the 
modal formula to models where proportional damping 
cannot, in reality, be justified. Ship vibration is a typical 
example. Three rather significant advantages of modal 
expansion over the direct numerical inversion ap- 
proach, Equation (60), exist: 

(1) The solution, Equation (81), is in terms of ar- 
bitrary exciting frequency, o. A summation must 
merely be performed to evaluate the model response 
at any frequency of interest; the direct inversion re- 
quires complete numerical reanalysis of each variation 
of 0. 

(2) In general, a discrete model of a continuous 
system is accurate for only the system modes within 
a limited frequency range. That is, while typically the 
lowest modes of an N degree of freedom model should 
represent the same modes of the continuous system 
with accuracy, the Nth mode of the discrete model 
would be expected to bear no resemblance whatever 
to the Nth mode of the continuous system. A direct 
inversion theoretically includes the responses of all N 
model modes. While including the erroneous model 
modes may not actually contaminate the results of the 
analysis, it is certainly inefficient to carry them. In 
modal analysis, the series can be truncated at levels 
where modeling inaccuracy becomes pronounced with- 
out sacrificing the accuracy of the analysis within the 
frequency range for which the model was constructed. 
This means that only a relative few of the N natural 
frequencies and mode shapes of the discrete model 
need be evaluated in order to predict the system vi- 
bration characteristics of concern. 

(3 )  The semi-analytical form of the modal expan- 
sion provides insight into the relative contributions of 
the elements of mass, stiffness, damping, and excita- 
tion influencing a particular vibration problem. This 
visibility is not available with a purely numerical in- 
version of the model equations. 

Returning again to the Figs. 6 and 7 deckhouse 
model, the modal expansion of the one dynamic degree 
of freedom model is just the analytic solution, Equation 
(63), as comparison with Equations (81) and (82) con- 
firms. The deckhouse response predicted by the simple 
one degree of freedom model is interesting, however. 
For simplicity, assume that the hull girder vibration 
in way of the house, Fig. 6 ,  is rather “flat.” That is, 
assume that the aftermost hull girder nodal point a t  
frequency o is far  enough forward of the house that 
w ( t l ,  t )  zz w(&, t )  on Fig. 6; the house base experi- 

ences a pure vertical translation. Then, in Equation 
(62), with X, = X, E X ,  

F, = - w z m ~ X  
Taking X real (which implies a reference phase of 
zero), 

mod Fl = 0 2 m E X  and /3= rr. 

Also assume that the house is in resonance at o. The 
house rocking vibration, by Equation (63), is then, 

w , 2 m ( X I K  cos (at - 3 ~ / 2 )  (83) 
2t; 

x,(t) = 

with a = rr 1 2  at resonance. By Equation (50) the fore- 
and-aft vibration displacement a t  the house top is, 

u(h , t )  = x , ( t ) k  

Substituting Equation (83), 

But o,2 = Klrn;‘, which gives, 

_ -  Taking a s  typical values of the data in Equation (84), 
5 I r = 3 / 4, h 17 = 4 13,  and t; = 0.05, the house-top 
fore-and-aft displacement is, 

This simple analysis implies that the fore-and-aft vi- 
bration a t  the house top can be 10 times the vertical 
vibration on main deck a t  resonant conditions. This is 
not at all out of line with observations. Unacceptable 
fore-and-aft vibration levels in deckhouses, accom- 
panied by relatively low level vibration of the hull 
girder, and elsewhere in a ship, is a common occur- 
rence. 

2.3 Propeller Exciting Forces. The propeller exci- 
tation in the foregoing has been characterized a s  a 
simple force concentrated at some point near the a f t  
end of the hull girder. This is acceptable only for el- 
ementary demonstration purposes. Propeller excita- 
tion is a complicated combination of concentrated 
forces and moments acting a t  the propeller hub, plus 
a distribution of fluctuating pressure acting over the 
after hull surfaces. The concentrated propeller bearing 
forces and moments are  largely responsible for the 
vibration of main propulsion machinery and shafting 
systems, but are not unimportant, in general, as a 
source of hull vibratory excitation. The usually dom- 
inant hull excitation of modern ships is, however, the 
propeller-induced hull surface pressure field. This is 
particularly true when any degree of fluctuating sheet 
cavitation occurs on the propeller blades, which is more 
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collective effects of the N blades: 

G ( r , e ; p )  z 
N 

g ( r , 8  + 2 ~ ( k  - l) /N; p )  
k =  1 

N 

= - 2 L ( r , 8  
k =  1 

2nz(k,  - 1) + 2r(k - l) / iV)e'PB e 7  eJDG (87) 
Now, the circumferential wake non-uniformity appears 
from the blade to be very nearly periodic in time, with 
fundamental period T = 2 n / R .  With the assumption 
of linearity, the lift distribution, L(r, 8) E L(r,  t ) ,  is 
also periodic with the same period. L(r ,  8) can there- 
fore be written in the Fourier Series, 

Y L(r ,8)  = L,(r) + Re c L4(r )e zqe  (88) 
\;4 , = I  

Here L, ( r )  is the qth harmonic complex lift amplitude 
of the blade section at radius r ;  L,(r) is the steady 
lift distribution associated with steady thrust and 
torque. A choice in procedures for determining the 
L, ( r )  harmonics is available on specification of the 
corresponding harmonics of the wake inflow (see Sec- 
tion 3). It is presumed a t  this point that a sufficient 
number of the L,(r) harmonics are available from 
some source. 

An alternative representation of Equation (88), 
which is useful for insertion into (87), is, 

m 

f,,(W 

/' 
\ /  

\ 

Fig. 8 Propeller blade-element forces 

often the rule than the exception. The fundamental 
concepts and theory of propeller bearing forces and 
propeller induced hull surface forces are treated in the 
following. 

Consider Fig. 8, 
which depicts a propeller blade rotating with angular 
velocity R in the clockwise direction, looking forward. 
By virtue of the rotation through the CirCUmferentiallY 
non-uniform wake the spanwise blade lift distribution, 
L (r ,  8), fluctuates with time, or with blade position 
angle 8 = -R t. I t  is of interest to determine the three 
force and three moment components in the propeller 
hub produced by the time varying lift distributions of 
all N blades acting simultaneously. Toward this pur- 

1 "  
2 , = I  

L ( r , 8 )  = L,(r) + - c [Lq(r)e*qe 
(89) (a) Propeller Bearing Forces. + E , ( r ) e ~ q ~ ]  

where the bar denotes complex conjugate. Discarding 
the steady lift and substituting Equation (89) into (87) 
produces, 

G(r ,B;p)  = 

- 1 e3pG 
N t ( q  + p )  2a(k - 1) 

C e  N [ L,(r)eZiq + p ,B  
pose, define the complex function, 2 ,= 1 k = l  

(90) 
treated as independent in all algebraic manipulations; 
the reason for this artifice is only for compactness of 
notation. p G  in Equation (86) is the geometric pitch But it can be easily verified that the k summations 
angle of the blade section a t  r and p is an integer to appearing in (90) are equal to zero if q ' P is not SOme 

be assigned later. integer multiple of N, say mN, and the summations 
The function g (r ,  8; p )  by Equation (86) represents are equal to N f o r  q ' P = mN Utilizing these facts, 

a pseudo lift distribution on one blade of the N-bladed Equation 

neously is effected by replacing 8 by 8 + 2 r  (k - 1) / 
N in Equation (86) and summing over k. This operation 

1 
N - z ( q  - p )  2nik - 1) g ( r , e ; p )  = -L(r ,8)ezpe eJDG (86) 

Here i and j both denote m, but they are to be + T , ( r ) e  - ' ( q - p ) B  2 e N 
k = l  

reduces to, 
propeller. The effects of all N blades acting simulta- 

defines a new complex lift function representing the 

N G(r,B;p)  = -- eJBG 2 [Lmn-p(r )ezmNB 2 m = l  

m 

+ G m n + p (  r )  e-zmNe 1 (91) 
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The bearing forcesJ,(B), i = 1, . . . , 6, Fig. 8, are 
now given in terms of G ( r , @ ; p )  from (91) as: 

R 

fi ,(e) = Re, G(r,8; 0) dr  I 
.Ap (0) = Re, Im, G ( r ,  8; 1) d r  I 

fs,(e) = Re, Rej r G (r,@ 1) dr  I 
R 

f6,(0) = Im, Re, r G(r,e, 1) dr  (92) 

The subscripted prefixes Re and Im refer to the real 
and imaginary parts of the complex quantities involv- 
ing i and j ;  the complex lift harmonic is Lq = Lq" + 
iLq' in this regard. 

As an example, consider the vertical bearing force, 
J&,. Equations (91) and (92) give, 

I 
r = Th 

R 

+ rmN + ( r )  e-'mNe] dr ]  

Using the facts that, 
Im Z = - ReiZ 

and 
I m z  = ReiZ, 

R 

FLmN-1 ( r )  I f , , (e) = - Re - 2 eimNe 
R = Th 

1: m l 1  

- LmN + 1 ( r )  1 sin P C  dr] 
This formula differs from that given by Tsakonas, 
Breslin, e t  a1 (1967), for example, only in sign. The 
sign difference is due to the fact that positive lift is 
here taken as that with forward axial component, in 

Fig. 9 Flat-plate pressure measurements 

the usual sense. This is opposite to the above reference 
convention. 

The following important facts should be observed 
from Equations (91) and (92): 

1. Propeller bearing forces are periodic with fun- 
damental frequency equal to the propeller angular ve- 
locity times the number of blades. The fundamental 
frequency, Nfl,  is called blade-rate frequency. The 
bearing forces, as written in Equations (91) and (92), 
are composed of terms at blade-rate frequency, plus 
all of its integer multiples, or harmonics, mNn. 

Only certain terms, or harmonics, of the un- 
steady blade lift, and therefore of the hull wake, con- 
tribute to the bearing forces. While the forces on a 
single blade consist of components corresponding to 
all wake harmonics, a filtering occurs when the blade 
forces superimpose at the propeller hub. Equations 
(91) and (92) show that the unsteady thrust and torque, 
fi, and&,, depend only on the lift, or wake, harmonics 
that are integer multiples of blade number. The lateral 
forces and moments, on the other hand, are produced 
entirely by the wake harmonics corresponding to in- 
teger multiples of blade number, plus and minus one. 

( b )  Propeller-Induced Hull Surface Pressures 
and Forces. A thorough understanding of the hull 
surface pressure distributions produced by a propeller, 
and the integration to resultant hull surface forces, is 
only attained with a considerable expenditure of effort. 
The subject is very complex. Nevertheless, much has 
been accomplished since the pioneering experimental 
work of F. M. Lewis (1973), in both understanding hull 
surface excitation and developing methods for pre- 
dicting it. 

1. Uniform inJlow conditions. It is useful to be- 
gin with the simplest possible case: the pressure in- 
duced on a flat plate by a propeller operating in a 

2. 
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uniform inflow. This is depicted in Fig. 9, which is a 
sketch of the water tunnel arrangement from which 
the data shown in Fig. 10 were measured (Denny, 
1967). Two different 3-bladed propellers were used in 
the experiments. The propellers were identical in all 
respects, including performance, except one had blades 
of double the thickness of the other. With the assump- 
tion of linearity, this allowed the independent 

effects of blade thickness and blade lift to be distin- 
guished from the experimental data recorded with the 
two propellers. The left-side plots in Fig. 10 show the 
amplitude and phase of the plate pressure induced by 
blade thickness; the right-side plots correspond to 
blade lift. The predictions of theories available in the 
late 1960's are also shown in Fig. 10. 

The pressure data shown on Figure 10 correspond 
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to blade rate frequency. Just  as in the case of bearing 
forces, all multiples of blade-rate frequency also occur, 
but the higher harmonics become negligible quickly 
for the uniform wake case. The phase indicated on Fig. 
10 is defined a s  the position angle of the propeller blade 
nearest the plate (Fig. 9) when the pressure is positive 
(compressive) maximum; positive angle is defined a s  
counterclockwise, looking forward. With this defini- 
tion, the phase relative to a single cycle of the three- 
cycle per revolution blade rate signal is obtained by 
multiplying the phase angles on Fig. 10 by 3. This 
quickly confirms that the blade thickness pressure is 
approximately in-phase up and down stream of the 
propeller; it is an even function in x, approximately. 
On the other hand, a large phase shift occurs in the 
pressure due to blade lift up and downstream; it be- 
haves as  an odd function in x, approximately. This 
behavior suggest some substantial cancellation in the 
lift associated pressure, a t  least, on integration to the 
net resultant vertical force on the plate. Actually, if 
the plate is infinite in extent, the thickness pressure, 
as well as the lift pressure, both independently inte- 
grate to produce identically zero net vertical force on 
the plate. This fact is a demonstration of the Breslin 
Condition (Breslin, 1959). This was established by in- 
tegrating theoretical pressures induced by a non-cav- 
itating propeller operating in uniform inflow over the 
infinite flat plate, and showing the identically zero 
result. 

Fig. 11 is a contour plot of the blade rate pressure 
amplitude from a similar, but different, uniform wake, 
flat plate experiment (Breslin and Kowalski, 1964). 
Here, only amplitude is shown; the phase shift distri- 
bution responsible for the cancellation on integration 
is not apparent from Fig. 11. Figs. 10 and 11 clearly 
imply that propeller-induced hull surface pressure is 
highly localized in the immediate vicinity of the pro- 
peller; the pressure is reduced to a small percentage 
of its maximum value within one propeller radius of 
the maximum. There is a tendency, on the basis of this 
observation, to draw the false conclusion that resultant 
forces occurring in the general ship case should be 
similarly concentrated on the hull in the near region 
of the propeller. This common misconception is ex- 
plained by the considerations of the following sub- 
section. 

2. Circumferentially non-uniform wake efects. 
I t  was shown in the propeller bearing force theory 
that only certain shaft rate harmonics of the non-uni- 
form wake contribute to the blade rate bearing force 
harmonics. In the case of the propeller induced hull- 
surface excitation, the entire infinity of shaft rate wake 
harmonics contribute to each blade rate excitation har- 
monic. But particular wake harmonics are nevertheless 
dominant, with the degree of dominance depending 
primarily on hull form. This will be considered in more 
detail further on. 

The pressure distribution corresponding to the wake 

Flat plate at J = 0.6 

Fig. 11 Flor-plate pressure contours 

operating propeller (without cavitation) has a very sim- 
ilar appearance to the uniform wake case. Fig. 12, from 
Vorus (1974), shows calculated and measured blade- 
rate pressure amplitude a t  points on a section in the 
propeller plane of a model of the DE1040. It was as- 
sumed in both of the pressure calculations shown that 
the hull surface appeared to the propeller as  a flat 
plate of infinite extent. 

The upper part of Fig. 12 shows the measured pres- 
sures produced by the wake operating propeller, along 
with the corresponding calculated results. Both blade 
rate pressure calculations include the uniform wake 
effects of steady blade lift and blade thickness (Fig. 
10 and ll), plus the contributions from the circumfer- 
entially non-uniform part of the wake. The nonuniform 
wake contribution is represented by wake harmonics 
1 through 8 (the “zeroth” wake harmonic component 
referred to in Fig. 12 is equivalent to the steady blade- 
lift and blade-thickness components). 

The lower part of Fig. 12 shows a breakdown of the 
calculated blade rate pressure distribution from above, 
a s  indicated, into contributions from the uniform wake 
components (steady blade lift and blade thickness) and 
non-uniform wake components (sum of unsteady lift 
harmonics 1 to 8). The important point is that  the pres- 
sure is dominated by the uniform wake effects; the 
pressure associated with the uniform wake from the 
lower part of Fig. 12 is essentially identical to  the total 
from above. The non-uniform wake contribution to the 
blade rate pressure is buried at a low level within the 
large uniform wake component. 

Interestingly, the integral of the pressure to a ver- 
tical force on the relatively flat stern has an entirely 
different character with regard to the relative contri- 
butions of the uniform and non-uniform wake com- 
ponents. This is shown in Fig. 13, also from Vorus 
(1974). The second column on Fig. 13 shows the total 
blade rate vertical hull surface force calculated on the 
DE1040. The succeeding 10 columns show the contri- 
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Fig. 12 Blode-rote "flat-plate" pressures on destroyer stern, station 19 

butions to the force from blade thickness and the first 
9 harmonics of blade lift. Fig. 13 shows that it is the 
non-uniform wake components, which are so small in 
the surface pressure, that dominate the integrated sur- 
face force. The large uniform wake pressure due to 
steady blade lift and thickness essentially integrates 
to zero over the flat stern surface (the Breslin Con- 
dition), leaving a blade-rate exciting force due almost 
entirely to the wake harmonics of orders in the vicinity 
of blade number (the DE1040 propeller has 5 blades). 

Actually, the Breslin condition, as established by 
Breslin (1959) for the uniform inflow case, can be gen- 

eralized to cover the non-uniform inflow case as well. 
It can be stated that, for the case of the general non- 
cavitating propeller, the unsteady vertical force in- 
duced o n  an infinite plate above the propeller is 
equal and opposite to the unsteady vertical force 
acting o n  the propeller; the net vertical force o n  the 
plate-propeller combination is identically zero. This, 
of course, covers the uniform inflow case since the 
vertical forces on the plate and propeller are both in- 
dividually zero. The DE 1040 example of Fig. 13 is a 
good approximate demonstration of the non-uniform 
inflow case. It was shown by Equations (91) and (92) 
that the vertical bearing force is produced exclusively 
by the blade order multiple harmonics of the wake, 
plus and minus one. For the propeller operating in a 
wake under an infinite flat plate, the vertical force on 
the plate, being equal but opposite to the vertical bear- 
ing force, must also have to be composed exclusively 
of the blade order wake harmonics, plus and minus 
one. These harmonics are obvious in the DE 1040 ver- 
tical surface force spectrum of Fig. 13; the DE 1040 
stern would be characterized as flat plate-like. With 5 
blades, the 4th and 6th harmonics dominate the vertical 
blade rate surface force, along with the 5th. Amplifi- 
cation of the 5th harmonic is due to the presence of 
the water surface off the water-plane ending aft. 

With regard to the degree of cancellation in the net 
vertical force on the DE 1040, the bearing force am- 
plitude was calculated to be 0.00205. Its vector addition 
with the surface force of 0.0015 amplitude produced 
a net force of amplitude equal to 0.00055, which re- 
flects substantial cancellation. It is noteworthy that F. 
M. Lewis (1963) measured a net vertical force of am- 
plitude 0.0004 on a model of the same vessel at M.I.T. 
In the case of the DE 1040, the surface force is smaller 
in amplitude than the bearing force, but this is not a 
generality. 

At any rate, the characteristics demonstrated in 
Figs. 11, 12 and 13 clearly indicate that measured sur- 
face pressure is a very poor measure of merit of pro- 
peller vibratory excitation; hull vibration is produced 
largely by the surface pressure integral, whose se- 
verity is not necessarily well represented by the mag- 
nitude of the surface pressure distribution. This fact 
also implies the level of difficulty that one should ex- 
pect in attempting to evaluate hull surface forces by 
numerically integrating measured hull surface pres- 
sure. The measurements would have to be extremely 
precise so as to accurately capture the details of the 
small non-uniform wake pressure components imbed- 
ded in the large, but essentially inconsequential, uni- 
form wake pressure component. 

One other relevant aspect with regard to this last 
point deserves consideration. Returning to Fig. 12, it 
was noted that the hull was assumed to be an infinite 
flat plate for purposes of the pressure calculation. This 
assumption might be expected to result in reasonable 
satisfaction of the hull surface boundary condition in 
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the very near field of the propeller. So long as the 
pressure decays rapidly within the propeller near field, 
reasonably accurate estimates of the pressure maxima 
might therefore be expected with the flat plate as- 
sumption. This is confirmed by Fig. 12; all of the pres- 
sure measurement points, where good agreement with 
calculation is shown, are relatively close to the pro- 
peller, and well inside the waterplane boundaries. Out- 
side the waterplane boundaries the relief effects of the 
water free-surface impose a very different boundary 
condition than that of a rigid flat plate. Hull surface 
pressure in the vicinity of the waterplane extremities 
would therefore be poorly approximated by the infinite 
flat plate assumption (Vorus, 1976). The overall validity 
of the flat plate assumption should therefore depend 
on the relative importance of surface pressure near 
the waterplane extremities, outside the immediate pro- 
peller near field. 

From the point of view of the pressure maxima, the 
very rapid decay of the dominant uniform wake part 
justifies the flat plate assumption. On the other hand, 
accuracy of the integrated hull surface forces depend 
on accurate prediction 05 the small non-uniform wake 
pressure components. It i: a fact that while these com- 
ponents are relatively small, they also decay much 
more slowly with distance away from the propeller. It 
is obvious from Fig. 12 that the pressure persisting 
laterally to the water surface (which is assumed to be 
a continuation of the flat plate in the calculations) is 
due entirely to the non-uniform wake components. 
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Fig. 13 Calculated blade rate vertical hull surface forces on destroyer stern 
[DE 1040) 

These small pressures persist over large distances and 
integrate largely in-phase to produce the hull surface 
forces. 

The flat-plate assumption should therefore be less 
reliable for the prediction of hull surface forces, than 
for hull surface pressure maxima. This is supported 
by Fig. 13. The first column on Fig. 13 represents the 
vertical force amplitude calculated by integrating the 
calculated “flat plate” pressures over the DE1040 
afterbody. The second column in Fig. 13 is the vertical 
force calculated using a reciprocity principle (Vorus, 
1974) which satisfies the hull and water surface bound- 
ary conditions much more closely than does the flat 
plate approximation. While some slight differences in 
the wake used in the two calculations were discovered, 
the main differense in the two total force levels shown 
is due primarily €0 misrepresentation of the water sur- 
face in the flat plate calculation. 

The fact that the most important non-uniform wake 
part of the surface pressure acts over a large surface 
area actually suggest that total integrated hull surface 
forces are not the best measure of hull vibratory ex- 
citation either. It is the scalar product of pressure 
distribution and vibratory mode shape represented in 
the generalized forces of Equation (41), or (82), that 
would properly allow for “propeller excitability,” in 
the context of the discussion of Fig. 5 (Vorus, 1971.) 

3. Cavitation effects. The propeller cavitation of 
concern from the standpoint of vibratory excitation is 
fluctuating sheet cavitation which expands and col- 
lapses on the back of each blade in a repeating fashion, 
revolution after revolution (Figure 14). The sheet ex- 
pansion typically commences as the blade enters the 
region of high wake in the top part of the propeller 
disc. Collapse occurs on leaving the high-wake region 
in a violent and unstable fashion, with the final rem- 
nants of the sheet typically trailed out behind in the 
blade tip vortex. The sheet may envelope almost the 
entire back of the outboard blade sections at its max- 
imum extent. For large ship propellers, sheet average 
thicknesses are on the order of 10 cm, with maxima 
on the order of 25 cm occurring near the blade tip just 
before collapse. 

The Fig. 14 type of cavitation, while of catastrophic 
appearance, is usually not deleterious from the stand- 
point of ship propulsive performance. The blade con- 
tinues to lift effectively; the blade suction-side surface 
pressure is maintained at the cavity vapor pressure 
where cavitation occurs. The propeller bearing forces 
may be largely unaffected relative to non-cavitating 
values for the same reason. The cavitation may or may 
not be errosive, depending largely on the degree of 
cloud cavitation (a mist of small bubbles) accompa- 
nying the sheet dynamics. The devastating appearance 
of fluctuating sheet cavitation is manifested consist- 
ently only in the field pressure that it radiates. The 
level of hull surface excitation induced by a cavitating 
propeller can be easily an order of magnitude larger 
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Fig. 14 Fluctuating sheet cavitation 

than typical non-cavitating levels. The Breslin Condi- 
tion does not apply in the cavitating case, and vertical 
hull surface forces due to unsteady cavitation typically 
exceed vertical propeller bearing forces by large 
amounts. 

Fluctuating sheet cavitation can be characterized as 
an unsteady blade thickness effect from the standpoint 
of field pressure radiation. Any unsteady blade thick- 
ness effects associated with the non-cavitating propel- 
ler are higher order. Furthermore, the steady average 
cavity thickness (zeroth harmonic) produces field pres- 
sure on the order of that produced by the bare blade. 
I t  is the source-like volume expansion associated with 
the cavity unsteadiness that produces the large blade 
rate radiated pressures, and its multiples. 

Just  as with the unsteadiness of blade lift in the 
non-cavitating case, the cavitating hull forces are pro- 
duced primarily by the pressure components associ- 
ated with the higher cavitation harmonics of order near 
blade number, and its multiples. For the same maxi- 
mum cavity volume, the shorter the duration of the 
cavitation, the higher its high harmonic content. 

Strength in the high harmonics of the cavitation spec- 
trum results in significant excitation a t  the blade rate 
multiples; slow convergence of the blade rate excita- 
tion series is a characteristic of cavitating propellers. 

In view of the importance of the various sets of 
harmonics involved in propeller excitation, one impor- 
tant distinction between the cavitating and non-cavi- 
tating cases should be recognized at this point. In the 
non-caviting case a one-to-one relationship exists be- 
tween the harmonics of the circumferentially non-uni- 
form wake and the harmonics of blade lift; the 
assumption of linearity which makes each blade lift 
harmonic a function of only the corresponding wake 
harmonic has been established as valid because of the 
typically small flow perturbation in the non-cavitating 
case. Such a linear relationship does not exist between 
the wake harmonics and the cavitation volume har- 
monics. Certainly it is the non-uniform wake that al- 
most solely produces the fluctuating sheet cavitation. 
But sheet cavitation growth has been found theoreti- 
cally to be most responsive only to the first few har- 
monics of the wake. The sheet cavitation, which is 
produced mainly by the low harmonic content of the 
wake, typically completes its cycle within a relatively 
small fraction of one propeller revolution. The volume 
associated with this rapid expansion and collapse has 
much more strength in its high harmonics than does 
the part of the wake that produces it. 

As an aside, it may some day prove to be a fortunate 
circumstance that cavitation effects, which are most 
important in the propeller vibratory excitation prob- 
lem, depend most strongly on only the gross features 
(low harmonics) of the non-uniform wake. Unlike the 
fine detail of the wake to which non-cavitating forces 
are most sensitive, some hope may be held for rational 
prediction of gross wake characteristics. 

The character of the cavitation-induced hull pressure 
field differs from the non-cavitating case in one im- 
portant respect. The multiple blade-rate pressure com- 
ponents produced by the higher cavity harmonics, 
which are dominant in the integrated forces, are no 
longer mere “squiggles” imbedded in a vastly larger 
zeroth harmonic field. The now large pressure com- 
ponents from the cavitation unsteadiness should be 
more accurately captured in measurements of total 
pressure signals. For this reason, measurements of 
cavitation-induced point pressures would be expected 
to be a more meaningful measure of vibratory exci- 
tation than are non-cavitating pressures. However, the 
filtering action of the hull surface on integration still 
appears to  be capable of producing inconsistencies be- 
tween point pressure and integrated force levels. 
Higher order cavitation harmonics with strength in the 
pressure distribution will be modified in strength by 
the surface integration, to different degrees. Different 
weightings of the various pressure harmonic compo- 
nents could logically result in a superposition of dras- 
tically different character in the force resultants. Mea- 
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sured pressures of levels inconsistent, from case to 
case, with the levels of the forces that they integrate 
to produce should not be unexpected. 

Greater accuracy should also be achievable in nu- 
merically integrating measured cavitation-induced 
pressures to attain hull surface force estimates. This 
is, again, because the size of the important pressure 
components is relatively greater than in the non-cav- 
itating case. However, coverage of a large area of the 
model surface with pressure transducers should be 
required in view of the very slow attenuation of the 
cavitation induced pressure signal. In this regard, 

whether forces or pressures are the interest, it is no 
doubt most important that boundary conditions be 
modeled accurately, either in analysis or experiments. 
Theory indicates, for example, that due to the slow 
spatial pressure attenuation associated with the cavi- 
tation volume source strength, surface pressures, even 
in the immediate propeller vicinity, can be overesti- 
mated by a factor on the order of four in typical cases 
if the rigid wall boundary condition is employed at the 
water surface. 

Approximate formulas for evaluating propeller-in- 
duced forces are proposed in Section 3. 

Section 3 
Analysis and Design 

3.1 Introduction. More and more the ship designer 
is being faced with the requirement to deal effectively 
with propeller and machinery induced vibration in his 
design work. One may feel uncomfortable, if not be- 
wildered, by the seemingly endless complexity of the 
problem and the myriad of physical interrelationships 
influencing one’s decisions. 

Indeed, a mere description, without accompanying 
quantitative analysis, presents an imposing problem. 
Excluding effects of the seaway, the ship hull is excited 
mechanically by rotating machinery systems and hy- 
drodynamically by its propeller(s). These excitation 
sources are essentially periodic, but they are not, in 
general, simple harmonic, i.e., purely sinusoidal. Be- 
cause of this, excitations also occur a t  all multiples of 
a fundamental exciting frequency associated with each 
excitation source. The strengths of the various exci- 
tations, and their harmonics, are often highly sensi- 
tive to the details of design and fabrication. Moderate 
propeller cavitation, for example, which may be ac- 
ceptable in all other respects, can produce hull vibra- 
tory excitation forces on the order of tens of tons, 
persistent a t  frequencies out to several multiples of 
the blade-rate fundamental (RPM times number of 
blades). 

The infinity of excitations stimulate the ship to vi- 
brate in generally all directions. The degree to which 
the ship responds to the excitations is sensitive to its 
natural vibration characteristics, or natural vibratory 
modes. The coincidence of the natural frequency iden- 
tified with some natural mode and the exciting fre- 
quency of some excitation component corresponds to 
a condition of resonance. At resonance, rigidity is 
counterbalanced by inertia and limitless vibratory am- 
plification by the excitation is opposed only by damp- 
ing, to first order. Since in ships, as in most engineering 
structures, damping is small, resonance is in general 
a condition that would be desirable to avoid. 

Unfortunately, resonances cannot be avoided. The 

infinity of excitation frequencies overlies an even more 
dense infinity of natural frequencies. The natural 
modes vary in character from the overall lateral bend- 
ing, axial, and torsional modes of the hull girder to 
highly localized vibration of plating panels, piping, 
handrails, and a plethora of others. Transmission paths 
of the vibration through the ship structure are highly 
influenced by distributions of local resonances, or near 
resonances; impedance to vibration transmission is re- 
duced in regions where local resonances occur, and 
vice-versa. The propagation of low-level, generally non- 
resonant vibration through a ship provides the base 
excitation capable of resonating local elements; this 
can often be observed in regions far removed from the 
source of the responsible excitation. The seeming com- 
plexity of it all is amplified upon recognition of the 
existence of dynamic as well as static coupling; exci- 
tations occurring in one direction can produce resonant 
vibration in other directions through the directional 
coupling of intervening structure. Substructures, or 
subregions, of a vessel which are treated as indepen- 
dent of one another in more conventional design con- 
siderations, can be dynamically coupled to a significant 
degree. For example, longitudinal resonance in the 
main propulsion system can produce foundation dy- 
namic forces and moments large enough to excite ob- 
jectional fore-and-aft rocking/ bending of the vessel 
deckhouse, depending upon the compliance of the in- 
tervening structure. 

It is fortunate, in view of the above limitless lattice- 
work of unavoidable resonances, that, as frequency 
level increases, the various series of excitation har- 
monics do converge, the relevant natural vibratory 
modes become more difficult to excite, and the pre- 
dominant damping mechanisms increase in strength. 

Ship vibration is, in practice, not as difficult to deal 
with as the preceding description might suggest. With 
patience, the complexities can be systematically sorted 
out, more or less understood, and dealt with in a rea- 
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f (1) = F cos w t 

x(t) = 

xcos ( w t -  Q ) 
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/ 

Fig. 15 Steady-state harmonic vibration of one-moss system 

sonably effective way through the basic vehicle of ra- 
tional mechanics. Indeed, the general response 
formulas developed in the preceding section, Equa- 
tions (41) or (82), contain the near totality of possibil- 
ities for influencing any vibration. These formulae 
predict the vibratory displacement of continuous (41), 
or discrete, (82), mathematical models of vibratory sys- 
tems. In either case, the system displacement is writ- 
ten as a superposition of displacements of a set of 
equivalent one-mass systems. The mass, stiffness, 
damping, and excitation force elements of each of the 
equivalent one-mass systems are constructed as ex- 
plained in Section 2. The vibratory behavior of any 
complex system can therefore be dealt within terms 
of the collection of equivalent one-mass systems vi- 
brating simultaneously. For this reason, much insight 
into the various sensitivities of the vibration of any 
particular system, whether simple or complex, can be 
gained by applying a few simple observations from 
the theory for one-mass systems. 

(a) Basic Considerations. The general one-mass 
system is depicted in Fig. 15. The M, K, and C denote 
the mass, stiffness, and damping of the system, re- 
spectively, and f( t )  is the simple harmonic exciting 
force of amplitude F and frequency w .  The values of 
M, K, C, and F can be considered as independent of 
time, but vary, in general, with the exciting frequency, 

Either of the general response formulas of Section 
2, Equation (41) or (82), reduce to the following simple 
formula on application to the Fig. 15 one-mass system: 

w .  

cos (wt - a) 
FIK x ( t )  = 

J[1 - (w/w,)2]2 + (2C w l w , ) 2  

= X c o s  ( a t  - a) (93) 

Here X is the amplitude of the steady-state simple 
harmonic vibration displacement at frequency w, and 
a is the displacement phase angle relative to f( t ) ,  

By Equations (74) and (80), the w ,  and 4 in (93) and 
(94) are: 

w ,  = JTM natural frequency (95) 
t; = C / 2 M w n  damping factor 

When considered in light of the general response 
formula, (82), the one-mass system displacement x( t ) ,  
can, by (93), be alternatively viewed as the contribution 
of one of the set of system modes to the complete 
system vibration. In this view, the M, K, C, and F a r e  
the modal values whose magnitudes vary from mode 
to mode depending on the distributions of system 
mass, stiffness, damping, and excitation relative to the 
mode shape of the particular mode; this is according 
to Equations (73) through (78) of Section 2. 

Fig. 16 is the familiar plot of X / ( F / K )  and a from 
Equations (93) and (94) versus frequency ratio, w / 0,. 
Note that the function F / K  is the vibratory displace- 
ment amplitude that would be predicted by quasi-static 
analysis. X/(F/K) can therefore be viewed as a cor- 
rection factor on the quasi-static displacement for dy- 
namic effects. This ratio is called the dynamic 
Magni3cation Factor. It is apparent from Fig. 16 that 
the Magnification Factor can act to reduce the quasi- 
static displacement amplitude as well as to magnify 
it. 

While Fig. 16 displays the basic character of the one- 
mass system vibration of interest, some care must be 
exercised in its interpretation. As noted, the M, C, K ,  
and F a r e  frequency dependent, in general. The curves 
of Fig. 16 can therefore be misleading with regard to 
the variation of vibratory amplitude and phase angle 
with frequency. For example, for an exciting force 
amplitude increasing as w 2 ,  such as in the case of a 
rotating machinery unbalance, multiplication of the 
Fig. 16 response characteristic with w 2  is required in 
order to represent the correct frequency dependence 
of the actual displacement. 

The Fig. 16 curves are instructive. However, the 
possibilities for influencing vibration are most directly 
apparent from Formula (93) for one-mass system re- 
sponse. All possibilities lie in only four variables: 

1. Excitation, F 
2. Stiffness, K 
3. Frequency Ratio, w / w , 
4. Damping, 4 

It is obvious from (93) that any of the following con- 
tribute to vibration reduction: 

1. Reduce exciting force amplitude, F. In propeller 
induced ship vibration the excitation is reduced by 
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changing the propeller unsteady hydrodynamics. This 
may involve lines or clearance changes to reduce the 
non-uniformity of the wake inflow or it may involve 
geometric changes to the propeller itself. Specifics in 
this regard are identified in the subsection on propeller 
excitation. 

2. Increase stiffness, K. Stiffness, which is defined 
as spring force per unit deflection, cannot be consid- 
ered independently of frequency ratio, o / o 12, since 
K = o,2M, However, Equation (93) clearly shows that 
stiffness should be increased rather than decreased 
when variations in natural frequency are to be accom- 
plished by variations in stiffness. I t  is bad practice, in 
general, to reduce system stiffness in attempts to re- 
duce vibration. 

3. Avoid values of frequency ratio near unity; o/ 
o, = 1 is the resonant condition. From (93) a t  reso- 
nance, 

X = ( F / K ) / 2 <  (96) 
Here the excitation is opposed only by damping; note 
the peak in the frequency response curve of Figure 
16 a t  resonance. Obviously, w / w ,  can be varied by 
varying either w or on. The spectrum of o can be 
changed by changing the RPM of a relevant rotating 
machinery source, or, in the case of propeller-induced 
vibration, by changing the propeller RPM or its num- 
ber of blades. o, is changed by changes in system 
mass and/ or stiffness, by Equation (95); increasing 
stiffness is the usual and preferred approach. Specific 
measures for resonance avoidance in ships are consid- 
ered in the next subsection. 

4. Increase damping, <. Damping of structural sys- 
tems in general, and of ships in particular, is small; < 4 1. Therefore, except very near resonance, the vi- 
bratory amplitude is approximately, 

which is damping independent. Damping is therefore 
relatively unimportant except in resonant vibration, by 
Equation (96). Furthermore, damping is difficult to in- 
crease significantly in systems such as ships; < is the 
least effective of the four parameters available to the 
designer for implementing changes in ship vibratory 
characteristics. 

(b) Recommended Design Approach. While the 
basic vibratory behavior of ships is described quali- 
tatively by the simple one-mass system formula, im- 
plementation of more general formulas, such as (82), 
is necessary if attempts a t  detailed quantification of 
ship vibratory response are to be made, as recom- 
mended by Noonan (1981) for high-powered naval 
ships. However, it is widely accepted that the present 
state of the art does not provide accurate enough def- 
inition of all of the system parameters, principally 
damping, to make detailed calculations of ship vibra- 
tion response, per se, worth the effort as a routine 

design exercise. Of course, the designer should keep 
in touch with continuing research developments that 
may affect this picture. 

Accurate beforehand prediction of ship vibration re- 
sponse for, say, comparison against established hab- 
itability criteria, would be desirable. However, 
experience has proved that such is not only impossible, 
but also unnecessary in designing ships with consist- 
ently acceptable vibration characteristics. Four ele- 
ments were identified in the preceding as being 
influential in determining ship vibratory response, and 
their relationship to vibration reduction was identified. 
While quantification of all four elements is required 
in predicting vibratory response level, acceptable re- 
sults can usually be achieved with reasonable effort 
by focusing attention in design on only two of the four 
elements, and deemphasizing the importance of vibra- 
tion response calculations, except in special cases. The 
two of the four elements of crucial importance are 
excitation and frequency ratio. The achievement in de- 
sign of two objectives with regard to these elements 
has proved to result in ships with consistently accept- 
able vibration characteristics: 

1. Minimization of the dominant vibratory excita- 
tions within the normal constraints imposed by other 
design variables, and 

2. avoidance of resonances involving active partic- 
ipation of major subsystems in frequency ranges 
where the dominant excitations are strongest. 

Fortunately, unlike vibration response, the excita- 
tion and frequency ratio elements involved in these 
objectives are predictable with reasonable reliability. 
Detailed hydrodynamic calculation procedures in con- 
junction with model testing have been established in 
excitation analysis, a t  least to the level of reliable rel- 
ative predictions. Natural frequencies involving the 
ship hull and its major subsystems are predictable 
using modern structural analysis methods. Hence, the 
accuracy levels achievable in predictions of propeller 
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Fig. 16 Vibration response characteristics, one-moss system 
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and engine excitation and of ship natural frequencies 
have been found to be high enough to consistently 
achieve the two objectives cited above. Approximate 
methods are discussed. subsequently. 

The detailed calculations and experiments required 
in assuring excitation minimization and resonance 
avoidance are usually performed by specialist groups 
or model basins, and are usually not the immediate 
responsibility of the ship designer. A main function of 
the ship designer in this regard is, however, to estab- 
lish a preliminary design to serve as the subject of the 
detailed investigations. The quality of the preliminary 
design will be reflected in the number of detailed it- 
erations required for achieving an acceptable final de- 
sign. For the purpose of establishing high quality 
preliminary designs, which require a minimum of ex- 
pensive and time consuming calculations and model 
testing, the designer is desirious of both guidance as 
to the areas of his design likely to be in most need of 
attention, and some simple methodology for identify- 
ing the critical areas. As suggested by Johannessen 
and Skaar (1980), attention to vibration in preliminary 
design of large ships can usually be limited to the 
following main items: 

1. Hull girder vertical vibration excited by a diesel 
main engine. 

2. Main machinery longitudinal vibration excited 
by the propeller. 

3. Superstructure longitudinal vibration excited by 
hull girder vertical vibration and/ or main machinery 
longitudinal vibration. 

Many good sources of material are available for 
seeking help in resonance avoidance and excitation 
minimization with regard to these three critical items, 
e.g. Bourceau and Volcy (1970)) Breslin (1970), Norske 
Veritas (1979), Johannessen and Skaar (1980), and 
Ward (1982). The remainder of this section is directed 
specifically to the same need; the focus is on providing 
additional insight into, and facility in using, method- 
ology of established effectiveness for approximate es- 
timates of natural frequencies and exciting force levels 
for the three critical items cited above. 

Approximate Evaluation of Hull Girder Natural 
Frequencies. The vertical beam-like modes of vibra- 
tion of the hull girders of modern ships are dangerous 
in two respects: 

(a) They can be excited to objectionable levels by 
resonances with the dominant low frequency excita- 
tions of slow-running diesel main engines. 

(b) Vertical vibration of the hull girder in response 
to propeller excitation is a direct exciter of objection- 
able fore-and-aft superstructure vibration. 

The propeller is generally incapable of exciting the 
hull girder modes themselves to dangerous levels. This 
is primarily because the higher hull girder modes 
whose natural frequencies fall in the range where pro- 
peller excitation is significant have low excitability (re- 
fer to the discussion of Fig. 5 in Section 2). However, 

3.2 

the low-level vertical hull girder vibration that does 
occur serves as the base excitation for excessive vi- 
bration of superstructures and other attached subsys- 
tems which are in resonance with the propeller exciting 
frequencies. The mechanics of this excitation is dem- 
onstrated by the base-excited deckhouse example of 
Section 2. 

The natural frequencies corresponding to the two- 
noded vertical bending modes of conventional ship 
hulls can be estimated with reasonable accuracy using 
either the Burrill (1934-35) or Todd (1961) formulas, of 
which the latter can take account of the effect of long 
superstructures. A later formulation was given by Ku- 
mai (1968). 

Kumai’s Formula for two-noded vertical bending is: 

(97) N,, = 3.07 . lo6 

where 
I, = 

A i  = 
- - 

L =  
B =  
TM = 

moment of inertia (m4) . ,  

A = displacement 

including virtual added mass of water 

length between perpendiculars (m) 
breadth amidships (m) 
mean draft (m) 

(tons) 

Table 1 -Comparison, 2-noded hull vertical vibration, H z  

Finite- 
Ship Size Ku- Element Deviation, 

1 reefer 15000 1.54 1.51 + 2  
2 RO/RO 32000 1.46 1.16 + 26 
3 RO/RO 49 000 1.49 1.6 - 7  
4 RO/RO 42 000 1.04 0.94 + 10 
5 chemical 33000 1 0.93 + 8  

6 bulk carrier 73 000 0.63 0.64 
7 multi- 15 500 2 1.62 + 23 

No. Type (t) mai Method % 

tanker 

purpose 

Table 1, from Johannessen and Skaar (1980j, gives an 
indication of the accuracy that can be expected from 
Equation (97). The table compares the prediction of 
the 2-noded vertical hull bending natural frequency by 
Kumai’s formula with the predictions of detailed finite 
element calculations performed on seven different 
ships. 

The 2-noded hull vertical bending natural frequen- 
cies actually lie well below the dangerous exciting fre- 
quencies of either typical diesel main engines or 
propellers, and are therefore of little consequence in 
these considerations. As will be demonstrated further 
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Fig. 17 Natural frequencies of vertical hull vibration 

on, it is hull girder modes with typically a minimum indicated in Table 1, the 2-noded vertical hull bending 
of 4 or 5 nodes that can be excited excessively by the mode, on the order of 1 to 2 Hz, is well below the 
diesel main engine. In the case of the propeller, the blade-rate excitation frequency level during normal 
hull girder vertical bending modes that fall near full- operation. 
power propeller blade-rate excitation are typically I t  is observed that hull girder natural frequencies 
more than 7-noded. Full-power blade rate excitation of increase more or less linearly with node number from 
large ships is usually in the range of 8 to 12 Hz; as the 2-noded value for the first few modes. The data 
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Fig. 18 Virtual-mass coefficients 

shown on Fig. 17, from Johannessen and Skaar (1980), 
provide estimates of the natural frequencies of the 
first four vertical bending modes of general cargo 
ships and of the first five vertical bending modes of 
tankers. Note the good agreement between the Table 
1 data and Figure 17 for 2-noded cases. Also note that 
the 6 Hz maximums represented by Figure 17 still lie 
well below typical full-power propeller excitation fre- 
quencies, and the accuracy of the data fits indicated 
on the figure is deteriorating rapidly as modal order 
increases. The primary reason for the increasing data 
scatter with node number is the increasing influence 
of local effects, i.e., approaching resonances of deck- 
houses, decks, etc., on the basic beam modes still iden- 
tifiable. 

The Kumai (1968) formula, in conjunction with Fig- 
ure 17, is, however, useful in preliminary steps to avoid 
resonances with a main diesel engine. The following 
formula, from Johannessen and Skaar (1980), repre- 
senting the Figure 17 data, expresses the first few 
vertical bending natural frequencies in terms of the 
2-noded value: 

(98) N,, z N z v ( n  - 1)” 

a = 0.845 General Cargo Ships 
1.0 Bulk Carriers 
1.02 Tankers 

Here N,, is the 2-noded vertical natural frequency and 
n is the number of nodes; n should not exceed 5 or 6 

in order to remain within the range of reasonable va- 
lidity of Equation (98). Note the approximate propor- 
tionality of N,, to node number in Equation (98); this 
is also evident in Fig. 17. 

More accurate estimates of the lower hull girder 
modes can be obtained by modeling the hull girder as 
a non-uniform beam. The basic model required is es- 
sentially that used in static calculations of longitudinal 
strength. The natural frequency analysis should there- 
fore be within the capability of the conventional design 
office, which typically engages in computerized longi- 
tudinal strength calculations. The non-uniform beam 
dynamic analysis differs from the static analysis in one 
major respect, however. A hydrodynamic added mass 
distribution must be estimated and superimposed on 
the vessel mass distribution in order to obtain natural 
frequency estimates with any degree of realism. Es- 
timation of the required added mass distribution for 
use in calculating the hull girder vertical modes by 
way of non-uniform beam analysis is the subject of 
the next subsection. 

3.3 Hydrodynamic Added Mass. Ships are unlike 
most other vehicles in respect to the substantial in- 
ertial effects to which they are subjected by the high 
density medium in which they operate. The water in- 
ertia forces, being proportional to ship surface accel- 
erations, imply an equivalent or effective fluid mass 
imagined to accelerate along with the ship mass. This 
effective mass is termed hydrodynamic added mass. 

Hydrodynamic added mass is usually large. For ex- 
ample, in the case of a deeply submerged circular cyl- 
inder in heave motion, ideal fluid theory predicts an 
added mass per unit length of the cylinder equal to 
the mass per unit length of displaced fluid. The cor- 
responding value for a sphere is one-half the mass of 
the fluid displaced. Added mass effects cannot be ig- 
nored in ship vibration analysis. 

The calculation method of F. M. Lewis (1929) re- 
mains today the most popular method for estimating 
the added mass distribution of a vertically vibrating 
ship. By Lewis, the hydrodynamic added mass per unit 
length a t  longitudinal position x along the vertically 
vibrating ship is: 

m ( x )  = (77/8)pB2(x)C(x) J, t / m  (99) 
where, 

p = density of water, t / m 3  
B ( x )  = section beam, m 
C(x) = section 2-dimensional added mass coeffi- 

cient. 
J, = Lewis J-Factor, representing a reduction 

factor on the 2-dimensional added mass 
for 3-dimensionality of the vibration-in- 
duced flow. 

The %dimensional section added mass coefficient, 
C(x) ,  is determined using the so called Lewis-form 
conformal mapping of the ship sections. 
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This transformation, of the form, 

k k 

transforms a unit circle from plane, z, into the ship 
section plane Z The shape of the particular ship section 
is represented in Equation (100) by the mapping pa- 
rameters a(x) and b(x). a(x) and b(x) are determined 
so that the section area coefficient and beamldraft 
ratio are preserved in the transformation. On specifi- 
cation of a and b, the ideal fluid solution for the unit 
circle manipulates to give the 2-dimensional added 
mass for the ship section. All of this is concisely rep- 
resented on Fig. 18, which was constructed by Todd 
(1935). C(x) can be extracted from Fig. 18 on specifi- 
cation of the section area coefficient, A (x) I [B(x)  
T(x)] ,  and the section beam-draft ratio. Typical Lewis- 

form section shapes are shown in Chapter VIII, Vol. 
111. 

The J-Factor in Equation (99) is most easily defined 
by rewriting the equation as, 

where 

is just the 2-dimensional added mass per unit length 
a t  section x. Then, integrating Equation (102) over the 
ship length, 

m(x)  = m,-D(x) J,  (101) 

m2-D = (rr18)pB2C (102) 

M = J,  m2-D (x)dx M 2 - D  J,  

J, = M/M. - D 

I giving, 

(103) 
J, is therefore the ratio of the total added mass in n- 
noded vibration to the total value assuming 2-dimen- 
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Fig. 19 Lewis J-factor (n is  mode number) 
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sional flow section by section. Lewis assumed that this 
ratio for a ship was approximately equal to that for a 
spheroid (ellipse of revolution) of the same beam I 
length ratio; the exact value of M, as well as that of 
MZFD, are available for the spheroid, assuming ideal 
fluid flow. 
J, so determined from the spheroid calculations (Vo- 

rus and Hylarides, 1981), can be extracted from Fig. 
19; B / L  on Fig. 19 involves the midship beam, B, 
rather than the section beam, B(x) ,  used on Fig. 18. 
The J, are functions of the number of nodes, n, in the 
hull girder vibration; the J,,, and therefore the added 
mass, vary mode by mode. Note from Fig. 19 that the 
J, decrease with increasing n; this is due to the in- 
creasing 3-dimensionality of the flow in the higher 
modes. 

For example, consider a ship section with A ( x ) l  
[B(x)T(x)]  = 0.9, B ( x ) / T ( x )  = 2, and B / L  = 0.15. 
From Fig. 18, C(x) = 1.17. Assume that the 7-noded 
hull vertical natural frequency is of interest. For 7 
nodes, from Fig. 19, 

J, = 0.515 
With p = 1 t / m 3  for SW., the added mass per unit 
length at the section is, from Equation (100): 

m ( x )  = 0.237 B2 t l m  

3.4 Approximate Evaluation of Superstructure Nat- 
ural Frequencies. Propeller induced vibration of 
stern-mounted superstructures has become one of the 
naval architects greatest concerns. As proposed in the 
preceding subsection, a non-uniform beam model 
which ignores the dynamics of sprung substructures 
produces useful estimates of the hull girder lower nat- 
ural frequencies for purposes of resonance avoidance 
with a main diesel engine. It is indeed fortunate that 
the lower rocking I bending natural frequencies asso- 
ciated with stern superstructures, which usually fall 
in the range of propeller blade-rate exciting frequen- 
cies, can, conversely, be estimated with useful accu- 
racy by ignoring the dynamics of the hull girder. This 
is the case when the mass of the superstructure is 
small relative to the effective mass of the hull girder 
near the coupled natural frequencies of interest. Any 
consideration of vibratory response, versus natural 
frequencies alone, must, on the other hand, allow for 
the dynamic coupling. This is obvious on consideration 
of the fact that, in the preponderance of cases, super- 
structure vibration is excited by the hull girder vibra- 
tion at its base. 

The superstructure vibration mode of primary con- 
cern is a fore-and-aft rocking / bending mode excited 
through vertical vibration of the hull girder; an ideal- 
ization of this mode was developed for conceptual pur- 
poses in the second section of the chapter. 

For obtaining preliminary estimates of superstruc- 
ture fore-and-aft rocking / bending natural frequencies 
the semi-empirical method of Hirowatari and Matsu- 

mot0 (1969) has great utility (Sandstrom and Smith, 
1979). The Hirowatari Method was developed from cor- 
relations of simple analysis and measured fore-and-aft 
superstructure natural frequencies on approximately 
thirty ships. In this method the fore-and-aft “fixed 
base” natural frequency of the superstructure, i.e., 
superstructure cantilevered from the main deck, is de- 
termined according to deckhouse type and height. The 
fixed base natural frequency is then reduced by a cor- 
rection factor to account for the rotational flexibility 
of the underdeck supporting structure. Specifically, the 
procedure of Hirowatari is as follows: 

( a )  Select superstructure type from Fig. 20. 
( 6 )  Determine superstructure height, h. 
(c) Read f m  (fixed-base natural frequency) as a 

function of h from Figure 21. 
( d )  Read fe/ fm (the correction factor) from Table 

2. 

Table 2-Flexible Base Correction Factors 

I A, C I .625 I 
I 502 

( e )  Compute fe (the expected deckhouse natural 
frequency in the first fore-and-aft mode) from 
the following formula, 

fe =fm Wf2 (104) 

I t  is reported in Sandstrom and Smith (1979) that 
this procedure generally produces results that are 
within 15 percent of measurements from shaker tests. 
However, the method becomes inapplicable when the 
superstructure type varies significantly from those 
given in Fig. 20. Furthermore, there is some uncer- 
tainty regarding the use of the correction factors for 
superstructure support flexibility given in Table 2, 
since the supporting structure may vary from deep 
beams to column supports to structural bulkheads. 
Despite these difficulties, the method seems to work 
quite well in most cases considering the limited input 
that is required. This feature makes the Hirowatari 
Method particularly attractive in the early design 
stages when the design data are sparse or unknown. 

In either design studies or in post design corrective 
investigations the best approach is often to develop, 
or to calibrate, a mathematical model from which to 
evaluate the effects of design changes. Proceeding 
with the idea of approximations using simple analysis, 
the two basic effects influencing the fundamental fore- 
and-aft superstructure natural frequency are exem- 
plified in Hirowatari’s approach: 
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TYPE A TYPE B 

'f h 

TYPE C TYPE D 

Fig. 20 Deckhouse types 

(a) Cantilever (fixed base) bending and shear of the 
superstructure as a beam over its height h, Fig. 21. 

(b) Rocking of the superstructure as a rigid box 
on the effective torsional stiffness of its supporting 
structure. 
Ordinarily, one of the superstructure main transverse 
bulkheads will be a continuation of one of the two 
engine room transverse bulkheads. The intersection of 
the continuous bulkhead and the deck identified with 
the superstructure base, Fig. 20, can usually be taken 
as the axis about which the rocking of the house oc- 
curs. 

The fore-and-aft natural frequency of the super- 
structure due to the combined effects of rocking and 
bending / shear can be estimated using Dunkerley's 
Equation (Thomson, 1973) as, 

Here, fm has been identified as the fixed base cantilever 
natural frequency, from Fig. 21, or by analysis. fR in 
Equation (105) is the rocking natural frequency of the 
rigid superstructure, of height h, on its supporting 
stiffness, 

fR = 60/2.rr W J  cpm 
J is the mass moment of inertia of the superstructure 
about the rocking axis and K, is the effective torsional 
stiffness of the superstructure foundation, also about 
the axis of rotation. 

The Hirowatari procedure, in conjunction with Equa- 
tions (105) and (106) has utility in design or post design 
corrective studies where estimates must be made as 
to the relative effects of structural changes. This is 
demonstrated by the following numerical example: 

Assume that a conventional Type A superstructure, 

Fig. 20, has been designed, preliminarily. The house 
height, h, is 15 meters. Referring to Figs. 20 and 21 
and Table 1, 

f, II 800 cpm 
and 

f e l f ,  = 0.625 
which gives the estimated fore-and-aft house natural 
frequency, fe, as 

fe = 0.625(800) = 500 cpm 
The rocking frequency is estimated from (105) as, 

1 
fR = dl/E - l/ft = 640 cpm 

From Equation (106) then, 

K,/J = ( 2 ~ 1 6 0 ) ~  fR2 = 4490 rad2/sec2 (107) 
Now assume that the mass of the house, m, has been 
estimated as 300 tons. Also assume that the house 
front is a continuation of the engine room forward 
transverse bulkhead, so that the house effectively ro- 
tates about its front lower edge, Fig. 22. Assume a 
radius of gyration, T-, of the house about this axis of 
10 meters. The house mass moment of inertia, J ,  is 
then, 

J = my2 = 3 x lo7 kg-m2 
The effective rotational stiffness of the foundation is 
then estimated from Equation (lo?), as, 

(108) 
Proceeding with the senario, assume that stiffening is 
proposed in the form of two parallel pillars made-up 

K, = 1.35 x 10" N-m/rad 

1500 
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Fig. 21 Fixed base superstructure natural frequencies 
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h 
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PILLARS ADDED x I 

Fig. 22 Deckhouse stiffening 

of 20 em extra-heavy steel pipe, each 6 meters long, 
and located under the house side bulkheads as indi- 
cated on Fig. 22. 

The effective axial stiffness of the parallel pillars is 
readily calculated to be, 

k = 5 x 1 0 8 N / m  
The pillars are located at a distance a=5m aft of the 
forward bulkhead, so that the incremental rotational 
stiffness added by the pillars is, 

6Kf = ka2 = 1.25 x 10" N-m/rad 
The stiffness of the stiffened foundation is, in view of 
Equation (108), 

K; = Kf + 6Kf = 1.475 x lo1' N-m/rad 
which represents a 9.3 percent increase. The new rock- 
ing frequency, from Equation (106), becomes, 

fR) = fR = 669 cpm 
Then, from Equation (105), the house fore-and-aft nat- 
ural frequency is raised to, 

1 
= 513 cpm l/pm + l/fE 

which represents a 2.6 percent increase over the value 
of 500 cpm without the pillars. 

In conclusion, the simple analysis in this example 
should have been at least useful for judging that the 
proposed pillars would not be very effective in raising 
the superstructure natural frequency. 

In ad- 
dition to stern superstructures, experience has shown 

3.5 Main Thrust Bearing Foundation Stiffness. 

the criticality of avoiding longitudinal resonance of the 
main propulsion machinery with propeller blade rate 
excitation. Not only may such a resonance result in 
excessive vibration of the machinery components, but 
transmission of the resonant alternating thrust into 
the hull structure through the machinery foundation 
can also excite hull structural elements and subsys- 
tems to excessive levels. 

Just  as with stern superstructures, significant dy- 
namic coupling exists in general, between the vibra- 
tory responses of the main propulsion machinery, the 
hull girder and, in turn, between the hull girder and 
its sprung substructures and subsystems. But for ba- 
sically the same reason as in the case of superstruc- 
tures, the system natural frequencies identified with 
main propulsion machinery vibration can be estimated 
with the dynamics of the hull girder ignored, provided 
proper allowance is made for the stiffness of the local 
connecting hull structure, which in this case is the 
engine room bottom structure. 

The conventional model for main propulsion longi- 
tudinal vibration, which is based on the above approx- 
imation, is clearly formulated in the companion 
volume, Marine Engineering (Harrington, 1971). The 
most difficult element of the model to estimate is the 
equivalent spring of the engine foundation and partic- 
ipating bottom structure. Furthermore, while the ma- 
chinery elements are customarily the responsibility of 
the marine engineer, the naval architect is responsible 
for the design of the vessel bottom structure. Esti- 
mation of the stiffness of the structure constraining 
longitudinal vibration of the main propulsion machin- 
ery is therefore an appropriate subject for inclusion 
in this chapter. 

A structural model of varying degree of refinement 
can be used for the calculation of the subject stiffness; 
the accuracy of the calculation should be expected to 
vary in some direct manner with the degree of refine- 
ment used. A relatively simple model, which is reported 
to produce results of satisfactory reliability, is that 
proposed by SNAME T&R Report R-15 (1972). This 
report models the main machinery foundation and an 
attached strip of engine room bottom as a non-uniform 
beam pinned at the engine room bulkheads. Fig. 23, 
extracted from the above reference, shows a typical 
foundation and bottom structure for a cargo ship with 
the thrust bearing mounted aft of the reduction gear. 
The dashed lines in the overhead view indicate the 
width of bottom assumed as effective in flexing with 
the foundation proper. 

A fore-and-aft force applied statically along the 
shaft centerline at the thrust bearing produces, in ad- 
dition to deflection of the thrust bearing elements, 
bending and shear of the members of the machinery 
foundation and bottom. The fore-and-aft deflection con- 
tributed by the foundation proper is primarily a shear 
deflection of the vertical plates aligned in the fore-and- 
aft  direction. The deflection contributed by the bottom 
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Fig. 23 Typical foundation for a cargo ship with an aft mounted thruri 
bearing 

is primarily due to bending rotation; the deflected slope 
of the bottom projected through the vertical distance 
between the shaft centerline and the bottom neutral 
axis produces a fore-and-aft deflection at the bearing. 
This is depicted on Fig. 24, along with the beam mo- 
ment of inertia distribution corresponding to the Fig. 
23 equivalent beam cross-sections. 

The calculation results for the Figure 23 foundation 
and bottom, from SNAME T&R Report R-15, are sum- 
marized in Table 3. 

Stiffness is, in general, defined as force per unit 
deflection. Therefore, the axial force applied at the 
thrust bearing divided by the deflection that it pro- 
duces at the bearing is the stiffness at the bearing. In 
the above summary, a unit fore-and-aft force was ap- 
plied, so that the stiffness is the reciprocal of the cal- 
culated fore-and-aft deflection. The stiffness due to 
bottom rotation therefore adds serially to the stiffness 
of the fixed base foundation to produce the combined 
stiffness shown in Table 3. This combined stiffness 
would, in turn, be added serially to the stiffness of the 
thrust bearing elements to obtain the stiffness of the 
equivalent spring to be used in the mass-elastic model 
for estimating longitudinal natural frequencies of the 
main machinery system (Harrington, 1971). 

Note from Table 3 that the deflection of the bottom 
is of equal importance to the deflection of the foun- 
dation proper in the combined stiffness. 

Diesel engine vibra- 
tory excitation can be generally considered to be com- 
posed of three periodic force and three periodic 
moment components acting at the engine foundation. 
Actually, the periodic force component along the axis 
of the engine is inherently zero, and some other com- 
ponents usually balance to zero depending on partic- 
ular engine characteristics. 

Two distinctly different types of forces can be as- 
sociated with the internal combustion reciprocating en- 
gine. These are: (a) gas pressure forces due to the 
combustion processes, and (b) inertia forces produced 
by the accelerations of the reciprocating and rotating 
engine parts. As shown in Den Hartog (1956), the gas 

3.6 Diesel Engine Excitation. 

Table 3-Summary of Stiffness Calculations for the 
Foundation Shown in Fig. 23 

Bottom Rotation, rad. 
Deflection at Thrust Bearing 
Due to Bottom Rotation, m / N 

Shear Deflection of Foundation. 

2.13 x lo-'' 

1.61 x lo-'' 
Bottom Stiffness, N / m 6.21 x 109 

m / N  1.27 > 
Bending Deflection of Foundation, 

< 10-10 

m / N  2.74 x lo-" 

+ Shear). m / N  1.54 x lo-'' 
Total Foundation Deflection (Bending 

Foundation'Stiffness, N / m 
Combined Stiffness, N / m 

6.48 X 109 
3.17 x 109 

1 

4 161% 157 153 

MOMENTS OF INERTIA FOR SECTIONS 
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- -  - Fig. 24 Beam model for calculating axial deflection due to bottom rotation 
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pressures can produce only torsional moments about 
the engine fore-and-aft axis; the vertical and trans- 
verse gas pressure forces balance within the engine 
and, assuming engine rigidity, do not appear at the 
foundation. The vertical force and moment, which are 
of primary concern with regard to hull vibratory ex- 
citation, and the transverse force and moment as well, 
are due entirely to unbalanced inertial effects. But 
following the Den Hartog analysis it is readily seen 
that for engines of more than two cylinders, which is 
the case of interest, the vertical and transverse inertia 
force components also balance identically to zero at 
the engine foundation. This leaves only the vertical 
and transverse moments about which to be concerned. 
These moments can be written as: 

my ( t )  = Re My, eint + Re My, eZint 

and (109) 

m, (t) = Im M,, eint 

Here my is the vertical moment, about the transverse 
y axis, Figure 25, and m, is the transverse moment, 
about the vertical x axis. SZ in (109) is the engine an- 
gular velocity, in rad per see. 

The complex notation in Equation (109) is for con- 
venience in defining the moment amplitudes. By defi- 
nition, 

e" 3 cos x + i sin x 
where 

i = J T  
The Re and Im in Equation (109) imply the use of only 
the real or imaginary part, respectively, of the complex 
numbers formed from the products of the complex 
moment amplitudes and the complex exponentials. 

Equations (109) show that the vertical moment, my, 
has both once per revolution and twice per revolution 
components; the transverse moment occurs exclusively 
a t  the once per revolution engine RPM frequency. 

The complex moment amplitudes in Equation (109) 
are  given by the following formulas: 

M 2?ii(k, - 1) 

M,, = M,,, r e, 2 me M 
m = I  

The variables in Equation (110) are, with the aid of 

M,,, and M,,, represent the equivalent masses ex- 
Fig. 25: 

periencing the accelerations of the piston and crank 
pin, respectively, of one cylinder, due to the constant 
crank shaft angular velocity a. The mass M,,, is com- 
posed of the mass of the piston assembly and piston 
rod, plus a fraction of the mass of the connecting rod. 
The mass M,,, is composed of the balance of the con- 
necting rod mass, plus an equivalent mass at the crank 
pin representing the weight eccentricity of the crank 
throw. 

r is the crank radius. l is the connecting rod length. 
e, is the longitudinal distance between the cylinder 
axes. M is the number of cylinders. km is the firing 
order of the mth cylinder; for m=l, ... M, k,has gen- 
erally non-consecutive integer values 1, ..., M. 

The real amplitudes of the moment components, 
which correspond to the maximum values of interest, 
are just the respective modulii of Equation (110). The 
values of the moment amplitudes are usually tabulated 
in the manual for a particular engine. They can also 
be calculated by Equation (110). This is demonstrated 
by the following example: 

The majority of low speed marine diesels currently 
in service have 6 cylinders. A typical firing order for 
such engines is: 1-5-3-4-2-6. With M=6 and 
km=1,5,3,4,2,6 for m=l, ..., 6, the summations in 
Equation (110) are: 

m = l  

and 
4ni(k,  - 1) 2 me M = 3 - 1.7322. 

m = l  

The foundation moment amplitudes are therefore: 
My, = 0 

M,, = 0 

My, = -M,,, (rz/le) R21,(3 + 1.732i) 

This shows that  in the case of the 6-cylinder engine 
of the above firing order, only the 2nd order vertical 
moment, aside from a torsion, exist to excite the hull. 
The magnitude of this moment, usually denoted as M,,, 
is 

M,, = IMy21 = 3.464 M,,, ( r " / l )  Rz e, (111) 
Data for the Sulzer RND 76M engine, from Sulzer 
Bros. (1977) are, 

Stroke: 2r ,  m 1.55 
3.775 

and mass, t 3.22 
Mass of piston, piston rod and cross-head, t 4.76 
Crank-shaft length, m 9.6 
RPM 122 

Connecting rod length, 1, m 

Next Page 
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Section 4 
Criteria, Measurements, and Post-Trial Corrections 

4.1 Criteria of Acceptable Vibration. I t  has re- 
cently become more the rule than the exception that 
new ship specifications require measurement of vibra- 
tion on builders' trials, and place contractual limits on 
acceptable vibration levels. The vibration of primary 
concern is that occurring within habitable spaces, prin- 
cipally within deckhouses and engine rooms, and cri- 
teria are consequently based primarily on habitability 
standards. Limits on levels of equipment vibration, 
from an operability standpoint, are sometimes involved 
in specifications, particularly for naval vessels. The 
applicable standard covering equipment vibration is: 
Military Standard, Mechanical Vibrat ion of Ship-  
board Equipment  (1969). 

Most of the criteria established by the classification 
societies for merchant ships, which then reappear as 
limits in ship specifications, are a t  least consistent with 
Fig. 35, if not based directly upon it. Fig. 35, from 
SNAME (1980) is a plot of vibration response ampli- 
tude versus its frequency. The zones identified on Fig. 
35 represent different levels of vibration severity; they 

are defined as: 
Zone I-Vibration levels in this zone are low enough 

so that adverse comments from personnel would 
not be expected. 

Zone 11-Vibration levels in this zone indicate that 
while vibration is noticeable, few adverse com- 
ments would be expected. 

Zone 111-In this zone vibration levels and human 
response increase rapidly in severity and adverse 
comments would be expected. 

The "response" of Fig. 35 can be chosen as displace- 
ment response, velocity response, or acceleration re- 
sponse, as indicated by the three different scales on 
the figure. For simple harmonic vibration, which Fig. 
36 assumes, a simple relationship exists among the 
scales of displacement, velocity, and acceleration on 
Fig. 37. That is, for vibration displacement response 
at a point occurring as, 

x(t) = x  cos w t  (142) 

I 
a' a 

E 

c - 

RPM 
1 10 100 

Frequency i n  Hertz 

Fig. 35 Guidelines for Ship Vibration (Vertical and Horizontal, Single Amplitude) 

Previous Page 
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, SLWL 
PROPELLER CLEARANCES 

(AS OF PROP DIA) 

Fig. 36 Wake improvement by means of special stern appendages, 7000-t pallet cargo ship 

the displacement response amplitude is X. The velocity 
response, on the other hand, is, from Equation (142), 

v(t) = $ ( t )  = w X  cos(ot + 77/2) (143) 
The velocity response amplitude is therefore OX, with 
w being the vibratory frequency in radians per unit 
time. The acceleration response amplitude is similarly, 
02X, by differentiation of Equation (143). 

As an example of the interchangeability, consider 
the vibration response corresponding to a displacement 
amplitude of X = 1 mm at a frequency of 5Hz. The 
velocity amplitude is, 

XO = 1(5)27r = 31.4 mm per sec 
and the acceleration amplitude is, 

X w 2  = 1[(5)27rI2 = 996 mm per sec' 

Of course, these are all the same point on Fig. 35. 
Velocity has replaced displacement in recent years 

as the popular unit for referring to ship vibration level, 
Full-power propeller blade-rate excitation frequency 
for the modern large ship is, for example, on the order 
of 10Hz. Zone 2 of Fig. 35, whose vibration levels would 
be noticed by exposed personnel, has extremes of 4 
and 9 mm/sec in the lOHz range. The vibration limits 
for habitable spaces imposed by most ship specifica- 
tions seem generally to lie within this band. 

For example, criteria that appear to have been 
adopted in a number of ship specifications, both naval 
and commercial, set an objective of 6.4 mml  sec and 
3.8 mm / sec maximum vertical and horizontal, respec- 
tively, for vibration velocity of the hull girder. The 
design objective on major substructure maximum vi- 
bration, such as deckhouses, is 7.6 and 5.1 mmlsec 
vertical and horizontal, respectively. Note that all of 
these values fall within Zone I1 of Fig. 35, for typical 
propeller blade-rate frequencies. The criteria further 
recommend that maximum acceptable limits be set at 
150 percent of the above values. The resulting vertical 
upper limits can then be seen to fall in lower Zone 111 
on Fig. 35, with the corresponding horizontal limits 
falling in upper Zone 11. 

Fig. 35, and other criteria like it, are readily applied 
when the vibration can be at least approximately char- 
acterized as simple harmonic, i.e., periodic at a single 
frequency. However, as noted in the last section, in 
general, ship vibration is not simple harmonic; it is not 
even periodic. Ship vibration is random, i.e., it is com- 
posed of components at all frequencies, rather than at 
a single one. The random character of ship vibration 
is clearly evident in records from underway vibration 
surveys. But the data from such complex records must 
often be compared with simple criteria, such as Fig. 
35, to quantify its severity. 

In propeller-excited ship vibration cases where cav- 
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itation is not heavily involved, propeller input spectra 
are narrow-band around blade-rate frequency, as men- 
tioned in the last section. Furthermore, for structural 
resonance, or near resonance, at blade-rate frequency, 
the band of the vibration response spectra around the 
resonant frequency is further narrowed. In such cases, 
which are not uncommon, analog records unmistakably 
display a dominant blade-rate frequency characteristic. 
The RMS vibratory response amplitude is then usually 
evaluated from the records, either by “eye-ball,” or 
more precisely by spectral analysis, and matched with 
blade-rate frequency, as in Equation (143, for com- 
parison with the established limit criteria. 

In the other extreme, where cavitation is heavily 
involved in non-resonant vibration, measured vibration 
records still usually exhibit a basically periodic char- 
acter, but components at more than one discrete fre- 
quency are clearly evident. The component frequencies 
are the strong blade-rate multiples of the slowly con- 
vergent hull surface excitation associated with the cav- 
itation intermittency. In this case, with significant 
component vibration occurring simultaneously a t  sev- 
eral different frequencies, it is not always clear how 
guidelines such as Fig. 35 are to be used. Instructions, 
if provided at all, are usually to evaluate the several 
component responses completely independently of one 
another at their respective frequencies. 

A realistic and yet concise standard for the specifi- 
cation of propeller-induced ship vibration limits or cri- 
teria appears, in some respects, to be hardly less 
elusive than some parts of the design methodology 
needed to provide assurance in meeting such stan- 
dards. However, the reader should keep in touch with 
continuing work on the problem of criteria, including 
that of the International Standards Organization (ISO). 

4.2 Vibration Measurement. 
(a) Design Verification. The SNAME Code for 

Shipboard Vibration Measurement (SNAME, 1975) rec- 
ommends a very comprehensive program, and instru- 
mentation package, for shipboard vibration surveys. 
The Code is invoked in many ship vibration specifica- 
tions. 

The instrumentation package proposed in the above 
Code is more than adequate to establish compliance, 
or non-compliance, with the typical ship vibration spec- 
ification. The instrumentation consists of a set of 12 
inductance-type velocity pick-ups, with signal process- 
ing through an equal number of integrating amplifiers, 
and with a permanent record of the resultant vibration 
displacement signature recorded graphically on a 
multi-channel recorder. In providing the capability for 
simultaneous multi-point vibration measurement, this 
instrumentation can be used to establish vibration fre- 
quency, amplitude, and local relative displacement 
(mode shape). Evaluation of ship vibration for purposes 
of comparison against the typical specification will re- 
quire the measurement of frequency and amplitude at 
the pre-established survey points, but not the phase 

relationships between points. Amplitude / frequency 
information can be obtained with acceptable accuracy 
using relatively simple portable instruments, with the 
measurements at the survey points performed in some 
sequence, rather than simultaneously. 

Of course, if the simple vibration survey of a new 
ship should establish that the specification limits are 
badly exceeded, then the type of instrumentation pack- 
age proposed in SNAME (1975) may become absolutely 
essential to expeditious rectification. In this respect, 
invoking the SNAME Code in design specifications 
may be considered an insurance worth the resulting 
extra investment. 

(6) Post-Trial Corrective Investigations. The ap- 
proach to resolving a ship vibration problem, as with 
most engineering problems, involves two steps: The 
first step is to clearly establish the cause of the prob- 
lem, and the second step is to implement the changes 
required to eliminate it in an efficient manner. 

In about 80 percent of cases the basic cause of a 
ship vibration problem is its propeller. This fact seems 
to be very elusive to the vibration analyst familiar only 
with land-based power plant-oriented vibration prob- 
lems; ship vibration is indeed a case of “the tail wag- 
ging the dog” most of the time. Whether or not the 
vibration of a particular ship has its source in the 
propeller is easily established from underway vibration 
measurements. If at some shaft RPM the measured 
frequency of the vibration is predominantly RPM times 
propeller blade number, and varies directly with shaft 
RPM, then the propeller is definitely the exciting 
source. If blade-rate frequency, or its multiples, is not 
strongly detectable in the records, then it is almost 
certain that the propeller is not the primary excitation, 
unless the records exhibit a strong shaft-rate fre- 
quency, which could indicate propeller unbalance dif- 
ficulties, but these are rather rare. 

Once the excitation frequency has been established 
from the underway measurements, it is next in order 
to establish whether or not resonance with structural 
natural frequencies play a significant role in the mag- 
nitude of the vibration problem. For non-cavitating 
propellers, excessive hull vibration should be expected 
to be resonant vibration. Resonant vibration is estab- 
lished by varying shaft RPM in steps and recording 
vibration amplitude successively at each RPM in the 
region where the problem has been identified as being 
most intense. If a plot of displacement amplitude ver- 
sus RPM shows a definite peak with increasing RPM, 
followed by decline, then resonant vibration is estab- 
lished and the position of the peak establishes the 
natural frequency of the resonant structural mode. If 
the amplitude / RPM characteristic‘ does not peak, but 
has an increasing trend as roughly RPM squared in 
the upper power range, then structural resonance is 
not playing a major role. If, alternatively, the ampli- 
tude RPM characteristic increases very rapidly only in 
the immediate vicinity of full power, without estab- 
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Fig. 37 Model sterns for force measurements, Table 9 

lishing a definite peak up to the maximum obtainable 
RPM, a full power resonance may or may not be in- 
dicated. This exhibition can be entirely the manifes- 
tation of the onset of propeller cavitation, which tends 
to produce an almost discontinuous amplification of 
the hull surface excitation at the onset RPM. The sud- 
den appearance of strong harmonics of blade-rate fre- 
quency in the vibration records, accompanied by 
violent pounding in spaces above the counter, are good 
indications of a full power non-resonant vibration prob- 
lem caused by excessive propeller cavitation. 

If non-resonant vibration due to propeller cavitation 
is established, then the underway survey could prob- 
ably be discontinued, with attention then turned to 
hydrodynamic design changes in the stern / propeller 
configuration. This course of action is considered in 
the next subsection. 

If the problem is established as highly localized res- 
onant vibration of plating panels, piping, and the like, 
then the vibration survey likewise need go no further. 
It is usually quite obvious in such cases how natural 
frequency changes, through local stiffening, can be 
effectively and expediently accomplished to eliminate 
the locally resonant conditions. 

If, on the other hand, the vibration problem is es- 
tablished as a resonant condition of a major substruc- 
ture, such as a deckhouse, which is all too often the 
case, then the vibration survey had best proceed to 
obtain mode shape information in the interest of an 
expeditious correction program. 

4.3 Post-Trial Corrections. Just  as in developing a 
vibration-sufficient ship design, all possibilities for cor- 

recting a vibration-deficient one are explicitly reflected 
in the general response Formula (82) of Section 2. 
Practically speaking, there are three possibilities: ( a )  
reduce vibratory excitation, ( b )  change natural fre- 
quencies to avoid resonance, or ( c )  change exciting 
frequencies to avoid resonance. Except in the rather 
rare case of excessive diesel engine-excited hull vibra- 
tion, which can usually be corrected by moment com- 
pensators (Sulzer Bros., 1977) achievement of any of 
the three correction possibilities identified above will 
almost always involve modifications in either stern / 
propeller hydrodynamics or hull structure. 

(a) Hydrodynamic Modifications. The most ef- 
fective way to reduce propeller vibratory excitation is 
to reduce the circumferential non-uniformity of the 
wake in which the propeller operates. In the design 
stage acceptable wakes can be achieved by taking 
proper care with stern lines. (Refer to Sub-section 3.7). 
In a post-design corrective situation basic lines 
changes are, of course, not possible. However, with 
good luck in the case of poor stern lines, considerable 
improvements in wake can be accomplished by back 
fitting one of the several types of wake adapting stern 
appendages. The partial tunnel, Fig. 36, has been the 
most broadly applied of the wake adapting appen- 
dages, which also include vortex generators and, more 
recently, wake adapting nozzles. The partial tunnel 
was apparently first retrofitted for vibration reduction 
purposes by Baier and Ormondroyd (1952) on the laker 
Carl D. Bradley in 1951. The idea is to divert the 
upward flow along the buttock lines forward longitu- 
dinally into the upper propeller disc to reduce the wake 
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Table 10-Vertical Surface Force Measurements on Models of Fig. 37 

~ 

amplitude of lst, 2nd and 3rd 
harmonic of vertical hull force in 

percent of mean thrust 
full-scale 

vibration level 
before 

before after application of 
Ship application of application of partial stern 

identification partial tunnel partial tunnel tunnel 

6.8 / 4.2 

1.9/0.5 
A 2.012.0 x) - unacceptable 

12.6 15.3 

7.7 0.9 
B 12.4 4.0 unacceptable 

full-scale 
vibration level 

after 
application of 
partial stern 

tunnel 

acceptable 

acceptable 

32.7/ 12.1 

5.4/ 5.7 
C 13.6 / 14.6 x) - unacceptable ? 

28.0 41.9 

4.4 1.4 
D 6.9 3.4 unacceptable ? 

x) different propellers 

spike near top-dead-center. This device will obviously 
work most effectively on the buttock-flow type of stern; 
the partial tunnel has been applied successfully over 
the years on the Great Lakes ore carriers, most of 
which have barge-type sterns with very steep buttock 
angles. On the other hand, for sterns which exhibit a 
basically waterline-flow character, the partial tunnel 
would be expected to be more or less ineffective due 
to the lack of upward flow to divert. However, the 
effectiveness of the partial tunnel cannot always be 
accurately judged by simply classifying a prospective 
application as one of the two limiting cases of buttock 
versus waterline flow. For example, the stern shown 
on Fig. 36, from Rutherford (1978-79) might be clas- 
sified as more of a waterline flow, yet the modifications 
shown produced significant improvement in the nom- 
inal wake, as exhibited by the before and after axial 
velocity contours. The Fig. 36 modifications however 
include vortex generators as well as the partial tunnel, 
and the contributions of each to the wake improve- 
ments shown are not known. A more direct indication 
of the effectiveness of the partial stern tunnel in re- 
ducing vibratory excitation is given on Fig. 37 and in 
Table 10, from Hylarides (1978). Fig. 37 shows the 
stern lines of four ships on which partial stern tunnels 
were fitted as a result of post-trial corrective studies 
conducted at the Netherlands Ship Model Basin, now 
MARIN. Pressures were measured on model sterns in 
the Cavitation Tunnel, integrated, and then harmoni- 
cally analyzed to produce the first three harmonics of 
blade-rate vertical hull surface force. The force am- 
plitudes, as percentages of steady thrust, are listed in 
Table 10 for each case. In the two cases where the 
outcome of the tunnel retro-fit is indicated, the vibra- 

tion was judged to be acceptable. 
The force results of Table 10 for the two cases where 

measurements are listed both before and after the 
tunnel addition are surprising in one respect. In both 
cases significant reductions in the 2nd and 3rd blade- 
rate amplitudes are attributed to the tunnels, but an 
increase in the blade-rate forces are indicated. This is 
not impossible, yet it seems unlikely. In spite of the 
success of such model test programs in solving vibra- 
tion problems associated with propeller hydrodynam- 
ics, it is difficult to have high confidence in the accuracy 
of force predictions of the type listed in Table 10. This 
is for the general reasons cited in Section 2. In view 
of the advances that are being made in the develop- 
ment of analytical / numerical hydrodynamic models, it 
seems certain that in the near future, hybrid schemes, 
exploiting the best features of numerical and experi- 
mental analysis, in combination, will be available to 
replace the purely experimental programs typical of 
that which produced the data of Table 10. 

The decision to retro-fit a wake adapting stern ap- 
pendage should not be made lightly without quantifi- 
cation of the advantages and disadvantages; a price is 
usually paid for appendages in increased hull resist- 
ance. As a minimum, model tuft-tests with and without 
the appendage should be performed to observe the 
change in stern surface flow. The absence of any no- 
ticeable smoothing may be misleading, however; a 
wake survey can show improvements in the propeller 
plane not discernable in the tuft behavior. Further- 
more, aside from nominal wake considerations, it has 
been found that greatest wake improvements are 
sometimes achieved through propeller / appendage in- 
teraction (Hylarides, 1978). This implies that model 
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tuft-tests should be conducted both with and without 
the operating propeller. In these cases, the best indi- 
cator of significant effective wake improvements from 
the standpoint of vibratory excitation may be an im- 
provement, by several percentage points, in the pro- 
pulsive efficiency from model SHP test conducted with 
and without the wake adapting appendage, as ex- 
plained in Hylarides (1978). 

Aside from wake improvements, the only recourse 
for reducing propeller excitation is modification or re- 
placement of the propeller. Some instances of suc- 
cessful modifications of troublesome propellers have 
been reported. For example, trimming blade tips by 
several centimeters to reduce wake severity at the 
extreme propeller radii can produce improvements, but 
some degree of RPM increase must then be tolerated. 
Successful modifications of existing propellers are rare 
because of the usually unacceptable trade-offs of per- 
formance degradation against vibration improvement. 
The same disadvantages exists in propeller replace- 
ment considerations. Replacement propellers, with 
modified features such as changed blade number, re- 
duced diameter (for increased hull clearance), in- 
creased blade area, reduced pitch in the blade tips, etc., 
may relieve the vibration problem, but often for a dear 
price in vessel performance. It is unfortunate that, 
with the exception of blade skew, essentially all of the 
measures available in propeller design for reducing 
vibratory excitation, once the stern lines are estab- 
lished, act also to reduce propeller efficiency (refer to 
Chapter V for propeller design considerations). It can- 
not be emphasized strongly enough that the greatest 
insurance against propeller-induced vibration prob- 
lems and the persistent difficulties which then almost 
always ensue is to place high emphasis on wake uni- 
formity in making trade-offs at the original establish- 
ment of vessel lines. 

(b) Structural Modifications. The most cost ef- 
fective approach for eliminating structural resonances 
is usually to shift natural frequencies through struc- 
tural modifications; the alternative is to shift exciting 
frequency by changes in engine RPM or number of 
propeller blades. 

Just as with hydrodynamics related problems, the 
most intelligent way to approach the correction of a 
vibration problem that promises to involve significant 
structural modifications is through the use of the tools 
of rational mechanics. A structural math model should 
first be calibrated to approximately simulate the ex- 
isting vibration characteristics. Modification possibili- 
ties are then exercised with the model, and their 
probability of success is established on paper. In this 
way the probability of a “one-shot” success when ship- 
board modifications are subsequently implemented is 
maximized. The alternative and unenlightened “cut- 
and-try” approach to the solution of serious ship vi- 
bration problems is fraught with frustration, and with 
the real possibility of expending vast amounts of time 

and money and never achieving complete success. 
Of course, the paper studies proposed as a tool for 

use in correcting a serious ship vibration problem must 
be concluded quickly; several months, or even several 
weeks, is not available when delivery of a vessel is 
stalled, awaiting the resolution of vibration deficien- 
cies. This places a premium on formulation of the sim- 
plest possible structural models which still retain 
adequate realism to provide the basis for the required 
judgments as to the relative effects of vessel modifi- 
cations. This is where the collection of thorough trial 
vibration data can pay for itself. Measurement of vi- 
bratory mode shape data is often a near necessity for 
securing guidance in formulating calibration models 
of the desired simplicity, but with sufficient accuracy. 
This is illustrated by the following simple example: 

Assume that excessive vibration of a Type A deck- 
house, Fig. 20, occurs on the builder’s trials of a vessel. 
Vibratory displacement amplitude data are recorded 
with phase calibrated pick-ups mounted at points on 
the house and on the main deck. The records establish 
the following information. 

1. The vibration occurs a t  predominantly blade-rate 
frequency, confirming the propeller as its exciting 
source. 

2. The vibration amplitude peaks at 100 RPM, and 
the propeller has five blades. A resonance of the house 
at 500 cycles per min (cpm) is therefore established. 

3. Vibration records recorded at 100 RPM show 
that the vibration of the house is predominantly fore- 
and-aft, with fore-and-aft amplitude increasing with a 
quasi-linear characteristic from low levels at main deck 
to a maximum of 0.75 mm at the house top. The house 
top is 15 meters above main deck. 

4. The 100 RPM record also shows that the am- 
plitude of the vertical vibration a t  main deck is ap- 
proximately uniform at 0.1 mm over the house length. 
The vertical vibration amplitude is also approximately 
constant at this same level up the house front, which 
is a continuation of the forward engine room bulkhead. 

The above characteristics are judged to allow the 
use of the simple rocking/bending house model in 
conjunction with the Hirowatari method, Figs. 20 and 
21 and Table 2, Section 3. 

(c) Determination of Model Constants. For a 
Type A house with h=15 meters, the fixed-base fun- 
damental house natural frequency is estimated from 
Fig. 21 as, 

fm = 800 cpm 

Using the Dunkerley formula, Equation (105), with the 
measured house natural frequency of fe= 500 cpm, the 
effective rocking frequency is, 

1 
f R  = J life" - l/fa2 (144) 
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T 
i: 

Fig. 38 Mass-elastic model of deckhouse and support structure 

= 640 cpm 
The two frequencies fm and fR can be used to determine 
the effective stiffnesses of the house and its underdeck 
supporting structure for use in the simple model of 
Fig. 38. 

For a house mass established as m=300t, with a 
radius of gyration, 7, about the house forward lower 
edge of 10 m, the effective torsional stiffness of the 
under-deck supporting structure is, from Formula 
(106): 

K, = (277 I 60)2 f; 
= 1.35 x lo1' N-m per rad (145) 

where 
J = m;2 = 3 x lo7 kg-m2 

An approximate effective bending I shear stiffness of 
the house is obtained by first lumping the house mass 
at the radius of gyration above the assumed pin sup- 
port on the main deck at the forward bulkhead; this 
preserves the mass moment of inertia in the Fig. 38 
model. Then, for the house base fixed, 

(146) 
The effective combined torsional stiffness for use in 
the equivalent reduced one-mass system of Fig. 39 is 
then, 

k ,  = (2.rr/6O)'yJ2, m = 2.1 x lo9 N p e r m  

1 
lIK, + ll(kH ?) K =  

= 0.822 x 10" N-m per rad (147) 
This combined stiffness can also be deduced directly 
from the measured natural frequency and the house 
mass moment of inertia as, 

K = ( 2 ~ / 6 0 ) ~ f , 2  J 
(148) 

The effective exciting moment due to the vertical 
hull girder vibration can be estimated using the for- 
mula developed in the simple rigid box deckhouse 
analysis of the second section. Referring to the de- 
velopment of Formula (83), the amplitude of the ex- 
citing moment is, 

Here, F is the longitudinal coordinate to the house CG, 
measured aft  from the house front, say, 5 m, and X 
is the 0.1 mm amplitude of the main deck vertical 
vibration. In terms of arbitrary hull girder vibration 
frequency o, 

(150) 
The final remaining element of the Fig. 39 equivalent 

1-mass model, the damping factor <, is estimated using 
the measured 0.75 mm house top vibration amplitude. 
With being the amplitude of the equivalent vibra- 
tory rocking rotation of the house, the fore-and-aft 
amplitude of the house top is approximated as, 

= 0.822 x 10" N-m per rad 

Me = 02m&X (149) 

Me = 150 o2 N-m 

U = H h  
where h is the 15m house height above main deck. 
Substituting the response formula for the Fig. 39 
model, Equation (93), 

But at resonance, o = o,, so that, 
h Me/  K u=- 

2Y 
or 

(153) 

For w = o, = 2?rfe/60 = 52.4 rad per see in (150), 
Me = 4.12 x lo5 N-m 

The damping factor is then, from Equation (153), 
15 (4.12 x lo5) ' = 2 (0.822 x 10") (0.75 X l0-y (154) 

= 0.05 
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With the calibrated model so established as an equiv- 
alent one degree of freedom system, with constants, 
J, K, 5, and Me the above formula can be reused to 
evaluate changes in the house-top vibratory displace- 
ment, U, resulting from selected changes in the array 
of design variables included in the simple formulation. 

(d) Structural Modifications. To demonstrate 
this procedure, assume that stiffening in the form of 
the added parallel pillars of the Sub-section 3.4 and 
Fig. 22 example is contemplated. Following that ex- 
ample, the torsional stiffness of the underdeck sup- 
porting structure is raised from the above value of 
1.35 x 10" N-m per rad to 1.475 x 10" N-m per rad 
by the pillar addition. Re-substituting into Equations 
(147) and (148), the increased combined stiffness of K 
= 0.866 x loll N-m per rad results in a 2.6 percent 
increase in natural frequency from the measured value 
of 500 cpm to 513 cpm. 

Continuing with the scenario, assume that the full 
power RPM of the vessel is 105, which corresponds to 
a full power blade-rate exciting frequency of 525 cpm; 
the critical has therefore been raised only to a higher 
level in the operating range, i.e., it has been raised 
from 100 to 102.6 RPM. 

At 102.6 RPM the 0.1 mm vertical hull girder vibra- 
tion measured at  100 RPM would be increased by a t  
least the frequency increase squared. This is assuming 
a flat frequency response characteristic of the hull 
girder (not close to a hull girder critical) as well as a 
non-cavitating propeller. Assuming a frequency 
squared increase, the vertical hull girder vibration am- 
plitude becomes, 

X = 0.1 (102.6/100)2 = 0.105 mm 
with the exciting moment from (149) increasing to 

Me = 4.56 x lo5 N-m 
at the new resonant frequency o = o, = ( 2 ~ )  (513/ 
60) = 53.72 rad per see. The house top fore-and-aft 
vibratory displacement amplitude resulting from the 
foundation stiffening is changed, from Equation (152), 
to, 

Fig. 39 Equivalent one-rnass system 
4 

15 (4.56 x 105)/0.866 X 10" .._ u =  ' 

2 (0.05) 
= 0.79 mm 

This is an increase in vibration of 5 percent over the 
original 0.75 mm level! The inadequate stiffening has 
simply raised the critical to a higher point in the op- 
erating range where the excitation is more intense. 
Some care is obviously required here in order to 
achieve a satisfactory result. 

It would be intelligent at this point to evaluate the 
stiffness increase required in order to achieve a sat- 
isfactory vibration level. It is necessary to move the 
critical above the full power RPM of 105. This estab- 
lishes the exciting frequency at the full power RPM, 

f = 525 cpm = 8.75 Hz 
o = 8.75 (27~) = 55 rad per sec 

On consulting Fig. 35, a limiting housetop fore-and- 
aft vibratory velocity amplitude of 5 mm per sec is 
selected a t  this frequency. This corresponds to a house- 
top displacement amplitude, 

U = 5 / 0  = .09 mm 
The exciting moment, for use in Equation (151), is now, 
continuing to assume a frequency squared variation 
in the hull vertical displacement amplitude, from Equa- 
tion (149), 

M, = (55)5 (3 x 105) (5) (.I) (1051 1000 

= 5.0 x 105N-m 
From (Ed), for 240/w, < < [ 1 - (0/0,)9 for o/o, 

1, 
hMe/K 

1 - (o/o,)2 
U =  

Then with o, = 

K = h M d U  + J o 2  (156) 

Substituting the values, the required combined stiff- 
ness is, 

K = 1.74 x 10" N-m per rad 
This requires more than doubling the as-built combined 
effective stiffness of 0.882 x lo1' N-m per rad, Equa- 
tion (147). 

Little can normally be done to change the house 
stiffness; functional requirements of the house usually 
will not permit the modifications necessary to accom- 
plish any significant increases in house casing section 
moment of inertia and shear area. Assume that stiff- 
ening of the under-deck supporting structure is the 
only possibly effective structural modification that can 
be accommodated. The required K, is, from Equation 
(147), 
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= 1.02 x 10” N-m per rad 
1 K -  

- 1 / K  - k H P 2  

Therefore, meeting the vibration limit of 5 mm / see at 
the house-top will require increasing the torsional stiff- 
ness of the underdeck supporting structure by a factor 
of, 

= 7.5 
1.02 x 1013 
1.35 x 10” 

and this would be impossible in any real case. For 
example, if the two parallel pillars of the sub-section 
3.4 example were doubled in number from 2 to 4 and 
moved 3 meters aft  to line up under the house after 
bulkhead, rather than under the house sides (Fig. 22), 
Kf would be increased to only, 

Kf = 1.35 x 10” + 2(5 x 10’) (8)’ 

= 1.99 x 10” N-m per rad 
which is still a factor of more than 5 below the required 
value. 

At this point, the virtual impossibility of rectifying 
the problem through structural modifications should 
be clear, and attention would be turned to ordering a 
new propeller. 

(e) A Propeller Change. Considering an alter- 
native 4-bladed propeller, the critical would be shifted 
to, 

100(5/4) = 125 RPM 
which is well beyond the operating range. With the 
foundation unchanged, the house-top vibration at the 
full power RPM of 105 would be, from Equation (155), 

15(5 x 105)/0.822 x 10” looo 
1 - (105/125)’ U =  

= 0.129 mm 
which assumes an unchanged propeller excitation 
level. The new house-top displacement corresponds to 
a velocity amplitude of, 

0.129(55) = 7 mm/sec 
This would probably be acceptable, on the basis of Fig. 
35. 

Another possibility for the propeller would be to 
change to 6 blades and lower the critical well below 
full power to, 

100(5/6) = 83 RPM 
At full power in this case, 

x 1000 15(5 x 105)/0.822 x 10” 
11 - (105/83)‘1 U =  

= 0.15 mm 
and the velocity is, 

0.15(55) = 8.25 mm/sec 
This might also be acceptable, according to Fig. 35. 
The possible disadvantage to 6 blades is the resonance 
at 83 RPM. At 83 RPM, the exciting moment, Equation 
(149), should be down by a t  least frequency squared 
(which ignores any reduction at all in the hull girder 
vibration level): 

Me = 5 x 105(83/105)2 = 3.1 x lo5 N-m 
so that the resonant amplitude should be, at most, from 
Equation (152), 

x 1000 15(3.1 x 105)/0.822 x 10” 
Z(0.05) U =  

= 0.565 mm 
For 

f = 6(83)/60 = 8.3 Hz and 
w = 271-f = 52 rad per sec 

the vibratory velocity amplitude would be, 
0.565(52) = 29.4 mm per sec 

While this level is excessive (Fig. 35) it would not 
necessarily disqualify a 6-bladed propeller, as contin- 
uous operation at any particular lower RPM is not 
usually critical, and 83 RPM could be simply avoided 
except in passing. 
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Volume I1 
Nomenclature 

Resistance, propulsion and vibration 
The following symbols apply to Volume I1 only. The 

phrase "stands for" is understood between the symbol 
and its definition. 

stands for area, generally, m2 
developed area, propeller blades 
expanded area, propeller blades 
area of propeller disk 
longitudinal projected area 
coefficient of mode shape 
projected area, propeller disk 
transverse projected area 
aspect ratio 
after perpendicular 
linear acceleration 
breadth, molded, m 
width of a channel; span of a control 

surface 
damping coefficient 
constants 
model-ship correlation allowance 
block coefficient, ship 
drag coefficient 
frictional resistant coefficient 
lift coefficient 
modal damping coefficient, mode n 
prismatic coefficient 
torque coefficient 
residuary resistance coefficient 
Sears function 
total resistance coefficient; thrust 

wave-making resistance coefficient 
viscous-drag coefficient; Froude No. 

2-dimensional added mass coeffi- 

chord of a control surface; distrib- 

loading coefficient 

based on beam 

cient at  section x 

uted damping coefficient 

D 
DkW 

E 
EI 

EAR 
EkW 

e 
F 

Fn 
Fnv 
FP 

FW 
F(x)  

F" 
f 

f (x , t )  

G 

&? 

h 
I 

' E  
b 
J 

K 

K, 
KQ 
Kn 

k 
L 

LE 
LQ 

depth (molded); diameter; drag force 
developed power, propeller 
Young's modulus of elasticity 
flexural rigidity of a beam 
expanded area ratio 
effective power 
base of naperian logarithms, 2.7183 
force, force amplitude, kN 
Froude number 
volume Froude number 
forward perpendicular 
fresh water 
beam exciting force amplitude dis- 

tribution 
force, modal exciting, mode n 
force, component of; coefficient of 

friction; frequency, Hz 
beam excitation force per unit 

length 
center of gravity of ship; shear mod- 

ulus of shaft; lift function, N 
blades 

acceleration due to gravity; lift of 
one blade 

height, depth, head of water, m 
moment of inertia, generally 
half angle of entrance on LWL 
degree of freedom; submergence 
advance ratio (coefficient); Lewis 

J-factor; mass moment of inertia 
stiffness, generally; effective tor- 

sional spring constant; form fac- 
tor 

thrust coefficient 
torque coefficient 
modal stiffness, mode n 
stiffness coefficient of a section 
length of ship; lift of a blade 
length of entrance 
unsteady blade lift 
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LR 
LCB 
LCG 
LWL 

1 
M 

M n  
M 
m 

N 
n 
0 
P 

PR 
PB 
p* 
PI 
PS 
PT 
P A  
Po 

Pv 
Q 

QO 
Qv 

R 
RA 
RF 
RT 
RR 
Rw 
Rv 
Rn 

RMS 
RPM 

T 
t 
U 

U 

V 
VL v. 

v 
v(t) 
W 

WL 

length of run 
longitudinal center of buoyancy 
longitudinal center of gravity 
load waterline 
length of a section 
mass; moment 
modal mass, mode n 
subscript denoting “model” 
mass per unit length components 

number of propeller blades 
revolution per unit time 
origin of coordinates 
power, generally; pitch of propeller 
pitch ratio 
brake power, kW 
delivered power, kW 
indicated power, kW 
shaft power, kW 
thrust power, kW 
pressure, atmospheric 
pressure far removed from a distur- 

vapor pressure of water 
propeller torque; number of har- 

monics in wake; Fourier series 
torque in open water 
volume of water passing through a 

radius, m; resistance generally, kN 
added resistance; R, in air 
frictional resistance 
total resistance 
residuary resistance 
wave-making resistance 
viscous resistance 
Reynolds number 
root mean square 
revolutions per minute 
thrust, propeller, kN 
thrust deduction fraction 
velocity of ship; housetop displace 

ment amplitude, fore and aft 
velocity of incident flow; deckhouse 

vibration displacement, fore and 
aft 

volume, generally, m3 
velocity, linear, of a ship 
axial velocity; speed of advance of a 

propeller 
critical velocity for laminar flow 
speed, knots 
relative velocity 
sustained sea speed 
components of velocity 
vibratory velocity 
weight, generally, kg 
waterline 

of moment 

bance 

propeller disk 

W,(X> 

W 

X 
X 

Y z 
z 

complex displacement amplitude 
distribution 

deckhouse vertical vibratory dis- 
placement; Taylor wake fraction 
in general; weight of an item 

Taylor wake fraction based on fric- 
tional identity; WT thrust iden- 
tity; W, torque identity 

displacement amplitude, in general 
axial coordinate of hull from stern; 

distance from origin 0 along 
x-axis 

vibratory displacement 
distance from origin 0 along y - axis 
ship section place; a general com- 

plex function 
function in complex plane of unit 

circle; distance from origin 0 
along z-axis 

Vibration Symbol Subscripts 
n 

i, j 
m 

V 
M 
R 
e 

Y 

t 
a 
G 

X 

z 

denotes modal order, number, pro- 

component number of 
harmonic number, deckhouse mass, 

vertical 
mean 
rocking 
natural 
axial axis (length), coordinate 
athwartship axis, coordinate 
vertical axis, coordinate 
tangiential axis, coordinate 
average 
geometric 

peller RPS 

cylinder no. 

Greek Symbols 
a (alpha) represents angle of wind force off 

bow; divergent wave pattern an- 
gle 

a, 
a, angle of skew 

/3 (Beta) 
section; deadrise angle 

P I  
peller blade section 

PG geometric pitch angle 
P, modal phase angle of force mode n 

I? (Gamma) “circulation” in circulation theory 
y (gamma) arctan lift / drag 

6 (delta) Taylor advance coefficient, 1 / J 
t: (epsilon) lift / drag ratio 

4, (zeta) modal damping factor, mode n 
q (eta) efficiency, generally; vertical com- 

modal phase angle, mode n 

advance angle of a propeller blade 

hydrodynamic flow angle of a pro- 

ponent of deckhouse 
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0 (Theta) 
8 (theta) 

K (Kappa) 

A (Lambda) 
A (lambda) 

p (mu) 

v (nu) 

5 (xi) 
p (rho) 

0- (sigma) 
T (tau) 
4 (phi) 

$J (psi) 
R (Omega) 

R R  

o (omega) 
a“ 

blade position angle 
angle of apparent wind off bow 
nondimensional displacement vari- 

tuning factor 
linear scale ratio, ship to model; ad- 

vance ratio; mean wetted length- 
beam ratio, planing craft 

mass per unit length; coefficient of 
dynamic viscosity 

Poisson’s ratio; visco-elastic con- 
stant 

longitudinal coordinate, from stern 
density of a fluid, mass per unit vol- 

stress; cavitation number 
trim angle, planing craft 
pitch angle of propeller; velocity po- 

mode shape (eigenfunction) 
propeller, engine angular velocity 
characteristic rigid-body frequency; 
RF flexural frequency 

circular frequency, rad / sec 
resonant frequency; nth mode nat- 

able 

ume 

ten t ial 

ural frequency 

Special Symbols 
c denotes baseline 
L centerline a midlength, in general 
V uol volume of displacement 

Froude’s “Circle” Notation 
@ resistance coefficient, (Rt/ W) x 

(1000/@?) = 2938 R,/ W 2 I 3  V i  
@ speed coefficient, m g  x V,/V ‘ I 6  

= 0.5834 VK/ W16 
@ Wetted surface coefficient, S / V 2 / 3  

In the foregoing R, is in long tons; V in long tons; 
and V, in knots. 

Vibration Symbols 

[B] beam coefficient matrix 
1 C 1 
[D] 

beam solution constant vector 
dynamic matrix of discrete model 

V cavitation volume velocity 
F radius of gyration 

vibratory amplitude 

Mathematical Symbols 

is a artial derivative sign 
is ~5 
approximately equal to 
less than 
greater than 
(one dot over a variable) is the first 

derivative of the variable 
(two dots over a variable) is the sec- 

ond derivative of the variable 
proportional to 
infinity 
a finite increment 
summation of 
ratio of circumference of circle to 

diameter 
integral of 
some function of 
approaches as a limit 
is identical to 
equal to 
not equal to 
equal to or greater than 
equal to or less than 
integration around a closed curve 

Acronyms Used in References 
ABS 

ATMA 

ASME 

ASNE 

ASCE 
ATTC 
BMT 

DTNSRDC 

IESS 

IME 
IMO 

ISSC 

ITTC 

JSR 
JSTG 

MARIN 

American Bureau of Shipping 
Association Maritime Technique et 

American Society of Mechanical 

American Society of Naval Engi- 

American Society of Civil Engineers 
American Towing Tank Conference 
British Maritime Technology (for- 

merly BSRA) 
David Taylor Naval Ship Research 

and Development Center (for- 
merly EMB DTMB) (now DTRC, 
David Taylor Research Center) 

Institute of Engineers and Ship- 
builders in Scotland 

Institute of Marine Engineers 
International Maritime Organiza- 

International Ship Structures Con- 

International Towing Tank Confer- 

SNAME Journal of Ship Research 
Jahrbuch des Schiffbautechnischen 

Maritime Research Institute Neth- 

Aeronautique, Paris 

Engineers 

neers 

tion (formerly IMCO) 

gress 

ence 

Gesel lschaft 

erlands (formerly NSMB) 



320 PRINCIPLES OF NAVAL ARCHITECTURE 

NASA US. Space Administration, (for- 

U.S. Naval Ship Systems Command 
Northeast Coast Institute of Engi- 

neers and Shipbuilders 
NMI National Maritime Institute, (for- 

merly NPL), London 
ONR Office of Naval Research, US.  Navy 

Dept. 

merly NACA) 
NAVSEA 

NECI 

RINA Royal Institute of Naval Architects, 
formerly (INA) 

RSE Royal Society of Edinburgh 
SSC Ship Structures Committee 

rine Engineers 

imental Tank 

ture 

SNAME Society of Naval Architects and Ma- 

SSPA Swedish State Shipbuilding Exper- 

Webb Institute of Naval Architec- WEBB 



Quantity 

Base Units 

Mass 
Time 

Supplementary Units 

Angle, plane 

Density of solids 
of liquids 

Distance 

Force 

~ 

International System of Units (Systeme International d'Unites, or Sl) Useful quantities for Naval Architecture 

Frequency 

Mass 

Power 

Pressure 

specific vol. 

Stress 

Volume of solids 
of liquids 

Velocity 

SI unit 

meter, m 
kilogram, kg 
second, s 

radian, rad 

nautical mile, knot 

newton, N 
kilonewton, kN 

hertz, Hz 

metric ton, t 

watt, W 
kilowatt, kW 

kilopascal, kPa 

1 /density 

megapascal, MPa 

m3 
liter, L 

meters / sec 
knot 

Definition 

1 rad = 1W/tt 

kg/cmJ or t /m3 
kg/L 

1.852 km 

1 lcg-m/sa 
103 kg-m / sa 

cycle / sec, cps 

10s kg 

1 N-m/s 
1 kN-m/s 

10s N/ma 

m3/t 

MN/m2 = N/mm2 

m / s  
1 nmi/hr = 1.852 km/kr. 

Conversions 
English to SI SI to English 

1 ft = 0.30Sm 
1 lb = 0.464 kg 

1 lb (force) = 4.4N 

l m  =3.28ft 
1 lcg = 2.20 lb 

1 knot = 6,080 ft 

1 N = 0.225 lb 

1 long ton (weight) = 1.016 t I t  = 0.98 long tons 

1 hp = 0.746 kW 

1 lb/in2 = 6.895 kPa 

1kW = 1.34 hp 

lkPa = 0.15 lb/ina 

1 long ton/in2 = 15.44 MPa lMPa = 0.065 long tons/ina 

lft/sec = 0.305 m / s  l m / s  = 3.28 ft/sec 
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ABS Rules, propellers 169 

Acceleration 

 distance required 

 on trials  242 

Acceptable vibration 306 307 

Added mass effects 

 hydrodynamic 259 284 

 resonant frequencies 259 

Advance ratio 145 

 coefficient 209 247 

Advance, speed of 143 144 145 154 

Airfoil section 

 propeller blades 135 

Air-resistance 29 

Air supported craft 116 

 powering of 116 

 resistance of 116 

Alarm (USS)  128 

Allowance, correlation 154 

American Towing Tank Conference 

  (ATTC) 12 320 

Angle of incidence, blade element 135 

Anti-resonant frequency 260 

Amplitude  256 

 complex  258 

 distribution 261 

 displacement 280 

Appendages  294 

 drag   36 

 resistance 34 

Aspect ratio 

 geometric 136 
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Augment of resistance 

 factor  152 

 fraction  152 

B 

Beam 

 effect on resistance 66 

Bearing forces, propeller 

 estimation of 299 

Beat 

 definition 257 

 frequency of 257 

Bernoulli’s Theorem 

 applied to resistance 2 

 applied to propellers 132 172 

Bilge keels 

 resistance of 36 155 

Biot-Savart Law 143 

Blade-element theory 135 

Blasius equation 10 

Block coefficient 74 

Blockage correction 156 

Bossings 

 resistance of 27 34 

 wake behind 27 159 

Boundary layer 

 (turbulence stimulation) 27 154 

Bow forms 

 effect on resistance 87 

Breslin condition 276 

BSRA (BMT) Methodical Series 77 

Bulbous bows 

 effect on resistance 79 

Bulbs, stem  84 
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C 

Canals 

 resistance in 48 

Carl D. Bradley experiments 309 

Catamarans 

 resistance of 105 

Cavitation 

 bubble  173 

 criteria for prevention 181 

 cloud  173 277 

 damage  179 180 

 effects of 178 277 303 

 models  6 

 number  173 

 propeller blade 172 

 resorber  177 

 sheet  173 278 295 

 types of  173 

 tunnels  176 

 vibration, noise 181 

 vortex  173 

Cavity 

 dynamics of 305 

 velocity curve 305 

 volume  305 

Channel hydraulic radius 46 

Circulation Theory 131 141 204 

Clearance 

 hull-propeller 294 

Clermont  127 

Coefficients 

 air resistance 155 

 blade rate 301 

 block  74 

 conversion factors 54 60 

 frictional 10 54 

 of propulsion 130 65 

 of resistance 10 30 67 
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Coefficients (Cont.) 

 quasi-propulsive 202 

 thrust  145 

 thrust deduction 156 

 torque  145 

 total   155 

Comparison, Froude’s law of 5 

Compensators 

 diesel engine 292 

“Constant” circle system 65 

Contra-rotation 231 

Control surface 

 resistance of 36 

Conversion factors for coefficients 65 

Corrections, post trial 309 

 investigations 308 

 modifications 309 

  hydrodynamic 309 

  structural 311 

Correlation allowance 154 

Corresponding speeds 5 6 

Criteria, vibration 306 

Critical speed in shallow water 43 49 

Currents, effect of 240 

Cycle 

 definition 256 

D 

Damping 

 property of 257 

 coefficient 258 

Damping factor 

 hydrodynamic 259 

 modal  262 

 structural 259 

Daring (HMS) trials 172 

Data sheets 

 resistance 46 
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Deckhouse, vibration of 

 finite element model 266 

 radius of gyration 288 

 resonance 271 

Degrees of freedom 

 dynamic  265 

 static  265 

Den Hartog analysis 290 

Density of water 58 

Delaware (USS) 79 

Design 

 approach 281 

 propeller 138 

 verification 283 308 

Diesel engine 129 

 compensators 292 

 excitation 290 

Dimensional analysis 143 

Dimension, choice of 

 analysis  3 66 

 homogeneity 4 

Diffraction effect 294 

Discrete elements 

 analysis  265 

Displacement, vibratory 255 

 amplitude 280 

Draft 

 effect on resistance 66 

Drag 

 appendages 34 

 coefficient 30 135 

 forces  114 116 

 wind  29 

Drag-shaft test 241 

Drives 

 electrical 129 

 mechanical 128 

DTRC, (DWTNSRDC) 53 317 
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Ducts, propeller 213 238 

Dunkerley’s equation 287 

E 

Eddy resistance 27 

Effective horsepower; see Power, 

  effective 

Efficiency  130 

 of a hull  152 

 propulsive 153 

 relative rotative 151 152 

Eggert tests  19 

 power method 244 

eigen function 

 eigen values 262 

 eigen vector 269 

  modal expansion 269 

 mode shape 261 

 set   263 

Elasticity 

 property of 257 

Electronic tracking trials 241 242 

EMB, DTMB, DWTNSRDC, DTRC 53 317 

Equations of motion 266 

Euler beam theory 258 

Excitation, vibratory 

 definition 257 

 diesel engine 284 290 

 fundamental harmonic 258 

 hull surface 271 

 machinery 256 

 periodic  258 

 propeller 271 302 292 

 properties of 257 

 ratio element 281 

 wave impact 255 
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Extrapolation 

 errors in  157 

 model to ship 154 

F 

Factors 

 Thrust deduction 159 

 Wake  158 

Favorable speed 19 

Fences, hydrofoil 112 

Finite element model 265 

Flat plate calculation 

 uniform inflow 273 

Flow 

 laminar  9 

 lines  34 

 turbulent 9 

Forces, vibratory 273 

 blade rate 273 

 cavitation induced 277 

 cavitating vertical 277 

 hull surface 273 

 on hull  271 

 propeller bearing 272 302 

Form 

 coefficients 67 

 drag   27 34 

 effect on resistance 66 

 resistance of 67 

Fourier analysis (wake) 147 

 Series  268 272 296 

Friction 

 coefficients of 61 

 lines  58 

 resistance 7 27 

 skin correction 154 

Frequency 

 ratio element 281 
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Frequency, natural 

 arbitrary  256 

 blade rate 273 

 exciting  257 

 flexural  259 

 rigid body 259 

Frequency, resonant 262 

Froude, R.E.  24 65 119 144 

Froude, W.  5 7 24 

 constant  65 

 number  6 

Full scale trials 

 errors in  157 

G 

Gas turbines  129 

Gertler, M.  73 120 

Geosims   5 

Goldstein factors 205 209 

Great Britain 128 

Greyhound experiments 8 

Grim vane wheel 238 

Gust theory  299 

H 

Havelock, T.H. 120 

 bulbous bow resistance 79 

 wave-making resistance 19 25 

Harmonic analysis 295 

Harmonic vibration 280 

Harmonics 

 components of 275 

 content  273 

 non-sinusoidal 279 

 strength of 279 

 wake  298 

Helix, geometry of 164 
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High speed craft 

 resistance of 93 

Hirowatari method 287 

Hollows in resistance curves 17 27 

Homogeneity 

 dimensional 4 

Horsepower; see power 

Hughes, G.  120 

 Frictional resistance formulations 30 

 wind resistance experiments 31 

Hull efficiency 152 

Hull form 

 effect on propellers 146 149 

 effect on resistance 66 

Hull girder 

 excitation of 255 271 

 modes  284 

 natural frequency 

  evaluation of 282 

 vibration of 258 271 

Hull surface force 

 cavitating 304 

 non-cavitating 303 

Human reaction to vibration 255 306 

Humps in resistance curves 17 27 

Hydraulic radius, channels 46 

Hydrodynamic modifications 310 

Hydrofoils 

 considerations 110 

 hydrodynamic characteristics 114 

 resistance of 110 

Hydrofoil arrangement 

 canard  111 

 conventional 111 

 fully submerged 112 

 surface piercing 111 

 tandem  111 
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Hydrofoil section types 112 

 base vented 113 

 subcavitating 112 

 supercavitating 113 

I 

Incidence angle of propellers 135 

Induced vibration 255 261 

Inertia 

 moment of rotational 261 

 shear  261 

Integrated duct propeller 239 

Interaction of hull and propeller 146 

Interference effects (wave resistance) 106 

International Standards Organization 308 

International Towing Tank Conference 

  (ITTC) 320 

 performance committee 57 

 propeller committee 153 

 resistance committee 150 

Inui, T. 

 bulbous bows and sterns 84 

 wave-making resistance 84 

J 

J-factor   285 

Jet propulsion 225 

Jet pump  225 

K 

Kelvin wave pattern 16 

Kinematic viscosity 58 

Kirsten-Boeing Propeller 227 

Kort Nozzle  213 

Kumai’s formula 282 
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L 

Laminar flow 9 54 153 154 

Landweber, L. 46 

Law of comparison (also see mechanical 

  similitude) 6 7 

Law of similitude 

 cavitating propellers 173 175 

 propellers 143 

Length 

 effect on resistance 66 

Leviathan of 1900 71 

Lewis, F.M.  273 

 -form  285 

 J-factor  285 

 method  284 

Lift 

 hydrodynamic 100 

 hydrostatic 100 

Lift coefficient, propeller blade 135 

Lift/drag ratio 

 hydrofoil 114 

 propeller blade 135 136 

Lift forces hydrofoils 110 

Lifting lines  142 

Local structure, vibration of 

 amplitude 270 

 effect of stiffening 271 

 response  271 

Longitudinal vibration 

 main machinery 282 288 

Lucy Ashton experiments 40 

M 

Machinery propulsion 128 

Magnification factor (vibratory) 280 

Magnus effect 141 

Manhattan experiment 232 
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MARIN (NSMB) 53 

Matrix, finite element 

 model/mass 266 267 

 model stiffness 266 267 

Mass 

 properties of 257 

Mass-elastic model 289 

Measured-mile trials 241 

Mechanical similitude 6 7 54 

Methodical series (model resistance tests) 

 BMT (BSRA) 77 

 DeGroot  94 

 Full Ship form 78 

 Nordstrom 94 

 NPL coaster models 77 

 Series 

  60 (merchant) 74 

  62 tests 101 

  63 tests 94 

  64 (high speed) 90 95 

  65  102 

  SSPA 77 96 

  submarine 78 

  Taylor’s standard 71 

  trawlers 77 

Modal 

 expansion 262 269 

 exciting force 262 

 stiffness  262 

Model constant 

 determination of 311 

Model data 

 statistical analysis of 88 

Model ship correlation 7 

Model tests 

 calculation of effective power from 57 

 cavitation, propeller 173 176 

 methodical series 71 
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Model tests (Cont.) 

 presentation of data 62 

 propeller, open water 143 202 

 resistance 71 

 resistance data sheets 71 

 self-propelled 56 145 153 

 streamline flow 54 

 wake  145 

Models 

 determination of constants 311 

 mass-elastic 289 

 nominal wake data 292 

 uses of  53 71 

Modes, vibration 

 definition 256 

 shapes  256 262 

 eigenfunctions 262 

 orthogonality, property of 262 

Modifications 

 hydrodynamic 310 

 propeller 311 

 stern forms 310 

 structural 311 

Momentum principle, propellers 131 

N 

Natural frequency 262 

Newton’s Law 266 

Noise, cavitation 306 

Nodal points  266 

Nodes, definition of 256 

NSMB, MARIN 53 

Nozzles, propeller 128 213 

 accelerating 214 

 decelerating 214 221 

 M19A  215 

Nuclear power 129 
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O 

Old Colony Mariner trials 243 

One-mass system 

 vibration calculation 280 

Open-water propeller tests 143 145 

P 

Paddle wheels 127 228 

Parallel middle body 

 effect on resistance 79 

Performance, predictions of 155 

Period, natural 256 

Pitch, propeller 

 angle  165 

 ratio  166 167 

Pitot tubes  147 

Planing craft 

 considerations 100 

 parameters 99 

 resistance of 99 

 series 62, meth. tests 101 

 theoretical approach to design 102 

Polynomial, characteristic 269 

Power, effective determination of from 

 ATTC coefficients 59 

 Froude coefficients 57 

 ITTC coefficients 58 

 model tests 58 

Power, kW 

 brake  130 

 definition 129 

 indicated 129 

 nuclear  129 

 service allowance 212 

 shaft  130 

 ship trials 240 
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Powering 

 historical 127 

 margin factor 157 

 service requirements 128 212 

Prandtl formula 10 

Pressure, cavitation 150 

Pressure, vibratory 

 distribution 273 

 on hull  275 

Propeller blade 

 harmonic components 275 

 lift unsteady 278 

 rate frequency 273 

 pseudo lift 272 

 thickness effects 274 

 skew effect 295 

 warp  295 

Propeller efficiency 130 

 open water 143 151 

 relative rotative 151 

Propeller forces 

 bearing  276 

 exciting  257 276 

 on hull surface 274 

Propeller model tests 

 interaction with hull 145 183 

 methodical series 186 

 open-water 143 151 

 self propulsion 145 153 

Propeller nozzles 128 213 

Propeller vibration 

 bearing forces 272 

 blade-rate 273 

 cavitation 277 303 

 disk inflow 273 

 effect of change on 314 

 excitation, hull surface 271 292 

 induced pressures, hull surface 273 274 
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Propeller theory 131 

Propellers, cycloidal 230 

Propellers, screw 

 blade 

  area  184 

  cavitation 172 184 

  chord length 168 

  element theory 131 135 

  loading 184 

  number 184 

  outline 184 

  pitch 183 

  sections 135 

  thickness 167 168 

 circulation theory 131 141 

 construction 167 

 controllable pitch 230 

 design  138 164 

 design charts 192 

 design methods 183 

 definition of terms 164 

 diameter optimum 183 

 drawing  165 

 ducted  213 

 fully cavitating 233 

 geometry 138 

 history  127 

 incidence angle 135 

 integrated duct 239 

 laws of similitude for 143 

 materials of construction 167 

 model size 144 

 model tests 145 183 

 momentum principle 131 

 momentum theory 132 
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Propellers, screw (Cont.) 

 nozzles 

  accelerating 214 

  decelerating 214 221 

  M19A 215 

 overlapping 237 

 partially submerged 

 pitch ratio 183 

 series, model 

  Gawn 186 

  Schaffran 186 

  Taylor 186 191 

  Wageningen 186 

 shroud ring 128 

 skew  137 

 slip angle ratio 137 

 strength requirements 167 168 

 supercavitating 233 

 tandem  231 

 Taylor coefficients 191 

 variable pitch 230 

 velocity diagram 137 

 vortex shedding 205 

Propellers, vertical axis 128 227 

Propulsion tests 153 

Propulsive efficiency 130 153 

Pump jets  228 

Q 

Quasi-propulsive coefficient 153 

R 

Reaction fin  239 

Reaction, vibration 

 human  255 306 

 structural 256 

Regression analysis 92 

Relative rotative efficiency 151 152 



Index Terms Links 

 

This page has been reformatted by Knovel to provide easier navigation. 

Resistance 

 air and wind 2 29 

 air supported craft 116 

 appendages 27 34 

 catamarans 105 

 data sheets, SNAME 46 71 

 due to waves 34 

 eddy  2 27 

 effect of 

  bulbous bows 79 

  dimensions 66 

  form coefficients 67 

  fouling and corrosion 60 

  fullness of hull 66 67 

  leeway and heel 50 

  midship section 73 

  parallel midbody 79 

  pitching and heaving 34 

  rolling 34 

  roughness of hull 60 

  restricted channels 42 

  sea state 34 

  shallow water 42 

  trim  41 

 forms of  2 27 

 frictional 2 3 5 7 27 

  from full scale tests 55 

  from model tests 7 54 

 full scale estimate 7 

 hydrofoil craft 110 

 planing craft 99 

 prediction of 7 

 residuary 7 154 

 “additional” 60 

 round bottom boats 94 

 sailing yachts 50 

 separation 28 

 series model tests 71 
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Resistance (Cont.) 

 shallow water 42 

 statistical analysis 97 

 submerged bodies 2 

 surface ships 3 

 SWATH  108 

 Taylor’s standard series 71 

 types of  2 

 viscous  24 154 

 wave-making 2 3 15 19 

 wave-breaking 27 

Resistance coefficients 8 10 30 

Resonance 

 conditions of 279 

 deckhouse 265 

 definition 257 

 frequency 257 259 

 hull girder 261 

Response, vibrational, steady-state 255 258 

 one-mass system 281 

Reynolds, O.  6 8 

Reynolds number 

 definition 6 

 for ship forms 55 

 in model testing 55 144 153 

 local  8 

 typical  55 

Roughness, hull 

 resistance of 10 60 

Round bilge craft 

 resistance of 94 

RPM, choice of 184 

Rudders, flanking 221 

S 

Sailing yachts 

 resistance of 50 

Savannah  127 
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Scale, effect on 

 frictional resistance 54 

 propeller efficiency 145 

 propellers 143 

 wake fraction 146 

 wave-making resistance 26 

Scale ratio 

 linear  143 

 propellers 153 

 ship model 54 153 

Schoenherr 

 formula  168 

 line   13 

Screw turbine 228 

Sears function 299 

Self-propulsion testing 56 153 

Separation resistance 3 27 

Series, model 

 Gawn  186 

 Series 60 160 

 Schaffran 186 

 Taylor  186 

 Wageningen 186 

 (also see “methodical series”) 

Service speed 67 

Shaft horsepower; see power 

Shaker tests  287 

Shallow water 

 critical speed in 49 

 model tests in 42 

 resistance in 42 

 speed loss on trials 42 

 wave of translation 43 

Shear modulus, shafting 130 

Similitude, law of 143 

Simpson’s Rules 296 

Size of propeller model 143 
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Skegs 

 drag of  39 294 

Skew, propeller 

 blade  137 

 considerations 294 

 effect of  170 184 

 selection  296 

Skin friction  27 

Slip 

 apparent  151 

 ratio  173 151 

 real   137 151 

Speed 

 corresponding 5 6 

 critical  43 

 favorable 19 

 measurement 241 

 of advance 143 154 

 reduction 42 

 service  67 

 subcritical 43 

 supercritical 43 

 sustained sea 67 

Sprung mass  257 

Standard procedures for performance 

 prediction 155 

Standardization trials 240 

Starting of ships, distance required 242 

Statistical analysis of model data 88 

Statistical resistance prediction method 97 

Stern forms  149 

 bulb   151 

 tunnel  151 

Stiffness 

 decks  288 

 deckhouse pillars 288 

 foundation 288 

 main thrust bearing 288 
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Stiffness (Cont.) 

 shear  287 

Stream-line flow tests 54 

Strength, propeller 168 

Structural modifications 313 

Struts, shaft  294 

 resistance of 36 

 wake behind 160 

Subcritical speed 43 

Supercritical speed 43 

Superstructure vibration 

 longitudinal 280 

 natural frequencies 282 

  evaluation of 286 

 modes of 287 

 Hirowatari method 287 

 radius of gyration 288 

Sustained sea speed 67 

SWATH ships 

 resistance of 108 

T 

Tanibayashi method 302 

Tandem propellers 321 

Taylor, D.W. 

 model basin 53 

 standard series chart 71 73 

 “Speed and Power of Ships” 124 

 propeller coefficients 191 

 wake fraction 146 

Temperature, water tank 

 effect on 

  density 58 

  viscosity 58 

 standard for testing 59 
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Thrust 

 coefficient of, propeller 145 

 deduction 152 154 

  coefficient 155 

  fraction 158 

  factor 152 

  scale effect 76 152 

 identity  155 

Timoshenko beam 258 

Todd’s formula 257 

Torque 

 coefficient, propeller 145 

 readings, (trial) 240 

Torsion meter 240 

Towing tank facilities 53 

Transom flaps 105 

Trawlers 

 resistance of (series) 77 

Trials, ship 

 analysis  240 

 drag-shaft test 241 

 electronic tracking 241 

 errors in  157 

 general plan 240 

 measured course 240 241 

 measured mile 241 

 Old Colony Mariner 243 244 

 speed measurement 241 

 SNAME code 241 

 standardization 240 

 torsion meter 240 

 turning gear test 241 

Trim 

 effect on resistance 41 

Troost series  300 

Turbines 

 gas   129 

 steam  128 
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Turbinia   128 172 231 

Turbulence 

 stimulation of 55 153 

Turbulent flow 9 54 153 

Twin-screws  158 

V 

Vane wheel, propeller 238 

Velocity; see speed 

Velocity 

 measurement (wake) 151 

 potential  19 

 vibration level 306 

 wake  273 298 

Vertical axis propellers 128 

 Kirsten-Boeing 227 

 Voith Schneider 227 

Vibration 

 amplitude 262 

 deckhouse 266 271 

 definition 256 

 displacement 262 

 forces  273 

 hull   256 264 273 282 

 Krylov beam theory 255 

 of a ship  255 

 relative  261 

 velocity of 307 

Vibration, acceptable 

 response  306 

 limits  306 

 criteria  307 

 level  306 

Vibration, induced 

 by waves 255 

 by propeller 255 261 
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Viscosity 

 effect on resistance 14 24 

 ITTC table of 13 

 pressure drag 27 

Voith-Schneider propeller 227 

W 

Wake 

 characteristics of 292 

 distribution 146 

 effect of  292 294 

 effective fraction 154 208 

 factor, full scale 208 

 fraction  145 146 

 frictional 146 

 field of  150 

 Froude’s fraction 146 

 harmonics 298 

 model data 292 

 model tests 145 

 nominal  146 208 

 non-uniform 275 

 speed of  145 

 swirl  296 

 Taylor’s fraction 146 

 typical, behind bossings and struts 147 

 uniform  275 

 velocity  298 

Water 

 density of 58 

 channels  48 

 standard temperature for testing 59 

 tunnels  53 

 viscosity of 58 

Warp, blade  295 

Wave-breaking resistance 27 
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Wave-making resistance 15 

 calculated theoretical 19 

  Daube 21 

  Havelock 20 

  Inui  20 

  Michell 19 

  Wigley 22 

 calculated vs observed 26 

 Eggert’s experiments 19 

 humps and hollows 17 27 

 interference effects 19 22 

 Kelvin pattern 16 

 scale effect 26 

 of surface ships 17 

 viscosity effects 24 

Waves 

 effect on resistance 34 

 description of 15 

 ships’ 

  interference effects 19 22 

  Kelvin’s pattern 16 

  patterns 15 

  resistance 15 

Wave of translation 43 

Wigley, C.J.  124 

 bulbous bow resistance 79 

 wave-making resistance 19 22 

Wind 

 acceptable on trials 240 

 drag coefficient 33 

 effects on speed 32 

 gradient over water 245 

 resistance 29 245 

  Hughes experiments 31 

  Taylor’s experiments 30 

  corrections to trial 245 

  results 240 245 
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