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

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& the subject. References to available sources of additional details 
and to ongoing work to be followed in the future are included. 

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 Convlrsion 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 = pAg) or to buoyancy forces. When conventional or 
English units are used, displacement weight is in the familiar long ton unit 

(Continued) 
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(2240-1bL which numerically is 1.015 >( 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, deals with the essentially static principles of naval 
architecture, leaving dynamic aspects to the remaining volumes. The second vol- 
ume consists of Chapters V Resistance, VI Propulsion and VII Vibration, each of 
which has been extensively revised or rewritten. 

Volume I11 contains the two final chapters, VIII Motions in Waves and IX 
Controllability. Because of important recent theoretical and experimental devel- 
opments in these fields, it was necessary to rewrite most of both chapters and to 
add much new material. But the state-of-the-art continues to advance, and so 
extensive references to continuing work are included. 

November 1989 Edward V. Lewis 
Editor 
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C H A P T E R  V l l l  

Robert F. Beck, William E. Cummins 
John F. Dalzell, William Philip C. Webster Mandel I Motions in Waves 

Section 1 
Introduction ’ 

1.1 Ship motions at sea have always been a problem 
for the naval architect. His or her responsibility has 
been to insure not only that the ship can safely ride 
out the roughest storms but that it can proceed on 
course under severe conditions with a minimum of 
delay, or carry out other specific missions successfully. 
However, the problem has changed through the years. 
Sailing vessels followed the prevailing winds-colum- 
bus sailed west on the northeast trades and rode the 
prevailing westerlies farther north on his return voy- 
ages. The early clipper ships and the later grain racers 
from Australia to burope made wide detours to take 
advantage of the trade winds. In so doing they made 
good time in spite of the extra distance travelled, but 
the impbrtant fact for the present purpose is that they 
seldom encountered head seas. 

With the advent of steam, for the first time in the 
history of navigation, ships were able to move directly 
to windward. Hence, shipping water in heavy weather 
caused damage to superstructures, deck fittings and 
hatches to increase, and structural bottom damage 
near the bow appeared as a result of slamming. Struc- 
tural improvements and easing of bottom lines for- 
ward relieved the latter situation, and for many years 
moderately powered cargo ships could use full engine 
power in almost any weather, even though speed was 
reduced by wind and sea. The same is true even today 
for giant, comparatively low-powered tankers and 
many dry-bulk carriers. 

For many years the pilot charts issued by the U.S. 
Navy Oceanographic Office still showed special routes 
for “low-powered steamers” to avoid head winds and 
seas. It should be emphasized that the routes shown 
for the North Atlantic, for example, did not involve 
avoiding bad weather as such, for eastbound the routes 
for low and high-powered steamers were the same; but 
they did attempt to avoid the prevailing head winds 

and head seas westbound that greatly reduced the 
speed of low-powered ships. 

The situation is different for today’s modern fast 
passenger vessels and high-powered cargo ships. In 
really rough head seas, their available power is ex- 
cessive and must be reduced voluntarily to avoid ship- 
ping of water forward or incurring structural damage 
to the bottom from slamming. Hence, maintaining 
schedule now depends as much on ship motions as on 
available power. 

Similarly, high-powered naval vessels must often 
slow down in rough seas in order to reduce the motions 
that affect the performance of their particular mission 
or function-such as sonar search, landing of aircraft 
or helicopters and convoy escort duty. Furthermore, 
new and unusual high-performance craft-compara- 
tively small in size-have appeared whose perform- 
ance is even more drastically affected by ocean waves. 
These include high-speed planing craft, hydrofoil 
boats, catamarans and surface effect ships, most but 
not all being developed or considered for military uses. 

A very different but related set of problems has 
arisen in the development of large floating structures 
and platforms that must be towed long distances and 
be accurately positioned in stormy seas for ocean-drill- 
ing and other purposes. 

As seakeeping problems have thus became more se- 
rious, particularly for the design of higher-speed 
oceangoing vessels, rapid expansion began in the mid- 
1950s in the application of hydrodynamic theory, use 
of experimental model techniques and collection of full- 
scale empirical data. These important developments led 
to a better understanding of the problems and ways 
of dealing with them. Along with remarkable advances 
in oceanography and computer technology, they made 
it possible to predict in statistical terms many aspects 
of ship performance at sea. Furthermore, they could 
be applied to the seagoing problems involved in the 
design of the unusual new high-speed craft and float- 

’This section written by the editor. ing platforms previously menltionid. 



2 PRINCIPLES OF N A V A L  ARCHITECTURE 

In view of the increasing importance of theoretical 
approaches to seakeeping problems, it is felt to be 
essential to cover in this chapter in a general way the 
basic hydrodynamic principles and mathematical tech- 
niques involved in predicting ship motions in both reg- 
ular and irregular seas (Sections 2, 3 and 4). Some 
readers may wish to proceed directly to Sections 5-8, 
which discuss more practical aspects of ship motions 
and the problems of design for good seakeeping per- 
formance. 

The understanding of ship motions a t  sea, and the 
ability to predict the behavior of any ship or marine 
structure in the design stage, begins with the study 
of the nature of the ocean waves that constitute the 
environment of the seagoing vessel. The outstanding 
characteristic of the open ocean is its irregularity, not 
only when storm winds are blowing but even under 
relatively calm conditions. Oceanographers have found 
that irregular seas can be described by statistical 
mathematics on the basis of the assumption that a 
large number of regular waves having different 
lengths, directions, and amplitudes are linearly super- 
imposed. This powerful concept is discussed in Section 
2 of this chapter, but it is important to understand 
that the characteristics of idealized regular waves, 
found in reality only in the laboratory, are also fun- 
damental for the description and understanding of re- 
alistic irregular seas. 

Consequently, in Section 2-after a brief discussion 
of the origin and propagation of ocean waves-the 
theory of regular gravity waves of simple form is 
presented. Mathematical models describing the com- 
plex irregular patterns actually observed at sea and 
encountered by a moving ship are then discussed in 
some detail. The essential feature of these models is 
the concept of a spectrum, defining the distribution 
of energy among the different hypothetical regular 
components having various frequencies (wave 
lengths) and directions. It is shown that various sta- 
tistical characteristics of any seaway can be deter- 
mined from such spectra. Sources of data on wave 
characteristics and spectra for various oceans of the 
world are presented. 

I t  has been found that the irregular motions of a 
ship in a seaway can be described as the linear super- 
position of the responses of the ship to all the wave 
components of such a seaway. This principle of su- 
perposition, which was first applied to ships by St. 
Denis and Pierson ( 1953),2 requires knowledge of both 
the sea components and the ship responses to them. 

Hence, the vitally important linear theory of ship 
motions in simple, regular waves is next developed in 
Section 3. It begins with the simple case of pitch, heave 
and surge in head seas and then goes on to the general 
case of six degrees of freedom. The equations of mo- 

‘Complete references a re  listed at end of chapter. 

tion are presented and the hydrodynamic forces eval- 
uated on the basis of potential theory. The use of strip 
theory is then described as a convenient way to per- 
form the integration for a slender body such as  a ship. 

Finally, practical data and experimental results for 
two cases are presented: the longitudinal motions of 
pitch-heave-surge alone, and the transverse motions 
of roll-sway-yaw. 

In Section 4 the extension of the problem of ship 
motions to realistic irregular seas is considered in de- 
tail, the object being to show how modern techniques 
make it possible to predict motions of almost any type 
of craft or floating structure in any seaway in prob- 
ability terms. I t  is shown that, knowing the wave spec- 
trum and the characteristic response of a ship to the 
component waves of the irregular sea, a response spec- 
trum can be determined. From it various statistical 
parameters of response can be obtained, just as wave 
characteristics are obtainable from wave spectra. Re- 
sponses to long-crested seas are treated first, and then 
the more general case of short-crested seas. Particular 
attention is given to the short-term statistics of peaks, 
or maxima, of responses such as pitch, heave and roll; 
both motions and accelerations. Examples of typical 
calculations are included. 

Section 5 considers the prediction of responses other 
than the simple motions of pitch, heave, roll, etc. These 
so-called derived responses include first the vertical 
motion (and velocity and acceleration) of any point in 
a ship as the result of the combined effect of all six 
modes, or degrees of freedom. 

Consideration is given next to the relative motion of 
points in the ship and the water surface, which leads 
to methods of calculating probabilities of shipping 
water on deck, bow emergence and slamming. Non- 
linear effects come in here and are discussed, along 
with non-linear responses such as added resistance and 
power in waves. Finally, various wave-induced loads 
on a ship’s hull structure are considered, some of which 
also involve non-linear effects. 

Section 6 discusses the control of ship motions by 
means of various devices. Passive devices that do not 
require power or controls comprise bilge keels, anti- 
rolling tanks and moving weights. Five performance 
criteria for such devices are presented, and the influ- 
ence of each is shown by calculations for a ship rolling 
in beam seas. Active devices, such as gyroscopes, con- 
trollable fins and controlled rudders are then dis- 
cussed. 

Section 7 deals with criteria and indexes of sea- 
keeping performance. It is recognized that, in order 
for new designs to be evaluated and their acceptability 
determined, it is essential to establish standards of 
performance, just as in other chapters where criteria 
of stability, subdivision and strength are presented. 

Various desirable features of ship behavior have 
been listed from time to time under the heading of 
seakindliness. These include easy motions, (i.e., low 

Next Page 
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MOTIONS IN WAVES 3 

accelerations), dry decks, absence of slamming and 
propeller racing, and easy steering. For naval ships 
important additional considerations include weapon 
system performance, landing of helicopters and sonar 
search effectiveness. This section considers in detail 
specific criteria by which to judge whether or not a 
ship can carry out a particular mission in a given sea 
condition, speed and heading. These criteria usually 
involve values of motion amplitude, velocity or accel- 
eration a t  specific locations in the ship, or motions 
relative to the sea affecting shipping of water and 
slamming. Available prescribed values of acceptable 
performance are  tabulated for different types of craft 
and various missions. 

However, whether or not a ship can meet any of the 
criteria depends on factors such a s  sea condition, speed 
and heading. Therefore, a Seakeeping Performance 
Index (SPI)  is needed that  takes account of all the 
different sea conditions expected over a period of time 
and the speeds and headings attainable in each. It 
should measure the effectiveness of a ship in attaining 
its mission or missions in service. Two basic SPIs are  
described: A Transit Speed SPI and a Mission Efec- 
tiveness SPI. The first applies particularly to merchant 
ships whose mission is to deliver cargo and passengers 
safely and promptly, and is expressed a s  attainable 
average speed over one or more voyages without ex- 
ceeding the applicable criteria. This SPI also applies 
to some functions of naval ships. The second SPI, Mis- 
sion Effectiveness, applies particularly to naval ves- 

sels, but also to Coast Guard cutters, fishing vessels 
on fishing grounds, oceanographic ships and floating 
platforms. For such ships the SPI defines the effec- 
tiveness of the ship in fulfilling specific missions or 
functions, usually in terms of the fraction of time that 
the ship can do so over a stated period. Methods of 
calculating these SPIs are  given, along with specific 
examples. 

Finally, having criteria and indexes of performance 
whereby predictions can be tested, the naval architect 
requires guidance a s  to choice of ship form, propor- 
tions, natural periods of rolling and pitching, freeboard 
forward and other characteristics favorable to good 
seagoing performance. In Section 8 the theoretical 
principles and experimental data developed in preced- 
ing sections are applied to providing such needed 
guidelines. Emphasis is on choosing the overall ship 
proportions and coefficients, since they must be estab- 
lished early in the design process and are shown to 
have more influence on performance than minor 
changes in full form. Consideration is also given to 
above-water form and freeboard, and to added power 
requirements in waves. Special design problems of 
high-performance craft are discussed. 

Consideration is also given to design procedures that 
permit seakeeping considerations to be taken into ac- 
count from the outset. I t  is shown that a choice among 
alternative designs can be made on the basis of eco- 
nomic considerations, for both commercial and naval 
vessels. 

Section 2 
Ocean 

2.1 Origin and Propagation of Ocean Waves. AS 
noted in Section 1, the outstanding visible character- 
istic of waves in the open ocean is their irregularity. 
Study of wave records confirms this irregularity of the 
sea, both in time and space. However, one is equally 
impressed by the fact that over a fairly wide area and 
often for a period of a half-hour or  more the sea may 
maintain a characteristic appearance, because record 
analyses indicate it is very nearly statistically steady 
or stationary. At  other times or places the sea con- 
dition will be quite different, and yet there will again 
be a characteristic appearance, with different but 
steady statistical parameters. Hence, for most prob- 
lems of behavior of ships and floating structures a t  
sea, attention can be focused on describing mathe- 
matically the surface waves a s  a random, or stochastic, 
process under short-term statistically stationary con- 
ditions. Analysis of wave records has also shown that 

By William E. Cummins, with paragraphs by John F. Dalzell. 

Waves3 
under such conditions they are approximately Gaus- 
sian in character, i.e., wave elevations read a t  random 
or a t  regular intervals of time have roughly a Gaus- 
sian, or normal, probability density function. This char- 
acteristic greatly simplifies the application of statistics, 
probability theory and Fourier analysis techniques to 
the development of suitable models. 

The theory of seakeeping uses such mathematical 
models of ocean waves, which account for variability 
of waves in time and space, so long a s  conditions re- 
main steady, permitting estimates of short-term ship 
performance for realistic environmental conditions 
over a relatively small area. These theories are  based 
upon mathematical wave theory as well as  on the laws 
of probability and statistics. The details of one model, 
particularly a s  they concern the naval architect, will 
be developed in this section. 

However, for an overall understanding, as well as 
for solving some seakeeping problems, the variation 
in waves over long periods of time and over great 
distances cannot be overlooked. I t  is useful, therefore, 

Previous Page 
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to review the physical processes of storm wave gen- 
eration and of wave propagation in a general way. 

Storm waves are generated by the interaction of 
wind and the water surface. There are at least two 
physical processes involved, these being the friction 
between air and water and the local pressure fields 
associated with the wind blowing over the wave sur- 
face. Although a great deal of work has been done on 
the theory of wave generation by wind, as summarized 
by Korvin-Kroukovsky (1961) and Ursell (1956), no 
completely satisfactory mechanism has yet been de- 
vised to explain the transfer of energy from wind to 
sea. Nevertheless, it seems reasonable to assume that 
the total storm wave system is the result of many local 
interactions distributed over space and time. These 
events can be expected to be independent unless they 
are very close in both space and time. Each event will 
add a small local disturbance to the existing wave 
system. 

Within the storm area, there will be wave interac- 
tions and wave-breaking processes that will affect and 
limit the growth and propagation of waves from the 
many local disturbances. Nevertheless, wave studies 
show that if wave amplitudes are small the principle 
of linear superposition governs the propagation and 
dispersion of the wave systems outside the generating 
area. Specifically, if Yl(x, y, t )  and Y2(x, 9, t )  are two 
wave systems, Il(x, y, t )  + &(x, y, t )  is also a wave 
system. This implies that one wave system can move 
through another wave system without modification. 
While this statement is not absolutely true, it is very 
nearly so, except when the sum is steep enough for 
wave breaking to occur. 

A second important characteristic of water waves 
that affects the propagation of wave systems is that 
in deep water the phase velocity, or celerity, of a sim- 
ple regular wave, such as can be generated in an ex- 
perimental tank, is a function of wavelength. Longer 
waves travel faster than shorter waves. Study and 
analysis of ocean wave records has shown that any 
local system can be resolved into a sum of component 
regular waves of various lengths and directions, using 
Fourier Integral techniques. By an extension of the 
principle of superposition, the subsequent behavior of 
the sum of these component regular wave systems will 
determine the visible system of waves. Since these 
component waves have different celerities and direc- 
tions, the propagating pattern will slowly change with 
time. 

If the propagating wave system over a short period 
of time is the sum of a very large number of separate 
random contributions, all essentially independent, the 
surface elevation is 

Y(x, Y ,  t )  = c Y t b ,  Y,  t )  (1) 
I 

and the laws of statistics yield some very useful con- 
clusions. Since water is incompressible, the average 

value of vertical displacement at any instant, t, in a 
regular component wave, tZ, is zero (if it is assumed 
to be of sinusoidal form, as discussed subsequently), 
and therefore the average value for the wave system, 
(y(x, y, t ) ) ,  is also zero. However, the variance (or 
mean square deviation from the mean) of Yz, which is 
the average value of 522, written ( s 2 ' ) ,  is a positive 
quantity that measures the severity of the sea. A fun- 
damental theorem of statistics states that the variance 
of the sum of a set of independent random variables 
tends asymptotically to the sum of the variances of 
the component variables. Thus, for a very large (infi- 
nite) number of components, assumed to be indepen- 
dent, 

(Y') = c (122) (2) 
A final statistical conclusion is a consequence of the 

central l imit  theorem of statistics. In the case under 
discussion, this theorem implies that <(x, y, t )  will have 
a normal (or Gaussian) density function, even if the 
component variables Y,(x, y, t )  are not distributed nor- 
mally. The importance of this result is that the density 
function of a normal random variable is known if its 
mean and variance are known. Therefore, if the vari- 
ance of the surface elevation in the multi-component 
wave system can be estimated, its probability density 
as a random variable is known. Ochi (1986) deals with 
the analysis of non-Gaussian random processes. 

These conclusions from the laws of statistics all de- 
pend upon the previously mentioned principle of su- 
perposition, which holds approximately but not 
absolutely for water waves, and on the assumption of 
independence of component waves. Therefore, the con- 
clusions themselves are approximate and this should 
be remembered. However, it has been found that over 
the short term, deviations become significant only 
when the waves are very steep, and even then pri- 
marily in those characteristics that are strongly influ- 
enced by the crests. 

It will be shown that the short-term descriptive 
model that has been described leads to a mathematical 
technique for describing the irregular sea at a given 
location and time, while conditions remain steady or 
stationary. Each sea condition can for short periods 
of time be as unique as a fingerprint, and yet, as with 
a fingerprint, it has order and pattern, as defined by 
its directional spectrum, to be explained subsequently 
(Section 2.6). However, since the wind velocities and 
directions are continually, albeit slowly, changing, the 
short-term mathematical description will also change. 
Hence, a broader model is also needed to cover large 
variations in time, involving wind effects on growth 
and decline of local wave systems, as well as propa- 
gation and dispersion. 

Fig. l(a) symbolizes a storm-wave generation area. 
I t  may be assumed that disturbances are being gen- 
erated by the interaction of the wind and sea surface 
throughout the storm area from the time the wind 
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(a) STORM WAVE GENERATION AREA 
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(b) WAVE PROPAGATION FROM A LOCAL DISTURBANCE 
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(c) SWELL FROM A DISTANT STORM 

Fig. 1 Ocean wave generation and propagation 

starts to blow over the region. Fig. l(b) shows the 
effect at an observation point (x, y, t )  of a disturbance 
a t  (xi, yi, ti). Since a specific disturbance creates a dis- 
persive wave system originating with a local interac- 
tion between wind and sea, it has the form of radiating 
waves spreading from the point (xi, yi). At any distant 
observation point it will appear to be a system of locally 
long-crested waves progressing from the direction of 
the point of origin. The original action (e.g., an im- 
pulsive displacement) is assumed to generate a band 
of frequencies, each corresponding to a different band 
of wavelengths. As different wavelengths advance a t  
different celerities, the longest waves will reach the 
observation point first, and the observed average wave- 
length will decrease with increasing time, ( t  - t J .  The 
total wave displacement, <, a t  the observation point is 

the sum of effects due all disturbances in the gener- 
ation area that are upwind of a line through the ob- 
servation point perpendicular to the wind direction. 
Because of angular dispersion, or spreading, the many 
wave systems will come from different directions, and 
the combined system will generally show short-crest- 
edness. 

If there is a boundary to windward of the generation 
area, a shore or the edge of the storm, the total wave 
systems at  a series of observation points will differ in 
character as the points approach the boundary, as 
there will be fewer disturbances propagating over the 
observation point. This distance from the observation 
point to the boundary is called the fetch. Also, if the 
waves are observed at a fixed point, starting with the 
inception of the wind, the wave system will grow with 
time. The time interval between storm inception and 
observation is called duration. If wind speed is steady, 
while fetch and/or duration are increased, the sea 
condition eventually takes on a statistically stable 
structure which is called fully developed. Further in- 
creases in fetch and duration have no significant effect 
on the statistical characteristics of the wave pattern. 

If the observation point is outside the storm area, 
Fig. l(c), then it is seen that the arriving seas, now 
called swells, clearly have a more regular character, 
depending upon the distance and area of the storm. 
The crests of the various component wave trains be- 
come more nearly parallel as the observation point 
recedes from the storm area, with the result that actual 
waves become more and more long-crested, that is, 
the identifiable length of a wave crest becomes large 
compared with the spacing between crests. Distance 
or fetch has the effect of limiting the range of wave- 
lengths (frequencies) reaching an observation point at 
a given time, i.e., the greater the distance, the nar- 
rower the bandwidth of frequencies. This filtering ef- 
fect is due to the different celerities of the different 
component wavelengths. The lengths of waves in this 
band decrease with time, with the shortest identifiable 
components being greatly attenuated and perhaps ar- 
riving well after the storm has passed. These qualities 
of long-crestedness and limited bandwidth are respon- 
sible for the characteristic regular appearance of swell. 

A complete long-term description can best be pro- 
vided by specifying many spectra (short-term) for dif- 
ferent points throughout the area under consideration, 
and at regular increments of time. Despite the lack of 
an entirely satisfactory theory of wave generation, 
oceanographers have devised semi-empirical methods 
of predicting the changing wave spectra by consider- 
ing the effect of winds on the growth or decay of local 
wave systems. For example, Pierson, et  a1 (1955) de- 
scribed a method of accomplishing this, making use of 
theoretical work of Phillips and Miles, as well as em- 
pirical data. See Section 2.9. 

Since the short-term irregular wave patterns ob- 
served a t  sea will be described in terms of regular 
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component wave trains of different frequency and di- 
rection, it is important to consider next the character- 
istics of simple gravity waves. 

In the hydro- 
dynamic theory of surface waves it is assumed that 
the crests are straight, infinitely long, parallel and 
equally spaced, and that wave heights are constant. 
The wave form advances in a direction perpendicular 
to the line of crests at a uniform velocity, V,, usually 
referred to as celerity to emphasize that it is the wave 
form rather than the water particles that advances. 
Such simple waves are usually referred to as two- 
dimensional waves. I t  is assumed in wave theory that 
water has zero viscosity and is incompressible. I t  is 
convenient also to assume that, although waves are 
created by wind forces, atmospheric pressure on the 
water surface is constant after the wave train has been 
established. 

The surface wave is the visible manifestation of 
pressure changes and water-particle motions affecting 
the entire body of fluid-theoretically to its full depth. 
The motion of particles under the idealized conditions 
can be characterized conveniently by a quantity known 
as the velocity potential 4 which is defined as a func- 
tion whose negative derivative in any direction yields 
the velocity component of the fluid in the same direc- 
tion. From this function all of the desired wave char- 
acteristics can be derived. Treatises on hydrodynamics 
give the velocity potential for a two-dimensional wave 
in any depth of water and express the resulting wave 
form by a Fourier series (Korvin-Kroukovsky, 1961; 
Lamb, 1924). If certain simplifications are introduced, 
which amount to assuming the waves to be of very 
small (theoretically infinitesimal) amplitudes, the so- 
called first-order theory reduces the wave to the first 
harmonic alone. (A more exact solution is discussed in 
Section 2.3). The simplified potential is as follows: 

2.2 Theory of Simple Gravity Waves. 

cosh k(x + h )  
sinh k h  ' = -EV, sin k ( x  - V,t) (3) 

The origin is taken at the still-water level directly over 
a hollow, Fig. 2; x is the horizontal coordinate, positive 
in the direction of wave propagation, and x is the ver- 
tical coordinate, positive upward. This positive upward 
convention is adopted for consistency with the work 
on ship motions to follow, although it differs from some 
references. Also 

- 
t: is surface wave amplitude (half-height from 

crest to trough) 
L, is wave length 
h is depth of water 
k is the wave number, 27r / L, 

V, is wave velocity or celerity 
t is time 

t 

Fig. 2 Coordinates for waves 

cosh k(x  + h )  
sinh k h  

approaches ekz and the expression for 
tential becomes 

the velocity po- 

4 = -cVcek2 sin k ( x  - V J )  (4) 
Hence, the horizontal and vertical components of water 
velocity a t  any point in deep water are given by 

- -  " - kcVcek" cos k ( x  - 
ax 

and 

a' w = -- ax = kcVcek" sin k ( x  - 

If the path of a particular particle be traced through 
a complete cycle, it will be found that in deep water 
all particles describe circular paths having radii that 
are at the surface and decrease with depth in pro- 
portion to ekz. Strictly, x should here be measured to 
the center of the circular path described by the particle. 
In shallow water the particles move in ellipses with a 
constant horizontal distance between foci and with ver- 
tical semi-axes varying with depth. At the bottom, the 
vertical semi-axis is zero, and the particles oscillate 
back and forth on straight lines. 

To determine the foregoing velocities in any partic- 
ular case, it is necessary to derive an expression for 
wave velocity V,. Books by Milne-Thompson (1960) and 
Korvin-Kroukovsky (1961), show that the conditions 
of velocity and pressure at the surface of the wave 
require that 

az' - + g - = o  a' 
at2 ax 

Inserting Equation (3) for the potential in (7), it can 
be shown that 

V," = tanh k h  (8) k 
For the case of deep water (roughly h > L,/2) the 

ratio 
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which defines the velocity of a wave in any depth of 
water. Then in very shallow water (roughly h < L,/25) 

V: = gh (9) 

(10) 
For many problems the most important aspect of 

waves is the distribution of pressure below the surface. 
I t  is convenient to compute the pressure relative to 
horizontal lines of constant pressure in still water. The 
elevation 5 of lines of equal pressure in a wave relative 
to the still-water pressure lines, Fig. 2, is obtained from 
the expression 

and in deep water ( h  > L,l2), 
V," = g / k  = g L W / 2 v  

which is derived in hydrodynamics texts (Lamb, 1924) 
by means of Bernoulli's theorem for a gravity force 
acting on a body of fluid under uniform atmospheric 
pressure, assuming that wave height is small (strictly 
speaking, infinitesimal). Then for water of any depth 

cos k ( x  - Vct) (12) kcV,2 cosh k ( x  + h )  
9 sinh kh 

t ; = -  

Since from Equation (8) kV,"lg = tanh kh, this can 
be simplified to 

- cosh ( x  + h )  cos k ( x  - V,t) (13) ' = cosh k h  
In deep water (large h )  the ratio cosh k ( x  + h ) l  

cosh k h  approaches ek', and 
5 = r e k z  cos k ( x  - V,t) (14) 

These expressions show that contours of equal pres- 
sure a t  any depth are cosine curves which are functions 
of time when observed at a fixed point xo or a function 
of distance x a t  a particular instant to.  Since ekx de- 
creases as x decreases, the contours of equal pressure 
are attenuated with depth, approaching zero amplitude 
as x -t - 00. These contours are the same as those 
generated by the orbital motions of individual parti- 
cles. 

To obtain the surface wave profile, x is taken equal 
to zero in Equation (13) or (14). Then 

lo = r cos k ( x  - Vct) (15) 
for both deep and shallow water. 

A more convenient form for the equation of a simple 
harmonic wave can be obtained by using circular fre- 
quency o = 277 I T,. The period T, is the time required 
for the wave to travel one wave length, and hence the 
relationship between wave length and period in deep 
water can be derived from Equation (10). 

Hence, circular frequency 

and 
&, = 3 cos ( k x  - w t )  

y o  = 3 cos(- w t )  = 3 cos wt 

(18) 
When observed at a fixed point, with x = 0 

Alternatively, if the wave profile is studied at t = 0 
to = c cos k x  

The slope of the wave surface is obtained by differ- 
entiation: 

d50 - = k c  sin k x  
dx  

The slope is maximum when kx = ~ / 2  and sin k x  = 
1.0. Then 

where h,. is the wave height from hollow to crest. This 
maximum slope occurs midway between a crest and a 
hollow. 

The contours of constant pressure that have been 
derived in Equations (13) and (14) also indicate the 
increase or decrease in pressure relative to still water 
at any point in terms of depth or head. Hence, to obtain 
the pressure p at any point we need only multiply the 
head by density pg,  or 

In deep water, then, from Equations (11) and (14) 
P = P d - 2  + 5) 

p = -pgx + cpgekz cos ( kx  - ot) 
As previously noted, x should be measured to the cen- 
ter of the circular path described by the particle at the 
point in question. 

Evaluation of the equation for pressure in a deep- 
water wave under the crest, at 2c below the original 
still-water level ( x  = -2c) ,  gives, for example 

p = -pg(-2Z) + T p g P J  = pZg(2 + P i )  
and for k = 0.015, and 3 = 10, for example: 

p = pcg(2.0 + 0.74) = ptg(2.74) 
If the pressure were directly proportional to depth 
below the surface, it would be pcg(3.0) at this point. 
The difference represents the so-called Smith efect  
(Smith, 1883). Similarly, under the wave hollow at a 
depth of 2 c  below still-water level ( x  = -27)) 

p = pcg(2.O - 0.74) = pcg(1.26) 

instead of pcg(1.0). Thus under the crest the pressures 
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are decreased, and under the hollow the pressures are 
increased, by the Smith effect. 

The energy in a train of regular waves consists of 
kinetic energy associated with the orbital motion of 
water particles and potential energy resulting from 
the change of water level in wave hollows and crests. 
The kinetic energy can be derived from the velocity 
potential. For one wave length L, the kinetic energy 
per unit breadth of a wave of small height is given in 
books on hydrodynamics (Lamb, 1924; Korvin-Krou- 
kovsky, 1961), as 

This is evaluated for a simple cosine wave as 

x r2pgLw 
The potential energy due to the elevation of water in 
one wave length is obtained by taking static moments 
- about the still-water level. A unit increment of area is 

dx and the lever arm is &/2.  Hence, integrating, 
potential energy is Lw I pg(50/2)10dx 

= % pg r" Iidx 

For a cosine wave, 
yo = 3 cos k(x - Vet) 

and at t = 0 
yo = 3 cos kx 

Hence, potential energy is 

'/4 Y2PSLW 
These derivations show that wave energy is half 

kinetic and half potential when averaged over a wave 
length. Total energy is 

x PSC2LW 
Or the average energy per unit area of surface, 

Ave. unit Energy = pgy' (21) 
Another useful property of waves, especially irreg- 

ular waves to be discussed in Section 2.6, is the var- 
iance, or the mean-square value of surface elevation 
as a function of time. In general, the variance of a 
continuous function with zero mean is given by, 

1 T I 2  

T -  rn IT,, ( ( ( t ) ' )  = Lim 5' ( t )  d t  (22) 

where the brackets ( ) indicate mean value of. 
In the case of a simple harmonic wave, as given by 

Equation (18) at x = 0, T can be taken as the wave 
period, and it can be shown that 

( { ( t ) ' )  = X C 2  (23) 
That is, the variance of wave elevation of a single cycle 
of a sine wave is equal to one-half the square of the 
amplitude. This theorem is also true for a finite number 
of complete cycles, or in the limit as T -, co in Equation 
(22). 

For the work to follow, the two-dimensional regular 
wave can be considered to be a three-dimensional wave 
train with straight, infinitely long crests, i.e., a long- 
crested regular wave. Furthermore, with axes fixed in 
the earth the surface elevation of such waves traveling 
at any angle, p, to the x-axis can be described by the 
general equation, 
t;(x, 9, t )  = 3 cos [k(xcos p 

+ y sin p )  - wt + €1 (24) 
where E is a phase angle. For the case p = 0 this 
equation reduces to Equation (18), except for the phase 
angle, which is needed when more than one wave is 
present. 

If a fixed point at the origin is considered (x = 0, y 
= 0), the equation becomes 

(25Y 
The following is a summary of 

the properties of two-dimensional harmonic waves and 
waves of finite height in deep water (any consistent 
units): 
Wave number 

( ( t )  = 3 cos ( -ot  + E )  

Wave Properties. 

k = 2 a / L ,  = w 2 / g  

Surface profile yo = 5 cos k(x - V,t) (15) 

tion) = y  cos (kx - a t )  (18) 
Velocity potential 4 = -sVcekz sin k(x - Vet) (4) 

(first approxima- - 

Wave period T, = (2.rrLu,/g)1'2 (16) 

proximation) L, L w  (20) 

Maximum wave - 
f: %-hw k 3  = 2.rr - = __ slope (first ap- 

Wave energy per 
unit area x pg 5' 

Wave variance (c2) = '/z 5' 
In feet-seconds units: 

Wave celerity vC = 2 . 2 6 ~ ~ " ~  

is often taken to represent the complex amplitude, in which 
case the imaginary part defines the phase angle and c is unnecessary. 
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Wave length 
Wave period T, = 0.442Lu,1/2 

L ,  = 5.118T: = 0.196 V," 

Fig. 3 Comparison of sine wove and Stokes wave 

2.3 Waves of Finite Height. A hydrodynamic theory 
of waves of finite amplitude, i.e., not infinitesimal as 
previously assumed, was formulated by Stokes (1847) 
and others. It corresponds with the observed fact that 
actual waves have sharper crests and flatter hollows 
than the simple cosine wave assumed in the preceding 
section. The equation for velocity potential, which 
leads with approximations to the simple harmonic 
wave, yields a second-order wave profile when the ap- 
proximations are not made. The solution can be ex- 
tended with further refinements into a series 
expansion, and therefore, the wave form, in principle, 
can be expressed to any desired precision by taking a 
sufficient number of terms. Actually, for all practical 
purposes, the Stokes equation to the second order of 
approximation is satisfactory for ship problems. Ex- 
pressed as a function of x a t  fixed time t = 0, in deep 
water, the surface profile is 

(26) 

- 
Y 2  
L, 

c0 = r cos kx  i- 7~ - cos 2kx 

In other words, the simple cosine curve is modified by 
a harmonic which is half the length of the fundamental, 
Fig. 3. The velocity of the harmonic wave, however, 
must be the same as for the fundamental. 

As wave height increases, the crest approaches a 
cusp, the double angle of which is 2 7 ~  / 3 radians or 120 
deg, which corresponds to a limiting wave height from 
crest to trough of O.14Lw or approximately XL,. Real 
waves will break well before this height is reached. 

Consideration of water-particle velocities in a wave 
of finite height reveals that the forward water velocity 
at a wave crest is greater than the backward velocity 
in the hollow. This difference in particle velocities, 
when averaged over wave length, leads to the mean 
velocity of water flow or mass transport 

(27) 
when x is the mean particle depth a t  which the velocity 
is sought. Hence, the particle motion is not exactly 
circular. 

I t  can be seen from Equation (27) that the velocity 

- u = k2r2Vce2kz 

reduces rapidly with depth. Even at the surface the 
drift velocity is only of the order of 2 to 3 percent of 
wave velocity, although it may be a significant per- 
centage of the water-particle velocities. 

While the Stokes wave, with its sharpened crest and 
flattened trough, is a more accurate geometrical model 
of real regular waves, it suffers from a limitation that 
negates its value in treating storm seas and swell, and 
the principle of superposition does not apply. If two 
Stokes waves are added, the sum is not a valid wave 
form. This is easily seen by simply adding two identical 
waves, which is equivalent to multiplying Equation (26) 
for go by 2. But for this to be a valid Stokes wave, the 
second term should have been multiplied by 4. It has 
become standard practice to accept the slight errors 
in wave shape of linear harmonic wave theory in order 
to achieve simplicity in treating the additive wave sys- 
tems that are characteristic of both sea and swell. 
Errors in form become significant when waves become 
steep enough to approach breaking, and when the ge- 
ometry of the wave crest is a factor in the treatment 
of a problem. But a correct mathematical analysis of 
nonlinear short-crested irregular waves implies a great 
increase in complexity (St. Denis, 1980). 

From the early days of na- 
val architecture it has been customary to make use of 
a trochoidal wave in some ship-design problems. It is 
a convenient form from the geometrical point of view, 
but it fails to meet certain requirements of classical 
hydrodynamics and cannot be derived from the velocity 
potential. Its profile is almost identical with the second- 
order Stokes wave. In deep water all particles within 
trochoidal waves follow circular orbits about fixed cen- 
ters at a constant angular velocity. In any horizontal 
line of orbit centers, the radii are equal but the phase 
of adjacent particles varies successively. In any ver- 
tical line, all the particles have the same phase but the 
radii of their orbits decrease exponentially as the depth 
increases. Particles which, in still water, may be iden- 
tified by the intersections of a rectangular grid, take 
the positions shown by the intersections of the dis- 
torted grid in Fig. 4 a t  some instant during the passage 
of a wave. Those which were originally in the same 
horizontal line lie on undulating surfaces, while those 
originally in the same vertical line lie along lines which 
sway from side to side, converging under the crests 
and diverging under the hollows. The orbit centers are 
somewhat above the still-water positions of the cor- 
responding particles. The wave form travels to the left 
when the generating circles, with fixed centers, revolve 
counterclockwise. 

The curve joining a series of particles originally in 
the same horizontal plane is the same as that which 
is generated by a point on the radius of a circle as the 
circle rolls along the underside of a horizontal straight 
line, as is evident from a comparison of Figs. 4 and 5 .  
Such curves, whose limit is the cycloid, are called tro- 
choids. They are also contours of equal pressure. 

2.4 Trochoidal Waves. 
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R = RADIUS OF ROLLING CIRCLE. 
SEE FIG. 5 

1 -  c D l R E C T l O N  OF WAVE ADVANCE 

A VOLUME SUCH AS ABCD IN STILL WATER IS 
DISTORTEO AS r\'B'C'D' IN WAVE WATER 

STILL WATER 
LEVELS A VOLUME SUCH AS ABCD IN STILL WATER IS 

DISTORTEO AS r\'B'C'D' IN WAVE WATER 
STILL WATER 
LEVELS 

Fig. 4 Trochoidal wave motion 

y 
Fig. 5 Geometry of trochoid 

If y e  call the orbit radius r and the amplitude 3, 
then t; = r. Quantities referring t_o the surface wave 
are denoted by subscript 0; thus t; = ro.  If R is the 
radius of the rolling circle and L, is the wave length 
from crest to crest, L, = 2rrR. To draw a trochoidal- 
wave surface, the selected wave length is divided by 
a convenient number of equally spaced points, and, 
with each as a center, a circle of diameter equal to the 
selected wave height is described. In these circles are 
drawn radii at successive angles which increase by the 
same fraction of 360 deg as the spacing of the circles 
in relation to wave length. The curve connecting the 
ends of those radii is the desired trochoid. 

In Fig. 5, an ordinate x upward, and an angular 
velocity o counterclockwise, are considered positive. 
From an initial position, shown at the left, the large 
circle is assumed to be rolling steadily, counterclock- 
wise, and after time t to have reached the position 
OCP, having turned through the angle 8 = wt .  In this 
case 8 is positive since w is counterclockwise. 

The parametric equations of the trochoid in Fig. 5 
are 

x = RB + r sin 8 = Rot + r sin ot 
x = R  + r c o s 8  = R +  r c o s o t  

(28) 

The radii of the circles in which the particles move 
decrease exponentially with depth; that is, as in the 
case of the harmonic wave 

r = roekz  

where r o  is the radius of a particle at  the surface, and 
x is measured to the center of the circle in which the 
particle moves. 

The trochoidal wave is somewhat sharp in the crest 
and flat in the trough like a simple wave in a model 
tank, and like the Stokes wave, Fig. 3. Consequently, 
for equal water volumes the lines of orbit centers must 
be somewhat above the corresponding still-water lev- 
els in order that the amount of water in the crest will 
equal the amount removed in the hollow. It can be 
shown that this rise of orbit centers is r 2 / 2 R ,  Fig. 4. 

Although the trochoidal wave is reasonably realistic 
for waves up to about Ll20 in height, the limiting case 
of R = r gives an impossibly steep wave with very 
sharp cusps. Other characteristics of the trochoidal 
wave, such as velocity, period, pressure change with 
depth, are the same as for the simple harmonic wave 
previously discussed. 

Obviously the pressure at any point on the surface 
of a wave is atmospheric. Furthermore, the sum of all 
the hydrodynamic and buoyant forces acting on a sur- 
face particle is perpendicular to the surface, as dem- 
onstrated by Froude with a little float carrying a 
pendulum. Although this statement can be proved on 
the basis of the theory of a simple harmonic wave, it 
is most easily demonstrated by means of trochoidal 
theory. 

Following Froude's approach, it is convenient to deal 
with the inertial reactions to the water-pressure forces 
acting on the particle P in Fig. 6, although the latter 
could also be determined directly. As previously 
shown, the buoyancy and hydrodynamic pressure 
forces in the wave cause the particle to move in a 
circular path, and the equal and opposite reactions 
consist of gravity mg acting downward and a centrif- 
ugal reaction QF' resulting from orbital motion of the 
particle 

mro 
It can be shown that in a trochoidal gravity wave o2 
= g / R  and therefore the centrifugal reaction is 

mg ( r / R  ) 
The resultant is PF in Fig. 6. 

and F'F is parallel to QC. Also 
In triangles QCP and F'FP, PF' is in line with QP 
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Fig. 6 Inertial reactions on water particle in trochoidol wave 

Hence the two triangles are similar and PF, the 
resultant, is in line with CP and normal to the tro- 
choidal surface. Any particle in the surface is acted 
upon, therefore, by a resultant pressure force which 
is normal to the surface. The net wave pressure force 
on the particle is equal and opposite to PF. Since no 
tangential force exists, the surface must be one of 
equal pressure. 

The highly idealized 
simple harmonic regular wave provides the hydrody- 
namic basis for short-term stochastic models of ocean 
waves, but its physical existence is for practical pur- 
poses limited to the laboratory. As described in Section 
2.1, natural waves may usually be considered to be 
sums of many independent regular waves-or surface 
disturbances which can themselves be treated as sums 
of simple regular waves. Before treating these sto- 
chastic models, it is useful to consider several com- 
pound wave systems that exhibit important physical 
effects, even though they are just as idealized as the 
regular progressive wave. 

(a) Standing Waves. Suppose we superimpose 
two regular waves of the same amplitude and period, 
but travelling in opposite directions. From Equation 
(18) the sum of surface elevations can be written 

{(x, t )  = 3 [cos (kx - w t )  + cos (kx + w t ) ]  (29) 

2.5 Compound Gravity Waves. 

= Z y  cos kx cos wt 

When t = 0, T,, 2Tw . . .) the wave form is a cosine 
curve with crests at x = 0, L,, 2L,, - .. When t = 

T,, T,, . . ., the form is the negative of the first 
form, with troughs at x = 0, L,, . . . . When t = T,, 

T,, . . . , the surface is completely flat. At inter- 
mediate times, the surface has the same shape as a t  
t = 0, but with amplitude 2 c  cos wt.  Thus, the crests 
never move but decrease in place and become troughs 
after passing through zero. This is known as a stand- 
i n g  wave. By adding the velocity potentials of the two 
component progressive waves, it can be shown that 
the particle velocity at x = 0 is always vertical, and 
a t  x = L, /4 ,  3 L w / 4 ,  . . .) (the nodes), the velocity is 
always horizontal. Therefore, the wave form is the 
same as it would be if a wall were placed a t  x = 0, 
and, in fact, a standing wave is generated when a 
progressive regular wave is reflected from a vertical 
wall perpendicular to its direction of advance. 

It is frequently observed that 
natural waves may appear to exist in packets or 
groups, with relatively calm patches between groups. 
In effect, the waves have an envelope that itself rises 
and falls with time and distance. This phenomenon is 
particularly characteristic of swell waves and is of 
importance in wave propagation. 

An idealized wave group pattern can be simulated 
by a sum of two progressive waves of the same am- 
plitude but with slightly different frequencies, moving 
in the same direction. Thus, 

(b) Wave Groups. 

Y(x, t )  = [COS ( k ,  x - wit) + cos (k2X - w,t )]  

= 2 z  cos X[(kl + k,)x  - (0, + w, ) t ]  

cos % [(kl - k,)X - (w ,  - 4 t I  (30) 
The first cosine factor in this equation has the form 
of a progressive regular wave with wave length 

L, = 271. /x(k1 + k,)  

or, 

Thus, the wavelength of this factor is the harmonic 
mean of the wavelengths of the two components. The 
factor is multiplied by another cosine factor with wave- 
length, 

L, = 2 r / % ( k l  - k,) 

and period 

Since k ,  and k, have been considered to be nearly 
equal, the wavelength of this factor is very large com- 
pared with the wavelength of the first cosine factor. 
Therefore, it behaves like an envelope slowly advanc- 
ing. I t  has the velocity, 
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Fig. 7 Typical record of irregular sea taken at a fixed point 

6 0  V, = LJT ,  = - 6k 
or, in the limit, as Sw, 6k approach zero, 

This is known as the group velocity. When the water 
is very deep its value approaches VJ 2, or one-half the 
celerity of the progressive waves under the envelope. 
If a particular wave crest is followed, starting at the 
rear of a group, it will move forward through the 
group, growing to a peak value, and then shrink and 
disappear as it approaches the leading boundary of the 
group. In the case of shallow water, the group velocity 
approaches Vc. In this case, individual waves maintain 
their identity within the group, which advances at wave 
celerity without change in wave form. 

This model of groups is idealized, but group velocity 
and group behavior are important aspects of wave 
propagation. A wave group can be considered a con- 
centration of wave energy, and group velocity is the 
velocity of advance of wave energy. 

Studies of the statistical characteristics of wave 
groups under real conditions in the open ocean have 
been reported by Kimura (1980), Longuet-Higgins 
(1984) and others. 

An important practical consequence of wave group 
behavior is that the time required for the wave energy 
of a given frequency to arrive (in deep water) at a 
specific location is twice that which would be estimated 
from wave celerity. 

2.6 Waves in the Open Ocean. 
(a) A short-term model with constant amplitude 

components. A conceptual model to describe ocean 
waves has been presented in Section 2.1. It is possible 
to give the short-term model more precise mathemat- 
ical form at this point, one that has become extremely 
useful in the treatment of ship motions in natural en- 
vironments. As previously explained, the wave system 
in the neighborhood of a particular place and time is 
assumed to be the sum of many regular waves, each 
progressing in its own direction and celerity. (The 
changing long-term situation is discussed in Section 
2.9). 

It is convenient to begin with the simple case of the 
wave pattern observed at a fixed point (x = 0, y = 
0), neglecting consideration of the different directions, 

p, of wave components, Fig. 7. This is equivalent to 
assuming that all wave components travel in the same 
direction, with p = 0, resulting in a long-crested ir- 
regular wave observed a t  a fixed point. Later the ef- 
fects of wave direction and moving point of 
observation will be considered. Following St. Denis and 
Pierson (1953), each of the large number of wave com- 
ponents is assumed to have a definite frequency and 
a random phase angle. The form for the equation of 
any component wave is as given in Equation (25)) 

<,(t) = cos (-w,t + E l )  (32) 
where Tt is a component amplitude corresponding to 
wave frequency w,, and E, is the random phase angle. 

The total wave system is then assumed to be a sum- 
mation of many (theoretically an infinite number) of 
independent components, 

(33) 

It has been found convenient to define these wave 
components in terms of a function known as a vari- 
ance spectrum, S(w). This function is also referred to 
as a point spectrum, since the wave is observed at a 
fixed point without consideration of the directions of 
component waves. At any particular wave frequency, 
w,, the variance of all the wave components within a 
small finite frequency band, 6w, centered upon 0, is 
given by 

{ ( t )  = 2 rZ cos ( -w, t  + E , )  
* 

( < % ( t Y )  3 S ( w J  6 0  (34) 
Finally, in the limit as 6w -+ 0 this reduces to the var- 
iance of a single infinitesimal harmonic component. 

It has been shown in Section 2.2 that for a simple, 
regular wave (one cycle or an infinite time) 

( < 2 ( t ) 2 )  = xrz" (35) 
Hence, if it is desired to visualize the amplitudes of 
the wave components, we can substitute Equation (35) 
in (34), so that 

x r 1 2  = S(0,) 6 w  

I 1  = $=Gm (36) 

and a component amplitude is 
- 

in the limit as 60 approaches zero. Of course, it cannot 
be evaluated directly, but it can be approximated when 
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6w is taken to be very small. See Fig. 8. 
More important than the component amplitudes, 

however, is the total variance of the wave system, 
usually designated E, which is a good measure of the 
severity of the sea. 

E =  (t;(t) '> 
The components on the right-hand side of (33) have 
been assumed to be independent random variables by 
virtue of their random phases. Since, as noted in Sec- 
tion 2.1, the variance of the sum of a large number of 
independent random variables approaches the sum of 
the variances of these variables, Equation (2) gives 

E =  ( t ; ( t ) ' )  = c (C*( tY )  
1 

or integrating Equation (34) and substituting, 

E = lffi S(w) dw (37) 

That is, the area under the spectrum is equal to the 
variance, E, of the wave system. 

Referring to the typical plot of a variance spectrum 
at a point (Fig. 8), the areas of the elemental rectan- 
gles, S(w, )  6w, may be seen from (34) to define the 
variances of the wave components. Strictly speaking, 
the foregoing interpretation of the spectrum in terms 
of component waves is valid only for the limiting case 
6w + 0 and the number of components + m. 

By Equation (36) the elemental rectangles also define 
the amplitudes of the components in the limit. How- 
ever, when a large number of components is assumed, 
say 15 or 20, a fair finite-sum model of a unidirectional 
(long-crested) sea is obtained. (A multi-directional, 
short-crested, sea requires many more). Since any par- 
ticular rectangle represents the variance in that band 
of frequencies, a wave of the indicated finite amplitude 
would have the same variance as the infinite number 
of components within that band. Hence, the algebraic 
addition of these 15 or 20 component waves, shown at 
the bottom of Fig. 8, will give a pattern that has the 
same total variance and closely resembles the record 
from which the spectrum was obtained. I t  will also 
have many of the same statistical properties. However, 
we can never match the record exactly, no matter how 
many components are assumed, for although an arti- 
ficial wave can be made to repeat itself, a real ocean 
wave record never does so. This is actually no handi- 
cap, for it is statistical information that we ultimately 
need for application to ship design. 

I t  is of interest to plot five or more sine curves 
through several cycles and to add successive ordinates 
algebraically or to carry out the same procedure on 
an electronic computer. The resulting curve will dem- 
onstrate clearly that the sum of even a small number 
of regular sine waves is an irregular pattern, provided 
that the component waves are in random phase. 

It should be emphasized that the component waves 
are not directly visible either at sea or in a wave record. 
However, the variance spectrum defining these com- 
ponents can be obtained from a wave record by ap- 
plying the techniques of generalized harmonic analysis 
(Wiener, 1930, 1949), provided that the record is long 
enough (15 to 20 min) and that sea conditions remain 
steady. Such records have been obtained mainly by 
means of shipborne recorders aboard stationary ves- 
sels (such as weather ships). Airborne laser and radar 
scanning have also been used, and radar altimeters on 
spacecraft are under development (Pierson, 1974). 

In the analysis procedure developed by Tukey (1949) 
and Rice (1945 and 1954) points are first read from the 
record at equal increments of time. Then the autocor- 
relation function of the data sample is obtained by 
evaluating the integral 

for discrete values of time lag, T. The raw point spec- 
trum is then obtained by taking the Fourier cosine 
transform of the autocorrelation function. Some 

( 0  I SPECTRUM 

( b )  COMPONENT WAVES 

Fig. 8 Typical variance spectrum of waves, showing approximation by 
finite sum of components 

a 
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Fig. 9 Typical sea spectra, winds from 24 to 47 knots (Moskowitz, et al, 
1962) 

“smoothing” of the raw spectrum is desirable to im- 
prove the accuracy of the estimate, involving one of 
several smoothing functions. Finally, the theory pro- 
vides a means of evaluating the accuracy, that is, de- 
fining the confidence bands of the spectral estimates, 
taking account of the sampling interval S t ,  the number 
of data points in the sample, and the number of lags. 
(The procedure is summarized by Korvin-Kroukovsky 
(1961), and discussed in detail by Bendat and Piersol 
(197 1). 

The foregoing operations can be readily carried out 
on a digital computer. However, in recent years, it has 
been found to be more expeditious to employ standard 
Fast Fourier programs, which also provide superior 
resolution (Bendat and Piersol, 1971). The effects of 
using different analysis methods on the same data are 
considered by Donelan and Pierson (1983). Many ex- 
amples of point spectra have been derived from ocean 
wave records. Several of these are shown in Fig. 9. 

It should be noted that some authors prefer to use 
a spectrum form based on wave period rather than 
frequency, since it is more consistent with wave ob- 
servations and when plotted gives more emphasis to 
the important low frequencies and less to the less 
important high frequencies. 

Unit Energy = x p g r 2  (21) 
Equations (34) and (35) show that the variance of the 
wave components within a band of frequencies, 60, is 

(38) 
which differs only by a factor of pg from the unit 
energy of Equation (21). Hence, the spectrum S(o), 
which describes the allocation of the variance of a wave 
system among components can also be considered an 
allocation of Energy/pg. For this reason, it is some- 
times called, somewhat loosely, the energy spectrum. 

Note that if the sea were unidirectional, or long- 
crested, the point spectrum, together with the direc- 
tion, would be a complete statistical definition of the 
seaway, assuming it to be a Gaussian random process, 
with zero mean. This condition is sometimes approxi- 
mated in nature when the predominant waves are from 
a single distant storm. 

Although the variance E, obtained from a point spec- 
trum is a good measure of the severity of any sea, it 
will be shown that the seaway can be more completely 
characterized by considering the component wave di- 
rections by means of a directional spectrum. Coming 
now to this more general three-dimensional case, a 
single wave train is described by Equation (24). The 
general equation for the total wave system of com- 
ponents moving in different directions, p, is then 

(Yz( ty )  EE S(0,) 6 0  = % < Z  

Y(x, Y, t )  = cc r, cos [k,(x cos pj 
t . ?  

+ y sin pJ) - w,t -t 4 (39) 

In a manner similar to the case of the point spectrum, 
the wave elevation may be considered at a point (x = 
0; y = 0), but component wave direction, p, must still 
be accounted for. Hence, 

and 

where the variance E, as previously noted, is an im- 
portant statistical parameter, and the components are 
defined by both frequency, o, and direction, p, with i 
and j referring to specific values of o and p, respec- 
tively, and the directional spectrum S(w,  p) defines the 
allocation by frequency and direction of the variances 
of the components of the wave system. Each of the 
infinite number of wave components is assumed to 
have a definite frequency and direction, with random 
phase angle. The component amplitudes are defined 
for the incremental areas, h a p ,  in the limit as 60 and 

it has been shown in Section 2.2 that energy per 
unit surface area in a simple harmonic wave is pro- 
portional to the square of the amplitude, or, more spe- 
cificall y, Sp -+ 0, when 
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2;, = J2S(o,, p3) 8a8P (42) 
Thus, S ( w ,  p) defines the sea state more completely 

than the point spectrum. See Fig. 10(a) which can be 
considered an idealized contour plot of a three-dimen- 
sional figure in which the axis perpendicular to the 
paper represents S(w,  p). A typical directional spec- 
trum obtained from wave buoy records is shown in 
Fig. 10(b) (Canham, et  al, 1962). An alternate form of 
plotting is given in Fig. 11. The latter can be considered 
to represent the long-crested irregular wave trains of 
different average directions that superimpose to form 
the short-crested sea in the limit as 8p * 0. 

Integrating the directional spectrum, Equation (41), 
with respect to  p leads to 

im S ( w )  do = c 5: = E (43) 

where S(o) is the point spectrum previously discussed. 
(b) Generational Theory of Ocean Waves. 

Another less simple stochastic model of ocean waves 
takes account of the process of generating a storm 
sea by assuming that the separate disturbances gen- 
erated in the storm areas, as discussed in Section 2.1, 
are in the form of wave groups rather than simple 
trains of regular waves. These component systems 
superimpose on one another and propagate away from 
the generating area. The final result of this approach 
would be a mathematical model that differs from the 
simpler case in that Equation (39) requires another 
factor representing a wave component of fixed fre- 
quency, G-a carrier in electronics terminology-and 
the substitution of (w,  - 0 )  for o, to account for the 
slow amplitude m~dulat ion.~ 

The examples of directional spectra shown in Figs. 
10 and 11 apply equally to  the present model and to 
the simpler one previously given, but in the present 
case the spectra will change slowly with time. 

Both models are local, in the sense that they describe 
the statistical behavior of storm waves in the imme- 
diate neighborhood of a geographical point. However, 
the first model has the form of a stationary or statis- 
tically constant sea over all space and time. The second 
model readily allows for changes due to such effects 
as fetch and duration. In the first model, any reali- 
zation based upon a discrete set of sine waves will 
have a random but constant phase between compo- 
nents of the same frequency but different directions, 
which is inconsistent with the second model. I t  should 
be noted that any realization based upon discrete sine 
waves, even if a large number of components is as- 
sumed, may lead to erroneous correlations among ship 
responses (phase between heave and pitch, for ex- 
ample). While the simple statistical parameters will 

2 

’ (This model, conceived by Dr. W.E. Cummins, has not been de- 
veloped in detail.-Ed.) 
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0.2 0.3 0.4 03 0.0 0.9 ID I. I w 
Fig. 1 1  Angular components of directional sea spectrum 

generally be identical between the two models, more 
complex measures that involve two or more responses 
may behave quite differently. Further treatment of this 
question is beyond the scope of the discussion here, 
and in fact it is an area of controversy and continuing 
research. This second model is discussed, not just to 
provide a better understanding of the storm sea, but 
to lay a foundation for treating complex ship-wave 
interaction. 

A typical rec- 
ord of waves observed at a fixed point is a continuous 
irregular function of time, such as Fig. 7, that never 
repeats itself exactly. The continuous line in Fig. 12 
might represent a segment of such a record of length 
T. If it is assumed to be a zero-mean process, its var- 
iance is given mathematically by 

(22) 

Therefore, the variance can be approximated by taking 
measurements of a large number of closely spaced 
deviations from the mean line, squaring them and in- 
tegrating numerically. But we have seen that the area 
under the point spectrum, E, is also equal to the var- 
iance of the process (Equation 37). Hence, if the spec- 
trum is known, the variance can be easily obtained by 
integrating the spectrum. Alternatively, if one com- 
putes the variance directly from the wave record one 
obtains the area under the unknown spectrum, but not 
its shape. 

A normal distribution is completely defined when the 
mean and variance are known. The mean here is zero, 

(c) Characteristics ofpoint spectra. 

1 
(J(t)’> = Lim ?I,/, Y“t) dt 

T4 m 

and the variance has been shown to be E. The prob- 
ability density function for (( t )  is then 

exp ( - ( ‘ /2E) P(Y) = - K E  
1 

(44) 

the familiar bell-shaped curve shown in Fig. 13. 
For most practical purposes, however, we are more 

interested in the statistics of visible or “apparent” 
properties of the wave record than in its Gaussian 
properties or its invisible component waves. Fortu- 
nately, the shape of the spectrum supplies a great deal 
of useful information about the visible characteristics 
of the ocean wave system to which it corresponds. 

As mathematical functions, spectra are always non- 
negative (since they represent a squared quantity: the 
variance), but with a finite area, E. An infinite area 
would imply an infinite mean square surface displace- 
ment. Point spectra (Figs. 8 and 9) rise to one or more 
peaks or modes, and then vanish a t  very high fre- 
quencies. The modal frequency corresponding to the 
highest peak of a spectrum is designated om, and the 
corresponding period, 2.rr I om is designated T,. The 
frequency of greatest variance density is om, and it is 
frequently used as an identifying parameter, together 
with E, in analyses using sets of spectra. The period 
TY is sometimes called the most probable period, but 
this is an erroneous concept, as the point spectrum is 
not in any sense a probability density function. While 
this parameter has intuitive significance, it should be 
used with caution in discussion of spectra derived from 
wave records. It can be shown to have poor sampling 
characteristics, since its precise value depends solely 
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upon the variation of S(o)  in the immediate neighbor- 
hood of w,, and the small errors that are inherent in 
the calculation from a specific wave record can result 
in large shifts in the position of the peak. 

More meaningful frequency parameters can be ob- 
tained from the set of moments, which depend on 
spectrum shape 

m, = wn ~ ( w )  dw (45) 

where n is an integer. In particular, the area, m,, is 
the variance or E. These moments have better-behaved 
statistical sampling characteristics than T, , as they 
depend upon all values of S(o). The moments m, and 
m4 have a dynamic significance that can be shown by 
differentiating Equation (33) with respect to time. 

( t )  = 2 - o, sin [w, t  + E J  

= 2 - oi rz cos [ q t  + ( E ,  - ;)] (46) 

By analogy with Equations (35) and (36), giving the 
component amplitude of wave elevation and its vari- 
ance, the amplitude of component vertical velocity 
must be o, and the variance of component velocity 

((0, 5 J 2 >  = 2 (0, 3J2 = (0: S ( w * ) )  8 0  
Hence, the spectrum of velocity, ( t ) ,  is seen to be 
w2S(o). Similarly, the spectrum of acceleration, 
2; ( t ) ,  is w4S(w). Therefore, 

m, = ( t  ( t ) ’ )  (47) 

m4 = ( a  (48) 

There are a number of descriptive parameters that 
can be computed from the spectral moments, which 
are valuable for characterizing the visual appearance 
of the wave record. These include the zero-crossing 
period (average time interval between zero upcross- 
ings), average peak-to-peak period, average slope, av- 
erage wavelength, and average wave height (vertical 
distance, trough to crest). The quantities being aver- 
aged are illustrated in the sample time record shown 
in Fig. 12, except for wave slope which is not defined 
in a time record. 

Average period of component waves, 

T- ,  = 1- T S(w)  d w / i m  S(w) dw 

= 2.rr m- , lm,  (49) 
Period corresponding to average frequency of com- 

ponent waves, 

(50) 
Average period between zero upcrossings of (( t ) ,  

) - l  
T, = 2 n - ( i m  w S ( w )  d w l m ,  

= 2.rrm,/ml 

see Price and Bishop (1974), 

T, = 2 r r 4 z  (51) 

T, = 2.rr J- (52) 

Average period between peaks (maxima) or hollows 
(minima), 

A statistical measure of the slope of the wave sur- 
face 4’ is its variance, 

MEAN 
SURFACE LEVEL 

DISPLACEMENT, 

I I 
-T/2 0 112 

4- TIME __f 

Fig. 12 Typical wave record a t  a fixed point, with definitions of terms 
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(53) maxima, negative minima, and positive minima, as il- 
lustrated in Fig. 12. 

where 

See Section 2.7 and Cummins and Bales (1980). 
Average wave length between zero up-crossings 

(Price and Bishop, 1974), 

In considering visual wave amplitudes and heights, 
we note first that, as a consequence of the zero-mean 
Gaussian assumption, the process is statistically sym- 
metrical about the zero line. For example, in the long 
run the average positive deviation from zero is equal 
to the average negative deviation. More importantly, 
in the present context, the Gaussian property requires 
that the maxima and minima of a record also be sta- 
tistically symmetrical. 

In the wave and ship response processes of interest 
the qualitative behavior sketched in Fig. 12 is not un- 
common; that is, small short-period oscillations some- 
times ride on long-period oscillations. Thus the 
possibility arises that there can be more than one max- 
imum in an excursion of the process above zero. This 
necessarily means that there can also be minima that 
are positive. Thus, in contrast to the usual “givens” 
about maxima and minima of sinusoids, we have the 
prospect of dealing with positive maxima, negative 

The maximaif the process are random variables, 5, 
that are derivable from the process. The theory for 
the probability density of all maxima (or minima) of a 
stationary zero-mean Gaussian process was first 
worked out by Rice (1945), and extensively discussed 
by Cartwright, et  a1 (1956). The most compact form of 
the result is obtained by normalizing the dimensional 
maxima by 6 = fl (the root-mean-square value of 
the process): 

E = (/& 

Then the probability density of the non-dimensional 
maxima, E, may be written (Cartwright, et  al, 1956) 

p z ) = -  ( E  exp [ - ( ~ / E ) 2 / 2 1  cc 
fi 

+ SJR exp [ - ~ 2 / 2 1  +(zJK~/E)] (55) 
where the so-called spectral broadness parameter E ,  
is 

and the function, + ( E ~ - / E ) ,  is defined: 

+ ( Z J r n / € )  = exp [ -v2 /  21 dv. 

DEVIATIONS FROM MEAN 
Fig. 13 Frequency of occurrence of deviations from mean value of points 

on a wave record 
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Fig. 14 Typical density function from Korvin-Kroukovsky [1961), of wave 
amplitudes in record of irregular waves in a model basin 

where v is a dummy variable. 
The most important thing to note about the result 

is that the probability density of maxima is completely 
defined (through E and E )  by the first three even spec- 
tral moments, m,, m,, and m 4 .  Once the spectrum is 
known, the moments can be worked out, and the prob- 
ability function of the maxima is defined. Recalling 
Equations (51) and (52), E can be expressed as: 

E = J1 - (T,/T,)' (56) 
and it can be seen that this parameter is related to the 
ratio of the average period between peaks and the 
average period between zero up-crossings. When there 
are no multiple maxima in any excursions of the proc- 
ess above or below zero, T, = T,, E = 0, and the 
spectrum is called narrow band. When E = 0 is sub- 
stituted into Equation (55) the result is: 

(57) p ( E )  = = exp [ - E 2 / 2 ]  
which is a non-dimensional form of the Rayleigh den- 
sity function shown in Fig. 14. Conversely, when there 
are a very large number of maxima within each ex- 
cursion of the process above or below zero, T, << T, 
and E ---* 1; the spectrum is considered broad.6 Substi- 
tution of E = 1 into Equation (55) yields a non-dimen- 
sional Gaussian density function: 

- 

exp [ - E 2 / 2 ]  (58) p(Z) = - 
fi 
1 

Note that a white noise spectrum of infinite broadness has an 
E of only %. 

Essentially, the probability density functions for the 
maxima of the process given by Equation (55) make a 
continuous transition from the Rayleigh to the Gaus- 
sian density functions, dependent upon the relative 
broadness of the spectrum. 

Another measure of magnitude customarily used is 
the estimate of the average value of the 1 / nth highest 
maxima of the process. To illustrate the idea, if 1000 
maxima were measured from a sample, the average 
of the 1 / 10th highest would be obtained by first iden- 
tifying the highest 100 maxima and then averaging 
them. The analogous estimate from the theory is il- 
lustrated by Fig. 15, which represents a probability 
density of maxima, p ( Z ) .  The shaded area in the tail 
represents a probability ( l l n )  that a maximum will 
exceed El,". Mathematically this is written: 

' I/n 

Fig. 15 Definition of (Z1,") in relation to p ( E )  
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0 

Fig. 1 6  Graphs of (Z,,”) the average of the l/nth highest maxima as a 
function of c, for n = 1,2,3,5, and 1 0  (Korvin-Kroukovsky, 1961) 

m 

1 
n Prob [Z > = - = I p ( E )  dZ (59) 

Given an expression for p ( E )  [Equations (55), (57), (58)], 
the value of Z l l n  may be worked out numerically from 
Equation (59). The statistical mean value of the values 
of Z above is then: 

- 
- l / n  

m 

(E,, ,)  = n J ~ p ( ~ ) c i ~  (60) 

which is the abscissa of the centroid of the shaded area 
in the figure, and the statistic desired. 

Because the parameters in Equation (55) are non- 
dimensional, the process just outlined can be per- 
formed numerically once for all as a function of Z and 
c. The result is given in Fig. 16 (Cartwright, et  a1 1956). 
To illustrate practical use, if the- spectral broadness 
parameter, E = 0.8, and the average of the X highest 
is desired, (Z,) =: 2.0, and in this case the average 

- 
= l / n  

. ”  

of the 
The most common practical measure of wave (or 

response) magnitude is the significant ampli tude.  
This is taken to be the average of the highest max- 
ima. Another common measure is the average of the 

highest dimensional maxima is 2 . 0 6 .  

broadness parameters, e,  less than 0.5 or 0.6 the de- 
pendence of (E,J and (Elllo) on E is relatively small. 
In this range of E if the value of (Z1,J is taken as 
that for the narrow-band case ( E  = 0) the error com- 
mitted is typically less than 10 percent. Fortunately, 
for most cases of interest (especially ship responses) 
the broadness parameter is less than 0.6. In the event 
a double amplitude is required (as wave height), the 
values for a narrow-band process are doubled. 

Thus various statistical values of wave properties 
can be calculated from E = m, by taking advantage 
of the fact that the peak-to-trough wave heights, as 
well as maxima, of a record follow approximately a 
Rayleigh density function. (See Fig. 14). For this pur- 
pose, from Equation (57), the probability density func- 
tion of the wave height, h ,  (Fig. 12), may be written 

(61) p(h,)  = exp (-h,,2/8E) 

Average apparent wave height, crest to trough (2y) 

h, 

From this law, useful parameters are: 

1% 

(h,) = 2.5E”’ 
or average amplitude 

( r )  = 1.25E”‘ 
Similarly, the average of the 
nificant height: 

highest waves, or sig- 

And the average of the %, highest waves is 
((hw)l,,,o) = 5.1E”‘ 

As explained in Section 4, all of the above relations 
apply also to most ship responses to ocean waves. 
These measures are of a magnitude that would often 
be noticed in a relatively short observation of the proc- 
ess. There are occasions, however, when it is desired 
to estimate magnitudes of wave or response maxima 
that are unlikely to be exceeded very often; that is, to 
estimate extremes. The statistical theory of extreme 
values used in conjunction with the narrow-band as- 
sumption results in the estimates for the expected 
highest in a sample of N successive wave heights, 

N = 100, 6.5E112 
N = 1000, 7.7E112 
N = 10,000, 8.9E”’ 

However, if a large number of samples of the stated 
size are taken, 5 percent of them would be expected 
to have maximum heights as follows: 

N = 100, 7.8E1” 
N = 1000, 8.9E’” 

Since the heights given were arrived at by doubling 
the results for maxima, estimated values of the cor- tenth highest. It will be noted from Fig. 16-that for 



MOTIONS IN WAVES 21 

responding amplitudes may be obtained by halving the 
numbers given above. 

(d) Chiracteristics of directional of 
the parameters that have been defined for point spec- where S(o) is the point spectrum and M(p) is called 

the spreading function. I t  is common practice to take tra apply equally well for directional spectra, but ad- 
ditional parameters are needed to characterize the 

nient to assume that S(o, p )  is separable into two 
factors, one a function of frequency and one a function 
of direction: = 0 elsewhere 

directional qualities. In most applications it is conve- 1 

PS 

M ( p )  = - COSn 
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Section 3 
Ship Responses to Regular Waves’ 

3.1 Introduction. The response of a ship advancing 
in a seaway is a complicated phenomenon involving 
the interactions between the vessel dynamics and sev- 
eral distinct hydrodynamic forces. It would be impos- 
sible to cover comprehensively the entire subject of 
ship motions in one short chapter. Therefore, we will 
concentrate on those aspects of ship motion theory and 
experiment that have proven useful to the designer. 
Specifically, a linear theory of ship motions will be 
presented. All ship responses are nonlinear to some 
extent, but in many cases when nonlinearities are small 
a linear theory will yield good predictions. 

The assumption of linearity for the ship response 
allows us to use many powerful analysis techniques 
developed in other fields. As discussed in the previous 
section, the seaway can be considered a random proc- 
ess and spectral techniques can be used to define the 
characteristics of the seaway. The response of the ship 
to a seaway is also a random process, and therefore 
the same spectral techniques can be used to analyze 
the ship responses. In Section 4 of this chapter the 
applicable theory of random processes and linear sys- 
tem theory will be explained. For the present we need 
to note only that by knowing the responses of a ship 
to regular waves of different frequencies, we can pre- 
dict the statistics of the responses to actual random 
seaways. Accordingly, in this section the responses of 
a vessel to regular waves will be discussed. 

A ship advancing at a steady mean forward speed 
with arbitrary heading in a train of regular waves will 
move in six degrees of freedom. That is, the ship’s 
motion can be considered to be made up of three trans- 
lational components, surge, sway and heave, and three 
rotational components, roll, pitch and yaw (Fig. 37). 
Consequently, for an arbitrarily shaped vessel, six non- 
linear equations of motion, with six unknowns, must 
be set up and solved simultaneously. However, for 
slender vessels in low to moderate sea states it is 
possible to assume that the ship motions will be small 
and hence to develop a linearized theory. For the usual 
case of an unrestrained ship with port / starboard sym- 
metry, the six non-linear equations reduce to two sets 
of three linear equations. The vertical-plane or longi- 
tudinal motions (surge, heave and pitch) are uncoupled 
from the horizontal-plane or transverse motions (sway, 
roll and yaw). 

In this section, a strip theory will be developed for 
the motion of a ship in regular waves at forward speed 
and arbitrary heading. Strip theory is the method most 
widely used to predict ship motions; it gives reasonably 
accurate results over a wide range of parameters. Sub- 
sequent to the discussion of strip theory, a brief review 
of other ship motion theories under development will 
be presented. The final subsections will be devoted to 

q1 = surge q3 = heave qs  = pitch 
qz = sway 7, = roll 7 6  = yaw 

Fig. 37 Sign convention for translatory and angular displacements 

discussing the various responses in detail. The coeffi- 
cients and exciting forces in the equations of motion 
will be examined and comparisons between theory and 
experiment for the vessel responses will be made. 

The derivation and solution of the equations that 
must be solved to determine the motions in all six 
degrees of freedom involve advanced calculus and hy- 
drodynamics. As an aid to the reader not concerned 
with the theoretical details, the results for the simpli- 
fied case of heave and pitch in head seas will be pre- 
sented in the next sub-section. A discussion of the 
theory for all six degrees of freedom follows in Sub- 
sections 3.3-3.6. Some readers may wish to proceed 
from the simple case directly to the practical experi- 
mental and theoretical results presented in the re- 
maining Sections 3.7 and 3.8. Newman (1978) gives a 
complete history of the development of theoretical 
methods to predict ship motions in regular waves. 

3.2 A Simplified Head-Sea Case. As noted in the 
preceding sub-section, the longitudinal motions of 
pitch, heave and surge of a symmetrical ship in regular 
waves can be considered separately from the trans- 
verse modes. Furthermore, it has been found that for 
most comparatively long and slender ships surge has 
a minor effect and can be neglected. This implies that 
forward speed U, is constant. The further simplifica- 
tion in this sub-section is to consider only the case of 
head seas, or waves from directly ahead ( p  = 180 deg). 
It is assumed that both the wave excitation forces and 
the resultant oscillatory motions are linear and har- 
monic, acting at the frequency of wave encounter, 

(90) 
The equations of motion are based on Newton’s sec- 

ond law of motion which in one form states that for 

we = 0 + w2g/ u, 

* Section 3 by Robert F. Beck, except for Subsection 3.8 by William 
C. Webster. 

Previous Page 
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translational modes the forces acting on a body must 
equal the mass times the acceleration. For the rota- 
tional modes the moments acting on the body equal 
the mass moment of inertia times the angular accel- 
eration. Thus, for heave, q3 ,  with the origin at the 
center of gravity (which must be located at the WL 
for this simple case), 

Aij ,  = F, (91) 

1 5 5 %  = F5 (92) 

and for pitch, q5 ,  

where A is the mass (displacement), I, ,  is the mass 
moment of inertia about the y-axis and F, and F5 rep- 
resent the total force and moment, respectively, acting 
on the body, as functions of time. For the simplified 
case, the total force and moment consist mainly of 
fluid forces, both hydrostatic and hydrodynamic. (The 
heave gravitational force is balanced by the static 
buoyancy force in calm water and this defines the q3 
= 0 position). In a linear theory, the fluid forces (and 
moments) can be conveniently divided between the 
forces due to the waves acting on a restrained ship, 
i.e., the forces that excite the motions, and the radia- 
tion forces due to the motions of the ship in an as- 
sumed calm sea. That is, 

(92) 

The excitations for sinusoidal waves are expressed 

(93) 

Fdt) = F E X 3 ( t )  + FH3(t) 
F 5 ( t )  = F E X 5 ( t )  + F H 5 ( t )  

as, 
FE&) = lFIEx,l cos b e t  + €3) 

FEX5( t )  = IFEX51 cos + € 5 )  

where IFEx3( refers to the amplitude of the heave force 
and IFEx51 to the amplitude of the pitch moment, and 
where e3 and c5 are the phase angles between the ex- 
citation and the waves. 

In linear theory, the hydrodynamic radiation forces 
due to the coupled motions of the vessel in otherwise 
calm water can be expressed in terms that are directly 
proportional to the vertical displacements, velocities 
and accelerations. For sinusoidal motions, the hy- 
drodynamic radiation force and moment can be written 
as 9 

F H 3  = - [ A 3 3 ( 4 i j 3  + B 3 3 ( 4 7 j 3  + c 3 3 7 7 3  

FH5 = - [ A  53 ( 4 ;Ij3 + B53(4 7 j 3  + c 5 3 7 7 3  

+ A 3 5 ( a )  q 5  + B,,(w) $5 + C 3 5  $ 5 1  (94) 

+ A 5 5 ( m ) q 5  + B55(w)’% + c 5 5 7 7 5 1  

where A,,(o) and Bjk(a) are coefficients that are func- 
tions of frequency. The minus sign is introduced for 
convenience in the final equations of motion. 

The double-subscript notation for the coefficients 

A,, Bjk, c j k  is adopted in anticipation of its necessary 
use for the complete 6-degree of freedom case to be 
discussed subsequently. Where the subscripts are the 
same (A,, ,  B33) a simple, uncoupled coefficient in the 
heave (3) or pitch (5) mode is intended. Where the 
subscripts are different (A,,,  B35)  the meaning is that 
the k-mode is coupled into the j-mode (e.g., A 35 ;lj5 rep- 
resents the force in the heave mode due to a pitch 
acceleration). 

The final coupled equations of motion for heave and 
pitch of a vessel in regular head seas are obtained by 
combining Equations (91), (92), (93) and (94). The ra- 
diation forces are moved to the left-hand side of the 
equations because they are proportional to the un- 
known motions. Thus, 

(A + A 3 3 1 4 3  + B 3 3 7 j 3  + c 3 3 7 7 3  + A 3 5 * 5  

( 1 5 5  + - 4 5 5 ) %  + B 5 5 j / 5  + c 5 5 7 7 5  + A 5 3 + j 3  

(95) 
+ B 3 5 7 j 5  + c 3 5 7 7 5  = IFEX,l cos (4 + €3) 

The Aj,-terms correspond to added mass, in phase with 
vertical accelerations, the Bjk-terms to hydrodynamic 
damping, in phase with vertical velocity. Terms in- 
volving the coefficient c j k  are called restoring forces 
and moments, representing the net hydrostatic buoy- 
ancy effects of the ship motions. It should be noted 
that the C, are related to the hydrostatic coefficients 
used in ship stability calculations, i.e., C33, C35, and 
C5, are related to tons per em immersion, change in 
displacement per em of trim and moment to trim one 
em, respectively. 

Equations (95) are similar to the coupled equations 
that would be found for a two-degree-of-freedom 
spring-mass-damper system. There are mass, damping 
and spring terms on the left-hand side, and on the 
right-hand side the excitation. However, the equations 
are much different from the usual spring-mass-damper 
system in that the coefficients and the excitation are 
all functions of frequency. For a given frequency they 
are all constant and the system has a solution. For 
another frequency the values of the coefficients and 
the exciting forces will all be different. Hence, it has 
been shown (Ogilvie, 1964) that the correct solution of 
these equations of motion in the time domain requires 
the addition of complicated convolution integrals. To 
overcome this difficulty it is necessary only to consider 
the equations in the frequency domain, as shown sub- 
sequently. A complete discussion of these points can 
be found in Cummins (1962), Ogilvie (1964) and We- 
hausen (1971). 

The cross-coupling between heave and pitch results 
from the coefficients with subscripts 35 or 53. For a 
fore-and-aft symmetric ship at zero forward speed the 
cross-coupling is zero. Even though typical ships are 
almost fore-and-aft symmetric, the cross-coupling be- 
tween heave and pitch is very important and must be 
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retained in order to correctly predict the motions in 
head seas at forward speed. 

The terms on the right-hand side of the equations 
represent the excitations, the forces or moments that 
would act on a restrained shin encountering waves at 
a forward speed U,. I FEx3 1 and j FEx5 1 are the ampli- 
tudes of these harmonic forces and e3 and e5 the phase 
angles. In order to apply hydrodynamic theory to ob- 
tain expressions for the excitation amplitudes, the ex- 
citing forces and moments are usually subdivided into 
the Froude-Krylov and diffraction excitations. The 
Froude-Krylov excitations represent the integration of 
the pressure over the body surface that would exist 
in the incident wave system if the body were not pres- 
ent. The diffraction exciting forces and moments are 
caused by the diffraction or modification of the incident 
waves due to the presence of the vessel. The Froude- 
Krylov forces and moments are sometimes used to 
approximate the total exciting forces. This is a good 
approximation if the wavelength is much longer than 
the vessel length. For shorter wavelengths the ap- 
proximation is increasingly inaccurate because the dif- 
fraction force becomes significant. For short waves 
the diffraction force may become approximately one- 
half of the total exciting force. 

Thus, we have the two Equations (95) in two un- 
knowns, q 3  and q s ,  which can be readily solved in this 
simple case of pitch and heave in head seas. To do this 
it is convenient to transform Equation (95) into com- 
plex number format, while a t  the same time taking 
the time derivatives to obtain velocity and acceleration. 

In linear theory, the harmonic responses of the ves- 
sel, q3( t ) ,  will be proportional to the amplitude of the 
exciting forces and at the same frequency, but with 
phase shift. Consequently, the ship motions will have 
the form: 

q,(t) = /q/ cos (wet  + cJ) = q e " e t  

q 3 ( t )  = iw,qe"et j = 3 , 5  (96) 

i i j ( t )  = -we 773e 
2- m e t  

where 
- qJ is the complex response amplitude, and 
j = 3 represents heave; j = 5 represents pitch, 

I%/ is the magnitude or absolute value of re- 
sponse amplitude, and 

cr, is the phase shift of the response. 

The complex amplitude is a complex number that con- 
tains both the magnitude and phase of the response. 
For example, the magnitude and phase of the heave 
response are given by 

(97) 
- 
7 3  = 7 i 3 R  + i 7 i 3 1  

where 
- q3R is the real part of T3 

q41 IS the imaginary part of Ti3 
lv31 is the magnitude of heave res onse ampli- 

u3 is the phase angle of heave response or 
tude and equals i__p qsR2 + q3f 

tan (T31 / 7 s R )  

In general it is understood that throughout this 
chapter, unless otherwise noted, the real part is to be 
taken in all expressions involving e i w e t .  

Similarly the exciting force and moment can be ex- 
pressed as 

(98) 
FEX3(t) = IFEx3/ cos ( w e t  + E ~ )  = FEx3 e z o e t  

FEX5(t) = IFExs/ cos (wet  + E ~ )  = FEx5 e z o e t  

where FEx3 and FEx5 are now taken to be the complex 
exciting force and moment amplitudes, containing both 
amplitude and phase. Making these substitutions in 
Equation (95), the eioet cancel out, and the resulting 
equations are: 

J = 3 , 5  k = 3 , 5  

where 
A,, is the added mass coefficient in jth direction 

BJk is the damping coefficient in jth direction due 

c,k is hydrostatic restoring force coefficient in jth 

FEx, are the complex exciting force and moment 

Note that in Equations (99) and (100) the origin is at 
the center of gravity, which is assumed to lie in the 
WL. The more general case is given in the next sub- 
section. 

The determination of the coefficients and exciting 
force and moment amplitudes represents the major 
problem in any ship motion calculation. The problem 
is simplified by applying a strip theory (as developed 
in the next sub-section), where the ship is divided into 
transverse strips, or segments. The added mass and 
damping for each strip are relatively easily calculated, 
using two-dimensional hydrodynamic theory or by 
equivalent two-dimensional experiments. The sectional 
values are then appropriately combined to yield values 
for AJk, BJk, cJk and F,. For the case of heave and pitch 
in head seas Table 12 lists the formulas for calculating 
the coefficients and the exciting forces. Actual theo- 

due to kth motion. 

to kth motion. 

direction due to kth motion. 

amplitudes in j" direction. 



44 PRINCIPLES OF NAVAL ARCHITECTURE 

Table 12-Head Sea Coefficients and Exciting Forces 

= r dx B3, = [ b,, dx 

x b,, dx + U, A,, uo 
A35 = - x dx - 7 B,, " s  0, 

x 6,, dx - Uo A,, 
T T  2 

uo A,, = - x a3, dx + B,, s 0, 

u," A,, = x2 a,, dx + A,, s we 

C,, = c,, dx = pg J' B(x)  dx s 
C,, = C,, = - 

C,, = pg V GM, + LCF2 C,, 

x c,, dx = -pg x B(x)  dx 

x2  c,, dx = pg 
I I 

x2  B(x)  dx s s 
FEx3 = 4 s gkZ e-kr'(z)  [c,, - u,(u, a,, - ib,,)] dx 

L 

where: a,, is the sectional heave added mass 
b,, is the sectional heave damping 
c,, is the sectional restoring force = pg B ( x )  

B ( x )  is the sectional waterline beam 
S ( x )  is the sectional area 

S(X) T * ( x )  is the mean sectional draft or - 
B ( x )  

2: is the incident wave amplitude 
- 

retical and experimental values for the sectional added 
mass and damping in heave for various section shapes 
are given in Section 3.5, and the overall coefficients 
and exciting forces are given in Section 3.7. 

In Table 12 the approximate equation for C,, is based 
on the assumption that the vertical difference between 
the centers of gravity and buoyancy, B G ,  and the 
longitudinal distance between CG and CF are both 
very small relative to the length of the ship. 

It should also be noted that the amplitudes of the 
heave and pitch exciting force and moment listed in 
Table 12 depend directly on l ,  the incident wave am- 
plitude. This is a consequence of the linear theory used 
in their development. The terms in brackets propor- 
tional to c , ~  are the Froude-Krylov exciting force and 
moment, and the terms involving us, and b,, represent 
the hydrodynamic diffraction forces. That these forces 
are given in terms of the same added mass and damp- 
ing coefficients used in calculating the radiation force 
coefficients, Ajk and Bjk, is the result of mathematical 
manipulation. Physically it can be viewed that the ver- 
tical motion of the wave relative to the fixed hull is 

similar to the vertical motion of the hull relative to 
still water. 

The factor eikx accounts for the wave profile along 
the length of the ship. Both the Froude-Krylov and 
diffraction parts of the exciting forces and moments 
are multiplied by the term e-kT*(x), where k is the wave 
number and T*(x )  is the mean draft for the section, 
assumed to be S ( x ) l B ( x ) ,  where S ( x )  is the sectional 
area and B ( x )  is the local beam at  the waterline. This 
is the result of the exponential decay of the dynamic 
pressure in the incident wave as one moves deeper 
below the free surface. This effect is often called the 
Smith Efect (Smith, 1883). For depths greater than 
approximately one wavelength no variation in pressure 
due to the incident waves can be felt. This decay in 
the incident wave dynamic pressure results in an equiv- 
alent reduction in the magnitude of the exciting forces. 

To solve Equations (99) and (100) for the complex 
amplitudes, the equations are written in the form: 

(101) p 7 s  -t Q ?5 = F E X ~  
R73 + s75 = FEX5 
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where 
p =  - 0; (A + 
Q = -  0,2A,, + i0,B35 + C3, 
R =  - 0,2A53 + io,B, + C5, 

+ iu,BQ3 + c3, 

s= - @,“(155  + A55) + hB55 + c55 
The solutions to the coupled equations are then given 
by 

- F E X 3 s  - FEX~ Q 
773 = PS - QR (102) 

The limiting forms of the solutions for q3 and T5 
are easily determined from Equations (102). At the 
high-frequency limit, the exciting forces go to zero and 
therefore the motions must also approach zero. In the 
low-frequency limit, P, Q, R, and S approach the values 
of their respective hydrostatic restoring force coeB- 
cients. The low-frequency limit of F3 and F5 are found 
by using only the Froude-Krylov terms and expanding 
the eikx term for small k. The net result is that in the 
limit of low frequency: 

- - 
(103) 

Thus, for very long waves the heave amplitude ap- 
proaches the wave amplitude and the pitch amplitude 
is the same as the maximum wave slope. The phasing 
is such that the vessel contours the waves. At inter- 
mediate frequencies the ship motions may peak. De- 
pending on speed and hull form, typical peak values 
are in the range of 1 to 2 times the wave amplitude 
for heave and 1 to 1.5 times the wave slope for pitch. 
Examples of the pitch and heave motions in head seas 
are shown in Section 3.7. 

The first strip theory for ship motions in regular 
waves was developed by Korvin-Kroukovsky (1955) to 
predict the heave and pitch motions of a vessel in head 
seas. Using concepts from slender-body theory in aero- 
dynamics and shrewd physical insight, a linearized the- 
ory was developed to compute all the coefficients and 
the diffraction excitations. Some refinements and ex- 
perimental comparisons were provided in the sequel 
by Korvin-Kroukovsky and Jacobs (1957). Further de- 
velopments and extension to six degrees of freedom 
are discussed. 

I t  is of interest to note that Equations (95), and hence 
the solutions given in (102), are basically the same as 
those developed by Korvin-Kroukovsky. The formulas 
for coefficients and for excitations listed in Table 12 
are essentially the same except that they embody a 
more rigorous treatment of forward speed terms in 
the coefficients and have w o o ,  as the multiplier in the 
excitations instead of 0:. 

773 + t: 
q5 --* - i k c  - 

3.3 Motions in Regular Waves with Six Degrees of 
Freedom. In order to be able to compute all responses 
of any vessel to regular waves, it is necessary to deal 
with the complete motions of a ship with six degrees 
of freedom, considering important couplings among 
them. The linear equations of motion will be presented 
for a ship advancing a t  constant mean forward speed 
with arbitrary heading in a train of regular sinusoidal 
waves. Detailed derivations of the equations of motion 
may be found in Salvesen, e t  a1 (1970), Newman (1977), 
Ogilvie (1964), or Wehausen (1971). 

(a) Equations of motion. The linearization of the 
equations is made on the basis of small motions. The 
motions will in general be small if the ship is stable 
and the incident wave amplitude is relatively small. 
The principal exceptions to this rule are resonant sit- 
uations where the damping is small, e.g., roll resonance 
in beam seas, near-pitch resonance of SWATH ships, 
heave resonance of semi-submersible oil-drilling ships, 
etc. Experimental and theoretical investigations have 
shown that a linear analysis of ship motions gives 
excellent predictions over a wide variety of sea con- 
ditions and vessel types (see Section 3.7), and that 
rolling a t  forward speed can be handled satisfactorily 
by equivalent linear equations (Section 3.8). Accord- 
ingly, the assumption of linearity will be retained here. 
However, in doubtful cases the admissibility of the 
assumptions inherent in linear theory can only be de- 
termined by comparing the results of calculations as- 
suming linearity with experimental and full-scale 
measurements. 

It is desirable first to define the three axis systems 
shown in Fig. 38. The (xo, yo,  2,) system is fixed in 

20 

A 

P -  
Fig. 38 Coordinote systems 
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relation to the earth, with the origin at any desired 
location. The xo-axis is positive upwards and the x,-yo 
plane (with origin 0) is usually coincident with the calm- 
water level. The xo axis is normally set in the direction 
of travel of the ship. The ( x o , y o , x o )  axis system is 
used to define the incident wave system. 

The (x, y, x) system moves with constant velocity U ,  
in the positive xo-direction, and is referred to as in- 
ertial coordinates. The x-y plane is also aligned with 
the calm water level and x is positive upwards. The x- 
axis is coincident with the xo-axis. The transformation 
from the (go, yo, x,) system to the moving system is 
then given by 

xo = x + uot 
Yo = Y (104) 
20 = x 

The X, y, X axis system (body axes) is fixed in the 
ship and therefore moves with all the motions of the 
ship. The 3-p plane coincides with the ship’s calm wa- 
terplane, with the x-axis normal to it (positive upward) 
and the X-axis pointing out the bow. In all the work 
described in this chapter it will be assumed that the 
ship has port / starboard symmetry and the X-X plane 
is the plane of symmetry. Hence, the origin is in the 
center plane, in the calm waterplane and a t  any con- 
venient fore-and-aft location, such as amidships. 

The motions of the ship are determined by the ori- 
entation of the 3, p, X system relative to the x, y, x 
system. A total of six components are needed to 
uniquely define the motion, typically three translations 
and three rotations. The three translations are defined 
as surge, sway, and heave. The corresponding rota- 
tions of the X, y, and X axes are called roll, pitch and 
yaw, respectively, Fig. 37. 

I t  should be noted that with a ship moving a t  any 
angle, p, to regular waves the frequency of oscillation 
will be shifted to the frequency of wave encounter, 

This shift is directly analogous to the Doppler shift in 
sound and electro-magnetic theory. For waves coming 
from ahead ( p  = 180 deg) the frequency of encounter 
is higher than the absolute frequency. In stern seas 
(p  = 0 deg) the frequency of encounter is lower and 
may equal zero when the ship speed equals the phase 
velocity of the waves. For very high speeds in stern 
seas the frequency of encounter may obtain negative 
values. This corresponds to the case where the ship 
overtakes the waves so that the waves actually appear 
to be coming from ahead (Section 4). We shall see that 
the ship responds at the frequency of encounter and 
consequently the frequency shift caused by forward 
speed has a strong influence on the ship motions. 

As in the simple case of a ship in head seas, the 
starting point in setting up the more complicated equa- 
tions of motion for six degrees of freedom is Newton’s 
second law, which must be written in an inertial co- 
ordinate system. But the forces and moments acting 
on the body are all defined in the body-axis system. 
Thus, transformations are used in order to write the 
equations of motion in the body-axis system. These 
transformations result in the so-called Euler equations 
of motion for a rigid body, which are highly nonlinear. 
For this reason most ship motion investigations first 
linearize the equations before attempting a solution. 

The general form of the basic linearized equations 
in six degrees of freedom using body axes is, 

6 

2 Ajk 3 k ( t )  = Fy(t) j = 1 , 2 . .  . 6 (106) 

where Ajk are the components of the generalized inertia 
matrix for the ship, in which the mass and moment of 
inertia terms, A and I ,  and all possible couplings, are 
included. j j k  are the accelerations in mode k ;  F, rep- 
resent the total forces or moments acting on the body 
in direction j .  The quantities F,, as well as qk,  are 
harmonic functions of time. 

In linearizing the equations many of the terms in 
Ajk become zero, and Abkowitz (1969) has shown that 
for a ship with lateral symmetry (106) reduces to the 
following six explicit equations: 

k = l  

where 
F,(t), j = 1,2,3 are the total forces in the X, q, X di- 

rections, respectively 
F,( t ) , j  = 4,5,6 are the total moments acting about 

the X, p, and X axes. Positive mo- 
ments are in the right-hand sense 

A is total mass of vessel 
I,,j = 4,5,6 are moments of inertia around 

the X. p, X axes, respectively 
146 is roll - yaw product of inertia 

(Xc, 0, xc) are coordinates of the center of 
gravity of the ship in the Z, 7, Z sys- 
tem. 

+j,(t) is acceleration in thej th  degree of free- 
dom, wherej  = 1,2,3 . . . . 6 refers to 
surge, sway, heave, roll, pitch and 
yaw, respectively. 

= I64  
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It should always be kept in mind that the equations 
for j = 1,2,3 are force equations and for j = 4,5,6 are 
moment equations. 

Comparing (106) to (107), the generalized inertia ma- 
trix is: 

+AX, 1 0 0 0 +ATc 0 1; A 0 -ATc 0 

+AX, 0 -AZc 0 I 5 5  0 J 
1 0  +AFc 0 -I46 I66 

This matrix can be readily evaluated in any specific 
case. Of course, if the origin is vertically in line with 
the center of gravity, all X, terms will be zero (as in 
the simple head-sea case of Section 3.2). 

As presented in Equation (107), the F, represent the 
total forces (or moments) acting on the vessel resolved 
in the Z, Tj, Z body-axis system. Likewise, i j j  are the 
accelerations resolved in the body-axis system. In the 
formulation and solving of the hydrodynamic problems 
associated with ship motion it is often more convenient 
to  work in the x, y, x or inertial system. As fa r  as the 
linearized equations of motion are concerned, the res- 
olution of the forces, moments, and motion amplitudes 
into one system or the other does not matter. The 
distinction between the two systems has been lost in 
the linearization. For the remainder of this section we 
shall in general work in the inertial (x,y,x) reference 
frame. However, one must always be aware of the 
distinction between the two coordinate systems so that 
in the development of a linear hydrodynamic theory 
all the terms of the appropriate order of magnitude 
are  retained. 

The only product of inertia that  appears is Id6, the 
roll-yaw product, which vanishes if the ship has fore- 
and-aft symmetry and is small otherwise. The other 
nondiagonal elements all vanish if the origin of the 
coordinate system coincides with the center of gravity 
of the ship; however, it is more convenient to take the 
origin in the waterplane a t  midship, in which case X, 
and X, are not equal to  zero. 

Writing Euler’s equations of motion, Equations 
(106), with only gravitational and fluid forces acting 
on the ship results in 

j =  1,2 . . . .  6 

where 
FGi is the component of the gravitational force 

FHj is the component of the fluid force acting in 

Aik is the inertia matrix given by Equation (108). 

acting on the vessel in the jth direction. 

the vessel in the j t h  direction. 

In a linear theory, the responses of the vessel will 
be linear with (i.e., directly proportional to) wave am- 
plitude and occur a t  the frequency at which the ship 
perceives the incident waves. This is an important 
point. The use of linear analysis allows us to use the 
powerful analysis techniques of linear system theory 
and obtain many useful results. However, it also puts 
limitations on the results which must be recognized. 
Since only the vessel response to sinusoidal waves is 
being considered in this section, the time-dependent 
responses of the vessel, qj(t), will be sinusoidal at the 
frequency of encounter and can be written as: 

qj(t)  = ?jj ei”J j = 1,2. . , 6 

where, 

w e  is the frequency of encounter (105)) and 
equals 

- qj is the complex amplitude of vessel response in the 
j t h  direction and j = 1 , 2 .  . . . 6 refer to surge, sway, 
heave, roll, pitch, yaw, respectively. 

The gravitational forces are simply due to the weight 
of the vessel applied a t  the center of gravity. Since 
the mean gravitational forces cancel the mean buoyant 
forces, they are  usually combined with the hydrostatic 
part of the fluid forces to give the net hydrostatic 
forces. 

The hydrostatic and hydrodynamic forces acting on 
the ship are obtained by integrating the fluid pressure 
over the underwater portion of the hull. The compo- 
nents of the fluid forces acting in each of the six de- 
grees of freedom are thus given by 

FHJ = Is P n, ds j = 1,2, .  . . ,6 (111) 
S 

where 
n3 is the generalized unit normal to the hull sur- 

face into the hull 
P is the fluid pressure 
s is the underwater hull surface area 

The components of the generalized normal are equal 
to the usual hull surface normals for the translation 
modes (j = 1,2,3) and equal to the moments of the 
unit normals for the rotational modes (i = 4,5,6). Con- 
sequently, it may be written that 

(n,, nz, n,) = II: (112) 
(n4, n5, n,) = r x n - -  

where 
- n is the unit normal to the hull surface out of 

the fluid 
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- ris the vector from origin to a point on the 
hull 

= xi + 32 + Z k  
The pressure on the body can be found using Ber- 

noulli's equation. Assuming an inviscid and irrotational 
flow, the equation for the pressure is 

a@ 
a t  P = Z p U ,  - p -  - X p  (V@ x VQ)  - pgz (113) 

where p is density, V @  is the total velocity vector 
representing the fluid flow, and U, is the forward speed 
of the ship. The assumption of inviscid, irrotational 
flow is critical because it allows the development of a 
linear theory. However, the effects of viscosity and 
vortex shedding have been lost. For some cases (par- 
ticularly roll and yaw) this may not be satisfactory 
and empirical corrections have to be added at a later 
stage. 

In Equation (113), the first three terms represent 
the hydrodynamic contributions to the pressure and 
the last term represents the hydrostatic contribution. 
When the equation for the pressure is substituted into 
Equation (ill), the fluid forces acting on the vessel 
may be divided into the following hydrostatic and hy- 
drodynamic contributions: 

FHj = FHSj + FHDj 

where 

FHs. (hydrostatic) = - pg JJ x nj ds (114a) 
S '  

F H D j  (hydrodynamic) = 

- p  II (x U," - - a+ - x V@ . V@ 
a t  

S 

In order to find expressions for the above to insert 
into the equations of motion, the hydrostatic and hy- 
drodynamic forces will be considered separately. 

To find the hydrostatic 
forces we must evaluate the integrals in Equation 
(114a), a straightforward but tedious process. The 
value of z must be replaced by its equivalent values 
in the (X, 7, X) system and the integrals evaluated over 
the instantaneous underwater hull surface. Note that 
in linear theory the integrals need only be carried out 
on the instantaneous wetted surface up to the calm 
water level, since the contributions from the small area 
between the calm water level and the actual wavy 
water surface are of a higher order. 

The details of the integral evaluation may be found 
in Newman (1977). Because the mean hydrostatic 
forces are cancelled by the mean gravitational forces, 
the two are usually combined to give the net hydro- 
static force as follows: 

(115) 

(a) Net hydrostatic forces. 

F>sj = F G 3  + FHsj j = 1,2,. . . ,6 

where 
FHsj = hydrostatic force on the body in the jth 

F*HS, = net hydrostatic force on the body in the jth 

The final results for each of the six components for 

direction. 

direction. 

a vessel with port-starboard symmetry are: 

where 

F>s, = 0 ( W t a )  
F*,s, = 0 (b) 
F>s3 = - pgs7)3 + pgS17)5 (4 
F>s4 = -pgV (S22/V ZB - Z,) 7 4  (dl 

= -pgVGM,q, 

FLs, = pgSIq3 - PgV tS,,/V + ZB - z,) q5 (e) 
= pgs,q3  - p g v  (aL + S L C F 2 I V )  q6 

F*,,, = 0 tf) 

- 
GM,is the 
GM, is the 

X B  is the 
LCF is the 

- 

where 
transverse metacentric height 
longitudinal metacentric height 
vertical center of buoyancy location 
longitudinal center of flotation 

S is the waterplane area = B ( x )  dx 
L 

S ,  is the first moment of waterplane area 
around the y-axis 

= 1 x B(x) dx 

S,, is the second moment 
around the y-axis 

= 2 B(x) dx 

S,, is the second moment 
around the x-axis 

of waterplane area 

of waterplane area 

= IJ y2 dydx = dx 
S 

B(x) is the full breadth of waterplane at x 
In order to simplify the notation, the individual force 

components expressed in Equations (116) can be writ- 
ten in a more general matrix notation as 

6 

F * H S j  = - j = l  C C. 3k - 7 ) k  eiwet (117) 

where 
C,, are the hydrostatic restoring force coefficients 

and iikei"et replaces the arbitrary motions, 
7 k t t ) *  
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The hydrostatic restoring force coefficients give the 
net hydrostatic force acting on the vessel in t h e j t h  
direction due to a unit displacement in the kth mode 
of motion. The values of c j k  are found by comparing 
(116) and (117). The final results are: 

C,, = 0 except for the values 
,- 

c,, = pg v (- GM, + E s )  V pgs, ,  

= pg s,, + pg v (KB - KG) 
where all integrals are taken over the length of the 
ship. 

For many ships the vertical difference between the 
center of gravity and the center of buoyancy is very 
small relative to the length of the ship, so that in this 
case Cj5  can be approximated as 

It should be noted that, after appropriate changes 
in units, the hydrostatic restoring force coefficients, 
CJk, are equivalent to the hydrostatic coefficients used 
in ship stability calculations. Tons per cm, change in 
displacement per cm of trim aft, righting moment per 
degree of heel, and moment to trim one ern are related 
to C33, C35, Cd4, and C5,, respectively. 

(b) Hydrodynamic forces. The hydrodynamic 
forces acting on the vessel can be found by evaluating 
Equation (114b). To accomplish this the total velocity 
potential for the fluid flow, @(x, 9, z, t ) ,  must be known. 
At the present state of the art, this is impossible, so 
that several simplifications are necessary. The first is 
to assume that the total velocity potential can be sub- 
divided into a simple summation of the various com- 
ponents as follows: 

@(x, Y, 2, t )  = [- uox + 4Sh Y, 211 + 4 T e ’ ” e t  

= [ -UoX + 4s(x, Y,  2 ) l  
steady part (120) 

6 

unsteady part 
where, 

(psis the perturbation potential due to steady 
translation 

4T is the unsteady perturbation potential 
6 

= 4 1 + 4 ~ +  j =  c 1 

+I  is the incident wave potential 
4D is the diffracted wave potential 
4j is the radiation potential due to unit motion 

4D, 4j are all independent of time and 
depend only on space variables. The steady part of @ 
results from the steady forward speed of the vessel. 
The - V0x term is the free-steam velocity and the 4s 
is the steady perturbation velocity potential due to the 
presence of the ship hull. The term (- U,x + 4s) is 
the solution to the problem of the ship advancing at 
constant forward speed in otherwise calm water. The 
velocity due to the steady advance of the vessel is 
given by 

in j t h  direction 

Note that 

- w =  V(-U,x + 4J = -uo + v4s (121) 

where V is the gradient differential operator. 
The unsteady part contains all the time-dependent 

terms. As with the response amplitude, Equation (110), 
the time dependence is sinusoidal at the frequency of 
encounter. The unsteady part is subdivided into the 
incident wave potential (PI, the diffracted wave poten- 
tial 4D, and the radiation potentials 4j due to motion 
in each degree of freedom. The potentials 4I and QD 
result from solving the difraction problem where 
incident waves act upon the vessel in its equilibrium 
position. The diffracted waves result from the scatter- 
ing of the incident waves as they strike the body. The 
hydrodynamic forces that result from the incident plus 
diffracted waves are called the exciting forces. The 
radiation potentials (4i) are the solution to the rudia- 
tion problem in which the vessel undergoes prescribed 
oscillatory motion in each of the six degrees of freedom 
in otherwise calm water. The hydrodynamic forces that 
result from the radiation problem involve added mass 
and damping. 

The subdivision of the complete velocity potential 
into the components shown in (120) is not unique. Other 
subdivisions are possible, but the one shown has the 
advantage that the various contributions to the total 
potential are easily identifiable. In addition, the motion 
amplitudes, Tj ,  are separated from the potentials so 
that the potentials can be found independently of the 
body motion. The interactions between the various un- 
steady components are all of higher order and are 
neglected in linear theory. As with the motion ampli- 
tudes, the assumption of linear theory has allowed 
simplification but at the cost of other harmonics in the 
response and interactions between the unsteady com- 
ponents. 

The steady component (- U,x + 4.4 is the solution 
to the wave resistance problem in calm water and can 
be determined independently of the unsteady compo- 
nents. In a consistent linear theory the boundary value 
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problem that must be solved to determine the unsteady 
components depends on ( P s .  Both the boundary con- 
ditions on the hull and the free surface contain terms 
involving 4s. Thus, there is an interaction between the 
steady and unsteady components. Unfortunately, de- 
veloping a ship motion theory that properly accounts 
for this interaction is extremely difficult. For this rea- 
son, the interactions are usually ignored and the steady 
component is approximated by the free-stream value 
(- U,x) in the unsteady problem. However, neglecting 
the interaction between the steady and unsteady per- 
turbation potentials has significant effects on the ship 
motion predictions for high-speed ships and such prob- 
lems as green water on deck and slamming. Hence, 
the interaction between the steady and unsteady prob- 
lems has become an important area of current re- 
search. Further discussion can be found in Newman 
(1978) or Ogilvie (1977). Troesch (1981) uses the theory 
developed by Ogilvie and Tuck (1969) to compute the 
interaction in lateral motions. Inglis and Price (1981) 
use three-dimensional numerical techniques to com- 
pute the magnitude of the effects. 

For the linear development of strip theory presented 
in this chapter, it is assumed that the steady velocity 
component can be approximated by the free-stream 
value. In this case, the value of - W is approximated by: 

(122) - w z (-Uo, 0, 0) 

In addition, the nonlinearities associated with the V@ 
x V@ term in the Bernoulli equation (113) are also 
dropped. Thus, the unsteady pressure equation be- 
comes 

Using the approximation for the unsteady pressure 
given by (123)) the expression, (114b), for the unsteady 
hydrodynamic force acting on the vessel reduces to 

S 

where, consistent with the linearization, the integra- 
tion is carried out over the mean underwater hull sur- 
face S. The tilde (-) over the hydrodynamic force 
denotes that only the unsteady hydrodynamic forces 
are being considered. 

Substituting the form of 4T from Equation (120) into 
(124) results in two distinct sets of unsteady forces 
acting on the vessel as follows: 

- 
FHDj = FEZj + FRY (125) 

where 
FExj are the exciting forces in the j t h  direction, and 

equal 

{ ct + <.D ] ei"et (a) 
F,' is the complex amplitude of the exciting force 

component due to incident waves, usu- 
ally called the Froude-Krylov exciting 
force, and equals 

S 

FjD is the complex amplitude of the exciting force 
component due to diffracted waves, usu- 
ally called the diffraction exciting force, 
equalling 

S 

F., is the hydrodynamic force in the jth direction 
due to forced motion, represented by 

S 

For convenience the above quantity in brackets is 
designated T,,, so that 

S 

and 
6 

where q k v k  is the complex amplitude of the hydro- 
dynamic force in the jth direction due to forced motion 
in the kth direction. 

The exciting force amplitudes 
given in Equations (125b) and (125c) are the forces and 
moments that excite the motions of the vessel. F i  re- 
sults from the integration over the body surface of 
the pressure which would exist in the wave system if 
the body were not present. This component is easily 
calculated since no hydrodynamic problem need be 
solved. The incident wave potential is known and only 
needs to be integrated over the body surface. F i  is 
usually called the Froude-Krylov exciting force after 
the classical work on ship rolling done by Froude 
(1861), and generalized to 6 degrees of freedom (Kry- 
lov, 1898). They were the first to make the approxi- 
mation of using only the incident wave potential in 
computing the total exciting force. The Froude-Krylov 
approximation increases in accuracy as the wavelength 

1. Exciting forces. 
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k = l  

= F,' + FjD j = 1, 2, . . . 6 

of the incident waves increases relative to the body 
dimensions. For short wave-lengths the diffraction po- 
tential cannot be neglected; in the limit of very short 
waves the total exciting force is approximately doubled 
over the Froude-Krylov approximation. 

The second component of the exciting force, F,D, is 
caused by the diffraction of the incident waves due to 
the presence of the vessel. Mathematically the dif- 
fraction potential is necessary so that the combination 
of ( $ I  + + D )  meets the body boundary condition. In 
fact, it can be shown that FID can be determined with- 
out ever solving for $ D  (Newman, 1977). Because +, 
and + solve very similar mathematical problems, the 
Green theorem and the body boundary condition can 
be used to derive the so-called Haskind Relations. 
These relations relate the diffraction exciting force to 
the incident wave and radiation potentials. They allow 
the computation of FJD without having to solve for the 
diffraction potential. This is important because it 
means substantial savings in computer time for ship 
motion programs. The development of strip theory in 
the next subsection will make use of the Haskind Re- 
lations. 

The final components of the 
unsteady hydrodynamic force are the radiation forces, 
FRJ. These forces result from the radiation of waves 
away from a vessel that is forced to oscillate in the 
kth mode of motion in otherwise calm water. The term 
qk in Equation (125d) is seen to represent the hydro- 
dynamic force on the vessel in thej th  direction due to 
unit amplitude motion in the kth direction. It is effec- 
tively a transfer function from unit motion in the kth 
mode to hydrodynamic force in the j th  mode. The real 
and imaginary parts of q, are usually separated as 

(127) 

2. Radiation forces. 

q, = o,2AJk - ioeB3k 

From Equation (125c), 

(132) 

where 

phase with the velocity. I t  should also be noted that 
in general the added mass and damping are functions 
of frequency. 

Various techniques have been developed to compute 
the exciting forces and the added mass and damping. 
In the next sub-section the strip theory technique will 
be discussed. 

(c) Linearized equations of motion. The expres- 
sions for all the different forces can now be substituted 
back into the equations of motion (109). jj, can be 
expressed, from (110), as 

j j k  = - oe2 T~ etaet 

Taking account of the various force components de- 
veloped in the preceding paragraphs, the right-hand 
side becomes 

F, = FGJ + FHJ = FG, + ( FHS, + FHD,) 

Equation (109) then becomes 

F, = 

6 

- m , 2 h j k ? i k e ' " e '  = F*,,. + FEx. + FR, 
k = l  

j = 1,2, ... 6 (130) 
Replacing F * H s J ,  FExJ and FE, by their components, 

given in (117), (125), and (128), gives 
6 R 

k = l  

6 

+ K D  ezwet + c (m,2 A,, - io, BJk) qk ezoet 
k = l  

(131) 
Finally the hydrostatic restoring forces, the added 

mass, and damping terms are all brought to the left- 
hand side of the equations and the elwet are eliminated 
to yield the governing equations: 

Ajk is the added mass in thej th  mode due to unit 
motion in the kth direction, Re ( ckl 0:). 

Bjk is the damping coefficient in the jth mode due 
to unit motion in the kth direction, 
I m  ( - c k / W e ) .  

The products o,2 and -ioe are included in the def- 
inition of A, and Bjk for convenience when the terms 
are substituted back into the equations of motion. The 
names added mass and damping are chosen because 
of the physical significance the terms have in the equa- 
tions of motion. As we shall see, the real part of the 
hydrodynamic force due to forced motion is in phase 
with the acceleration. Thus it acts as an apparent mass, 
adding to the mass of the body. Likewise, the damping 
term is the hydrodynamic force on the body that is in 

1 6  I 
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(Bjk)  and the exciting force complex amplitudes (F;, 
F,”) are found by evaluating the integrals in Equations 
(125), (126) and (128). The evaluation requires the so- 
lution of the radiation and diffraction problems, and in 
the next subsection a strip theory to solve these prob- 
lems will be discussed. 

The equations of motion (132) look very similar to 
the equations of motion for a spring-mass-damper sys- 
tem with six degrees of freedom. There are mass terms 
(A,k + A,k), damping terms (Bjk)  and spring constants 
(C,,) on the left-hand side. The exciting forces (F; + 
FJD) are on the right-hand side. The cross-coupling 
between the modes results from the terms where j is 
not equal to k. The cross-coupling may be large or 
small depending on the modes of motion and the ge- 
ometry of the vessel. 

As previously noted, the principal difference between 
the equations of motion (132) and the simple spring- 
- maskdamper system is that the coefficients Ajk,  BJk, 
Fi ,  FjD are all functions of frequency. For the typical 
spring-mass-damper they are all constants. The fre- 
quency dependence of the coefficients in the equations 
of motion is the reason we cannot write the equations 
of motion in their usual differential equation form. 
Essentially we are solving the equations in the fre- 
quency domain where the coefficients are constant for 
a given frequency. 

The mass term contains both the natural mass (or 
moments of inertia) of the vessel and the hydrody- 
namic added mass. The damping term is the result of 
wave damping of the free surface. The effects of vis- 
cous damping have been neglected; but if the incor- 
poration of an equivalent viscous damping is 
necessary, it can be added to  the BJk term. Finally the 
spring constant terms are the result of the hydrostatic 
restoring forces and are proportional to the waterplane 
area. For modes of motion in which there are no hy- 
drostatic restoring forces, the spring constant terms 
are zero. For example, the spring constant term in yaw 
(C,6) is zero. 

For an arbitrarily shaped vessel the six equations 
of motion must be solved simultaneously. However, 
for the case of an unrestrained ship with port/star- 
board symmetry the six equations in (132) may be 
uncoupled into two sets of three equations. The ver- 
tical-plane or longitudinal motions (surge, heave and 
pitch) are uncoupled from the horizontal-plane or 
transverse motions (sway, roll, and yaw). To see this 
we note that the cross coupling values of AJk and c,k 
are zero if j = 1,3,5 and k = 2,4,6 or vice versa (for 
example, C,, = M,, = M,, = C,, = 0). As can be 
seen by examining Equations (125c) and (127), the 
same is true for A,, and B,k. For example, A,, and B,, 
are the added mass and damping in sway due to heave. 
From (125c) and (127) we have 

- 

TWO-DIMENSIONAL 

HEAVE 
WAVES WAVES 

U 
TWO-DIMENSIONAL STRIP 

Fig. 39 Two-dimensional strip in heave 

a 
= - p  II n,  (iae - U,-) ax ds E 0 (133) 

The right-hand side equals zero because n,  is an odd 
function of the port and starboard sides while +3 is an 
even function. Consequently the integral over the en- 
tire hull surface must equal zero. Physically, it means 
that there is no hydrodynamic force in the sway di- 
rection due to a heave motion. 

I t  should be noted that the lack of coupling between 
the vertical and horizontal modes is a consequence of 
linear theory. In nonlinear theories such cross-coupling 
may be present. For some ship motion problems this 
nonlinear coupling can be very important. For exam- 
ple, there is a nonlinear heave-roll cross-coupling that 
can lead to roll instabilities and eventual ship capsizing 
(Kerwin, 1955) or (Ogilvie and Beck, 1973). Another 
example is the nonlinear pitch-yaw coupling that re- 
sults from varying submergence of the bow due to 
pitch motion (Korvin-Kroukovsky, 1980). 

I t  should also be pointed out that the final equations 
of motion (132) are valid as long as the vessel is in 
sinusoidal waves and the responses are linear. Using 
different hydrodynamic theories will lead to different 
values of the added mass, damping and exciting forces, 
but the form of the equations remains the same. The 
effects of mooring lines, anti-roll fins, rudder, etc. can 
be added to the equations of motion by modifying the 
appropriate coefficients. Whether or not the vertical 
and horizontal plane motions are then uncoupled will 
depend on the form of the coefficients. 

Assuming values for all the coefficients (A,,,  Ajk ,  
Bjk, cjk) and the exciting forces (F:, FjD) are known, 
the equations of motion can be solved using standard 
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techniques for the solution of complex simultaneous 
equations. For heave and pitch motion alone in head 
seas, the solution was given in Section 3.2. 

In the next sub-section a method to determine the 
coefficients and exciting forces is given. 

3.4 Strip Theory. Obtaining numerical values for 
the complex motion amplitudes, T k ,  requires that Val-  
ues for the coefficients,,, A,,, Bjk, C,, and the exciting 
force amplitudes Fi, E’,D can be determined and the 
equations of motion solved. The mass matrix, Aj , and 
the hydrostatic restoring forces, C,,, can be evalkuated 
directly by Equations (108) and (117). The Froude-Kry- 
lov exciting force can also be found by a direct inte- 
gration of the incident wave potential over the ship 
hull. The major difficulty in determining the ship mo- 
tions is to perform the calculations needed to find the 
coefficients of added mass, damping and the diffraction 
exciting forces, which requires the solution of difficult 
hydrodynamic problems. In this subsection we shall 
discuss a strip theory to compute the hydrodynamic 
forces. In a subsequent subsection a brief discussion 
of other techniques to compute the coefficients will be 
given. 

While the details of the mathe- 
matical formulation for strip theory are still being 
debated, the physical assumptions are relatively easy 
to describe. First, it must be assumed that the vessel 
is a slender body, (i.e., its beam and draft are much 
less than the length and changes in cross-section vary 
gradually along the length). Restricting the discussion 
to zero forward speed and high frequencies, we would 
find that the fluid flow velocities in the transverse di- 
rection are much greater than in the longitudinal di- 
rection. Consequently, as shown in Fig. 39, the flow 
field a t  any cross section of the ship may be approxi- 
mated by the assumed two-dimensional flow in that 
strip. To obtain the total effect on the ship, the effects 
of all individual strips are integrated along the length. 
For example, the strip theory approximation for the 
heave added mass is 

(a) Background. 

A,,  = a,,(x)dx (134) J, 
where 

a 33 (x) is the two-dimensional added mass. 
L denotes that the integration is taken over the ship 

length. 
The sectional added mass, a,,, is found by solving 

the two-dimensional hydrodynamic problem shown in 
Fig. 39. The essence of strip theory is thus to reduce 
a three-dimensional hydrodynamic problem to a series 
of two-dimensional problems which are easier to solve. 

For low frequencies and vessels with high forward 
speed the strip theory approximation is no longer 
straightforward and different initial assumptions lead 
to different formulations. Newman (1978) gives a com- 

plete history of the development of theoretical methods 
to predict ship motions in regular waves. 

The previously mentioned Korvin-Kroukovsky and 
Jacobs (1957) strip theory has been modified and ex- 
tended by many researchers. The most notable is prob- 
ably the work of Gerritsma and Beukelman (1967). 
Their coefficients have been used extensively for the 
verification of strip theory against experimental re- 
sults (Gerritsma and Beukelman, 1966), (Smith, 1967)) 
(Salvesen and Smith, 1970), (Smith and Salvesen, 1969, 
1970) and (Loukakis, 1971). 

Even though the strip theories of Korvin-Kroukov- 
sky and others have given reasonable comparisons 
with experiments, they were not entirely satisfactory. 
In general they were valid only for head seas. Fur- 
thermore, the forward-speed terms in the coefficients 
of the equations of motion did not satisfy the sym- 
metry relations of Timman and Newman (1962). The 
Timman-Newman relations state that in a linear ship- 
motion theory the cross-coupling coefficients between 
the various modes of motion have certain symmetry 
properties. If a linear ship-motion theory does not have 
these symmetry properties, it must be in error. For 
these reasons, work has continued into the development 
of strip theories in order to give them a sounder math- 
ematical foundation and more general applicability. 

Ogilvie and Tuck (1969) (cf. Ogilvie, 1977) have per- 
formed a mathematically consistent analysis using 
slender-body theory. Their analysis reveals that the 
leading order terms involve only the zero-speed pure 
strip-theory coefficients. The effects of forward speed 
are of a slightly higher order and are present only in 
the cross-coupling coefficients. The cross-coupling coef- 
ficients include a term that is linearly proportional to 
U, but involves the square of the potential over the 
free surface. These integral terms make the Ogilvie- 
Tuck coefficients impractical for routine calculations. 
Wang (1976) has re-derived the results from an energy 
analysis and Troesch (1981) has extended the analysis 
to horizontal-plane motions. Computations by Faltin- 
sen (1975) and Troesch (1981) show improved agree- 
ment of the resulting cross-coupling coefficients with 
experiments. The net effect of the integral terms on 
the predictions of ship motions is not established. How- 
ever, Ogilvie (1977) reports that the use of the complete 
Ogilvie-Tuck coefficients in a normal strip-theory com- 
puter program tends to worsen the predictions of the 
pitch and heave motions. This indicates that there must 
be other errors in the strip-theory approach; presum- 
ably in the exciting force terms. 

There are several analyses that are not as rigorous 
as the Ogilvie-Tuck approach, but which are based on 
a stronger mathematical foundation than the original 
Korvin-Kroukovsky theory. The works of Salvesen, 
Tuck and Faltinsen (1970), Soding (1969), Tasai and 
Takaki (1969) and Borodai and Netsvetayev (1969) 
were all developed independently and a t  about the 
same time. Newman (1977) gives only results for heave 
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and pitch motions in head seas. His added mass and 
damping coefficients are the same as Salvesen, et  a1 
(1970), but the exciting forces are computed using two- 
dimensional results at the absolute wave frequency, 
rather than the frequency of encounter. All the 
methods are quite similar and the Salvesen, et  a1 (1970), 
approach seems to have gained the widest acceptance. 
Therefore, it will be followed in this section. 

The derivation of strip theory can be found in Ap- 
pendix 1 of Salvesen, Tuck and Faltinsen (1970) and 
will not be reproduced here. In the summary of the 
theory that follows, two aspects of that original der- 
ivation will be modified. The first modification is the 
elimination of the transom stern corrections. These 
corrections result when Stokes’ theorem is applied to 
underwater hull forms that are abruptly terminated. 
However, it has been found in practice that the ship 
motion predictions are usually better if the transom 
stern corrections are omitted. This is consistent with 
the Standard Ship Motion Program used by the U.S. 
Navy (Meyers, Applebee and Baitis, 1981). 

The second modification concerns the surge degree 
of freedom. Salvesen, et  a1 (1970) included surge mo- 
tion only up to the point in their analysis where the 
hydrodynamic forces associated with surge become of 
a higher order. Various experiments have shown that 
the cross-coupling between surge motion and the other 
modes is normally small. As a result, it is usually 
neglected. However, surge is becoming more critical 
for certain specific problem areas, such as refueling 
at sea, towing in a seaway or broaching. More research 
into surge motion needs to be done; particularly into 
the coupling between the response of the propeller and 
the unsteady wake caused by the surge. Meanwhile, 
in the discussion that follows, the surge degree of 
freedom has been included by a straight-forward ex- 
tension of the method of Salvesen, et  a1 (1970). 

To find the added mass 
and damping coefficients (Ajk and B,,), it should be 
recalled from Equations (125c) and (128) that they are 
defined by the complex force coefficient, 

(b) Radiation problem.  

a 
ax = - p  n:, (C, - U, -) 4k ds 

(135) 

The determination of qk requires solving a boundary 
value problem for 4k and then integrating over the 
hull surface. 

The radiation potentials, 4 k ,  are the solution to the 
Laplace equation subject to boundary conditions on 
the hull surface, on the free surface and a t  infinity. 
The boundary condition on the hull is 

where 

nk (or n,) is the generalized unit normal into the hull 

mk is the generalized vector involving the gra- 

The mk vector is often approximated (as it is in Sal- 
vesen, et  al, 1970) by 

discussed later. 

dient of the forward speed potential. 

mk (O, Ol  O, n31 - n 2 )  (137) 
This approximation greatly simplifies the calculation 
but results in the loss of some forward speed effects. 

On the free surface, 4k must satisfy the linearized 
free surface boundary condition 

a ( ax $ k  + g -4k = 0 on x = 0 (138) 

At infinity, the boundary conditions require that the 
gradient of + k  go to zero and that there be only out- 
going waves. As discussed in Subsection 3.6, there are 
numerical methods to solve directly the complete three- 
dimensional problem for + k ,  but they require a large 
computational effort. In strip theory, the mathematical 
problem for 4k is reduced to a series of simpler two- 
dimensional problems. 

The body boundary condition, Equation (136) leads 
to two separate components for + k ,  one meeting the 
nk terms and the other the mk terms. These compo- 
nents both satisfy the same boundary conditions on 
the free surface and at infinity. If the simplified form 
for the mk terms (137) is used, then the two components 
are directly related since they solve the equivalent 
boundary value problems. In particular, Salvesen, et  
a1 show that 

4 k  = 4; k = 1, 2, 3, 4 

4 5  = $50 + ( Uo/ i%) 4 3 ,  

4 6  = 460 - ( U J i % )  4z0 
(139) 

where 4; is a potential that satisfies the Laplace equa- 
tion in the fluid domain, the conditions at infinity, the 
free surface boundary conditions Equation (138) and 
the condition on the hull surface, 

Salvesen, et  a1 then define a complex force coefficient 
based on 4: as 

q.; = -p iwe  (141) 

The force coefficient of the added mass and damping, 
qk (135), may now be simplified using the expressions 
in (139) for $ k  in terms of 4; and (141) for q:. The 
derivative with respect to x in (135) is eliminated using 
a variant of Stokes’ theorem developed by Ogilvie and 
Tuck (1969). The final results in Salvesen are 
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is reduced by assuming that Uo- is much smaller 

than o,. This is equivalent to assuming that the fre- 
quency of encounter is large or that the wavelength 
is of the same order of magnitude as the beam. This 
assumption is critical for it makes strip theory a high 
frequency theory; at low frequencies, or long wave 
lengths, a different theory results. Newman's (1978) 
unified theory is an attempt to combine high and low- 
frequency theories. 

The body-boundary condition is simplified by noting 
that for a slender body derivatives in the longitudinal 
direction are much smaller than in the transverse di- 
rection. The three-dimensional unit normals into the 
hull are defined as 

- n = V(b(x, x) T y)/lV(b(x, x )  7 y)I (147) 
where y = t b(x, x) is the equation of the hull surface, 
and b(x, x) is the half beam, and V is here the gradient 
differential operator. 

a b  a b  For a slender body - g 1; -, and the unit normals 

may be approximated by their two-dimensional equiv- 
alents, N; 

a 
ax 

ax a2 

q, = T,: j, k = 1, 2, 3, 4 (142) 
F o r j  = 5, 6 and k = 1, 2, 3, 4 

F o r j  = 1, 2, 3, 4 and k = 5, 6 

And finally for j = k = 5, 6 

(143) 

(144) 

(145) 

At this point in the analysis, the slender body ap- 
proximation and the linearization have allowed all the 
Ij, to be written in terms of T,:. Further progress 
towards a strip theory requires that a means of eval- 
uating q: in terms of two-dimensional sectional prop- 
erties be found. The first step is to note that if the 
vessel is slender, then it is consistent with the previous 
assumptions to set ds = dl  dx in the surface integrals 
so that 

where the line integral in dl is around the section 
contour C,, and the integral in dx is along the ship 
length L. 

If the integrand in Equation (146) can be written in 
terms of two-dimensional section properties, then a 
strip theory will result. The potential 4: satisfies the 
three-dimensional Laplace equation subject to the 
body-boundary condition, the free surface boundary 
condition and the conditions at infinity. Several as- 
sumptions are used in order to allow n,+: to be re- 
placed by its two-dimensional equivalent at each 
section. First, the slender-body approximation states 
that the derivatives in the longitudinal direction (x- 
direction) are small relative to the derivatives in the 
transverse (y- or x-) directions. This allows the Laplace 
equation to be reduced to the two-dimensional Laplace 
equation in the y-x, or cross-flow plane. The radiation 
condition remains that there be outgoing waves a t  
infinity. 

The free surface boundary condition, Equation (138) 

n3 z N3 = ?/dl a2 + (g)' (148c) 

Note that N, is much smaller than N2 or N3. Further- 
more, N, is usually much more difficult to compute 
than N2 or N3. The hull offsets are normally entered 
into a computer on a station-by-station basis. Numer- 

a b  ically, the computation of - is thus much easier than 

ab  
- but in principle N, can be computed a t  the same 

time that N2 and N3 are determined. 

ax  

ax' 

OUTGOING WAVES 
TO INFINITY 

- w, + g = o  I 2=0 

k = l  SURGE 
k = 2  SWAY 
k = 3  HEAVE 
k = 4  ROLL 

Fig. 40 Two-dimensional problem for qk 
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Table 13-Coefficients in Equations of Motion 

Vertical Mode 

A,, = a,, dx s 

P 

B13 = b13 dx J 
B31 = B13 

uo A,, = - x a,, dx - B,, s 0, 

s s 0, 

B,, = - x b,, dx + UO-A,, 

uo A,, = - x a,, dx + B,, 

" 

A,, = a,, dx s 
€33, = ( b,, dx 

UO x a,, dx - B,, 
0, 

B,, = - ( x  b,, dx + Uo A,, 
U 

A,, = - x a,, dx + 4 B3, i 0, 

B53 = - x b,, dx - Uo A,, s 

Horizontal Mode 

A,, = a,, dx 

A,, = A,, = 

s 
s s 0, 

a,, dx 
UO A,, = X a,, dx + -, B,, 

UO = i x a2, dx + 0, B,, 

B,, = b,, dx 

B,, = B,, = 

s 
b,, dx s 

,- 

c4, =: pg v m, 
All integrals are taken over the ship length. 

The generalized normals for k = 4, 5, 6 can likewise 
be approximated by their two-dimensional equivalents, 

n4 = yn, - znz 

z N4 

n5 = zn, - xn, 

z - x N ,  (149b) 

n, = xn ,  - yn, 

=: + x N ,  (149c) 
It was at  this point in the analysis by Salvesen, e t  al 
(1970) that the surge degree of freedom was eliminated 
by arguing that Nl << Nk, k = 2,3 ... 6.  
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The approximations just described allows the poten- 
tials 4; and the line integrals in Equation (146) to be 
found in terms of the solutions to a series of two- 
dimensional problems at various stations along the 
length of the ship. They consist of solving the two- 
dimensional Laplace equation subject to a normal 
boundary condition on the body, a free-surface con- 
dition, and conditions at infinity. As shown in Fig. 40, 
let +,, k = 1, 2, 3, 4, be the solution to this two- 
dimensional problem. For sway, heave and roll, +, is 
the velocity potential for a cylinder with a cross-sec- 
tional shape equal to the ship section shape, oscillating 
on the free surface in the appropriate mode of motion. 

At a given cross section the approximation is thus 
made that 

4; \elk k = 1) 2, 3, 4 (150) 

It also follows from Equation (1496,~) and the body 
boundary condition that 

The solution of the +k problem is difficult and re- 
quires the major portion of the running time in a strip- 
theory computer program. Some of the techniques for 
solving the +k problem are mentioned in Subsection 
3.5, along with the experimental determination of coef- 
ficients. 

The section-wise approximations for 4: given in 
(150) and (151) may be substituted into Equation (146) 
to evaluate the line integral at each cross section. q; 
is then found by a simple integration along the ship 
length. However, since we first want the values of the 
coefficients aJk, bJk and eventually A,, and B,,, it will 
be convenient to define the following sectional added 
mass and damping coefficients: 

w,2 a,, - iwe6,, = -p iwe  N, +, dl  
cx 

j = 1, 2, 3, 4 

(152) w,2 aI3 - iweb13 = w,2 a31 - i 0 , 6 3 1  

- - - p i w e  J^ Nl J13 d l  

= - p i w e  J N, $4 d l  

CZ 

w,2 aZ4 - iw,6,,= w,2 - io, b,, 

cx 

where N, are the 2-dimensional unit normals and +, 
are the 2-dimensional velocity potentials previously dis- 
cussed. 

The added mass and damping coefficients are found 

Table 14-Summary of Exciting Forces 

FExj = (4' + <qeza8' 
<I is the Froude-Krylov Exciting Force amplitude 

F j D  is the Diffraction Exciting Force amplitude 

d ( x )  are the sectional Froude-Krylov exciting force ampli- 
tudes 

h,(x) dx j = 1, 2, 3, 4 <D = e - r k r c o s p  J 
L 

F , D =  - [ e - t k z e o s p  ( x  + 2) h,(x)dx 
L 

eD = + [ e - ' k z e o s p  ( x  + 2) h,(x)  dx 
L 

h,( x )  are the sectional diffraction exciting force amplitudes 
- 

= pie, -I, ( i ~ ,  + N ,  cosp + N ,  sinp) e - t k y s l n p  

x ekz i / ~ ~ ( g ,  x )  dl j = 1, 2, 3, 4 

by recalling that w,2 Ajk - i w ,  Bjk = q k  and using the 
relations listed in Equations (142) through (152). The 
final results for the vertical and horizontal modes of 
a ship with port/starboard symmetry are given in 
Table 13. For convenience the values of Cj, are also 
listed. All coefficients not given are assumed to be zero. 

I t  should be noted that the relations in Table 13 were 
derived on the basis of small motions. I t  is shown in 
Chapter 11, for example, how the simple expression 
for C,, breaks down at large roll angles. 

The cross-coupling coefficients between surge and 
heave and pitch shown in Table 13 are typically very 
small. The Standard Ship Motion program of the U.S. 
Navy (Meyers, Applebee, Baitis, (1981) sets the coef- 

zero, but there are indications that this simplification 
may not always be justified. 

In Table 13 the term Be added to the B,, coefficient 
signifies the additional damping that must be added 
to the strip theory result to give good predictions of 

ficients 7 7 A15,  > B13 7 B31 , 7 B51 to 
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roll motion. Strip theory only predicts the inviscid wave 
damping acting on a vessel. Because roll wave gen- 
eration is lightly damped, the other components of 
damping from viscous effects and lifting effects on the 
appendages are equally as important as the wave 
damping. In addition, the other horizontal mode coef- 
ficients may also have to be modified for the lifting 
effects of appendages. A discussion of the roll damping 
and appendage lifting effects will be given in Subsec- 
tion 3.8, where B:4 is defined as the complete equiv- 
alent linear damping coefficient. 

The complex exciting force and 
moment amplitudes are found by evaluating Equations 
(125a) and (125b). To find the Froude-Krylov exciting 
force Equation (125a) the wave potential is used, 
where = (is( /oo) epik (Z eosp + y s i n ~ l  ekz. Thus, the 
Froude-Krylov exciting force in the jth direction, F;, 
is found as 

(c) Excitation. 

where use has been of the frequency of encounter 
relation, o, = oo - k Uo cosp, and the slender-body 
approximation. 

The line integral about the station in Equation (153) 
can be evaluated cross section by cross section. Using 
the slender-body approximations to the unit normals, 
Equations (148), (149) allow us to define the sectional 
Froude-Krylov exciting force amplitude, 

L ( x )  = pgr Jx e--tkys’np ekz dl j = 1, 2, 3, 4 (154) 

In this case, the Froude-Krylov exciting force ampli- 
tudes become 

CX 

e-zkxc0spf3(x) dx j = 1, 2, 3, 4 

ikseosp x f3(x)dx 
L 

e--ikxeosp x f 2 ( x )  dx 

The computation of the diffraction exciting forces, 
FJD, is more difficult because the diffraction potential, 
+ D l  is unknown. However, since C$D and +! satisfy very 

similar boundary value problems, it is possible through 
the use of the Green theorem and the boundary con- 
ditions of the problem to find expressions for the dif- 
fraction exciting forces which involve only bZ and C$ j .  
This interchange is known as the Haskind relations, 
and a complete discussion may be found in Newman 
(1965). 

After eliminating + by using the Haskind relations, 
the resulting expressions are reduced to sectional cal- 
culations in a manner similar to that used for the 
Froude-Krylov exciting forces. Salvesen, et  al, (1970), 
define the sectional difraction exciting force ampli- 
tudes as, 

(156) CX 

x epikysinp ekx +j(y,x) dl j = 1, 2, 3, 4 
Integrating the sectional diffraction force along the 
ship length results in the following expression for the 
wave diffraction exciting force: 

h,(x) dx j = 1, 2, 3, 4 (157a) <D = - i k x  easp J 

L 

&D = +I e-ikxcosp ( x  + 2) & ( x )  dx (157c) 
L 

A summary of the exciting forces for all six degrees 
of freedom is given in Table 14. Typical experimental 
and theoretical values are discussed in Section 3.5.  

I t  should be noted that in the case of only pitch and 
heave motions in head seas (p  = 180 deg) the exciting 
forces can be further simplified. For head seas the 
sectional diffraction force can be written as: 

h 3 ( x )  = p r o o  (iX - Nl) ekz +AY,Z) dl (158) 
CX 

’/,/////// STRAIGHT LINE \ _/” SEGMENTS 

CONTROL POINT ON ’ 
km SEGMENT FOR MEETING 
BODY BOUNDARY CONDITION 

$. = UNKNOWN SOURCE 
STRENGTH ON jn SEGMENT 

Fig. 41 Sectional approximation for Frank’s method 
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Fig. 42 Lewis-form sections for varying S / T ,  p ,  
(Landweber and Macagno, 1957) 

The term (iN, - N,) can be simplified to iN, because 
the contribution to the value of the integral from the 
N3 term is much greater than the N, term. Further- 
more the exponential term is taken outside the integral 
by replacing ekz with e--kT' ,  where T* is a mean draft 
for the section, usually assumed to be 

T*(x) = S ( x ) / B ( x )  where 
S ( x )  = sectional area 
B ( x )  = waterline beam of section 

Using these simplifications, (158) becomes 

h,(x) = i p y  a,, e-kT'(x) lx N3 &(y,x) dl  
(159) 

- 0 0  

we 
= - t :  - e-kT'(x)  [w,2 a,,(x) - i w e b 3 , ( x ) ]  

where the line integral around the section has been 
replaced by its equivalent value given by Equation 
(152). 

Using the same assumptions, the sectional Froude- 
Krylov exciting force becomes 

,- 

Finally the total heave and pitch exciting force ampli- 
tudes are given by: 

x C,,(X)  - % [ w e  a,,(x) - i b,,(X)l] [ 
UO -- wo [ w e  a,,(x) - &3tx)I dx 

2 0 ,  

Equations (161) allow the heave and pitch exciting 
forces to be computed in terms of the sectional ge- 
ometry and the sectional added mass and damping. 

The 
key to a successful strip-theory computer program for 
ship motions is to have a good method to solve the 
two-dimensional problem shown in Fig. 40. Mathe- 

3.5 Computation of a Two-Dimensional Case. 
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matically the problem so defined is called a mixed 
boundary value problem and there are many methods 
for its solution. In ship hydrodynamics the two most 
popular methods for solving the problem are boundary 
integral methods (Frank, 1967), (Yeung, 1982) and the 
multipole method (Ursell, 1949), (Porter, 1960), or (De 
Jong, 1973). The multipole method is often simplified 
using Lewis-forms (Lewis, 1929). In this subsection 
the two methods will be briefly discussed and then 
results for some standard shapes will be given. The 
mathematical details of each of the methods can be 
found in the appropriate references. 

Many different boundary integral techniques have 
been proposed to solve the two-dimensional problem. 
Potash (1971) solves for the potential directly. Chang 
and Pien (1975, 1976) use a dipole distribution. Troesch 
(1979) and Frank (1967) use source distributions. It 
should be noted that the boundary integral methods 
used to solve the sectional problem are two-dimen- 
sional analogs of the three-dimensional methods of 
Faltinsen and Michelsen (1976), Chang (1977), Inglis 
and Price (1981), etc., to be discussed in the next sub- 
section. 

The method of Frank (1967) appears to be preferred 
in many, if not most, ship motion computer programs. 
As shown in Fig. 41, Frank’s method consists of di- 
viding the ship section into a series of straight-line 

segments. Over each segment fluid sources with con- 
stant, but unknown, strengths are distributed. The 
form of the unit source potential is chosen so that the 
boundary conditions on the free surface and a t  infinity 
are met. The unknown source strengths are found by 
satisfying the body boundary conditions a t  the center 
point of each segment. Knowing the source strength, 
the velocity potential, $k, can be found, and hence the 
sectional added mass and damping coefficients can be 
determined by integrating around the section, as given 
in Equation (152). 

The advantages of Frank’s method are that it is 
computationally fast and any ship cross-section can be 
approximated with as much accuracy as desirable. Typ- 
ically, 8 to 10 segments on a half-section are enough 
to get accurate added mass and damping coefficients 
for motions in the vertical plane. Slightly more seg- 
ments seem to be needed for the transverse motions, 
particularly for roll. 

The primary disadvantage of Frank’s method is the 
presence of irregular frequencies. In fact, most of the 
boundary integral methods are plagued by irregular 
frequencies when the cross-section is surface-piercing. 
This was first pointed out by John (1950) in the context 
of using source distributions to solve free-surface 
problems. The irregular frequencies fully discussed by 
Ohmatsu (1975) are a set of discrete frequencies at 

Fig. 43 Body plan and Lewis-form representation of Mariner hull 
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which the solution obtained from the boundary integral 
method is not unique or “blows up.” The problem is 
associated with the resonant frequencies a t  which the 
interior flow in the “closed basin” inside the hull sec- 
tion breaks down. 

Frank (1967) shows that for a rectangular cross sec- 
tion the irregular frequencies occur a t  

rg 
B 

wn2 = n - coth (nrr T I B )  n = 1,2,3,... (162) 

where 

on = nth irregular frequency 
B = beam of rectangle 
T = draft of rectangle 

The lowest value of the irregular frequency occurs for 
n = 1. Equation (162) shows that for fixed draft, the 
first irregular frequency decreases as the beam in- 
creases. For normal ship types the irregular frequen- 
cies are often above the range of practical interest. 
However, for certain section types, such as transom 
sterns or offshore transport barges, the irregular fre- 
quencies can cause calculation difficulties. 

The irregular frequencies can be circumvented by 
various means. Ohmatsu (1975) suggested extending 
the source distribution along the free surface interior 
to the cross-section to put a “lid” on the body. Ogilvie 
and Shin (1978), Sayer and Ursell(1977), and Borresen 
(1980) all place concentrated sources or other singu- 
Iarities a t  the origin, with strength and phase selected 
so that the energy associated with a possible sloshing 
mode is absorbed by the concentrated singularity. Nu- 
merically, the proposed methods do not always seem 
to work, particularly in the transverse modes. Re- 
search is continuing, and a satisfactory method for 
removing the irregular frequencies should be available 
soon. 

The multipole method was first developed by Ursell 
(1949). His method consists of the superposition of 
potential functions that all satisfy the Laplace equa- 
tion, the free-surface boundary condition, and the con- 
dition a t  infinity. The potential functions represent a 
source and horizontal dipole a t  the origin, which give 
the radiated waves at infinity, and a series of multipole 
potentials that die off rapidly as one moves away from 
the origin. The strengths of the source, dipole and 
multipoles are all determined so that the body bound- 
ary condition is met. Ursell(l949) used the source and 
symmetric multipoles to solve the problem of a heaving 
circular cylinder. The dipole and asymmetric multi- 
poles are used for sway and roll. The number of terms 
used in the multipole expansion are determined by the 
number of points on the body surface a t  which the 
body boundary condition is met. 

For sections that are not circular in shape conformal 
mapping is used. Conformal mapping is a mathemat- 
ical procedure in which one shape is mapped into an- 
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Fig. 44 Sectional added mass and damping coefficients in heaving 
[rectangle) 
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Fig. 45 Sectional added mass and damping coefficients in swaying 
[rectangle), (Vughts, 1968) 
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Fig. 46 Sectional added mass moment of inertia and damping coefficieni 
in roll (rectangle) 

other shape through a change in variables. The 
mathematical function that transforms the coordinates 
of the cross section into the coordinates of a different 
cross section is called the mapping function. In the 
multipole method, the mapping function that trans- 
forms the ship section into a semicircle is found. The 
mapping function can then be used in conjunction with 
Ursell's known solution for a circular cylinder to find 
the solution for the actual ship section. The difficulty 
in the technique is to determine the proper mapping 
function for each cross section. Various methods have 
been proposed to find the mapping function. De Jong 
(1973) gives a general description of the problem for 
both vertical and horizontal modes of motion. Von Ker- 
zech and Tuck (1969) and Bishop, Price and Tam (1978) 
use different mathematical techniques to find the map- 
ping functions. Bishop, et  a1 (1980) give the added mass 
and damping for various sections in heave. Porter 
(1960) considered an arbitrarily-shaped cross section 
in heave and included experimental results. Bermijo 
(1965) developed a technique to find the mapping func- 
tion coefficients for use in Porter's method. Specific 
mapping functions to give certain forms are discussed 
by Lewis (1929), Tasai (1959), Demanche (1968), and 
Landweber and Macagno (1957, 1959). 

The most common mapping uses the so-called Lewis- 
forms (Lewis, 1929), (Landweber and Macagno, 1957). 
Lewis-forms use a two-parameter mapping function 

Fig. 47 Sectional coupling coefficients of sway into roll (rectangle) 

based on the sectional beam-to-draft ratio, B ( x ) l  T(x) ,  
and the sectional area coefficient 

\ ,  ~ I. 

Fig. 42 shows the sectional shapes fo r  varius combi- 
nations of beam-to-draft ratio and sectional area coef- 
ficient. Fig. 43 (Frank and Salvesen, 1970) shows how 
well Lewis-forms approximate the stations of a Mar- 
iner-type hull. Note that most of the stations are fairly 
well approximated. The bottom is not exactly flat, but 
this makes little difference in the added mass and 
damping. The bulb sections near the bow and the wine- 
glass sections near the stern are not well approxi- 
mated, however. 

Lewis-forms cannot fit all ship sections. For any 
given half-beam-to-draft ratio, B/2T, there is a per- 
missible range for the sectional area coefficient. Land- 
weber and Macagno (1957) derive the permissible 
range as 

- 2 - -  < p  < -  - + 1 2  3.rr 32 ( :T) - " - 128 3.rr (" 2T ) $' (163) 
B 

32 

where 
p, is the sectional area coefficient. 
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Fig 48 Coupling coefficients of roll into sway (rectangle), 
from Vughts (1968) 

For ship sections outside of the range shown in 
Equation (163) modifications must be made. Some ship 
motion programs artificially modify the sectional area 
and/or the half-beam to draft ratio until it fits into 
the range. For strip-theory calculations this approach 
is not too bad because the final computed motions are 
hardly affected. Another approach is to alter the map- 
ping function slightly to give a different section shape 
for the same two parameters. Thus, Demanche (1968) 
uses the half-beam-to-draft ratio and sectional area 
coefficient as the two mapping parameters but obtains 
bulbous-bow type sections. The combination of Lewis- 
forms and Demanche bulb forms seems to cover most 
ship sections. 

Summarizing, Frank’s method and Lewis-forms are 
the two most common approaches to computing the 
two-dimensional coefficients for use in strip theory. 
Frank’s method allows a more accurate description of 
the hull cross section, but it is troubled by irregular 
frequencies and requires more computer time. The 
Lewis-form approach does not have irregular frequen- 
cies, but it cannot accurately handle bulbous-bow sec- 
tions, wine-glassed shaped sterns and barge sections 
with high B I T ratios. Lewis-forms are useful in pre- 
liminary design because only the load waterline beam, 
draft and sectional area need be known. These are the 
design parameters that are available early in the de- 

sign stage. Late in the design stage, when a full set 
of hull offsets is known, the use of a boundary integral 
method (Frank’s method) or a multiparameter confor- 
mal mapping is probably justified. 

A new “hybrid” method to solve the two-dimensional 
problem has recently been developed by Yeung (1975) 
and Nestegard and Sclavounos (1983). The hybrid 
method uses a boundary integral technique in a region 
close to the body and a multipole expansion far from 
the body. The method eliminates the irregular fre- 
quencies but appears to use more computer time than 
Frank’s method. Research on the hybrid method is 
continuing. 

Several investigations have been carried out to com- 
pare the two-dimensional theoretical predictions of sec- 
tional coefficients with experimental results. Porter 
(1960) and Paulling and Richardson (1962) measured 
the vertical force and pressure at several locations for 
heaving sections. Vughts (1968) considered heave, 
sway, roll and sway-roll cross-coupling for five differ- 
ent section shapes (circle, rectangle, triangle and two 
ship-like sections). The results for the rectangle are 
shown in Figs. 44 through 48. 

Fig. 44 shows the results for a heaving rectangle at 
various beam-to-draft ratios. The individual points are 
the experimental results; the solid curve is from con- 
formal mapping; and the dashed curve is for the equiv- 
alent Lewis form. As can be seen, the experimental 
and theoretical results agree fairly well. The fall off 
in the heave-added-mass a t  low frequency is due to 
experimental inaccuracies and should be disregarded. 
The linearity of the results is verified by the fact that 
the experimental points for heave amplitudes of 0.01, 
0.02 and 0.03 meters (0.38-1.1 in.) all fall along the 
same curve. 

The curves in Fig. 44 clearly illustrate that added 
mass and damping in heave are greatly increased as 
the B/Tratio increases. This is to be expected in heave 
motion since, for a body of constant cross-sectional 
area, a wide, flat section will produce more of a fluid 
disturbance (hence larger hydrodynamic forces) than 
a narrow, deep section. 

The solid and dashed curves demonstrate the differ- 
ences in predicted added mass and damping using the 
Lewis-form approximation versus the more accurate 
multi-parameter conformal mapping. The results 
shown are for a rectangle, but the differences are typ- 
ical for normal ship-like sections. Bishop, et  al (1978) 
show that the differences between using Lewis-forms 
and multiparameter conformal mapping can be sub- 
stantial for bow and stern sections. For normal ships, 
the predicted motions using Lewis-forms or more exact 
techniques usually do not differ very much. However, 
other quantities such as hydrodynamic pressure, shear 
or bending movements may be greatly affected. 

The significant effects of oscillation frequency on 
the added mass and damping are apparent from Fig. 
44. At high frequency the added mass approaches a 
constant and the damping tends to approach zero. This 

Next Page 
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Section 4 
The Ship in 

4.1 Theory of linear Response to a Statistically Sta- 
tionary Seaway. Much if not most of the theory of 
the linear response of a marine system to random 
excitation was developed in the context of electronics 
and communication (Rice, 1944), (Lee, 1960). A great 
deal of the resulting theoretical detail has been directly 
transferred to marine applications where it has been 
called the theory of linear superposition. There are, 
however, some significant differences that are peculiar 
to this application. These have to do with the idea that 
the wave field (or excitation) is a function of space as 
well as time, and that the vessel of interest is more 
often than not moving at some speed within the wave 
system. St. Denis and Pierson (1953) introduced the 
basic concepts to the marine field, and resolved most 
of the problems peculiar to the application. Price and 
Bishop (1974) may serve those interested as a more 
modern and detailed treatment of both the basic theory 
and the problems of marine applications. 

A reasonable and useful (if not exact) model for 
realistic seaways is described in Section 2 in terms of 
statistically stationary, zero-mean, Gaussian (or nor- 
mal) random processes. While the wave elevations in 
a stationary wave process vary with time and position 
in the wave field, the probability structure of the proc- 
ess does not. That is, the statistical parameters that 
describe the process are constants. If the instanta- 
neous wave elevations of a Gaussian process are sam- 
pled, the statistical properties of the sample are 
governed by a Gaussian probability density function; 
that is, the Gaussian assumption applies to wave ele- 
vation. In a zero-mean Gaussian process the only nec- 
essary statistical parameters are the wave variance 
and its frequency / direction decomposition (or spec- 
trum). 

Conceptually, once the spectrum of the stationary 
Gaussian process is fixed, the variance and other sta- 
tistics of the process are determined for all time and 
space. This is not, of course, what happens in the ocean. 
The magnitude of ocean waves and their spectrum 
varies continuously in time and space. In the long term 
and over long distances ocean waves are non-station- 
ary. Unfortunately, we do not have a rigorous statis- 
tical model for the response of a vessel to a non- 
stationary process. This conflict is resolved by the 
assumption that the evolution of the wave statistics 
in the vicinity of the vessel occurs gradually enough 
that we may approximate reality by a succession of 
space-time processes, each of which is considered sta- 
tistically stationary in the short term and near field. 
This assumption allows the practical use of available 
theory for the response of a vessel to a stationary 
Gaussian random process. 

In the study of the response of the ship to the sea- 

a Seaway” 
way, the concepts of Section 2 that are of fundamental 
use are the wave point spectrum, Ss(o), and the di- 
rectional spectrum, S,(o, p). In this section a some- 
what restrictive definition of the point spectrum will 
be employed. Here, we will use the point spectrum 
only to define long-crested random waves. I t  should 
also be noted at the outset that the direction variable, 
p, will be defined in the same way as in Section 3; that 
is, with respect to an x,, yo, x o  coordinate system fixed 
in the earth so that the x,-axis is coincident with the 
heading or nominal course of the ship. The angle, p, 
in general will denote the direction of propagation of 
waves relative to the xo-axis, and is taken to be positive 
counter-clockwise so as to conform to a right-hand 
rule. The reader may note that these conventions are 
opposite to those usually employed a t  sea where the 
angle denotes the direction from which the waves 
come, and the sense of the angle is in accordance with 
the compass. We lose no generality with the conven- 
tions of Section 3 since the directional spectrum may 
easily be transformed from one system to the other, 
and in any event, absolute directions come into play 
only in operational use of the final results of the theory. 

Section 3 dealt with the physics of the response of 
a vessel to deterministic wave fields (regular waves), 
and it may perhaps not be immediately obvious how 
these results may be connected with the probabilistic 
model of Section 2. Broadly speaking, the analyses of 
Section 3 define the vessel response as a linear trans- 
formation of the wave elevation field. Results from the 
theory of probability say, in effect, that a linear trans- 
formation of a stationary Gaussian random process 
yields another stationary Gaussian random process. 
Thus, so long as the vessel’s response is mathemati- 
cally linear (or reasonably so) an immediate connection 
may be made between the stationary Gaussian wave 
field and a stationary Gaussian representation of the 
response. Moreover, once the response can be assumed 
to be Gaussian, the statistics of response maxima may 
be treated in the same manner as the wave maxima. 
Thus, the most important general observation about 
the deterministic development of vessel response in 
Section 3 is that all the analyses are linearized. Lin- 
earity of response is the fundamental assumption of 
the theory to be discussed here. 

In studying the response of a vessel in a seaway the 
pertinent end result of Section 3 is the complex am- 
plitude, vJ, of the j c h  response to a regular wave of 
complex amplitude [ , whose phase is referenced to 
the origin of the coordinate system fixed in the vessel. 
Once the vessel geometry is fixed, there are four es- 

Section 4 written by John F. Dalzell. 
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sentially independent variables the analysis of Sec- 
tion 3: regular wave amplitude, t; , circular frequency, 
w = 257 I and direction, p, as well as vessel speed, 
U,. These are the same four independent variables in 
a laboratory test of a model vessel in regular waves. 
Now the theory to be discussed cannot handle temporal 
variations in vessel speed within a particular realiza- 
tion of a random wave process. Thus for present pur- 
poses, the speed, U,, must be considered to be a 
constant parameter, just as it is in practical imple- 
mentations of the theory of Section 3, as well as many 
experimental investigations; i.e., surge is assumed to 
be zero. 

The linearity assumption requires that the amplitude 
of the response be proportional to the exciting regular 
wave amplitude, and that the response phase be in- 
variant with wave amplitude. Thus in the notaticn of 
Section 3, the ratio, %I{, must be invariant with t; for 
fixed w, p and U,. In numerical evaluations of the 
theory of Section 3 this invariance is assumed and 
computations are usually carried out for a unit regular- 
wave amplitude. Thus in practice, the results of the 
theory of Section 3, %,. are complex amplitudes per 
unit regular wave amplitude. Similarly, it is also con- 
ventional to normalize experimental determinations of 
the complex response amplitude in the same way. It 
is then natural to modify the notation of Section 3 and 
let % represent %I 6. Thus, in this section 

qj (w ,  p; U , )  the complexj th response amplitude per 
unit regular wave amplitude, as a 
function of wave frequency w, and 
direction p, with constant vessel 
speed, U, assumed. 

As noted in Section 3, the vessel responses are phys- 
ically related to encounter frequency, we. I t  will be 
noted from the definitions in Sections 2 and 3 that 
encounter frequency is determined by the variables in 
the argument of the function just defined. Thus, we 
may also consider the complex responses of a vessel 
to be functions of encounter frequency and define: 

q j ( w e ,  p; U,) = the complex j th response amplitude 
per unit regular wave amplitude, as 
a function of wave encounter fre- 
quency, we, and direction, p, with 
constant vessel speed, U, assumed. 

where it should be noted from Section 2.8 that the 
mapping from encounter to wave frequency may have 
to be handled carefully. 

The functions that have just been defined are anal- 
ogous to those that result from the application of gen- 
eralized linear systems theory in other fields. In marine 
usage these functions bear various borrowed names; 
in particular, four common names used synonymously 
are: transfer function, frequency response function, 
system func t ion  and receptance. Whatever the ter- 
minology, the physical meaning is as defined above, 

- 

- 

the relationships of the complex functions to normal- 
ized amplitude and phases of response are as defined 
in Section 3, and the underlying fundamental assump- 
tion is that the physical system is linear so that the 
relations between its response and its excitation may 
be completely defined in this way. 

The modulus of the transfer function has special 
importance in the theory to be discussed, and bears a 
special name which is unique to marine usage. The 
terminology was originated by St. Denis and Pierson 
(1953) where @(we, p; Uo)l2 was defined as the re- 
sponse amplitude operator. Over the intervening 
years the custom much more often than not has been 
to define the unsquared ]%(we, p; U,)/ as the response 
amplitude operator, abbreviated RAO. The numerical 
consequences of confusing the squared and unsquared 
forms will be obvious to the reader, and it cannot be 
said that the squared form is no longer used in practice 
(Lackenby, 1978). However, for present purposes the 
unsquared form will be employed, and thus when re- 
sponse amplitude operator or RAO is used here it will 
mean the ratio of the (scalar) amplitude of response 
and the exciting regular wave amplitude, and will usu- 
ally be expressed as l%.(w, p; U,)l or l%(we, p; Uo)l. 

Now to illustrate the form of the connection between 
the theories of Sections 2 and 3, first note that from 
Section 3, Equation (96) thej’th response to a regular 
wave may be written in real form as: 

q j ( t )  = 1 7 7 j ( u e ,  ~ 0 ) l U  cos [ E  - wet + aj(we)I 

where a j ( w e )  is the phase of the response relative to 
the wave elevation and E represents an arbitrary phase 
that defines the elevation of a regular wave at time 
zero, as given in Equation (25) of Section 2.2. The 
definition of /%(we, p; Uo)l, as noted above, corresponds 
to % / t ;  in the notation of Section 3. Thus the linear 
transformation of the motions analysis produces a 
shift in phase, aj(oe), and an amplitude proportional 
to the amplitude of the regular wave. 

The linear superposition theory of Section 2, and 
indeed all general linear system theory, demands that 
the response to a sum of exciting waves be equal to 
the sum of the responses to each of the individual wave 
components. Thus the response to a sum of regular 
waves each defined by i ts  wave frequency, om, direc- 
tion, p n ,  and amplitude, Y m n ,  becomes: 

The correspondence between Equation (179) and Equa- 
tion (71) of Section 2.8 may be noted. The expressions 
are of identical form except that there is an additional 
factor of the mn’th RAO and an additional determi- 
nistic phase in the argument of the cosine. If the ar- 
bitrary wave phases, c,,, are assumed to be random 
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as in the representation of Section 2, the response may 
be interpreted as a random variable. Evaluating the 
variance of the response, (179), with the formalism of 
Section 2: 

Var[qj(t)l = ([qj(t)I2) 
m n  

where the brackets ( ) denote mean value. As in the 
random phase model of waves, Section 2, the variance 
of response becomes half the summation of squared 
response amplitudes. 

In an analogy to the directional wave spectrum of 
Section 2, we may also define a continuous pseudo- 
spectrum of response, Pj(oe,  p), whose integral equals 
the response variance: 

2?r m 

0 0  

Comparing Eqs. (180) and (181), the pseudo-spectrum 
may be identified as a limit as 6we+ 0 and 6p + 0: 

This pseudo-spectrum expresses the contribution to 
response variance of the deterministic response to com- 
ponent waves of different frequencies and directions. 
Comparing Equation (182) and Equation (72) of Section 
2.8, the relationship between the pseudo response spec- 
trum and the directional wave spectrum becomes: 

Pj(ae, p) = I q ( w e ,  p; &)I2 S<(we,  p) (183) 
Though the corresponding directional wave spec- 

trum is “observable”, the pseudo-spectrum of response 
is not. Any given response is an observable function 
of time. We can decompose an observable time function 
into frequency components, but cannot unambiguously 
determine the direction of the wave components that 
produced each frequency component. Thus it is nec- 
essary to define a response spectrum that is a function 
only of encounter frequency, and this may be done in 
the same manner as was done in Section 2 for the wave 
point spectrum: 

277 

0 

Comparing (184), (183), (182), and (180) the response 
spectrum may be identified as a limit as Sw,-tO: 

Sj[(ae)mnl + 

As one would expect by now, the response spectrum 
is the contribution to response variance of the deter- 
ministic responses to all those wave components that 
produce encounter frequencies within an infinitesmal 
encounter frequency band. The summation appears 
within the limiting form, (185) because, as pointed out 
in Section 2.8, the same encounter frequency may be 
produced by wave components having different direc- 
tions. 

The sections that follow contain a condensation of 
the principal results from response theory, and the 
resulting procedures, as applied to marine vehicles. 
They will begin with the simplest case and proceed to 
the more general. 

The long- 
crested, zero-speed situation is at once the simplest 
case of interest, and one that is essentially the same 
as the basic communication or electronic theory. When 
the vessel is moored or hove-to an observer aboard the 
ship senses wave frequencies without distortion due 
to ship speed so that encounter and wave frequencies 
are the same. The long-crestedness assumption means 
that the direction of propagation of all wave compo- 
nents relative to ship heading is the same, p,, say, and 
that the waves may otherwise be represented by a 
point spectrum, S,(w). In this case the relationship 
between the variance spectrum of the j’th response 
and the wave point spectrum becomes: 

4.2 The long-Crested, Zero-Speed Case. 

S,(4 = IS(% Po; 0)lZ &(4 (186) 
The response spectrum is thus equal to the product of 
the wave point spectrum and the squared modulus of 
the transfer function (or squared RAO according to 
the present definition). It might be noted again that 
the wave direction variable, p,, is a constant parameter 
within the expression, and we have substituted U, = 
0 in the argument of the transfer function. 

As has been implied by the treatment of the last 
section, the integral of the response spectrum over 
positive frequency is defined to be the response vari- 
ance. (Variance spectra in this chapter are defined only 
for positive frequencies.) In simpler language, the area 
under the response spectrum is equal to the variance 
of the response. In this case, the spectral moments of 
response are defined in the same way as for point 
spectra of waves (see Section 2.6): 

m ,. 
m, = J wn S j ( w )  dw (187) 

0 

and as in the case of waves: 
m, is response variance 
m, is variance of response velocity 
m4 is variance of response acceleration 

Period averages for response are also defined as in 
Equations (49) through (52) of Section 2.6; that is, the 
same formulas hold, with response spectral moments 
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used instead of wave spectral moments. In practice, 
the estimates of response spectra and the moment 
integrals are done numerically; response amplitude op- 
erators almost never are obtained in continuous and 
sufficiently simple analytical forms that might allow 
purely analytical expressions for either the spectra or 
the moments (See 4.6, example computations). 

4.3 The Long-Crested, Forward-Speed Case. As in 
the last section, the waves are assumed to be long- 
crested so that all wave components propagate in the 
same constant direction, pot relative to ship heading. 
As before, we also assume that a wave point spectrum 
is available to define the frequency content of the 
waves. In this case we consider non-zero vessel speed 
(U,  # 0). I t  has been pointed out in Section 2.8 that 
non-zero vessel speed can result in considerable com- 
plication, and it is at this point that we resume the 
discussion started there. In order to develop the re- 
sponse spectrum in a more practical form than has 
been indicated in Section 4.1 we must develop the en- 
countered wave spectrum in some detail. We will con- 
sider encounter frequency to be positive always and 
write it in a slightly different form to express this: 

(188) 
Now the transition from the wave point spectrum 

defining long-crested waves to the encountered spec- 
trum is essentially a transformation of the frequency 
coordinate system such that the wave variance is pre- 
served. In a similar way to the treatment of Section 
2.8, the encountered spectrum for long-crested waves 
may be written: 

&(We; pot U,) = S&) / I l  - (2wUo/g)  cos Po I (189) 

where the value on the right-hand side must be as- 
sociated with the proper value of we via the transfor- 
mation, (188). The absolute value of the denominator 
(the Jacobian of the transformation) is taken because 
spectral density (the frequency decomposition of var- 
iance) must be positive. I t  may also be noted that the 
constant parameters, pot U,, have been added to the 
augment list of the encounter spectrum to emphasize 
the point that this function of encounter frequency 
depends upon the values assumed for speed and wave 
direction. 

The detailed treatment of the encountered long- 
crested wave spectrum is dependent upon the sign of 
cos p, in the transformation (188). There are effectively 
three possibilities. The first is that the wave direction 
is 90 or 270 deg; that is, the vessel is proceeding in 
beam long-crested waves. In this event, cos po = 0, 
thus o, = o, and the encountered spectrum is the 
same as the wave point spectrum regardless of speed. 
Thus in beam long-crested seas the relations between 
response spectra and wave spectra are the same as 
were noted in the last sub-section, the only difference 
being that the RAO would have to be that for a wave 
direction of 90 or 270 deg. 

we = / w  - ( 0 2 U o / g )  cos pol 

fig. 66 Wave encounter spectra in long-crested head seas, at increasing 
ship speeds 

The second possibility to be considered is that of 
head or bow waves. In this case po is between 90 and 
270 deg, and cos p, is negative. In this circumstance 
the expression within the absolute value signs in (188) 
is always positive. This means that the transformation 
between w, and o is one-to-one for all positive values 
of frequency, and that the denominator of (189) will 
not approach zero. Fig. 66 illustrates schematically the 
influence of speed upon the encountered long-crested 
sea spectrum for head or bow seas. Generally, the 
shape of the encountered spectrum is similar to that 
of the point spectrum regardless of speed. The effect 
of the transformation is to shift the spectrum to higher 
frequencies and flatten it a bit, while the area remains 
constant. Now turning to the relationships between 
the wave encounter and the response spectrum, the 
response spectrum for long-crested head or bow waves 
becomes: 

sF(oe) = I%(we, PO;  Uo)12  St;(w,; po, Uo) (190) 
where 90 5 p, 5 270 deg, the transfer function is 
developed as a function of encounter frequency, and 
the transformation of the wave frequency spectrum 
is carried out as in (189). The superscript, H, is to call 
attention to the fact that the relationship holds only 
for long-crested head or bow waves. 

With the last paragraph half of the possible direc- 
tions of long-crested waves have been dealt with. The 
other half involves quartering and following seas. In 
this case 0 90, or 270 5 po 5 360 deg, and 
cos p, is positive. The resulting variation of encounter 
frequency (188) with wave frequency is shown sche- 
matically in Fig. 67. In general, as wave frequency 
increases, encounter frequency goes through a maxi- 
mum, returns to zero, and then increases once more. 
The figure illustrates the primary complication in the 
transformation between wave and encounter fre- 
quency for following or quartering waves; that is, for 
any value of o, there correspond either one or three 
values of w (and one or three wave lengths). An ob- 
server aboard ship who senses an encounter frequency 

po 
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less than g/(4Uo cos po) cannot work out the corre- 
sponding wave frequency without additional infor- 
mation. The wave frequency, g / (  U, cos po), a t  which 
oe = 0 corresponds to the situation where the com- 
ponent of ship speed in the direction of wave propa- 
gation, (U,  cos po), is exactly the same as the wave 
celerity, V,. The maximum in the curve of we occurs 
at o = g / ( 2  Uo cos po), and at this point the component 
of ship speed in the direction of wave propagation is 
exactly equal to the group velocity of the waves, 
V c / 2 .  Near this maximum there is a broad range of 
wave frequencies, o, that will produce nearly the same 
frequency of encounter. 

For the following or quartering wave case, the trans- 
formation between encounter and wave frequency is 
multi-valued, and this must be accounted for in the 
development of the encountered spectrum. For this 
purpose the wave frequency range may be divided into 
three regions as shown in Fig. 67. In the first, the 
component of ship speed in the direction of wave ad- 
vanee is less than the wave group velocity. In the 
second, the ship velocity component is between wave 
group velocity and celerity, and in the third, the ship 
velocity component is greater than the celerity. Phys- 
ically, in Regions I and I1 the waves overtake the ship, 
and in Region I11 the ship overtakes the waves. Within 
each of the three regions the w, we transformation is 
one-to-one. 

Fig. 68 illustrates schematically what happens when 
the transformation, Equation (189), is carried out for 
quartering or following waves. The ( a )  part of the 
figure indicates the wave frequency spectrum and the 
position of the three regions noted in Fig. 67. The ( b )  
part of the figure indicates what happens when the 
operation defined by (189) is carried out. As o ap- 
proaches g/(2Uo cos po) the denominator of (189) goes 
to zero and the result is a singularity in the encoun- 
tered spectrum. The area under the spectrum a t  this 

I l g  4 UOCO! 

-t- 

Fig. 67 Variation of encounter frequency with wave frequency/for regular 
following or quartering waves 

step is not equal to the wave variance because the 
transformation is not complete. The modified spectral 
densities have not been associated with the proper 
encounter frequency, a schematic scale of which is 
included beneath part ( b )  of the figure. Part (c )  indi- 
cates the association step. The contribution of Region 
I extends from zero to we = g/(4U0 cos p,). The Region 
I1 contribution folds back and extends down to zero 
frequency, and the Region I11 contribution starts at 
zero and extends to indefinitely high encounter fre- 
quency. Part ( d )  of the figure indicates the wave spec- 
trum as would be sensed aboard the moving ship. In 
the range 0 5 we 5 g/(4U0 cos p,) the contributions 
from the three wave frequency regions are additive. 

Thus, the encountered spectrum for quartering or 
following waves can be a practically unrecognizable 
modification of the wave frequency spectrum. It is 
worth noting that if the wave spectrum is appreciable 
at o = g/(2Uo cos p,) the encounter spectrum will 
almost certainly have a strong peak a t  we = g/(4U0 
cos po). Within the range of typical ship sizes and 
speeds, the contribution of Region I11 tends to be un- 
important, but there is a good possibility that both 
Regions I and I1 may be important for high-speed 
ships. 

Now turning to the relation between the response 
and the encountered wave spectrum, the preceding 
discussion shows that, in order to estimate the re- 
sponse spectrum in quartering or following waves, we 
must handle the contributions from the three regions 
of wave frequency separately. In this case the re- 
sponse spectrum is formed by: 

SjF(oe) = \ q ' ( o e ,  PO; uo)lz S'(we; pot uo) 

where for example, S'(we; p,, U,) is the contribution 
to the wave encounter spectrum from Region I, and 
I?&'(we, po; U,)\ is the response amplitude operator as- 
sociated with the wave frequencies of Region I. It 
should be noted that the contributions from Regions 
I and I1 will contain singularities unless the response 
operator for oe = g/(4U0 cos p,) is zero, a relatively 
unlikely event. However, the area of the response spec- 
trum will be finite and equal to the response variance. 

In practice, the moments of the response spectrum 
are usually a more important result than the response 
spectrum itself. The response spectral moments are 
only meaningful in terms of encounter frequency, and 
are defined as follows: 

mx = j ( w e ) %  sj(we) due (192) 

so that once having the response spectrum, (190) or 
(191), the immediate next step is to integrate over 

0 
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Fig. 68 Transformation of wave spectrum to encounter spectrum, following 
or quartering waves (long-crested) 

encounter frequency. As mentioned previously, all 
practical work is done numerically. Because of the 
nature of the head or bow sea frequency transfor- 
mation, numerical integration of (190) is hardly more 
difficult than in the zero speed case. However, because 
of the singularities in (191), which are brought on by 
the frequency transformation, numerical integrations 
for quartering or following waves become rather com- 
plicated exercises. For this reason it is customary to 
proceed in a different manner. The basic relationships 
between response variance or moments could have 
been developed in the wave frequency domain at the 
outset, and this was done in St. Denis and Pierson 
(1953). The frequency transformation was introduced 
in that reference only to develop the response spec- 
trum properly. Thus, relative to the present treatment, 
if the expression for the response spectrum, (191), is 
substituted in (192), and a variance-preserving trans- 
formation from encounter to wave frequency is carried 
out, the expression for the moments becomes: 

m 

The same result is obtained when the head or bow 
sea response spectrum is substituted. Equation (192) 
for the response spectral moments as an integral over 
wave frequency thus holds for any speed and heading 
to long-crested waves. No singularities appear in the 
integrand and thus the numerical work is straightfor- 
ward. In short, all moment calculations can be con- 
veniently carried out in the wave frequency domain, 
with knowledge of the point spectrum of waves, S,(O), 
and the response operator as a function of wave fre- 
quency. 

I t  may be noted that the integrand of Equation (193) 
for n = 0 is: 

This is in the form of a spectrum, and the integral 
over frequency (the area) is the response variance, but 
it is not the spectrum of response as would be sensed 
by instrumentation aboard a moving ship. Depending 
upon ship speed and wave direction, the frequencies 
and the shape of the integrand of (193) may be com- 
pletely incorrect as a representation of an observed 
response spectrum. Nevertheless, the integrand of 
(193) can be and is called a spectrum, and can be put 
to good use in practical analyses of the contributions 
of various wave frequencies to the response moments. 
If it is desired to work out the actual response spectral 
shape the wave spectrum must be transformed to the 
encounter frequency domain, and the operations of 
(190) or (191) must be carried out. 

4.4 The Short-Crested Sea Case. The last of the 
complications in applying linear random theory to the 
response of a vessel is that introduced by the variation 
of direction of the wave components in a short-crested 
sea. In Sections 4.2 and 4.3 for the long-crested case 
the wave component direction was assumed to be a 
constant parameter, po. In the short-crested case the 
component wave direction, p, becomes a variable in 
the same sense as is wave or encounter frequency. In 
this case we must deal with waves that are defined by 
a directional spectrum, S,(o, p), rather than the point 
spectrum, S,(O). As before, we denote the spectrum 
of t h e j  th response as S,(o,), and note from the def- 
inition of the variance spectrum that the contribution 
to total response variance of response components of 
all directions with encounter frequencies within a small 
range, he, of some frequency, o,, may be represented 
as S,(o,) 60,. 

According to the simplified treatment of Section 4.1 
we may think of S,(w,) 60, as the sum of all the con- 
tributions to variance of the response to all the indi- 
vidual directional wave components that produce a 
response with frequency very near o,. The indicated 
summation in Equation (184) is over wave direction, 
and we must thus anticipate that the response spec- 
trum for short-crested seas will involve an integral 
over wave direction of the form: 
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where S s ( w , ,  p) is the result of transforming the wave 
directional spectrum into the encounter frequency do- 
main. All the complications noted in the last section 
for long-crested waves enter into the transformation 
of the directional spectrum. Since the wave direction 
is a variable rather than a constant parameter, the 
boundaries of the various “regions” described in the 
last section become functions of encounter frequency 
as well as direction. Because of this, the response spec- 
trum is not the straightforward direction integral of 
(190) or (191) that the form just noted might imply. 
However, the general form of the response spectrum 
is superficially similar to that for the long-crested case 
in that it may be written in the form: 

S,(w,) = S , H ( o , )  + S,’(o,) + S,”(o,) + S,”’(O,) 

The first contribution is essentially that from wave 
directions corresponding to head and bow seas, and 
the second through fourth the contributions from the 
ambiguous quartering and following sea regions of 
the o, o, transformation. Each of these contributions 
is an integral over wave direction, each with very pre- 
cise, and different, domains of integration. As a prac- 
tical matter, the complications are such that estimates 
of the response spectrum in short-crested seas are 
virtually never done, and the interested reader is re- 
ferred to St. Denis and Pierson (1953), or Price and 
Bishop (1974) for further details. 

As in the long-crested case, spectral moments are 
of more practical interest than the details of the form 
of the response spectrum. Thus it is fortunate that it 
is possible to substitute the detailed expression for the 
response spectrum in short-crested seas into the gen- 
eral expression for spectral moments. Equation (192) 
makes a variance-preserving transformation from the 
encounter to the wave frequency domain, and arrive 
at an expression that allows all moment calculations 
to be carried out in the wave frequency-direction do- 
main. The resulting expression for the spectral mo- 
ments is: 

rn 2rr 

m, = J J  jw - (02uo/g) cos 
0 0  

Iqb, p; U o ) I 2  S&, p) dp do (194) 

As before, the expression holds regardless of speed 
and wave direction, and is free of singularities. The 
integrand is essentially that of Equation (193) and is 
thus not a proper response spectrum because it is not 
based on w e .  The main difference between this and 
(193) for the long-crested case is that the wave direc- 
tion is a variable. 

There is a manipulation of very practical significance 
that may be done to Equation (194) under the special 

circumstance that the directional spectrum may be rep- 
resented as the product of a point spectrum and a 
spreading function, M ( p ) ,  

S&, p) + S,b, M(l.4 

As noted in Section 2.6, this is of practical influence 
in design application because of the dearth of infor- 
mation on directional wave spectra. I t  is easily seen 
that if this representation is substituted into (194), the 
computation of moments in short-crested seas may be 
split into two operations: 

2W 
P 

m, = J m(n,  p) ~ ( p )  dp  

where: 

m(n,  p) = i lo - (02uo/g) cos pin x 

(195) 
0 

0 

lq(a, p; uo)12 Sg(o) d o  (196) 

the function m(n, p), (196), is simply the n’th spectral 
moment in long-crested seas as a function of the wave 
direction, p. The n’th moment in short-crested seas 
involves weighting the long-crested moments with the 
spreading function (See example in Subsection 4.6). 

The shape of the spec- 
trum of a vessel’s response tells the analyst what fre- 
quencies are important contributors to the response 
variance. Thus the response spectrum may allow in- 
ferences to be made about why a response variance is 
what it turned out to be, or perhaps (indirectly) how 
a vessel might be modified for better performance. 
However, in practice the most important result of the 
theory described previously is the response variance 
(the zero’th spectral moment, or spectrum area) be- 
cause this quantity is central to all the measures of 
response magnitude that are considered useful in de- 
sign application. 

In the marine field it is customary to estimate mag- 
nitudes of response in terms of quantities that have 
some connection with the qualitative aspects of waves 
or response to waves (visible crests, troughs, ampli- 
tudes, etc.). Mechanically, such estimates are made by 
multiplying the square root of response variance (the 
RMS response) by a constant that is derived from the 
theory for the probability density of the maxima of a 
stationary zero-mean Gaussian random process. The 
applicable probability theory was summarized in Sec- 
tion 2 for ocean waves and is applicable to the response 
if, as we have assumed here, the wave processes are 
Gaussian, and the response is linear. Hence, it may be 
assumed that all of the formulas and constants pre- 
sented in Section 2 for wave heights apply to response 
double amplitudes. Since amplitudes, rather than 
heights or double amplitudes, are usually of more in- 

4.5 Statistics of Maxima. 
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terest for response, all the height constants presented 
in Section 2 should be multiplied by %. Hence, 

Average response amplitude = 1.25 & 
Significant response amplitude = 2.0 

Average of x0 highest 
response amplitudes = 2.55 & 

The greatest response amplitude expected on the 
average in samples of size ( N )  of independent obser- 
vations of apparent response amplitudes are 

N = 100, 3.25 & 
N = 1000, 3.85 & 
N = 10,000, 4.45 Jm, 

However, if a large number of samples of the stated 
size are taken, five percent of them would be expected 
to contain maximum amplitudes exceeding: 

N = 100, 3.9 Jm, 
N = 1000, 4.45 Jm, 

The above involves the concept of confidence level. 
We may note that response spectra are generally 

narrower than wave spectra. Thus the narrow-band 
assumption normally applied to wave statistics (and to 
derive the numbers just given) is usually even more 
appropriate for responses. To restate the magnitude 
of the theoretical error introduced by the narrow-band 
assumption, for most response cases of interest the 
spectral broadness parameter, E is less than 0.6, and 
Fig. 32 (Section 2.6) shows, for example, that assuming 
E = 0 leads to an error in the significant amplitude 
estimate of only about 5 percent. However, it should 
be noted that there are types of ship response in which 
the spectral broadness parameter can be greater than 
0.6, and the conventions and numbers just given may 
be improper. The most common case is associated with 
the stress response of ships. Strong vibratory stress 
fluctuations can superimpose upon wave induced 
stresses in a way that produces double peaked re- 
sponse spectra which may be “broad” in the sense 
defined by the probability theory. 

Since there are occasions when it is important to 
estimate extreme response magnitudes when response 
spectra are broad, a useful extension of the extreme 
value theory for the maxima was made by Ochi (1973). 
As was noted in Section 2.6, when the spectrum of a 
zero-mean process is broad, we have maxima that are 
negative and minima that are positive. However, these 
are of virtually no engineering interest if, as is com- 
mon, we are interested in the possibility that some pre- 
determined response amplitude might be exceeded. 
Thus Ochi (1973) derived the probability density of 
positive maxima (or negative minima) for processes 
with arbitrary broadness. In order to apply extreme 
value theory properly it is necessary first to define the 
level of confidence in the result. Suppose that tn rep- 

resents the largest positive maximum in a sample con- 
taining n positive maxima, and that E n  = (,/& 
represents this sample extreme in non-dimensional 
form. Further, define an estimated no?-dimensional 
extreme for samples of n maxima as 2,. The confi- 
dence level is defined by a probability statement that 
is valid before the data are collected: 

where a is a (‘small” probability chosen to reflect the 
desired degree of confidence that the estimated ex- 
treme value will not be exceeded in one sample. If the 
valu_e of a is chosen to be 0.01 for instance, and a value 
of Z x  estimated, the actual extreme i,n each of many 
samples of n maxima should exceed E n  only once on 
average in 100 such samples. Broadly, the development 
of Ochi (1973) involves estimates of extremes in which 
there is an lOO(1 - a)  percent confidence that the 
actual extreme in a sample of n maxima will not exceed 
the estimate. 

The development of Ochi (1973) continued by devel- 
oping a relatively simple formula for Z n  from the 
density function for positive maxima previously men- 
tioned. This led to the recognition that the number of 
observed maxima of interest, n, could be related to 
the duration of the observation of the process from 
which the positive maxima were derived if it be as- 
sumed that successive positive maxima are statistically 
independent. The final relatively simple result for the 
estimation of extreme positive maxima (or extreme 
negative minima) became: 

where 2 is the estimated non-dimensional extreme 
that should be exceeded only once on average in l / a  
samples of D seconds duration. The second form of 
Equation (197) follows from the definition of the zero 
crossing period, T,, in Section 2.6, and it may be illu- 
minating to note that D / T ,  is equal to the expected 
number of zero up-crossings in duration, D. More or 
less coincidentally, (197) is the same as the answer 
obtained when Ochi’s assumptions are applied to the 
case of an ideally narrow band process. I t  must be 
noted that (197) holds for small values of a and for 
values of spectral broadness parameter less than 0.9; 
that is for the vast majority of cases of practical in- 
terest. On the other hand, the necessary assumption 
that successive positive maxima be statistically inde- 
pendent is likely only to be true for processes with 
very broad spectra; that is, the assumption is normally 
violated for responses of interest. However, the effect 
of this violation is to inject some conservatism into the 
result in that (197) should usually yield answers larger 
than would be the case if statistical independence of 
successive maxima were considered rigorously. Due 
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to the sluggish numerical behavior of the square root 
of a logarithm, this conservatism is likely to amount 
to less than 10 percent, even for responses that are 
quite narrow band. 

To take a simple example of practical application, 
suppose that the variance, m,, of heave and the var- 
iance of heave velocity, m,, are computed from a re- 
sponse spectrum to be 

m, = 4 (m), 
m, = 1 (m/sec), 

and assume that we wish to estimate an extreme heave 
amplitude that we are 99 percent confident will not be 
exceeded in 24 hours of statistically steady response. 
The duration, 0, becomes 86,400 seconds, a is 0.01, 
and substituting into (197) the result is: e D  = 5.18. 
This is the non-dimensional extreme. The dimensional 
extreme is obtained by multiplying by & so that 
the estimated extreme heave amplitude in a 24-hour 
exposure becomes 10.36 m, with 99 percent confidence. 
For comparison, from the previous discussion the ex- 
pected average of the %,, highest amplitudes for this 
case would be 5.1 m. 

By comparison with the 
theoretical determinations of response functions, Sec- 
tion 3, the computation of response moments is quite 
straightforward, as is the computation of response 
spectra, so long as short-crested following seas are 
not involved. Such computations are ordinarily done 
on the computer to save time, but the more important 
ones can be done by hand, and will be illustrated here 
in forms that can be used for hand calculation. 

As has been noted, the computation of spectral mo- 
ments for the long-crested case is the basic operation, 
and a typical such hand calculation is illustrated in 
Table 15. The objective of the computation is to esti- 
mate the first three even spectral moments for one 
response to one long-crested wave system in accor- 
dance with Equation (193). If more than one response 
or more than one wave system is at issue, the com- 
putation is repeated with as many combinations of 
response and wave data as are required. 

In the evaluation of (193) it is convenient to define 
both the response operator and the wave point spec- 
trum a t  uniform increments of wave frequency, Col- 
umn 1. In the table Column 3 reflects a heave response 
operator (RAO) typical of a ship proceeding in bow 
seas (p = 157.5 deg) at a Froude number of 0.2. For 
the example the ship was assumed to be 500 f t  (152.4 
m) in length so that speed, U,, is 15.05 knots. This 
yields encounter frequencies, Column 2, according to 
o, = o + 0.7294 02. The wave point spectrum, Column 
4, was taken to be in the 15th ITTC form (Section 
2.11b), with TI at 10.8 seconds and a significant height 
of 5 m (16 ft). Ordinates of the integrand of Equation 
(193), Column 5, are the product of Column 4 and the 
square of Column 3. Columns 6 and 7 indicate the usual 
steps in a Simpson’s integration of Column 5. Columns 

4.6 Example Computations. 

8 and 9 are formed by successive multiplications with 
the square of encounter frequency, Column 2. These 
last operations result in Simpson’s functions of ordi- 
nates for the second and fourth spectral moments, m, 
and m4. After summing Columns 7, 8 and 9, the three 
moments are worked out as indicated in the lower part 
of the table. 

In setting up such computations it is clearly impor- 
tant to select wave frequency increments so as to de- 
fine reasonably well both the peak of the spectrum and 
the peaks of the response operator. In some cases plots 
of the integrand may be required in order to confirm 
the adequacy of this choice. In this connection it might 
be noted that the extra work of Simpson’s integrations 
is not absolutely required. In the example the simpler 
trapezoidal integration of Column 5 yields an answer 
only 0.8 percent different from that given in the table 
for m,. The usual precision of the determination of 
response operators seldom justifies highly precise 
spectral moment integrations. 

Computations such as outlined in Table 15 are in- 
herently dimensional since the wave point spectrum 
and the wave frequency are dimensional. In the ex- 
ample the RAO happens to be non-dimensional since 
it is that for heave. It is important to note that if the 
example had involved pitch or roll response, the units 
of the RAO would have been degrees per meter, and 
thus the units of Column 5 would have been deg2-sec, 
and those of the moments would have been deg2, (deg / 
set),, and (deg/ sec2),. 

The usual next step after the moments have been 
obtained is to compute the statistical averages of in- 
terest. For example: 

Average period between zero-up crossings of 
response: 

T, = 2 7 r J G  = 9.49 sec 
Average period between response maxima: 

T, = 2 v 4 G  = 8.86 sec 
Spectral broadness parameter: 

(so that the heave is relatively narrow-band.) 
E = J1 - (T,/T,), = 0.36 

Significant amplitude estimates become: 
Significant heave amplitude = 2 & = 2.30 m. 
Significant amplitude of heave velocity 

Significant amplitude of heave acceleration 

Significant heave double amplitude 

= 2 & = 1.52 m/sec 

= 2 fi = 1.08 m/sec2 = 0.11 g 

= 2(2.3) = 4.6 m. 
Considering other measures of response: 
Average of the %,th highest heave 

amplitudes = 2.55 & = 2.94 m. 
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Table 15- Example Computation of Heave Spectral Moments, Long-Crested Seas 

0 0 0 0  0 0  
0 o, RAO Sg(o) 0' x 0 

rad/sec rad/sec m/m m2-see m2-see SM 
0.10 
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 
1.00 
1.05 
1.10 
1.15 
1.20 
1.25 
1.30 
1.35 
1.40 

0.107 1.00 
0.166 1.00 
0.229 1.00 
0.295 1.00 
0.365 1.00 
0.439 1.01 
0.517 1.03 
0.598 1.07 
0.682 1.20 
0.770 1.22 
0.862 0.80 
0.958 0.50 
1.057 0.24 
1.160 0.09 
1.267 0.03 
1.376 0.00 
1.491 0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 0 
0 0 
0 0 
0.00 0.000 
0.20 0.200 
2.04 2.081 
4.27 4.530 
4.98 5.702 
4.50 6.480 
3.62 5.388 
2.75 1.760 
2.06 0.515 
1.53 0.088 
1.14 0.009 
0.86 0.0008 
0.65 0.000 
0.50 0 
0.38 0 
0.30 0 
0.24 0 
0.19 0 
0.16 0 
0.12 0 
0.10 0 
0.08 0 
0.07 0 
0.05 0 

1 
4 
2 
4 
2 
4 
2 
4 
2 
4 
2 
4 
1 

0 0 0 
0 x 0  0 x 0 '  @ x @  
m2-see m2/sec m2/sec3 

0.000 0.000 0.000 
0.800 0.106 0.014 
4.162 0.802 0.154 

18.120 4.843 1.294 
11.404 4.078 1.458 
25.920 12.056 5.607 
10.776 6.389 3.788 
7.040 5.231 3.887 
1.030 0.945 0.868 
0.352 0.393 0.439 
0.018 0.024 0.032 
0.003 0.005 0.008 
0.000 0.000 0.000 

H = 79.625 I: = 34.872 Z = 17.549 

0.05 
3 

m, = - x 79.625 = 1.3271 mz 

0.05 
3 

0 05 
3 

m, = - x 34.872 = 0.5812 (m./sec.)2 

m4 = - x 17.549 = 0.2925 (m./sec2)2 

Greatest heave amplitude expected on 
the average in 1000 oscillations 

= 3.85 & = 4.44 m. 
The extreme heave amplitude that should not be ex- 
ceeded in 24 hr exposure with confidence of 99 percent 
would be computed from Equation (197) as follows: 

- 86,400 
'D = J2 In  [(0.01)(9.49)l = 5'24 

thus the extreme sought equals 5.24& = 6.04 m. 
Typical computations of response moments in short- 

crested seas are of course more involved since heading 
is a variable rather than a constant parameter. How- 
ever, the usual objective is the same as in the long- 
crested case; that is, to estimate spectral moments, 
which are used in the same way as in the preceding 
long-crested example. If the directional wave spec- 
trum, s , ( ~ ,  p), is given as a general numerical function 
of wave frequency and direction, then the computation 
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would involve double integrations of the form of (194). 
At present, not enough detailed engineering data are 
available to define the directional spectrum this way, 
and virtually all computations of response to short 
crested seas have involved the approximation that the 
directional wave spectrum is the product of a point 
spectrum and a spreading function. Accordingly, the 
present illustration of short-crested computations will 
be confined to the approach indicated by (195) and (196). 

To illustrate, the cosine-squared spreading function 
noted in Section 2.6 will be assumed, and the angular 
spread taken to be plus or minus 90 degrees. Thus: 

where -90 deg 5 pW 5 90 deg 
and p, is the angle between a wave component and 
the dominant wave direction. The usual way to perform 
the numerical integrations over wave direction re- 
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Table 16-Derivation of Spreading Function Weights for 
22.5 deg Heading Intervals 

0 

c&. 
- 90 
- 67.5 
-45.0 
- 22.5 

0.0 
22.5 
45.0 
67.5 
90 

0 
M ( p w )  = 

- cos2pw 
2 
7T 

.oooo 

.0932 

.3183 

.5434 

.6366 

.5434 

.3183 

.0932 

.oooo 

0 0 

w (PI 
SM % S ~ C L X @ X @  

1 0.0000 
4 0.0488 
2 0.0833 
4 0.2845 
2 0.1667 
4 0.2845 
2 0.0833 
4 0.0488 
1 0.0000 

0 

e;. 
270.0 
292.5 
315.0 
337.5 

0.0 
22.5 
45.0 
67.5 
90.0 

B = 0.9999 

6p = 22.5 deg = 0.3927 radians 
Sp = 0.1309 

Note: Function, W(pw)  is zero outside the directional range 
shown. 

quired by (195) is to choose an even divisor of 90 de- 
grees as the wave direction increment and apply 
Simpson’s rule. Essentially, the expression is turned 
into a weighted sum, in which the spreading function, 
M ( p w ) ,  weighted by Simpson’s rule is designated 
W(jSp) .  Then: 

mn = c m(n,.iSp) W(jSp)  (198) 

Table 16 illustrates the computation of the function, 
W(jSp),  for a wave direction increment of 22% deg. 
The computation is in the form of a Simpson’s in- 
tegration of the assumed function with the factor 
Sp I 3  applied to the functions of ordinates rather than 
to the final summation. The required weighted function 
is given in Column 4. Since the integral of the spread- 
ing function must be unity, a check summation of 
Column 4 is performed. For later use Column 5 is added 
to express component wave direction, pw, relative to 
the dominant direction, in a zero to 30 deg convention. 

The next step in the short-crested moment compu- 
tation is to evaluate the long-crested spectral moments 
of interest as functions of component wave direction, 
p, relative to the ship’s heading, as indicated in (196). 
If “around the clock” results are desired and the 
spreading function integration is to be performed with 
22% deg intervals, as assumed for Table 16, Equation 
(196) would be evaluated for p = 0, 22.5, ... 180 deg. 
Each of these computations is the same as those shown 
in Table 15. The results of the long-crested computa- 
tions for pitching may be arranged as in the first two 
columns of Table 17. Because phase relations are lost 
in a variance computation, and ships are ordinarily 

j 

Table 17-Example Computation of Zeroth Spectral Moment for Pitching in Short-Crested Seas, Using the Wave Spreading 
Function Weights of Table 16 

0 

p deg 

0 
22.5 
45.0 
67.5 
90.0 

112.5 
135.0 
157.5 
180.0 
202.5 
225.0 
247.5 
270.0 
292.5 
315.0 
337.5 

0 

m(0, p) 

0.61 
0.65 
0.65 
0.36 
0.03 
0.79 
1.99 
2.28 
2.21 
2.28 
1.99 
0.79 
0.03 
0.36 
0.65 
0.65 

pa = 0” 

0 
0 - p a  

deg 
p w  = p - pa 

0 
22.5 
45.0 
67.5 
90.0 

112.5 
135.0 
157.5 
180.0 
202.5 
275.0 
247.5 
270.0 
292.5 
315.0 
337.5 

0 
W 

(FW) 

0.1667 
0.2845 
0.0833 
0.0488 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.000 
0.0488 
0.0833 
0.2845 

0 

0 x 0  

0.1017 
0.1849 
0.0541 
0.0176 

0 
0 
0 
0 
0 
0 
0 
0 
0 

0.0176 
0.0541 
0.1849 

Z = 0.6149 

JL, = 157.5” 

0 
0 - P a  

deg 
p w  = p - P a  

202.5 
225.0 
247.5 
270.0 
292.5 
315.0 
337.5 

0 
22.5 
45.0 
67.5 
90.0 

112.5 
135.0 
157.5 
180.0 

0 
W 

(pu3 

0 
0 
0 
0 

0.0488 
0.0833 
0.2845 
0.1667 
0.2845 
0.0833 
0.0488 

0 
0 
0 
0 
0 

0 

0 x 0  

0 
0 
0 
0 

0.0015 
0.0658 
0.5661 
0.3801 
0.6287 
0.1899 
0.0971 

0 
0 
0 
0 
0 

B = 1.9292 

m, for ship heading to dom. wave dir. 0 deg = 0.6149 deg2 
M, for ship heading to dom. wave dir. 157.5 deg = 1.9292 deg2 

Note: The zeroth moment (area) results were obtained for the pitch response of a ship 175 m in length at 22 knots by 
repeated application of the method illustrated in Table 15. The same 5 m (16 ft) sea spectrum is used as in Table 
15. 

Next Page 
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ability of any particular sea spectrum being exactly 
replicated. 

The most important part of such procedures is the 
definition of the appropriate statistical measure or cri- 
terion of performance, to be discussed in Section 7. 
Once this is done the next step is to define the wave 
environment (Section 2) in terms of a collection of rep- 
resentative wave spectra, and a probability of occur- 
rence for each. The linear-random prediction of 
response for each spectrum is then associated with the 
probability of occurrence of the spectrum. Finally, the 
predictions are weighted in accordance with the as- 
sociated probabilities to form the desired statistical 
measure of performance for comparison with criteria. 
There are a number of variations of this type of anal- 
ysis that follow from the various kinds of measures 
of performance to be discussed in Section 7, and doubt- 
less others will arise. By far most of the numerical 
work and manual preparation for a collection analysis 
is in the generation of RAO’s and the subsequent var- 
iance computations for a variety of wave spectra. 

The increasing availability of computers with mass 
storage capability, has given rise to seakeeping data 
base development. To produce a data base of this type, 

the geometry of a series of ship forms related in some 
way is assumed, motion RAO’s are estimated for each, 
and the variances and spectral moments required for 
a large number of possible performance criteria are 
computed for each of a large number of hypothetical 
seaways. Computer storage of such results allows the 
major part of the numerical work to be recaptured 
when the undefined portions of the analysis (the exact 
criteria and the seaway probabilities) are defined. One 
of the primary justifications for the data base approach 
for ship design is the observation that large changes 
in a response statistic can ordinarily only be made by 
major changes in ship geometry; that is, by changes 
in principal dimensions and coefficients, the class of 
ship remaining constant. Examples incorporating a 
standard series approach to the geometry for mer- 
chant ships include Bales & Cummins (1970) and Lou- 
kakis & Chryssostomidis (1975). Examples including 
extensive variations of operational parameters for lim- 
ited numbers of existing ships are: Bales, et a1 (1975), 
Baitis, et  a1 (1976a & b). These latter are most useful 
in obtaining estimates of performance for existing 
ships, for comparison with estimates for a new design, 
or in the design of new ship systems on similar ships. 

Section 5 
Derived Responses” 

5.1 Introduction. The aspects of ship response to 
rough seas that are generally of greatest importance 
to the evaluation of seakeeping performance will now 
be considered. These are the responses that can in 
principle be derived from the basic six modes of motion. 
They include: 

Vertical and/or lateral motions, velocities and 
accelerations at specific points, i.e. local motions. 

Relative motions between a location in the ship 
(as the F.P.) and the encountered waves. 
Non-linear effects arise in connection with: 

Shipping water and slamming. 
Yawing and broaching. 
Added resistance and powering in waves. 
Wave bending moments and loads on hull and 

equipment. 
All of these linear and non-linear responses will be 
considered in this section, first in regular and then in 
irregular seas. 

5.2 local and Relative Motions. 
(a) General case of six degrees of freedom. If am- 

plitudes of motion in regular waves in all six degrees 

of freedom, with phase angles, have been calculated 
by methods discussed in Section 3.3 to 3.5, it is possible 
to compute the resultant local motions, velocities and 
accelerations a t  any position in the ship (Hamlin, 1979). 
Such calculations are facilitated by the use of complex 
number notation, however. 

The motions of any point (E, 3, Z,) on the body may 
be defined by three translations and three rotations. 
Since the ship is assumed to be a rigid body, the ro- 
tational motions are the same at all points on the body. 
Thus, the complex amplitudes T4, T5, T6 define the 
rotational motions at every point. In vector notation 
we may write 

- 0 = vector of rotational motion at any point 
= (774,  T5, T6) 

The three translational motions a t  any point, re- 
sulting from the combined effect of rotation of the 
body and translation of its center of gravity, are de- 
fined in vector notation by 

where kl, Fz, k3 are the complex local amplitudes at 
2, 3, 2 in Surge, EWay and heave, respectively. 

To determine [ we must combine the motion at 
l1 Section 5 written by Robert F. Beck, John F. Dalzell and the 

Editor. 
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( E ,  y, Z )  due to the translations and rotations of the 
body. From basic kinematics it can be shown that, for 
small motions, 

where 
2 is the vector of translational motions at the 

origin 
= (771,772,773) 

= (Z, y, X )  
- r is the position vector of point Z, 7j,  Z 

The individual component amplitudes of 2 are given 

- 
by 

L$ = q  + z - 5 - - - 6  

I ; 2 = 7 2 + - -  x 7 7 6  --- x 7 7 4  (208) 
I; = q  + g - 4 - - - *  

77 Y77 
- 

- 
77 x77, 

The velocity and acceleration a t  any point are found 
by differentiating the motion with respect to time. Re- 
call that the time dependent motion a t  any point is 
written as: ( ( t )  = L$ eiWet 
Thus, the complex amplitudes of the velocities and 
accelerations are given by 

- 4; the complex amplitude of velocity 
(209) vector = io, - I;, and 

vector = -0: I; 

.-. 
L$ the complex amplitude of acceleration 

- 
To find the translatory motions, velocities or accel- 

erations at any point on the basis of the preceding 
equations it is simply necessary to add several complex 
numbers and multiply by iw ,  or -0," as necessary. 
Since these equations are in complex number format, 
they give both the absolute, or scalar, magnitudes and 
the phase angles for a ship in regular waves. Note 
that these complex amplitudes have been normalized 
by dividing by the exciting wave amplitude, so that 
they represent response per unit wave amplitude, as 
in Section 4. 

To proceed to irregular seas, response spectra can 
be obtained from wave spectra and appropriate RAOs, 
using the techniques discussed in Section 4. In this 
case we are concerned only with the absolute or scalar 
amplitudes of response, since the phase angles of the 
component waves of the sea are assumed to be random. 
Hence, the RAOs are simply &, &I, ITji, where the 
sidebars signify that only the absolute values of the 
complex amplitudes have been taken. From the re- 
sulting response spectra the variance and other sta- 
tistical quantities can be calculated as needed. 

If the motions are sep- 
arated into the longitudinal and transverse modes, as 
in the case of a symmetrical ship, where there is no 

(b) Longi tudinal  motions.  

! q3 

Fig. 82 Notation for absolute and relative motions in head seas, as scalar 
functions at time (i = 0 )  

coupling between the longitudinal and transverse mo- 
tions, the problem is simpler. I t  is further simplified 
if head seas only are considered, or if the point is 
located on the ship's center line. Insofar as the eval- 
uation of specific ship or platform designs is concerned 
the responses that may be derived from longitudinal 
plane motions are often of more importance than the 
heave or pitch motions themselves. Specifically, the 
responses of particular importance are vertical: the 
vertical motion at any point along the length of the 
ship (local heave); the vertical velocities at any point 
along the length; the vertical accelerations at any 
point; and the vertical motion and velocity a t  any point 
relative to the sea surface, Fig. 82. 

In this case Equation (208) for vertical local motion 
reduces to 

- 
(210) L$ = q  --- 

where i3 is the complex amplitude of vertical motion 
- at point Z, 0, P, with p = 180 deg, assuming that both 
I; and q3 have been normalized by dividing by wave 
amplitude, < . For calculating responses to long-crested 
irregular head seas it is only necessary to know E3j 
and E5), the amplitudes of heave and pitch. The RAO 
is then 

7 7 5  

where 1 3 1  represents the absolute magnitude of the 
complex amplitude. (Note that phase information em- 
bodied in T3 and T5 was needed to calculate k 3 ) .  Fig. 
282 defines the notation for simple problems in head 
seas on which the preceding equations are based. 

The asymptotic properties of the local vertical mo- 
tion RAO are the same as for heave (Section 3.2), that 
is, as wave frequency approaches zero (long waves) 
pitch approaches wave slope (which approaches zero) 
and the heave RAO approaches unity, so that the local 
vertical motion RAO also approaches unity. At very 
high frequencies both pitch and heave RAO's tend to 
zero, so that the local vertical motion RAO also does. 
The qualitative differences between the heave RAO 
and the local vertical motion RAO are slight. When 
the point of interest is far removed from the origin, 
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the pitching terms usually have the effect of producing 
a much larger apparent resonance peak of vertical 
motion than for heave alone near midship. Because of 
the phasing between heave and pitch, the amplitude 
of vertical motion is usually much larger a t  the bow 
than at the stern. The longitudinal location of the cen- 
ter of flotation is also a factor. 

In general, if the amplitude of heave-or of vertical 
motion at any point-is known in regular waves, the 
corresponding velocity and acceleration amplitudes 
can be determined from 

Hence, the response amplitude operators (squared) can 
be transformed from motion to velocity by multiplying 
successive points by we and to acceleration by multi- 
plying by w,2. In evaluating ship performance the ver- 
tical acceleration at critical locations is of particular 
importance. 

Also of interest is the relative vertical motion be- 
tween a point in the ship and the surface of the en- 
countered wave. This relative motion in regular wave 
is found by subtracting the free-surface motion from 
the vertical ship motion a t  the desired point, taking 
account of their phase relationship. The free-surface 
motion is composed of the incident wave, the diffracted 

wave, the radiated wave (Section 3) and the wave due 
to the ship’s steady forward speed. The traditional 
assumption is that the principal component is the in- 
cident wave and that the other components tend to 
cancel each other; i.e., the incident wave is not distorted 
by the presence of the ship. This may or may not be 
true and will be discussed further in the next subsec- 
tion. 

Assuming that the wave is not distorted by the pres- 
ence of the ship and B = 0, the amplitude of the relative 
vertical motion in general is given by 

k = k  - J - - = T  --- R 3 Z Y  3 xr/5 

- - - 

(213) + V %  - t?? 
- 

= 713 - zq, + gq4 
- - ye-&(” eos p + sin +) 

where rzYg the complex amplitude of the wave at x 
= Z, y = y relative to the body coordinate system. 
In the case of pitch and heave in head seas this reduces 
to 

where tz is the complex wave amplitude-at x-= iE 
relative to the body coordinate system, or <-; = J eikz. 

Then the RAO which requires only the scalar or 
absolute amplitude is 

6 I 1 I 
F, - 0.1 

4 1  

I I I I 
0 1 2 3 

I I I I 
LJ L 

1 2 3 0 

Fig. 83 Measured magnitude of relative motion RAOs in regular head waves (O‘Dea, 1983) 
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I t  is important to note that the relative motion RAO 
has entirely different asymptotic properties than 
heave. These properties are illustrated in Fig. 83 
(O’Dea, 1983), which shows a plot of the total relative 
motion divided by the incident wave amplitude at sta- 
tions 0-3 (on a 20-station ship) for a high-speed cargo 
ship (SL-7) model. At very long wavelengths the rel- 
ative motion tends to zero because the ship contours 
the waves. For very short wavelengths both heave and 
pitch RAO’s go to zero, and the relative motion is due 
only to the wave motion, yielding a value of around 
1.0. In between the two extremes the relative motion 
peaks, typically around a wavelength to ship-length 
ratio of 1 to 1.5. In general the relative motion is 
greatest at the bow. However, as seen in the figure 
for Froude number 0.3, there are cases where the 
relative motion is greater abaft the bow. O’Dea also 
gives curves for non-head seas. For this case, the char- 
acter of the relative motion curves is the same as Fig. 

(a) WAVE SPECTRUM 
5m SIGNIFICANT WAVE HEIGHT 

(m, = 1.56m2) 

WAVE FREQUENCY, w 

L 
15001000 500 300 200 150 100 75 50 40 

WAVE LENGTH, L,m 

0) RESPONSE OPERATOR 

150m (500-FT) 
SHIP AT 11.3 KNOTS 

0 0.2 0.4 0.6 0.8 1 .o 1.2 
m, RADBEC. 

0 
$! 50-  

40- 

- 
- 
b 3- 
,30 

20 

10 

v) 

- 

- 

0 0.2 0.4 0.6 0.8 1 .o 1.2 
w, RADEEC. 

Fig. 84 Relative bow motion in an irregular head sea 

83, except that the magnitude is increased on the 
weather side and decreased on the lee side. 

I t  should be noted that the model test data given in 
Fig. 83 include certain dynamic effects to be discussed 
subsequently. So far our discussion of relative bow 
motion is based on the simplifying assumption that the 
ship and its motions do not affect the encountered 
wave, giving a so-called kinematic solution. 

If the RAO’s for absolute or relative motions have 
been calculated and the system is assumed to be linear, 
then the corresponding responses to irregular seas can 
be determined by the methods of Section 4. The cal- 
culation of relative bow motion in an irregular sea is 
of particular interest. Fig. 84 is an example of the 
prediction of relative bow motion for the 150-m (500- 
ft) ship of Fig. 72 (Section 4). In this example the 
influence of p i t a  iKrelatively strong and results in 
peak values of I E R / C  I in excess of 4.0 a t  o = 0.6 rad 
per sec. This is not an untypical magnitude for a ship 
at speed in head seas. Depending upon speed and full- 
ness the peak relative motion RAO for ships can vary 
between 2 and 5. In the example of Fig. 84 the effect 
of unity high-frequency relative motion RAO is slight. 
It becomes of more concern as the RAO peak induced 
by pitch becomes smaller, or as the wave spectrum 
peak shifts to higher frequency. 

The significance of the relative motion response is 
that the moments of the spectrum provide probability 
measures related to anticipated deck wetness and bow 
emergence-the latter affecting the likelihood of slam- 
ming-as discussed in the following sub-sections. 
However, in general we can expect that comparative 
calculations of relative bow motion will give useful 
qualitative information on the seakeeping performance 
of alternative ship designs. It should be emphasized 
that so far we have considered only the simplest pos- 
sible, or kinematic, treatment of relative motion. Dy- 
namic effects will be discussed under shipping water 
in the next sub-section. 

5.3 Shipping Water Forward. An important aspect 
of relative bow motion is the probability of bow sub- 
mergence and hence of shipping water on deck, par- 
ticularly in head seas, since this greatly affects 
attainable speed in service. Predicting the shipping of 
water involves the comparison of the relative bow mo- 
tion previously discussed with the available bow free- 
board. One approach is to compute the probable 
fraction (or percentage) of time that the foredeck is 
awash or that the deck edge or bulwark is submerged, 
a t  a specific longitudinal location. This can be done on 
the basis of the underlying assumption that relative 
motion can be considered to be a Gaussian process, so 
that values taken at equal intervals of time follow a 
normal or Gaussian density function. The probability 
of relative bow motion exceeding a particular value of 
freeboard F,,  is 1 minus the cumulative normal dis- 
tribution, which is readily obtainable from probability 
tables. 
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Fig. 85 Required bow freeboard ratio for constant probability of wetness, 
P. Average of all headings 

Typical values are given in the abbreviated Table 
18, where & is the standard deviation and m, is the 
area under the response spectrum. For example, if the 
bow freeboard is twice 6 a t  the bow F ,  /& is 2.0. 
Then the probable fraction of time that the foredeck 
is awash would be 0.0228. 

Often we are interested in the probability that an 
event such as shipping of water will occur in any par- 
ticular cycle of motion; i.e., the probability that a peak 
response will exceed the freeboard F,. Here we are 
concerned with the visible peaks (or maxima) of the 
record rather than equally spaced points in time. In 
most cases it may be assumed that the relative low 
motion spectrum is narrow band and that a Rayleigh 
density function will apply. 

In Section 4 it is stated that, on the basis of a Ray- 
leigh distribution, the highest expected amplitude in 
1000 oscillations is 3.85 & for any ship response, 
such as relative bow motion, where mo is the area 
under the response variance spectrum. For a larger 
number of cycles, N, than 1000, the highest expected 
value is Jm. Hence, if we place the bow free- 
board F ,  equal to 4-N and solve for N we can 
say that the water will be expected to reach the 
weather deck once in NL cycles, 
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> 

NL = e F l 2 / 2 m 0  (216) 
Alternatively, the cumulative Rayleigh distribution, 

whose values are the reciprocal of the right-hand side 
of Equation (216), can tell us directly the percentage 
of cycles (or maxima) in which it is to be expected that 
the deck will be wet by the sea. These are given by 
the probabilities of exceeding F,,  

(217) p = 1 - e-F12/2m0 
Fl 

By calculating the average apparent period T ,  from 
Equation (52) Section 2, or assuming T ,  = Tn5,  the 
result can be expressed in terms of number of times 
per hour, 

N ,  = 3600 P J T ,  (218) 

Table 18-Probability of Exceeding a Particular Value of a 
Gaussian (or Normal) Function 

Fl/& Probability 

0 . .  .................................... .0.5000 
0.5 .................................... .0.3085 
1.0 ..................................... 0.1587 
1.5 .................................... .0.0668 
2.0 .................................... .0.0228 
3 .0 . .  .................................. .0.0013 
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The water can be expected to reach the deck on the 
average N ,  times per hour, so long as conditions re- 
main unchanged and the total number of cycles N ,  is 
large. 

Probability techniques have been applied to deter- 
mination of desirable trends in bow freeboard with 
ship type and size. For example, calculations were 
made (Band, 1964) beginning with relative bow motion 
for four lengths of full tankers in five different short- 
crested head seas. The probability of bow submergence 
at reasonable speeds in each sea was determined. Fi- 
nally, considering the frequency of occurrence of each 
sea condition the combined probability of bow sub- 
mergence in all head seas was calculated as a function 
of freeboard. Results are plotted in Fig. 85 in the form 
of required freeboard/ length ratio versus ship length 
for different probabilities of bow submergence in both 
the North Atlantic and on typical tanker routes (Eu- 
rope or U.S. to Mediterranean). In this case, absolute 
values are less important than trends, and it is inter- 
esting to note that all of the curves indicate approxi- 
mately constant required freeboard for ship lengths 
above about 180m (600 ft). Hence, if a bow freeboard 
of 0.05L = 9m (30 ft) has been found satisfactory for 
600-ft cargo ships it would appear that 9m (30 ft)  
should be satisfactory for any longer ships of the same 
type in head seas. 

However, if accurate quantitative predictions of 
shipping water for specific ships in specific seas are 
needed, a detailed analysis of the deck wetness prob- 
lem reveals that the effective freeboard does not equal 
the nominal freeboard, and the relative motion is al- 
tered by hydrodynamic effects not accounted for in the 
simple kinematic approach. The actual effective free- 
board can be considered as the sum of several com- 
ponents. The most important is the nominal freeboard, 
usually defined as the distance from the calm waterline 
to the deck or top of the bulwark at any longitudinal 
location. The second is the change in freeboard due to 
the sinkage and trim caused by the forward speed of 
the vessel. The forward speed also creates a calm 
water wave profile which further modifies the free- 
board. Tasaki (1960) called these two effects static 
swell-up. Finally, as introduced by Newton (1960), the 
above-water body shape, freeboard, flare, knuckles, 
and other special features will alter the necessary rel- 
ative motion required to produce deck wetness. Al- 
though this influence is often considered as a change 
in effective freeboard, it is convenient to consider it 
here along with the dynamic effects to follow. 

Static swell-up can easily be evaluated by model 
tests in still water, and it can be assumed that there 
is linear superposition of the ship’s wave and the en- 
countered wave. The theoretical prediction of static 
swell-up has been extensively investigated in conjunc- 
tion with ship wave-resistance theory. Various theo- 
retical methods are available ranging from simple 
slender-body theories to “thin-ship” theory, to three- 

dimensional source-panel distribution methods. A good 
summary may be found in Bai and McCarthy (1979) 
and Noblesse and McCarthy (1983). Lee, et a1 (1982) 
used a thin-ship theory to determine the steady wave 
profile and devised an empirical formula for the pre- 
diction of sinkage and trim of destroyer-type hulls 
(Bishop and Bales, 1978) and (Tasaki, 1963). 

The actual relative motion may differ from that ob- 
tained by the simple kinematic approach because of 
the presence of the ship, as mentioned in Section 5.2. 
The first effect is the diffraction of the incident wave 
system and the second is the radiation of waves caused 
by the motions of the vessel. The change in relative 
motion due to the diffracted and radiated wave systems 
is often referred to as dynamic swell-up since it re- 
sults from the dynamics of ship and wave motions. 

Dynamic swell-up can again be determined by model 
tests. In model tests of a Mariner hull in head seas 
(C, = 0.61), Hoffman and Maclean (1970) found a dy- 
namic swell-up factor of 1.12 to 1.15. Experimental 
trends of swell-up are given by Journee (1976a) for 
full-load and ballast conditions of a high-speed cargo 
ship (with bulb). I t  is noted that the dynamic swell-up 
is much greater a t  a station 10 percent of length abaft 
the FP than at the FP. O’Dea (1983) and O’Dea and 
Jones (1983) also measured the components on a model 
of an SL-7 high-speed containership. 

Since simple general formulas for all types of ship 
are not yet available, the best solution in a specific 
case appears to be model experiments for the designs 
under consideration. However, theoretical and exper- 
imental research continues and some highlights will 
be mentioned. 

Lee, O’Dea and Meyers (1982) extended the basic 
ship motion theory, as presented in Section 3, to predict 
the vertical motions of a point in a ship relative to the 
free surface, retaining the assumptions of strip theory 
and linearity. Calculations for a high-speed contain- 
ership and a typical naval combatant were then com- 
pared with model tests in head and bow seas. Results 
showed some discrepancies at the higher speed, which 
were attributed to inaccuracies in prediction of the 
phase relations among the incident, diffracted and ra- 
diated wave components, and may be due in part to 
neglect of non-linear effects, including the influence of 
above-water hull form. On the other hand, the com- 
parisons reveal no conclusive evidence that the theo- 
retical refinements in calculation of relative motions 
provide much improvement compared to using only the 
kinematic solution. 

Beck (1982) measured experimentally the radiation 
and diffraction components in head seas about a math- 
ematical hull form with parabolic waterlines. The com- 
ponents were also predicted theoretically using a strip 
theory for the radiated waves and a slender-body the- 
ory for the diffracted waves. Researchers have used 
three-dimensional computations to improve the agree- 
ment between theory and experiment for the mathe- 
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matical model. The general conclusion from the 
investigations is that the individual components taken 
separately may substantially alter the relative motion. 
However, in many cases the various components tend 
to cancel one another so that the simple kinematic 
approach gives reasonable answers. 

For example, Lloyd, e t  a1 (1979), reporting on model 
tests on a “typical modern warship” without bulb, 
found that, “The computed relative bow motion . . . 
with no allowance made for any distortion of the waves 
by the ship,” gave reasonably good agreement with 
experimental measurements at the stem of the model. 

The effect of above-water bow shape (flare, knuckles, 
etc.) on relative motion, and hence on effective free- 
board, has been investigated by several researchers. 
In general above-water bow section shape has very 
little, if any, effect on the primary ship motions (pitch 
and heave), but the influence of flare on deck wetness 
is more significant, although it is not clearly defined. 
O’Dea and Walden (1984) and Newton (1960) found 
that increased flare reduced deck wetness. On the 
other hand, the relative motions measured by Swaan 
and Vossers (1961) and Lloyd, e t  a1 (1985) were in- 
creased as the flare increased. This was apparently 
caused by increased dynamic swell-up. The increased 
flare was effective at  shielding water on either side of 
the bow. However, the increased swell-up caused by 
the flare propagates forward as the bow pitches down 
into an approaching wave and may be responsible for 
increased shipping of water over the stem. The O’Dea 
and Walden experiments were conducted in regular 
waves while Lloyd, et all used more realistic irregular 
seas; this might account for the different conclusions. 
Furthermore, O’Dea and Walden kept the same stem 
profile, while Lloyd, et al, increased stem rake as the 
flare increased. It is possible that the differences in 
deck wetness were caused by differences in the detailed 
design of the bows. It is obvious that non-linear effects 
are present here. Salvesen (1978b) has shown that sig- 
nificant second-order terms can be introduced without 
excessive complications. 

Although all factors affecting relative motions are 
not yet fully understood, a tentative procedure based 
on Bales (1979) has been adopted by the U.S. Navy for 
checking bow freeboard in the contract design stage 
of combatant ships (NAVSEA, 1982). It makes use of 
computer calculations of motions and empirical data 
for the static and dynamic build-up, neglecting the 
influence of above-water hull form. 

Relative motions a t  other longitudinal locations may 
be of importance also, particularly a t  the stern where 
shipping water in following seas, or pooping, may be 
a problem for some ships. Comparison between ex- 
periment and theory for a cargo ship hull by Journee 
(1976b) showed that, although calculated relative mo- 
tions a t  the stern agreed with those determined from 
measured pitch, heave and wave, the measured relative 
motions were generally to X as great, as a result of 

dynamic effects. I t  is clear that further work is needed 
on such effects in following as well as head seas. 

Another phenomenon related to rel- 
ative bow motion is bow emergence and bottom slam- 
ming. Impact of the ship’s bottom on the surface of a 
wave can cause not only decelerations and local struc- 
tural damage but transient vibratory stresses (whip- 
ping) elsewhere in the hull, as discussed in Chapter 
IV. It  might be expected that the prediction of bow 
emergence in regular waves from kinematic calcula- 
tions of pitch and heave and the incident wave ampli- 
tude would be reasonably reliable, since the previously 
mentioned effects of ship’s above-water bow form and 
interaction of ship motion with the encountered wave 
should here be less. A simplified probability of bow 
emergence in irregular head seas can be determined 
in the same way as for deck wetness (sub-section 5.3) 
by substituting still water draft forward, T,, for free- 
board, F,. 

However, whether or not bottom slamming impact 
will occur when the bow emerges depends also on 
factors such as relative vertical velocity a t  the fore- 
and-aft location where slams occur, section shape, par- 
ticularly extent of flat of bottom, and angle between 
keel and wave slope at  entry. On the basis of experi- 
ments with a model of a 160-m (525-ft) Mariner class 
cargo ship, Ochi (1964) found that slamming occurred 
when the bow emerged and the relative velocity ex- 
ceeded a threshold value of 3.65m/ sec (12 f t  / sec) (full- 
scale), regardless of angle of entry. He suggested that 
for other similar ships the threshold velocity would 
depend on ship length in accordance with Froude scal- 
ing (i.e., proportional to 4). 

Calculation by the techniques of Section 4 of the 
probability of slamming in irregular head seas having 
a specified spectrum requires first the evaluation of a 
suitable RAO for relative vertical velocity. As previ- 
ously explained in Equation (212), this involves mul- 
tiplying the relative motion RAO (Equation 215) by w e .  
That is, 

5.4 Slamming. 

The probability of exceeding a given relative vertical 
velocity can then be determined using the area under 
the response spectrum, in the same manner as for bow 
emergence or shipping water. Alternatively, the iden- 
tical result can be obtained by taking the second mo- 
ment, m,, of the response spectrum for local relative 
motion. 

On the basis of work of Ochi (1964), one can go on 
to predict the joint probability of forefoot emergence 
and vertical velocity exceeding a critical value ERC, 
which is given by 

exp -XIT,z/mo + & C / m , ]  (220) 
where T, is forward draft and the moments, m, and 
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m2 apply to relative ship-to-wave motion near the bow 
and relative velocity, respectively. Details of calcula- 
tions to predict the occurrence of slamming in irregular 
seas are thoroughly covered by Ochi (1964) and Ochi 
and Motter (1973). 

For structural design purposes magnitudes of bot- 
tom impact pressures are needed. The prediction of 
such impact pressures is a complex problem that is far 
from a satisfactory solution. Some of the important 
factors: 

a Relative vertical velocity at bow entry. 
a Section shape, particularly whether bottom is 

flat. 
a Angle between keel and wave slope a t  entry. 
a Area of impact on flat of bottom. 
a Duration of impact. 
In general there seems to be reasonable agreement 

between pressures obtained by two-dimensional drop 
tests and by theory, when theory includes the effect 
of entrapped air and water surface deformation. How- 
ever, hydrodynamic pressures obtained in two-dimen- 
sional experiments are consistently higher than those 
obtained in ship model tests. The difference is believed 
to be due to the effect of surface waves, air entrapment 
and three-dimensional effects. Work by Beukelman 
(1979) has shown that at forward speed impact pres- 
sures are significantly increased if there is an angle 
between the centerline of the keel and the wave sur- 
face. 

In spite of the above difficulties, two approximate 
methods of calculating impact pressures are now avail- 
able, one by Ochi and Motter (1973) for merchant hull 
forms and the other by Stavovy and Chuang (1976) for 
high-speed vehicles. The former assumes that the local 
pressure a t  a critical section is the product of the 
square of the relative vertical velocity and a form 
factor dependent on section shape. Form factors are 
derived empirically from model tests and full-scale 
data, using Froude scaling. No account is taken of 
angle between keel and wave slope nor of differences 
in ship speed. The second method is applicable to V- 
shaped forms without significant flat of bottom and 
takes account of the angle between keel and wave 
slope. Because of the latter refinement, this method is 
more difficult to incorporate into conventional ship mo- 
tion calculations, but it has considerable promise for 
the future (Troesch and King, 1986). 

From the point of view of hull structural design 
(Chapter IV), impact on bow flare may be even more 
serious than bottom slamming, since the duration of 
the impulse is longer and the dynamic magnification 
factor therefore is usually greater. Kaplan and Sar- 
gent (1972) have presented a method for calculating 
forces due to flare entry. The applied load is computed 
on the basis of the %on-linear variations in buoyancy 
and inertial forces, over and above those used in the 
linear ship motion analysis.” Results are obtained as 
time domain solutions of structural response to various 
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Fig. 86 Leeway angle of a Victory model in bow seos (pw = 1207, (Vossers, 
1962) 

wave inputs, as well as rms values and other statistical 
properties. Work has also been done by Kumai and 
Tasai (1970) and O’Dea and Walden (1984). 

Pending the development of completely reliable the- 
oretical methods for predicting bottom and flare entry 
slamming, the value of direct experimental determi- 
nation of deck wetness and slamming features of a 
new design should be recognized (Murdey, 1979). Such 
model tests in irregular waves can be considered to 
be a form of analog computer solution in which all 
non-linearities are automatically taken into account, 
and a single model can be fitted with a number of 
alternative bows or bow segments. Of course, wind 
and spray effects are not usually reproduced in model 
tests. 

The problems of steer- 
ing and maneuvering in waves depend upon systems 
for ship control, and therefore they are discussed in 
Chapter IX, as well as in Section 3 of this chapter. 
However, since they also involve ship motions-in- 
cluding important non-linear behavior-they need to 
be mentioned here. 

The interacting effects of sway, yaw and roll are 
shown mathematically in the equations of motion de- 
veloped in Section 3, which apply very well for head 
and bow seas (with rudder fixed). Only the hull lift 
effects resulting from the changing angle of attack 
due to yaw and sway are not included. 

As noted in Section 3.8, early model tests in regular 
oblique bow waves revealed unexpectedly large values 
of leeway angle between the mean model heading and 
the path made good across the tank. This angle varied 
with wavelength and speed, as shown in Fig. 86. Con- 
sequently, when many wave components are present 
simultaneously, as in the case of irregular seas, a ship 
will continually change its heading to the sea unless 

5.5 Yawing and Broaching. 
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Fig. 87 Record of yawing motion in bow seas, S.S. Nissei Maro (Exp. Tank 
Corn. of Japan, 1954) 

controlled by rudder action. At the same time, tests 
showed that the model also oscillated in yaw about its 
mean heading. Thus a ship or model’s heading in bow 
seas changes as a result of both high-frequency yaw- 
ing and slower changes in leeway angle. The former 
is affected very little by the action of the rudder and 
hence may result in unnecessary steering-gear wear. 
But the latter depends greatly on the efficacy of steer- 
ing gear and helmsman or automatic steering system. 
Fig. 87 shows both types of change of heading in rec- 
ords taken on the Nissei Muru at sea (Exp. Tank Com- 
mittee, Japan, 1954). 

Salvesen (1974) has investigated the causes of the 
observed leeway angles in oblique waves. He states, 
“In the horizontal modes of motion the ship will ex- 
perience steady drift motions in addition to periodic 
motions, because of the lack of hydrostatic restoring 
forces and moments in these modes. Similarly, in ir- 
regular seas a ship will experience slowly varying 
surge, sway, and yaw motions with non-zero means in 
addition to motion with frequency components equal 
to the frequency of encounter of the individual wave 
components . . . the drift and slowly varying motions 
are caused by wave excitation which is of higher order 
according to the conventional formulation of ship mo- 
tion.” 

Thus leeway angle in oblique seas, as well as added 
resistance a t  all headings, requires a more advanced 
second-order theory. He stated, “It should be recog- 
nized that the motions resulting from second order 
slowly-varying excitation can be determined from 
equations of motion which are otherwise linear be- 
cause the motions may be assumed to be linear even 
though the excitation is non-linear.” Newman (1974) 
has shown, that the slowly varying exciting forces and 
moments in irregular seas, which are caused by the 
interaction between the different frequency compo- 
nents, can in some cases be approximated by the 
steady-state forces in regular waves. In other cases a 
completely non-linear solution may be required, and 
research continues on the subject. 

In quartering seas, the wave-encounter frequencies 
are much lower and good steering is particularly im- 
portant. Theoretical treatment of this case requires 
the inclusion of at least coupled yaw and sway equa- 

tions, for sway with forward speed induces a lateral 
force and yawing moment. Rydill(l959) has made such 
a study and evaluated the effectiveness in irregular 
quartering seas of various rudder-control parameters 
in the automatic steering system-heading, rate of 
change of heading, and integral of heading change. 
Korvin-Kroukovsky has pointed out, however, that an 
important factor not included in Rydill’s treatment is 
the effect of other modes of motion on the coefficients 
in the equations of yaw-sway. Pitching in particular 
has a large cyclical effect on lateral coefficients, as the 
underwater profile is continually changing as bow and 
stern pitch in and out of the waves. This effect is not 
allowed for in a linear theory. 

At very low encounter frequencies, i.e., when the 
wave and ship speeds are nearly equal, the danger of 
loss of control and broaching arises. Here the pres- 
sures may actually turn the ship broadside to the 
waves, and excessive rolling or structural damage, or 
even the capsizing of small vessels, may result. This 
phenomenon was investigated as a quasi-static phe- 
nomenon by Davidson (1948) and later by Grim (1963), 
who concluded that nonlinear surging, as well as sway- 
ing and yawing, plays an important part. He found 
that broaching is more probable for a ship that is 
unstable on course in calm water than for one that is 
stable. 

The theoretical approach of Paulling, et  a1 (1974), 
also Chou, Oakley, Paulling, et  a1 (1974) is particularly 
promising. Quoting from Salvesen (1978b), “J. R. 
Paulling has worked for several years on the nonlinear 
problem of large-amplitude ship motions in following 
and quartering waves. With the assistance of some of 
his students, he has developed a time-domain numer- 
ical simulation technique . . . which has been used to 
predict even the very nonlinear phenomena of capsiz- 
ing. In this method the forces due to body-generated 
waves (i.e., added mass, damping, and diffraction) are 
assumed to be small due to the low encounter fre- 
quency and therefore are estimated very crudely; the 
hydrostatic forces are assumed to dominate the prob- 
lem and are computed to a high order of accuracy for 
the actual instantaneous submerged hull shape. The 
good agreement between computational and experi- 
mental results shown seems to indicate that this time- 
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domain numerical method may not only be a useful 
tool for predicting capsizing but it may also be useful 
for the general dynamical problem of ship motions and 
course-keeping at low encounter frequencies.” Work 
in Japan was also reported in the Proceedings of Sta- 
bility ’81 and subsequent conferences. 

5.6 Added resistance. The increase in required 
power resulting from ship motions in heavy seas arises 
from the combined effect of several factors: 

Direct wind and wave action. 
Indirect effect of waves associated with ship 

Rudder action. 

Increased propeller loading. 

Unsteady propeller effects. 
Reduced hull efficiency. 

(a) Added resistance caused by 

motions (all six components). 

(b) Reduced propulsive eficiency caused by 

Propeller racing or air drawing. 

Added resistance will be discussed here; factors in- 
volving propulsive efficiency are discussed in Section 
5.7. The resistance caused by wind is discussed in Chap- 
ter V, Vol. 11. 

When a ship is subjected to pitching and heaving, 
the effect of the motions on resistance may be consid- 
erable. Havelock (1945) first investigated this problem, 
and more recently Maruo (1957) developed an advanced 
theory. 

Vossers (1962) summarized this and other work by 
explaining that the added resistance in head seas may 
be considered to be made up of three components: 

(a) One corresponding to that experienced by a ship 
forced to oscillate in calm water, generating damping 
waves that dissipate energy. 

(b) Another caused by the phase shift between wave 
excitation and ship motions, analogous to the power 
loss in an alternating-current circuit associated with 
phase shift between voltage and current. 

(c) One resulting from the reflection and refraction 
of oncoming waves by the ship. 

Maruo (1957) reached the following conclusions, 
which seem valid for head seas even though his equa- 
tions have not been fully substantiated for general 
use: 

(a) The excess resistance is independent of the still 
water resistance. 

(b) The additional resistance is proportional to the 
square of the wave height. 

(c) The pitching motion has a dominating effect upon 
the resistance increase. 

(d) The direct effect of the reflection of sea waves 
is comparatively small. 

(e) The maximum increase of resistance occurs at a 
slightly higher speed than that for pitch synchronism, 
if the natural pitching period is longer than the natural 
heaving period. 

A comparatively simple theoretical approach by Ger- 
ritsma and Beukelman (1972) considered the added re- 

sistance to be primarily the result of the damping 
waves radiated from the oscillating ship’s hull. The 
method is simpler to use than other methods, but is 
not applicable to the case of the relatively small added 
resistance due to waves that are too short to cause 
appreciable ship motions. Model tests by Strom-Tejsen, 
et  a1 (1973) on Series 60 models (0.60 and 0.70 block 
coefficients) and a destroyer hull showed better agree- 
ment with Gerritsma and Beukelman (1972) than with 
other theories investigated (Maruo, 1957) and (Joosen, 
1966). 

Equating added resistance to energy radiated by the 
pitching and heaving ship, Gerritsma and Beukelman 
(1972) arrived at the simple relation for a ship in reg- 
ular head seas, 

( 6 R )  = (.rr/L,oe) b(x) IZRIZ(x) dx (221) I 
where i is the scalar amplitude of relative vertical 
velocity at any section between ship and wave surface 
as a function of x and b(x) is the sectional value of 
total damping coefficient. Using the notation of Section 
3, 

b ( x )  = b,,(x) - U, ( d  a,,(X)/dx) (222) 
where a,,(x) and b,,(x) are sectional heave virtual 
mass and damping coefficients, respectively. The sec- 
ond term involving U,, the ship forward speed, is what 
Korvin-Kroukovsky, et  a1 (1957) referred to as dy- 
namic damping. 

Assuming a33 goes to zero a t  the ends of the ship, 
after partial differentiation and substitution, the mean 
added resistance at U, and o, becomes 

Since represents the amplitude of relative veloc- 
i ty,  it must be calculated by combining the effects of 
pitch, heave and wave elevation, considering their 
phase relations, as discussed in Section 5.2. A dynamic 
factor is also introduced and applied to the encountered 
wave height to correct for refraction effects resulting 
from the distortion of the incident waves by the pres- 
ence of the ship. 

Salvesen (1978a) has presented another theory in 
which second-order effects are expressed as a product 
of first-order terms that are all computed by programs 
presently in use for predicting linear heave and pitch 
motions. Furthermore, the theory applies to oblique 
waves as well as head seas. Comparisons were made 
between theory and experiment in head seas for Series 
60 hulls (C, = 0.60, 0.70, 0.80) for a destroyer at Fn 
= 0.25 and 0.35 and for a high-speed, bulbous-bow 
form a t  Fn = 0.20 - 0.50. In a few cases the new 
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theory was not quite as good as that of Gerritsma/ 
Beukelman (1972) (destroyer hull a t  low speed), but in 
other cases it was much better (fine Series 60 models). 

Others contributing to the subject of added resist- 
ance in waves have been Vossers (1961), Joosen (1966), 
Newman (1967), Lee and Newman (1971), Lin and Reed 
(1976), Dalzell and Kim (1976), and Ankudinov (1972). 

The most significant aspect of all theories is that, in 
regular waves of any particular length, the added re- 
sistance is proportional to the square of wave height. 
This is highly significant, for it means that the principle 
of superposition can be applied to added resistance in 
irregular waves, as well as to ship motions. The su- 
perposition principle for the mean added resistance (or 
drift force or moment) was first noted without elabo- 
ration by Maruo (1957). Early experimental validation 
was carried out by Kawashima, e t  a1 (1959) and Ger- 
ritsma, e t  a1 (1961). Later Hasselmann (1966) and Vas- 
silopoulos (1966) pointed out that the basic result could 
be explained in terms of the theory of quadratic, non- 
linear systems. Though this latter theory has been 
used to develop approaches for other statistics (Dalzell, 
1976) (Pinkster, 1980), we will concentrate upon the 

- HEAD SEAS - --BEAM SEAS 

FOLLOWING SEAS ----- 

estimator for the mean value since it is of primary 
practical interest. 

The usual estimator for the mean value of added 
resistance, (SR,), or drift force, in irregular seas 
takes the form 

(SR,) = 2 [SR(o,)ly"] S, (0,) dw,  (224) 

This estimator has a strong, but entirely coincidental, 
resemblance to that for the variance of a linear re- 
sponse (Section 4). The mean value on the left-hand 
side is a statistical mean, conceptually the result of 
averaging the fluctuations in added resistance or drift 
force over a very long time under sJatistically station- 
ary conditions. The factor [SR(o,) / <'] in the integrand 
is the normalized mean value of added resistance in 
regular wa_ves of encounter frequency o, and scalar 
amplitude < . (Head, bow or beam seas are assumed if 
the ship is at speed). This added resistance or drift 
force operator is sometimes called an RAO, but it is 
to be noted that the normalization is by the square 
rather than the first power of wave amplitude, as in 
the linear case, and the entire quantity is not squared 
in the integral. The factor S ,  (0,) in the integrand is 
the encountered variance spectrum of wave elevation 
defined, as in Section 4, so that the area over positive 
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frequency is equal to the variance. The leading factor 
of 2 falls out of the derivation for the statistical mean, 
and is not to be confused with the various multipliers 
for significant amplitudes noted previously. If the 
mean value has units of force F, and the wave spec- 
trum has units of (Lz  x T )  (where Tis time), the added 
resistance operator [SR(o,)I{'] must have units of F/ 
L2), and accordingly the integrand must have units of 
( F  x T), which are not those of a variance spectrum. 
While the integrand can be, and often is, called a spec- 
trum of added resistance or drift force, it is not a 
variance spectrum and cannot be interpreted as such. 

Hence, it is possible to compute the added resistance 
in different representative sea conditions at various 
speeds and prepare rough-sea resistance curves for 
each condition. Furthermore, Gerritsma, et  a1 (1961) 
have found that, as shown in the next subsection, 
added thrust and torque can be estimated in the same 
way. 

Rolling presumably increases resistance, particu- 
larly when bilge keels are fitted, although little quan- 
titative data are available. Anti-rolling devices may be 
expected to have a net favorable effect on powering, 
particularly if they are internal types that do not have 
their own drag. 

Yawing and swaying in oblique seas, with the related 
rudder action, also increase resistance, but this effect 
is relatively minor. A more important aspect is the 
leeway angle that is experienced in bow seas, which, 
as noted in the preceding sub-section, give rise to an 
induced drag of appreciable magnitude. 

An important consideration, especially for ship op- 
eration, is resistance at oblique headings to waves, 
since it is often desirable to  compare a change of course 
with a speed reduction. Furthermore, to obtain accu- 
rate calculations of added resistance in short-crested 
seas, the effect of different directional wave compo- 
nents is needed. Some experimental work along this 
line has been done, as for example a study by Fujii 
and Takahashi (1975) on resistance increase in oblique 
seas. Such oblique wave tests require rather complex 
instrumentation, as discussed in the Proceedings of 
ITTC '78. The added resistance, as well as the sideways 
drift force, was derived theoretically by N. Salvesen 
(1974) (1978), as well as by Maruo (1963). 

5.7 Powering in Waves. Fig. 88, derived from 
Aertssen and van Sluijs (1972), gives a broad overall 
picture obtained from service records of speed-power 
relationships in rough seas for a large containership. 
I t  shows a series of average power curves correspond- 
ing to different degrees of sea severity. The limit lines 
indicate the upper limits of attainable speed (based on 
wet decks, slamming, etc.) that provide cut-off points 
on each power curve. The plot also shows the effect 
of ship's heading to the waves. 

Two basic approaches have been used for estimation 
of power requirements in rough seas: 

(a) Direct self-propelled testing in waves, some- 

times in irregular waves but usually in regular waves, 
with calculation of power in irregular waves by su- 
perposition. 

(b) Measurement or calculation of added resistance, 
estimation of propulsion factors and calculation of 
power and rate of rotation in waves, using these val- 
ues. 

For many years some model basins have made use 
of self-propelled model tests in regular waves for lim- 
ited comparative purposes (for example, Kempf, 1934). 
Such tests repeated for many different conditions can 
provide an indication of the effect of speed, heading, 
and wavelength on added power requirements in reg- 
ular waves, as shown in Fig. 89 (Vossers and Swaan, 
1960). (Added power in quartering and following seas 
was found to be insignificant). 

Of course, power is not usually measured directly 
in self-propelled model tests, but is calculated from 
measured mean torque and rate of rotation, since PD 
= 27rQn, where PD is in kW if Q is in kNm and n is 
in RPS. It is customary to carry out tests in regular 
waves at model self-propulsion point and to maintain 
constant shaft rotation throughout each test run in 
waves, but for accurate evaluation of performance it 
is necessary to take account of the response of the 
power plant itself. Reciprocating steam engines and 
diesel engines produce essentially constant torque, so 
that as RPM is reduced by added resistance, the power 
falls off. Geared-turbine and electric drive, on the other 
hand, produce essentially constant power as RPM is 
reduced. Hence, the nature of the power plant has a 
great deal to do with the power and speed that can be 
maintained. A more satisfactory approach than con- 
stant-rotation testing was described by Nakamura and 
Fujii (1977). A speed control was built that enables the 
engine characteristics to be simulated during model 
tests, i.e., constant RPM, constant torque or constant 
power. Results are presented of tests on a contain- 
ership model in regular and irregular head seas in 
which speed reduction was determined under either 
constant torque (decreasing power) or constant RPM 
(increasing power). The experimental approach is rec- 
ommended as the most direct way to obtain the data 
needed to evaluate attainable sea speed under different 
irregular sea conditions. 

The report of the ITTC Seakeeping Committee (1978) 
discusses the relative merits of the above direct power 
measurements in waves and the so-called thrust 
method, which uses thrust increase measured on a self- 
propelled model in waves together with propulsion fac- 
tors from overload tests in calm water. No conclusion 
could be reached other than a recommendation that 
work be continued and no significant changes have 
been made in subsequent conferences. A survey of 
alternative test methods was given by Day, Reed, and 
Lin (1977) along with a description of the technique 
then in use at  DTRC. 

The second method for determining power required 
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Fig. 89 Power increase in waves +or a Victory type ship model as a function 
of wave length, ship heading, and Froude No. (Vossers and Swaan, 1960) 

in a seaway-a direct calculation procedure without 
model tests in waves-is the ultimate goal. This in- 
volves first the calculation of added resistance due to 
waves (Section 5.6) and wind resistance (Chapter V, 
Vol 11). But added resistance model tests can be used. 
Then it is necessary to estimate the propulsion factors 
in waves, i.e., wake, thrust deduction and relative ro- 
tative efficiency. Gerritsma (1976) states that, “Exper- 
iments by Goeman, who used a forced oscillating ship 
model with a propeller running a t  constant speed, have 
shown that the influence of frequency of motion on 
the mean thrust and power is very small and can be 
neglected for practical purposes, when the propeller 
does not suffer from air suction. Thus for the sustained 
sea speed calculation only the decrease of efficiency 
due to the higher loading is of interest, provided that 
extreme conditions are excluded.” However, recent 
open-water propeller tests at the University of Mich- 
igan yielded a 5 to 10 percent change in KT and K,. 
Finally propeller characteristic curves are used to de- 
termine propeller efficiency under the overload condi- 
tion. 

However, Murdey (1979) says that it is usually as- 
sumed that all of the above propulsion factors are “the 

assumption has been used satisfactorily to provide en- 
gineering solutions (Journee, 1976), there is evidence 
(Nakamura and Naito, 1977) that the propulsion fac- 
tors in waves are not the same as in calm water. These 
differences are most marked for models of ships tested 
a t  ballast drafts and therefore may be due to air draw- 
ing. More study of propulsion factors is clearly needed. 
Nevertheless, assuming that propulsion factors can be 
determined by overload self-propelled tests in calm 
water, the added power in regular wave trains can be 
approximated. 

Coming to the problem of added power in irregular 
waves, we find that knowing the added torque, rate 
of rotation and power in regular waves, obtained either 
by model tests or calculations, it is possible to deter- 
mine mean values of these quantities in irregular 
waves. They are determined for any specific wave spec- 
trum in the same manner as that used for added re- 
sistance (Section 5.6). 

Fig. 90 shows graphically a typical calculation of 
added power for two ships of different sizes in non- 
dimensional form. The influence of spectrum shape is 
clearly presented. The log-slope form of plotting was 
used in this figure, with an added power operator, 
normalized by the square of the scalar wave amplitude, 
as given by 

where II; is a non-dimensional coefficient of added 
power, SP, derived from one given by Gerritsma, et a1 
(1961), 

nk, = SP/pgB2LV (225) 

SP L,2/ 4 ~ ~ p g B ~ L V c ~  (226) 

Hence, with 0 2 / g  = 2.rr/LW, the scalar operator’s 

But the common (dimensional) plot, on the basis of 
0, is equally suitable. The added power operator is 
then of the form, 

sp/y2 
Mean added power in irregular long-crested head seas 
is, in form similar to Equation (224) for mean added 
resistance, 

(W,) = 2 [6P (oe)/z2] S[(O,) do, (227) 

Thus it is clear that systematic self-propelled model 
tests or calculations for different speeds and headings 
(head and bow seas) make it possible to predict rough 
curves of sea speed vs. power for various represen- 
tative ocean wave spectra similar to Aertssen’s curves, 
Fig. 88. These curves can be of great value in esti- 
mating the maximum required power in service, or 
service power factor, for a new ship design as dis- 

I 

same as in calm water with the propeller loading the 
same as the average loading in waves.” Although this cussed in Section 8. 

- 
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Fig. 90 Prediction of added power in irregular waves for Series 60, 0.60 
block ships at FN = 0.15 

5.8 Wave loads. 
(a) General. Although wave loads enter implicitly 

into the calculation of ship motions, they are consid- 
ered here under the heading of derived responses be- 
cause, in order to determine the loads at a particular 
instant of time, a solution to the ship motions must 
first be obtained. 

There are three different levels at which wave loads 
may be needed for structural design purposes: 

1. Instantaneous local hydrodynamic pressures on 
the surface of the hull as a result of ship motions and 
ship-wave interactions. These pressures may be needed 
over the entire hull surface or only some portion of it. 

2. Integrated instantaneous pressures yielding the 
longitudinal and torsional bending moments and shear 
force at midships or other stations. 

3. Impulsive pressures on local areas of the hull (flat 
bottom, flare, sponson, or stern) which can cause vi- 
bratory hull response (slamming, whipping, springing). 
See Section 5.4 and Chapter IV, Vol I. 

The introduction of finite ele- 
ment structural analysis techniques has given impetus 
to the development of methods of calculating the dis- 
tribution of instantaneous hydrodynamic pressures 
over individual sections and hence over the entire sur- 
face of a hull oscillating in waves. I t  was shown in 
Section 3 that the calculation of ship motions requires 

(b) Local Pressures. 

the determination of hydrostatic and hydrodynamic 
pressures over the surface of the hull. Hence, there 
is no basically difficult problem in determining these 
pressures at a particular instant in time, with the ship 
in any desired position relative to  an encountered reg- 
ular wave. 

Hoffman (1966) and Tasai (1966) simultaneously, but 
separately, published papers showing the methods to 
compute the wave-induced pressures on the hull sur- 
face of a ship heaving and pitching in regular longi- 
tudinal waves. Hoffman also measured the pressure 
distribution on a T-2 tanker model, and found that the 
experimental results had good agreement with theo- 
retical calculations. 

The ship motion the- 
ory of Section 3 can be extended to permit the calcu- 
lation of wave-induced shearing forces and 
longitudinal bending moments on the hull girder. First 
it is necessary to solve the equations of motion for the 
motion amplitudes. Then one can evaluate the incre- 
mental vertical forces (in excess of or less than the 
still-water buoyant force) acting at any instant of time 
along the length of the ship. The shear and bending 
moment in regular waves were shown to be the result 
of integrating vertical hydrodynamic pressures and 
inertia (D’Alembert) forces over the ship length a t  a 
fixed time (Jacobs, 1958). The work explained experi- 
mental observations of the reduction in dynamic wave 
bending moments on the basis of two factors: The so- 
called Smith efect, which accounts for the pressure 
reduction in a wave crest and increase in a trough 
resulting from the orbital motion of wave particles, 
and a second effect of comparable magnitude resulting 
from ship-wave interaction (Salvesen, et  a1 1970). 

The study of longitudinal wave-induced shear and 
bending moments in irregular seas according to the 
linear-random theory (assuming bending moment am- 
plitude proportional to wave amplitude) has had im- 
portant consequences in the strength standards for 
large ships, as discussed in Chapter IV, Vol I. Bending 
moment RAO’s in terms of scalar moment/unit wave 
amplitude tend toward zero for both very low and very 
high frequencies. They often are “double humped,” 
i.e., one peak corresponding to a motions resonance, 
and another to the wavelength that produces the great- 
est re-distribution of buoyancy (Moor, 1966). Prediction 
of statistical parameters according to methods illus- 
trated in Section 4.1 is one of the important steps in 
calculating short-term magnitudes and in the synthesis 
of long-term trends for design purposes. 

A revealing early study of bending moments used 
the log-slope form of presentation to show clearly the 
effect of size alone on ships in the same seaway. To 
carry out the prediction of bending moments in irreg- 
ular waves in this way, wave bending moment may in 
regular waves be expressed in nondimensional form 
by dividing by maximum wave slope, giving a bending 
moment operator, 

(c) Wave Bending Moments. 
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where C,, is a nondimensional bending moment coef- 
ficient, 

Fig. 91 summarizes graphically the calculation of 
wave bending moments in a severe irregular short- 
crested head sea for a family of geometrically similar 
ships of 0.80 block coefficient. From the bending mo- 
ment spectra at the bottom of the figure one can com- 
pute the average short-term bending moments for 
ships of all lengths or the highest expected bending 
moments in 10,000 cycles, for example. However, it 
should be emphasized that trends here apply only to 
geometrically similar ships with similar weight distri- 
bution. Methods of taking into account many different 

sea conditions to obtain long-term probability trends 
are discussed in Chapter IV, Vol. I. 

An important effect of sea waves 
on some ships is the excitation of random hull vibration 
that may continue for extended periods of time. This 
phenomenon, known as springing, has been noticed 
particularly in Great Lakes bulk carriers (Matthews, 
1967), but it has also been reported on large ocean- 
going ships of full form (Goodman, 1971). The spring- 
ing excitation and response can be treated as stochastic 
processes that can be handled by the techniques dis- 
cussed in Section 4. However, it has been shown by 
Kumai (1972) and Troesch (1984b) that longer waves 
in the spectrum can also excite the hull vibration. This 
introduces non-linear aspects that are important to 
consider here. 

Experiments in waves were carried out by Troesch 
(1984a) on a model jointed amidships, to measure both 
wave excitation and springing response. He found that 
- if the incident wave amplitude is given as { ( t )  = 
5 cos (wet ) ,  then “there is a measurable springing ex- 
citation at 2w, and, sometimes 3w,. Here o, is the 
encounter frequency and y is the incident wave am- 
plitude. Should 2w, or 30, equal on, the natural fre- 
quency of the hull, there will be a large increase in 
the springing response. This non-linear response is 
quadratic in wave amplitude. In other words, if y dou- 
bles, then the response increases by a factor of four.” 
Furthermore, wave components at one frequency will 
interact with components at other frequencies. A good 
description of the theory is given by Longuet-Higgins 
(1963), who said, “The implication for ship springing 
is that, in addition to the long-wave excitation resulting 
from 2w, and 3w,, there will also be long-wave exci- 
tation at w, from oi + oJ = w,, where w, and oJ are 
frequencies of first-order wave components.’’ 

Summarizing, the response a t  w, is the result of the 
following sources of excitation: 

1. Waves with a frequency of 0,. (This is the linear 
case). 

2. Waves with a frequency of wl, where 264 = on. 
(This is the non-linear excitation due to harmonics of 
long waves). 

3. Waves with encounter frequencies of w, and o3 
where oi + wJ = 0,. (This is also a non-linear exci- 
tation caused by the interaction of two different wave 
components). 

Jensen and Pedersen (1981) give the total bending 
moment response as follows: 

m(x, t )  = m‘l’(x, t )  + m(’)(x, t )  + ... (228) 
where m“’(x, t )  is the linear moment due to wave 
excitation as previously described in 1, and m“) (x, t )  
is the non-linear moment due to wave excitation de- 
scribed by 2. and 3. They next show how a spectrum 
of bending moment can be calculated if the spectrum 
of the incident wave is known and if the bending mo- 
ment response amplitude operator (RAO) is given or 

(d) Springing. 
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can be determined. The RAO is the bending moment 
due to waves of unit amplitude and may include the 
effects of non-linearities, which requires iterative pro- 
cedures to be followed. The bending moment spectrum 
would then include both linear and non-linear parts. 

Troesch (1984a) determined springing excitation ex- 
perimentally for a Great Lakes bulk carrier, which 
showed an oscillatory character when plotted against 
encounter frequency. (Peaks correspond to wave 
lengths such that forces at bow and stern reinforce 
one another). The complete solution to the springing 
problem requires consideration of the hull structural 
properties as well as the hydrodynamic excitation 
(Chapter IV, Vol. I). 

The local forces 
acting upon parts of a vessel subject to motions in 
waves consist primarily of inertial reactions (d ’Alem- 
bert forces) which depend on the accelerations dis- 
cussed in Section 5.1. In addition, angular motions 
produce changes in the direction of the gravity forces, 
which affect the components along the three ship axes. 
In general, determining these forces for a ship in reg- 
ular waves permits statistical estimates to be made of 
the local forces in irregular seas according to the spec- 
tral method. Before considering these, however, it is 
important to note that the time-honored deterministic 
approach for a ship subject only to rolling in regular 
beam seas can provide useful approximation for some 
purposes and is thus worth repeating a t  this point. All 
parts of a rolling ship are acted upon by two inertial 
reactions (d’ Alembert forces) in addition to gravity; 
viz., a centrifugal force and a tangential force. The 
force of gravity may be resolved into components par- 
allel and perpendicular to the centerline plane of the 
ship. These components are equal, respectively, to w 
cos + and w sin +, where w is the weight of the part. 
See Fig. 92. 

The centrifugal force, which acts radially away from 
the axis of roll, is equal to (w/g) +‘r, where 4 is the 
angular velocity of the ship and r is the distance from 
the axis of roll to the center of gravity of the part 
under consideration. Since 4 is seldom greater than 
0.15 radian per sec, the centrifugal force is usually 
negligible in magnitude. For example, if 4 is 0.1 radian 
per sec and r is 150 ft,  the centrifugal force is about 
5 percent of w. If the center of gravity of the part is 
above the CG of the ship, the centrifugal force opposes 
the gravity component w cos 4 and therefore reduces 
the force on the supports. Since the static downward 
force on the supports when the ship is not rolling is 
w ,  the effect of centrifugal force is to reduce this force 
by a small amount. I t  should be noted that 4> and 
consequently the centrifugal force has its maximum 
value when the rolling ship is upright (4 = 0). The 
value of 4, when + is zero, is w + A  where + A  is the 
maximum angle of roll in radians. The angular velocity 
of roll and centrifugal force are zero where 4 = + A .  

The tangential force is an inertial reaction to the 

(e) Forces due to ship motions. 
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Fig. 92 Forces due t o  rolling ( a t  maximum angle) 

angular acceleration of the ship, which is a maximum 
when 4 = + A .  Its maximum value then is w 2  + A  where 
+ A  is in radians. The linear acceleration acts in a di- 
rection normal to the radius that connects the center 
of gravity of the part to the axis of roll, usually as- 
sumed to be through the center of gravity of the ship. 
The maximum value of the tangential acceleration is 
r w2 + A  and therefore when + = + A  the tangential 
force is (w/g)r x w2 + A  (Fig. 92). 

In designing foundations or restraining devices the 
main interest is in the transverse components (parallel 
to the deck) of the tangential and gravity forces. In 
general, the transverse component of the tangential 
force is obtained by substituting B for r, where X is 
the height of the part above the CG (assumed rolling 
center), using ship axes. (Determining the true rolling 
center is discussed in Section 3.8.) Combining this 
transverse component with the transverse gravity 
component, w sin + A ,  gives the total transverse force 
acting at any point on a rolling ship as 

If the center of gravity of the part is above the CG 
of the ship, this force acts in the same direction as the 
w sin + A  component of the force of gravity: if the part 
is below the CG the reverse is true. This explains the 
greater likelihood of cargo shifting in the ’tween decks 
than in the hold. 

A gun turret mounted on 
the centerline of a naval vessel has its center of gravity 
at a height of 9 m above the waterline. The turret’s 
mass is 1000 kg. The period of roll is 15 sec. Calculate 
the transverse reaction on the turret foundation when 

(w/g) z ( P A  w sin ( P A  (229) 

A numerical example. 
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the ship is rolling to a maximum inclination of 30 deg 
assuming that the axis of roll is at the waterline. 

77 77 
+ A  = - X 30 deg = - radians 180 6 

Maximum tangential force 
4T2 77 

(15)2 6 
= 1000 x - x - x 9 = 827 kN 

Transverse component of weight (g = 9.81 m/sec2) 

Maximum transverse reaction 
= 1000 x 9.81 x 0.5 = 4905 kN 

= 5732 kN 

In addition to this reaction the foundation bears a 
transverse moment that is equal to the maximum 
transverse force times the height of the center of grav- 
ity of the turret above the top of the foundation. 

The more general approach to the same problem, 
involving irregular waves and all modes of motion, 
follows the linear random theory discussed in Section 
4, including the estimation of extreme values. The only 
different aspect is the construction of RAO’s or force 
operators relating force amplitudes to wave ampli- 
tudes. The “forces” are the sum of gravity components 
and inertial reactions dependent upon the mass, m, of 
the component under consideration and its accelera- 

tion, a; i.e., F = ma = - a = w -, where w is the 

weight of the element and a/g  is the acceleration in 
g’s. Hence, the inertial reaction may be expressed as 
the product of the weight of the element, w, and an 
effective acceleration in g’s. The usual final scalar force 
operator is computed in g’s and may be interpreted as 
the amplitude of acceleration in g’s per unit wave am- 
plitude per unit element weight. With an operator so 
defined the measures of response computed for irreg- 
ular waves by means of the methods of Section 4 will 
be in the nature of effective accelerations in g’s which 
may then be applied to the weight of the element of 
interest. However, it is important to bear in mind that 
what is desired is the effect of the vector sum of a 
gravitational component and an acceleration in some 
direction. 

The derivation of the RAOs for force per unit weight 
proceeds as follows. It is first assumed that the basic 
complex ship motion amplitudes of Sections 3, 4 and 
5.2 (171 . . . q6) are obtained per unit regular wave am- 
plitude, z, as a function of frequency. Thus following 
Equations (208) and (209), retaining the complex no- 
tation, and dividing by g to express accelerations in 
g’s, the complex amplitudes of the three components 
of acceleration at a point (37, jj, Z )  relative to the origin 
of the ship coordinate system may be written: 

W a 
9 9 

- 

.. 
Longitudinal: I; I - -$& = 1 9 -  

9 

-2 o,2- Lateral: I; I - ---6 = 
2 g -  gg 

Vertical: 

The first two components above include the tangential 
acceleration components that determine the inertial 
reactions due to pitch and roll in the conventional anal- 
ysis, and the third includes modifications to the heave 
acceleration due to pitch and roll which, in the end, 
determines a “virtual weight.” The expressions are 
more complicated than those given in the simpler anal- 
ysis because they take into account the influence of 
heave, sway, surge, pitch and yaw accelerations which 
are neglected in simplified analyses. In a sense, the 
expression for the lateral acceleration is less compli- 
cated than that of the simplified analysis because it is 
linearized and uses complex notation with a consistent 
coordinate system. The lateral acceleration associated 
with the centrifugal force can be neglected in the con- 
struction of the RAO’s because it is nonlinear, and in 
any event small. 

The gravitational component is accounted for next. 
In the simpler analysis the lateral component of force 
on a part of the ship due to gravity and a roll angle + is w sin +. Linearizing, this becomes wCp, or just + 
in terms of an increase in lateral force per unit weight. 
The complex amplitude of roll, q4, corresponds to the 
negative of the complex amplitude of the lateral com- 
ponent of (gravitational force per unit weight) if the 
axis sense conventions of Section 3 are observed. Ob- 
serving the axis conventions of Section 3 in a similar 
fashion, the complex amplitude of pitch (q5) corre- 
sponds to the complex amplitude of the longitudinal 
component of (gravitational force per unit weight). Fi- 
nally, the change in the vertical (gravitational force 
per unit weight) due to roll and pitch, relative to the 
static lg case, is of the order of (1 - cos cos IT5/), 
which is zero to the present linear approximation. 

To construct the force-per-unit-weight RAO’s the 
signs of the acceleration components of Equation (230) 
are changed in accordance with d’ Alembert’s principle, 
and added to the complex amplitudes of the gravita- 
tional components noted above the absolute values of 
the results are taken to yield the scalar amplitudes of 
- force per unit weight for the regular wave amplitude, 
t;, assumed in the original motions computation_. Di- 
viding these results by the wave amplitude, t;, the 
RAO’s for force per unit weight then become: 

Next Page 
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the preceding expression for the amplitude of lateral 

wave amplitude reduces to 
Longitudinal: + -- X7)5 - q-6 71 ) + q 5 1 / 1  force on a part of the ship per unit weight and unit 

Vertical: + gq4 - zq5)//5 Then the total lateral force amplitude becomes, in 
agreement with the simpler case previously given, 
Equation 229, 

g 

The net result from analyses utilizing these RAWS 
will be the deviations from the static case (lg vertically 

approach it is not necessary to assume pitch or roll 
periods, since these are factored into the definition of 
the force-per-unit-weight RAO’s and the sea spectrum. 

For the simple case of rolling alone (at zero speed 
where u, = w ) ,  assuming sway and yaw to be zero, 

and zero laterally and longitudinally). In the spectral ZW Ti74 - + + A ]  (231) 

where = + A ,  the amplitude or maximum angle of 
roll in rad. (+A z sin + A )  and w is the weight of the 
item under consideration ( w / g  is its mass). 

Section 6 
Control of Ship Motiond2 

6.1 General. The reasons for attempting to control 
and reduce the motions of a ship are as varied as the 
types of ships. Excessive motions would interfere with 
the recreational activities of passengers on a cruise 
ship. Often more than half of the load of a contain- 
ership is stowed above deck where it is subjected to 
large accelerations due to rolling. In some situations 
this may cause some internal damage to the contents 
of the containers; in more severe situations failure of 
the lashing can occur and containers may be lost over- 
board. Underdeck cargo in ordinary cargo ships and 
bulk commodities in colliers, ore ships and grain ships 
can shift if the motions become too severe. Excessive 
motions of warships can both seriously degrade the 
combat readiness of its crew and adversely affect the 
performance of its weapons systems. Finally, offshore 
platforms, pipe-laying ships and drill ships require only 
very small motions to perform many of the individual 
operations. The amplitude of the motions may be the 
most important feature in these latter ocean engi- 
neering tasks, whereas in some of the other situations 
mentioned, the velocity or acceleration of the motions 
may be of principal concern. 

The purpose of this section is to concentrate on the 
additions, either internal or external to the hull, that 
reduce or otherwise improve the motion responses of 
the hull. I t  is assumed that the additions are such that 
their benefit to the motions of the ship outweighs any 
impact on the ability of the ship to perform its assigned 
task. I t  is particularly challenging to obtain large im- 
provements in the motion characteristics of existing 

ships that are being rebuilt or modified for some task 
not anticipated in their original design. 

In light of the foregoing discussion, it is appropriate 
to ask what motions can be sensibly influenced by a 
small addition to the ship. Let us first consider the 
unrestored (horizontal) motions of the ship: sway, yaw 
and surge. These motions exhibit no resonance, and 
their amplitudes in deep water are never greater than 
the wave amplitude, or in the case of yaw, never 
greater than the wave slope. Thus, these motions are 
rarely a significant problem of themselves. Further, 
these motions are caused by exciting forces that are 
comparable to the ship’s weight or, in the case of yaw, 
the product of the weight times the ship length. I t  is 
unreasonable to expect that any small addition will be 
able to produce an effect comparable in magnitude. 
Only the usual directional control, or steering, is 
needed, as discussed in Chapter IX. 

Motions that have vertical components (heave, pitch 
2nd roll) have restoration forces. For these motions, 
the ship behaves somewhat like a damped spring-mass 
system. These motions exhibit resonance and respond 
with amplitudes sometimes greater than the wave 
slope or, in the case of heave, greater than the wave 
amplitude. The magnification factor or nondimensional 
RAO, the ratio of the amplitude of motion in regular 
waves to the wave amplitude (or amplitude of the wave 
slope) at the resonant frequency, varies greatly 
amongst the three motions. The magnification factor 
for heave for a typical ship is less than 1.3 and is 
frequently less than 1.0. That for pitch is rarely more 
than 1.5, but that for roll can be 10 or more for the 
bare hull, and 7 or more for a ship equipped with bilge 
keels. by William C. Webster. 

Previous Page 
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The foregoing serves to illustrate that resonant roll 
motions in waves are perhaps the most attractive can- 
didate for control. These motions are large enough to 
be important in most applications. The almost total 
lack of inherent roll damping means that small addi- 
tions to this damping can produce large reductions in 
the response. The possibility of controlling pitch mo- 
tions is entertained from time to time, but the pros- 
pects are certainly not as good as they are for roll. I t  
appears neither feasible nor necessary to attempt to 
control heave for normal ship forms. The subsequent 
parts of this section explore methods that have been 
investigated and used to control motions, with the pre- 
dominant emphasis on roll motions. 

6.2 Control of Roll. Since, as described in Section 
3.8, the most severe roll motion occurs a t  resonance 
(sometimes referred to as synchronous rolling) the best 
way of reducing it is to increase damping. The most 
common means of doing so is the installation of bilge 
keels. If more control of the roll motions is required, 
the use of special anti-rolling devices may be called 
for, A multitude of different devices for this purpose 
have been invented but only a few types are in common 
usage. In the following discussion these devices are 
described in general, but special emphasis is placed on 
the popular devices. The stabilizers can be grouped by 
general categories, depending on how they achieve the 
stabilization; i.e., passive, controlled-passive or active. 

These devices do not re- 
quire power or a control system to operate. They be- 
long to two separate sub-categories: those that do not 
have moving parts and those that do. 

The primary devices with no moving parts are bilge 
keels (which have been discussed in Section 3.8) and 
sails. Sails are a very effective roll stabilizer for small 
ships and have been used extensively in fishing boats. 
The lift on the stabilizing sail changes as the ship rolls 
and the phasing of these lift forces is such that roll 
energy is removed from the ship. The size of sail re- 
quired and complexity associated with rigging the sail 
are modest for a small boat, but generally prohibitive 
for large ships. 

There are a variety of devices that rely on motion 
of the stabilizer to interact with and to reduce the roll 
motions. These stabilizers are passive in the sense that 
they are unattended and do not rely on special sensors 
or actuators. Typical stabilizers of this type include 
passive antiroll tanks and moving-weight stabilizers. 
Three types of antiroll tanks have been used and 
sketches of them are shown in Fig. 93, adapted from 
Bhattacharyya (1978). 

The free surface tank shown at the top (a) of this 
figure is a single, partially-filled tank which typically 
extends across the full beam of the ship. Its shape and 
internal baffles allow the liquid in the tank to slosh 
from side-to-side in response to the roll motions. The 
phasing of the roll moments acting on the ship as the 
result of the fluid motion in a well-designed tank are 

(a) Passive Stabilizers. 

(a)FREE SURFACE TANK 

(b) U-TUBE TANK 

such that they reduce the roll motion. This type of 
tank was first investigated by Froude, but did not 
receive much attention until the 1950’s when it was 
rediscovered and used in several naval vessels. 

A related concept is that of the U-tube antiroll tank, 
a perspective view of which is shown in the middle (b) 
of Fig. 93. The use of these tanks was pioneered in 
Germany by Frahm around the turn of the century 
and they are often referred to as Frahm tanks. This 
stabilizer consists of two wing tanks connected on the 
bottom by a substantial crossover duct. These tanks 
are also partly filled, and the air spaces above the fluid 
in each wing are connected by a duct. As in the free 
surface tanks, when the ship begins to roll, fluid flows 
from wing tank to wing tank causing a time-varying 
roll moment on the ship. With careful design this roll 
moment is of the correct phasing to reduce the roll 
motions (see Fig. 94). As shown in this figure, both 
the roll motion and the motion of the fluid in the tank 
are at a larger amplitude than the wave slope. 

Another stabilizer concept introduced by Frahm was 
the external stabilizer tanks, also shown in Fig. 93. 
These tanks were used in several ships (including some 
naval ships) in the early 1900s. In this configuration, 



128 PRINCIPLES OF NAVAL ARCHITECTURE 

Fig. 94 Motion of the fluid in an ontiroll tank 
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Fig. 95 Definitions of variables used in the analysis of stabilizers 

the two wing tanks are not connected to one another 
except perhaps by an air duct at  the top. Water flows 
in and out of each tank through openings in the hull 
to the sea. This configuration eliminates the duct filled 
with water, which exists in either the free-surface tank 
or the U-tube tank, but has its own set of disadvan- 
tages. These include corrosion due to the seawater in 
the tank, and resistance to forward motion due both 
to the holes in the hull and the force required to ac- 
celerate the seawater outside the ship (which is initially 
almost a t  rest) to the speed of the ship as it enters the 
tank. The horsepower required by this latter drag com- 
ponent (sometimes called momentum drag) increases 
with the square of the ship speed and can be substan- 
tial. More recently, a variation of external tanks have 

been used in oil drilling rig applications where forward 
speed is not a concern. A comparison of different tanks 
is given by Vugts (1969). 

A fourth concept is that of a moving weight stabi- 
lizer (see Fig. 95a). In this scheme a large weight is 
allowed to move athwartships on a track. I t  is kept 
near the center of the travel by either a spring (as 
shown) or a curved track, and it is also restrained by 
a damping mechanism. These mechanisms produce a 
force, F, acting on the moving weight that is given by 

F = ks + dS (232) 
where k is the spring constant, s is the distance of the 
moving weight from the ship centerline, d is the damp- 
ing constant and s is the moving weight’s velocity. The 
motion of the ship leads to other forces on the moving 
weight which cause it to respond in such a way as to 
create roll moments that counteract the wave exciting 
moments. Its action is therefore similar to that of the 
fluid in the antiroll tanks. 

All four of these concepts rely on a common, un- 
derlying physics as a basis for operation. Each has a 
mass that can transfer from one side of the ship to 
the other, and each has a design feature that restores 
this mass to amidships when the ship is near upright. 
The result is that each of these passive stabilizers is 
a damped mass-spring system that moves in response 
to all three transverse motions. In a properly designed 
stabilizer, the roll moments generated by the stabilizer 
movement will counteract part of the roll moment ap- 
plied to the ship by the seaway, and will reduce the 
overall roll motion. None of these stabilizers can elim- 
inate roll motions entirely, since the stabilizer does not 
move until the ship moves. In concept all of these 
devices are similar to the classic vibration absorber. 

The equations of motion for the ship and stabilizer 
system for all four devices are of exactly the same 
form and the design parameters used for each are 
similar. The equations of motion are too complex to 
derive here, but details can be found in Vasta, et  a1 
(1961) or in Webster (1967). A careful analysis of the 
resulting coupled roll, sway, yaw and stabilizer system 
shows that the stabilization performance depends prin- 
cipally on five parameters: 

1. Stabilizer size, p = 6GMT/GMTo, the loss of 
metacentric height caused by the stabilizer divided by 
the metacentric height with the stabilizer weight or 
liquid frozen in mid-position. Each of these passive 
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stabilizers has the characteristic that, when the ship 
has a heel, the weight in the stabilizer moves to cause 
a moment that increases the heel. In the tank config- 
urations this loss of stability is simply the free surface 
loss. In moving weight stabilizer, is given by 
w 2 / g k b ,  where w is the moving weight (mass = w /  
g ) ,  k is the spring constant restoring the weight to 
the center of its track and g b  is the displacement 
weight, W. The parameter p measures the static effect 
of a motion of the stabilizer on the roll motion. All 
three tanks shown in Fig. 93 have the same p, even 
though their other characteristics may be different. 

2. Stabilizer coupling, u, = ot/on4, the ratio of 
the natural frequency of the stabilizer to the roll nat- 
ural frequency (also known as stabilizer tuning fac- 
tor, in order to avoid confusion with the ship tuning 
factor, used elsewhere, which is the ratio of encounter 
frequency to ship roll natural frequency). When the 
ratio, ut ,  is near unity, the worst motions of the ship 
(those near the resonant frequency) couple easily into 
motions of the stabilizer. In practice, it is typical for 
this ratio to be slightly larger than unity to account 
for the difference in damping between the ship and the 
stabilizer. The natural frequency of a U-tube tank sys- 
tem can be estimated by ot = d m ,  where 

L 

S ' = . I - m  dv 
0 

and where the girth parameter v, the U-tube free sur- 
face area A ,  and cross-section area A ( v )  are defined 
in Fig. 95a. The natural frequency of the other types 
of stabilizer tanks can be estimated on the basis of an 
equivalent U-tube (Vasta, et  a1 1361). The natural fre- 

quency of the moving weight is simply 

3. Nondimensional Stabilizer damping, 5 t ,  the ra- 
tio of the stabilizer's equivalent linear damping to its 
critical damping. This parameter is comparable to /3* 
in the ship roll equation; see Section 3.8, Equation 
(172). Stabilizers are typically moderately damped and 
the damping is usually quite nonlinear. Values of 5 ,  
of 0.2-0.4 are typical for moderate motions. Therefore, 
these stabilizers do not exhibit a resonance as marked 
as the ship in roll. The damping in a tank depends on 
the details of the shape of the wing tanks and espe- 
cially of the crossover duct or, in the case of external 
tanks, on the details of the hull openings. Since the 
fluid drag associated with flow in this type of compli- 
cated geometry is difficult to predict, it is common to 
construct a reasonably large scale model of the tank 
to confirm the damping. Analysis of free surface tanks 
is somewhat more difficult since both the natural fre- 
quency and the damping of the tank are sensitive to 
the water depth. 

4. Stabilizer capacity, q,, the maximum angle to 
which the stabilizer can heel the ship with all of the 
weight in the stabilizer on one side. For instance, for 
a U-tube tank, q, is computed as the static heel angle 
induced when the fluid inside has moved to one side 
and completely fills one wing tank. Typical values of 
capacity are 0.03 to 0.10 rad., corresponding to a ca- 
pability of the stabilizer to cause a static roll of 2 to 
6 deg. A stabilizer loses effectiveness if the effective 
wave slope is greater than qs, and in very heavy seas 
the stabilizer might be only marginally effective. 

5 .  Stabilizer height parameter, 5 t .  This parameter 
is given either as 

hW,2 
t t  = - 

9 
for the moving weight stabilizer, where h is the height 
of the center of gravity of the moving weight above 
the roll center, or as t t  = S " / S '  for the U-tube tank, 
where 

0 

S' is as before, and where R and q(v) are defined in 
Fig. 95b. Here q(v) is defined to be negative if the 
tangent line to the flow path at the point v is below 
the roll center axis and to be positive if it is above. 
The height parameter for the other tank configurations 
can be determined by analogy to the U-tube configu- 
ration. 

The roll moments that arise due to the acceleration 

12 , 
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Fig. 96 Comparison of the computed roll response of a typical ship with 

and without a good passive roll tank 
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Fig. 97 Effect of variations of stabilizer tuning on roll stabilization 
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Fig. 99 Effect of variations of stabilizer damping on roll stabilization 

of the mass of the stabilizer weight or fluid from one 
side of the ship to the other counteract the static mo- 
ment of the weight or fluid if the stabilizer is mounted 
far below the roll center (5, < 0), and add if the sta- 
bilizer is mounted far above the roll center (5, > 0). 
That is, the higher the stabilizer is located in the ship, 
the more effective it is. Because of the factor w: in 
the parameter, stabilizers for ships with high meta- 
centric stability (high roll resonant frequencies) re- 
quire stabilizers to be mounted high in the ship if they 
are to be effective. 

The roll magnification factor or RAO (amplitude of 
roll divided by effective maximum wave slope) is a 
simple and effective measure to explore the effect of 
the various stabilizer parameters, when plotted 

0 
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Fig. 98 Effect of variations of stabilizer size on roll stabilization 
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Fig. 100 Effect of variations of stabilizer height on roll stabilization 

against non-dimensional frequency, & = w e /  wn4 (or 
tuning factor). The following parameters represent a 
typical good design of a stabilizer: 

p = 0.20 
ut  = 1.08 
I t  = 0.30 
q, = 0.05 
t t  = 0.00 

(233) 

We first consider motions that are small enough so 
that the capacity of the tank, q,, is not a question. 
Fig. 96 shows a sample calculated magnification factor 
or RAO for a ship in beam seas with a roll damping 
ratio of 0.05 (typical for a large ship fitted with bilge 
keels) with and without a stabilizer defined by the 
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Effect of stabilizer capacity on roll stabilization in short-crested Fig. 101 
random seos 

parameters given in Equations (233). At very low fre- 
quencies both the stabilized and unstabilized ships 
have an RAO of unity. In other words, in very long 
waves the ship rolls with an amplitude equal to the 
effective wave slope and at these frequencies the sta- 
bilizer has no motion relative to the ship. The ship 
alone has a sharp peak at its resonant frequency, and 
this peak is greatly reduced by the stabilizer. However, 
for non-dimensional frequencies (tuning factors) below 
about 0.7 and above 1.25, the RAO’s are larger for the 
ship with the stabilizer. That is, the stabilizer does not 
improve motions at all frequencies. 

It is rare that a ship experiences a seaway that is 
composed of regular waves of a single frequency. Typ- 
ical situations involve random seas with component 
waves of many different frequencies and the effect of 
the stabilizer over all these frequencies is important. 
The extremely large roll reductions observed near roll 
resonance are not realized in a real seaway. In partic- 
ular, the average roll reduction in a real seaway is 
typically of the order of 50 percent for a well-designed 
stabilizer, even though the reduction at resonance is 
90 percent or more. 

It is interesting to examine typical variations in the 
calculated beam-seas motions with changes in stabi- 
lizer size, tuning, damping, and stabilizer height pa- 
rameters. Fig. 97 shows the effect on stabilization of 
changes in the stabilizer tuning, ut. One sees that 
changes in tank tuning factor, ut,  either above or 
below the baseline frequency given in Equation (232) 
lead to significant changes in the shape of the response 
curve. A stabilizer with a natural frequency much 
higher than the ship’s roll resonance frequency, ut 
>> 1, is effective only at high frequencies. A similar 
statement also applied to a tank with a much lower 
natural frequency. 

Fig. 98 shows the effect of changes in stabilizer size, 
p. Increases in p further reduce the peak of the RAO 
at resonance, but also increase the response in the low 
and high-frequency regions where the stabilized ship 
rolls more than the unstabilized ship. The selection of 
a p = 0.2 represents a typical compromise between 
these competing effects. 

Fig. 99 shows the effect of changes in the stabilizer 
damping, 4 t .  When the damping is much smaller than 
the baseline damping given in Equation (232) the mo- 
tions at the original roll resonance becomes small, but 
two large resonances at frequencies above and below 
the original resonance appear. If the damping is too 
high the roll motions are little different from their 
unstabilized counterparts. 

Fig. 100 shows the effect of stabilizer height, k , .  It 
is clear that stabilizer performance improves with in- 
crease in height above the roll center. However, the 
topside space on board a ship is usually more valuable 
for other purposes and stabilizers are often placed 
deep in the ship. This figure shows that if the stabilizer 
is placed too deep in the ship its performance may be 
marginal. 

When roll motions become larger, the nonlinear roll 
characteristics and nonlinear tank damping play a 
more important role. As a result, the stabilization per- 
formance in these situations can vary considerably 
from one ship to another. The most important single 
parameter governing these differences is the tank ca- 
pacity, qs. Fig. 101 shows the variation of the signif- 
icant roll motions as a function of significant wave 
height for a typical unstabilized ship, and for the same 
ship with stabilizers that differ only in their capacity, 
qs. The motions are in a short-crested irregular seaway 
at the worst heading. I t  is seen that in low and mod- 
erate seas the stabilizers are quite effective and do not 
differ in performance. As the sea state increases the 
stabilizer with the lowest capacity saturates first and 
its stabilization is not as good as for the higher-ca- 
pacity tank. The effects of tank saturation appear a t  
small roll angles when q s  is small and not until larger 
roll angles when q, is large. Thus, the capacity param- 
eter must be considered in relation to the mission pro- 
file of the ship in which it will be installed. 

Selection of the appropriate passive stabilizer for a 
given application requires consideration of several dif- 
ferent factors. Within a rough approximation all four 
types of passive stabilizers discussed, i.e., moving 
weight, U-tube, free surface and external tanks, are 
not grossly different in weight for a given set of design 
parameters. The moving weight can be much smaller 
in volume, since the weight can be constructed using 
steel and even denser materials. However, the size of 
the weight increases in direct proportion to the ship 
displacement and safety considerations restrict mov- 
ing weight stabilizers to small ships. U-tube tanks re- 
quire somewhat more internal structure for the 
bulkheads and ducts than do free surface tanks but 
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VALVE ACTUATOR 

Fig. 102 Schematic of controlled-passive antiroll stabilizing tonks 

have the advantage that they do not restrict fore-and- 
a f t  passage. That is, the space above and below the 
water cross-over duct is available for other purposes. 
Free surface tanks have the advantage that it is pos- 
sible to  vary the tank natural frequency by changes 
in water level and thus accommodate changes in the 
ship’s metacentric height. I t  is, however, difficult to 
measure the water level a t  sea and it is not easy for 
the crew to decide the best water level setting for a 
given situation. External tanks do not restrict fore- 
and-aft passage inside the ship but have unique cor- 
rosion problems and high added resistance. 

Several features of all four passive stabilizers re- 
quire special emphasis: 

These stabilizers cannot eliminate all of the roll 
motions. Each relies on the ship motions to generate 
the sloshing in the tanks or the motion of the weight. 
The principal effect is a significant decrease in the level 
of roll motions in the neighborhood of roll resonance. 

All passive stabilizers of this type increase the roll 
motions at frequencies significantly away from the roll 
resonance. For instance, in seas that are predominantly 
from the stern, the encounter frequency may be quite 
low and the ship may actually roll more with the sta- 
bilizer in operation. 

Passive stabilizers do not require the ship to have 
forward way. In fact, passive stabilizers are  perhaps 
the most effective system of roll reduction at zero 
speed. This is often a critical consideration for drill 
ships and other ocean engineering vehicles. 

The action of the stabilizer is to eliminate the 
sharp peak in the roll RAO a t  resonance. The stabilized 
RAO curve is more or  less flat over a large frequency 
band. The roll motions of the stabilized ship therefore 
have a random or unpredictable characteristic similar 
to that  of the seaway. This is in sharp contrast to the 
unstabilized ship motions which tend to have regular 
and predictable, although larger, roll motions. The 
result is that the stabilized ship may be perceived sub- 
jectively by the on-board personnel as  less comforta- 
ble. 

The motion of the passive stabilizer’s fluid or 
weight in high sea states may become so severe that 

saturation occurs. The fluid can hit the tank top or the 
weight can come to the end of its track. In either case 
the stabilizer loses effectiveness and the ship roll be- 
havior becomes more like the unstabilized ship. Pru- 
dence dictates, therefore, that other means of 
stabilization, particularly bilge keels, also be installed. 

In anti-roll tanks it is common to use fresh water 
with additives to prevent corrosion. I t  is possible to 
use other liquids including fuel oils and ordinary sea 
water. These latter liquids may require special atten- 
tion to combat corrosion and flammability dangers. 

(b) Controlled-passive Stabilizers. In the event 
that the roll stabilization offered by ordinary passive 
stabilizers (such as  described in the previous sub-sec- 
tion) is not sufficient, it may be possible to use a slightly 
more complex stabilization system known as  a con- 
trolled-passive roll stabilizer. The concept is to improve 
the performance of a passive system by adding a so- 
phisticated control system which, although it does not 
change the basic action of the stabilizer, modifies this 
action to make it more effective. 

A typical stabilizer of this variety is the so-called 
controlled-passive roll tank discussed in Bell & 
Walker (1966) and sketched in Fig. 102. This tank is 
similar in shape to the U-tube but the water cross-over 
is much larger in cross section and the air cross-over 
duct contains a servo-controlled valve system. Since 
these valves control only the flow of air, very little 
power is required for their activation. When the valve 
is closed, the passage of air from one wing tank to 
the other is prevented and the motion of the water 
between the wing tanks is restricted by the resulting 
compression of the air in the top of each tank. When 
the valve is open, the air can pass freely and the water 
can slosh without restriction from wing tank to wing 
tank. 

VALVES OPEN 

0 0  0 5  1 0  1 5  a 0  
TUNING FACTOROR 

NONDIMENSIONAL FREQUENCY, Ae 
Fig. 103 Comporison of passive and controlled-passive roll stabilizing tanks 
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The typical controlled-passive roll tank is designed 
to have a tank tuning factor, vt, well above unity. Fig. 
103 shows three RAOs: one for a ship stabilized by a 
good passive tank, one for a ship stabilized with a 
controlled-passive tank, and one for a ship with the 
controlled-passive tank but with the valves locked in 
the open position. The first and third of these curves 
are duplicates of curves in Fig. 98. As seen in these 
figures, there is little difference between the controlled- 
passive tank and the equivalent high-tuning-factor, 
(i.e., high-natural-frequency) passive tank at frequen- 
cies above the roll resonance. Both tanks produce 
smaller roll motions at these frequencies than either 
the ship alone or the ship with a well designed passive 
tank. 

At frequencies in the neighborhood of the roll res- 
onance and below the roll resonance, however, the fluid 
in the high-natural-frequency tank with the valves 
locked open can slosh from one side of the ship to the 
other much too fast. The result is the greatly exag- 
gerated low-frequency roll motions which are more 
severe than either the ship alone, or the ship with a 
well designed passive tank. The control system pre- 
vents this unsatisfactory behavior at low frequencies 
by closing the valves and slowing the flow whenever 
it would otherwise lead to large roll motions. The con- 
trol system thus regulates the phasing of the fluid 
motion primarily in the low-frequency regime. A well 
designed controlled-passive tank has superior roll sta- 
bilization (as much as a 20-40 percent better) over all 
frequencies compared to those of a well designed pas- 
sive tank of the same size, p. 

Controlled-passive tanks have several disadvan- 
tages, and these have generally prevented their wide- 
spread use. First, in order to achieve the high-natural- 
frequency tank that a simple control system can slow 
down, a large crossover duct is required. Therefore, a 
controlled passive tank has a larger weight of fluid for 
a tank of the same size, p. Second, a controlled-passive 
tank depends on the operation of both the control sys- 
tem (which normally includes gyros and sophisticated 
electronics) and the mechanical activation system for 
the valves. If any of this mechanical equipment fails, 
the tank is either ineffective (the valves locked closed) 
or inferior (the valves locked open). Nonetheless, sev- 
eral of these stabilizers have been installed and they 
appear to have a good operating record. 

The border between con- 
trolled-passive and active stabilization is not distinct. 
Active stabilization generally implies that the system 
requires the use of machinery of significant power and, 
in order to justify the expense of this equipment, the 
system is designed to be much more effective in elim- 
inating roll motions than passive systems. Each system 
consists of two essential parts: a control system to 
detect motions of the ship and to predict the roll mo- 
ment that will be applied to the ship by the seaway in 
the immediate future and a moment generating system 

(d) Active stabilization. 

that will apply a roll moment to cancel the predicted 
moment. 

The possible moment-generating systems include: 
fin stabilization, gyro stabilization and active-tank sta- 
bilization. Whereas the control system for each type 
of stabilization system is similar, the means by which 
the counteracting roll moment is produced is entirely 
different. The control system will be discussed first, 
followed by a more detailed discussion of each of these 
different physical systems. 

I t  is the job of the control sys- 
tem to command the moment-generating system to act 
in such a way that the roll motions are reduced. I t  is 
possible to develop such a control system that ignores 
the cause of the roll and produces the desired command 
signal on the basis of measured roll motions and em- 
pirically determined constants (known as gains). How- 
ever, an insight into the capabilities and limitations of 
an active system can be gained by use of the equations 
of motion. 

For perfect stabilization, the roll moment that the 
seaway will apply to the ship must be known in ad- 
vance of its actual application, since all of the means 
of producing counteracting roll moments on the ship 
have a lag between the time when the commanded 
moment is received and the time when the roll moment 
is actually produced. Without constantly measuring 
the seaway in the neighborhood of the ship, it is clear 
that the current motions of the ship alone, even if 
measured perfectly, would at best yield the instanta- 
neous roll moment acting on the ship. However, if the 
stabilizer has a relatively small lag in its response, 
then an estimate of the current seaway-induced roll 
moment is sufficient to produce very good stabilization. 

In principle, Equation (171) in Section 3 can be used 
for this purpose. Its use, however, is complicated by 
the fact that it is a statement in the f;equency domain 
(as a consequence of the coefficients A,, and B,, being 
frequency dependent). Using a mathematical proce- 
dure known as convolution, this equation can be trans- 
formed so that the required roll moment can be 
expressed as the sum of a constant times the instan- 
taneous roll acceleration plus an integral over all pre- 
vious time of the roll acceleration history. In practice, 
one is principally interested in the roll moments applied 
to the ship a t  frequencies in the neighborhood of the 
roll resonance. In this case, one can approximate Equa- 
tion (171) by a differential equation, 

(234) 
yhere the coptants A,, and B4, are chosen to be 
A,,(@,,) and B 4 4 ( ~ n 4 ) ,  the values of these parameters 
at  roll resonance. If, in a specific sea condition, the roll 
angle, the roll rate and the roll acceleration can be 
accurately measured, then Equation (234) gives an es- 
timate of the instantaneous roll moment, p4( t ) ,  in that 
sea state. Accurate full-scale measurements of roll 
velocity are not easy and measurements of roll accel- 

1. Control system. 

( I , ,  + A4,) ;i4 + B*,, q4 + c:4q4 = p4(t)  
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eration are difficult. Instruments that perform these 
tasks are susceptible to errors from many sources, 
including noise originating from ship vibrations and 
electrical noise. These errors are reflected in p4( t ) .  

The control system most frequently adopted makes 
use of yet another simplifying assumption. It is usually 
assumed that the commanded roll moment is given as 

(235) 
Where C, and C, are comparable in size to 8*,, and c:4, and are chosen to best stabilize the roll angle 
with the given stabilizer hardware. 

It should be clear that the use of Equation (235) 
represents a compromise between what is required and 
what is measurable. However, with responsive roll sta- 
bilization systems such as fin stabilizers, the approx- 
imation is less severe than one would first surmise. 
For waves with encounter frequencies near resonance, 
the first and third terms in Equation (234), nearly can- 
cel out (the cancellation is exact at resonance). Thus, 
at this critical frequency, the seaway-applied roll mo- 
ment is in phase with the roll rate, and roll acceleration 
is not required. In classical control theory this type of 
input to the moment generation system (Equation 235) 
is called position and rate feedback. 

2. StabilixingJins. By far the most popular (and 
most effective) means of active stabilization of ship roll 
is through the use of fins. Fins are mounted on the 
side of a hull, usually near the turn of the bilge. During 
operation the fins usually extend beyond the beam of 
the ship and sometimes below the baseline of the ship. 
See Fig. 104. As a result, some additional mechanism 
must be provided for their retraction while maneuver- 
ing in port and for docking. During transit of the ship, 
the fins also are usually retracted unless they are 

p4w = c, + I 4  + c 2 7 7 4  

needed to reduce motions, since their drag is signifi- 
cant. Many manufacturers have designed and installed 
stabilizers. Each is different in the controls, shape of 
the fin, the exact mechanical details of operation, etc. 
Fin stabilizers have been used extensively for high- 
speed vessels, particularly on warships, cruise ships 
and luxury liners. 

When the fins are placed a t  an angle of attack, the 
flow over them resulting from the forward speed of 

Y 
ROLL CENTER 

(A) TRANSVERSE SECTION Y (A) TRANSVERSE SECTION 

(6) CLOSE-UP VIEW OF PORT FIN 

Fig. 105 Location and orientation of active antiroll fins 
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the ship causes a lift; if the lifts are opposite from one 
side of the ship to the other, the difference results in 
a roll moment acting on the ship. The geometric fin 
angle of attack (relative to the ship axes) can be varied 
by an actuator, which is usually hydraulic. The roll 
moment, Fdj, available from a pair of fins, each of 
planform area, A,, on a ship proceeding a t  a speed, 
V,  can be estimated as 

ac, 
aa 

Fdj  = p V z  A ,  - (a, - a,) D cos T (236) 

where D is the distance along a line from the roll center 
to the center of effort of one fin, and T is the angle 
between the fin axis and this line (see Fig. 105), aC,/ 
d a  is the fin lift coefficient slope, a, and a, are the 
effective angles of attack of the port and starboard 
fins, respectively (measured relative to the local in- 
stantaneous flow and opposite in sign). The orientation 
of typical fins is such that cos T is very close to unity. 
Lift on the fins also gives rise to an induced drag on 
the fins, and this in turn is exhibited as an increase in 
the resistance of the ship. Since induced drag is ap- 
proximately proportional to the square of the fin lift, 
the increase in ship resistance can be noticeable in 
severe seaways. 

Equation (236) shows that the moment available de- 
pends on the square of the forward velocity and the 
surface area. The maximum value of aC,/aa(a, - a,) 
is in the neighborhood of t 1.0 for the symmetric foil 
sections used for fins. Since the magnitude of the roll 
moment applied by the seaway is not greatly affected 
by the ship's speed, it is clear that the ship must either 
have large enough fins or be travelling fast enough 
for the fins to develop moments comparable to those 
induced by the seaway. In particular, fin stabilization 
is not appropriate for ships that need stabilization at 
zero speed (such as oil drilling vessels) or those with 
low-speed tasks (such as oceanographic vessels). 

The relationship between the geometric angle of at- 
tack (relative to the ship) and the effective angle of 
attack (relative to the local flow) of each fin is difficult 
to determine since waves in the neighborhood of the 
fins strongly affects the local flow. In many modern 
fin stabilizers, the achieved roll moment from the fins 
is determined by measuring directly the force on the 
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Fig. 106 Measured roll motions before and after activating fin stabilization 

fin using strain gauges on the fin-hull attachment. 
When the achieved force from either fin is less than 
the commanded force the angle of the fins is increased 
and vice versa. 

The limitations in predicting the roll moment that 
will act on the ship and the time lag in controlling the 
fins prevent perfect stabilization. Further, in ex- 
tremely high seas, the commanded force on a fin may 
be larger than the fin is able to produce and a deg- 
radation in the stabilizer effectiveness occurs. How- 
ever, a well designed fin stabilizer system will provide 
better stabilization than other known stabilizers. Fig. 
106 (Chadwick, 1955) shows the stabilization achieved 
with a Denny-Brown fin stabilizer. 

Baitis, et  a1 (1983) and 
Kallstrom, et  a1 (1988) discuss an interesting variation 
of fin stabilization which is possible to use in special 
cases. In some ships, the service speed is high enough 
and the center of effort of the rudder is far enough 
below the roll center that placing the rudder a t  an 
angle of attack will produce a substantial roll moment. 
The effect of this moment is frequently observed as 
an initial heel into a turn in the first instants after 
initiating a hard turn at full speed. 

If the responsiveness of the steering machinery is 
such that the rudder can be quickly moved from side 
to side, it may be possible to use the rudder forces 
(and the corresponding roll moments) for roll stabili- 
zation. In such a system the commanded rudder angle 
for roll stabilization would be simply added to that 
required for course keeping. The frequencies at which 
the stabilizing roll moments are required are suffi- 
ciently high compared to those to which the ship re- 
sponds in turning, that such a system would not 
adversely affect the course keeping. 

Naval ships are good candidates for this type of 
stabilization since they are of high speed and have 
large rudders mounted low on the ship (sometimes 
even below the baseline). The rudders of typical com- 
mercial ships may not be sufficient to generate ade- 
quate roll moments for this type of stabilization. In 
almost all cases the moment arm for a rudder is much 
less than that for a fin mounted a t  the bilge and thus, 
for an equivalent stabilization, the instantaneous 
forces developed on the rudder must be much larger. 
Although rudders are much bigger than typical fins, 
the induced drag associated with the larger forces may 
or may not be larger than that for the fins. 

Gyros have been used for 
roll stabilization for over 80 years, principally in pas- 
senger ships and later in submarines. The idea is sim- 
ply that a gyro spinning about a vertical axis exerts 
a substantial roll moment on its foundation propor- 
tional to its precession rate about a transverse axis. 
In the active systems the precession rate is forced in 
order to develop the commanded roll moment. It is 
possible to have a passive gyro design (sometimes 
called a Schlick type after its original designer), but 

3. Rudder stabilization. 

4. Gyro stabilization. 
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these have not been used in many years. Several de- 
signs of active gyro stabilizers have been put into 
practice, notably the designs by Sperry. Unlike fin sta- 
bilization, gyro stabilization does not increase the drag 
of the ship. However, in order to generate roll mo- 
ments of a size comparable to the roll moments applied 
by the seaway, the gyros must be physically quite 
large and will consume considerable power. Generally 
the cost, weight and space requirements have miti- 
gated against their recent application. 

It is possible to con- 
ceive of an active stabilizer using a tank of fluid, and 
one such system was actually constructed by Minorsky 
(Chadwick & Klotter, 1954). This concept uses an axial 
flow pump to force the water in the tank from one side 
of the ship to the other, rather than to have it slosh 
under the natural roll, sway and yaw forces, as hap- 
pens in a passive tank. Webster (1967) studied the 
problem of the design of such a system in some detail. 

For a number of reasons this concept is not as at- 
tractive as the other active systems. First, the pump 
when activated in such a system accelerates the fluid 
in the tank either to the port or starboard side of the 
ship. A sizable amount of fluid arrives at that side only 
some time after pumping begins. That is, a consider- 
able lag exists between the time that the water is set 
into motion and when the desired roll moment is 
achieved. As discussed above, it is not really possible 
to anticipate the required roll moment, and the addition 
of this large lag in the tank response limits the effec- 
tiveness of the roll stabilization. Therefore, funda- 
mental reasons exist that prevent active roll tanks 
from achieving the stabilization level of a good, rapidly 
responding active fin system. 

The amount of instantaneous pumping power re- 
quired to achieve considerably better stabilization than 
a passive roll tank is substantial and might be as high 
as 10 percent of the installed shaft power of the ship. 
The average power, on the other hand, is theoretically 
negative (out of the tank) since the stabilizer acts as 
a wave power absorber. It is unlikely that such a sys- 
tem would actually yield any net useful power, since 

5 .  Active tank stabilizers. 

the types of pumps required do not have extremely 
high efficiency. 
6.3 Control of Pitch. The possibilities of anti-pitch- 

ing devices must be considered, although the wave 
forces and moments on a ship are much greater than 
those that cause rolling. One device of demonstrated 
effectiveness is a pair of fixed fins near the bow (Ab- 
kowitz, 1959). During synchronous pitching, the bow 
motion is nearly out-of-phase with that of the oncoming 
waves, and the relative vertical velocity between ship 
and wave is greatest at this location. Fixed fins de- 
velop, therefore, large forces and pitch moments as a 
result. Use of these devices has been very limited as 
a result of the vibration associated with the separated 
flow around the foils and the increased resistance 
which accompanies the development of the large fin 
forces. Some solutions to the former problem have 
been proposed (Cummins, 1959) (Ochi, 1961). 

Bow bulbs of the type used by Taylor appear to have 
comparatively little damping effect, since they are 
streamlined and normally well below the surface. The 
very large bulbs that have become common in the last 
twenty years have been reported to provide some pitch 
damping. However, they also increase both the pitch 
moment of inertia and added mass moment of inertia. 
These tend to lengthen the natural pitching period, 
which is generally undesirable. 

Fixed fins at the stern have been long used to im- 
prove the flow and hence reduce propeller vibration. 
Their effectiveness in producing pitch damping is, how- 
ever, small since the relative velocity between ship and 
wave is small a t  this location. The possibility of acti- 
vated stern fins has been suggested as a supplement 
to fixed bow fins. The use of bow andlor stern tanks 
with openings to the sea that allow water to flow in 
and out like an external roll tank has also been dis- 
cussed. To be effective for a conventional ship hull, 
these tanks would have to occupy approximately 20 
percent of the ship length. Their use at forward speed 
would incur an enormous momentum drag penalty. As 
a result, it seems unlikely that external pitch tanks 
would be attractive for most applications. 

Next Page 
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Section 7 
Assessing Ship Seaway Perforrnan~e’~ 

7.1 Measures of Performance. The necessity to 
forecast the operational worth of a ship long before it 
is completed and goes to sea poses a multifaceted chal- 
lenge to the ship designer. One of those facets is the 
ship’s response to its environment, particularly its mo- 
tions in various seaways to be encountered. Not only 
must the naval architect be able to predict the per- 
formance of a ship in any seaway during its design 
stage, but he or she also needs a methodology to assess 
the overall adequacy of its predicted seaway perform- 
ance. Such a methodology is described in this section. 
It is intended to be useful in assessing the seaway 
performance of ships engaged in their normal, oper- 
ational missions, not to be used to assess the surviv- 
ability of ships in extreme seas, a topic discussed in 
Chapters 11, I11 and IV, Vol. I. 

St. Denis (1976) has suggested an appropriate gen- 
eral measure for assessing a ship’s operational per- 
formance in a seaway, which he calls environmental 
operability: “Given a mission and a sea-based system 
by which to fulfill it,” he said, “the environment of 
weather and sea will tend to degrade the effectiveness 
in which the system will perform the mission. I t  is this 
environmental degradation that is the central subject 
of inquiry. Since in airs and seas that are calm the 
environmental degradation is nil, the system’s calm air 
and calm sea performance of its mission can be taken 
as the standard of reference. By so doing, environ- 
mental operability is defined as and measured by the 
degree of attainment of calm air and still water mission 
performance. It is this ratio that is the index of en- 
vironmental operability. ” 

The above will be referred to here as the measure 
or index of seakeeping performance. In general, the 
methodology for assessing seakeeping performance 
depends upon four factors, which need definition and 
quantification: 

(a)  Mission. Missions are assigned to the ship, in- 
cluding appropriate conditions of loading. The overall 
missions of virtually all the ships of the world may be 
subdivided into three categories: 

1. Port-to-port transportation of goods or people 
either by ships operating on a fixed schedule (liners) 
or by ships engaged in continuous operation (tramps 
and bulk carriers). 

2. Military missions carried out entirely at sea, such 
as ocean surveillance, defensive or offensive operations 
of and against forces at sea or against shore targets. 

3. Commercial missions at sea, such as fishing, oil 
drilling, or ocean mining. 

l3  Section 7 written by Philip Mandel. 

Each mission in any of these three overall categories 
may include several different ship functions. Typical 
military ship functions under a surveillance mission, 
for example, are transit, helicopter launch and recov- 
ery, and at-sea replenishment. 

( b )  Environment. Ocean surface roughness and 
wind speeds are defined and quantified as a function 
of both location and time in Section 2. For the purposes 
of this section, the common maritime practice of quan- 
tifying ocean surface roughness by strata called sea 
state numbers is employed. The strata used in this 
section are characterized by the significant wave 
heights (and modal wave periods) shown in Tables 6 
and 7 (Section 2). While significant wave height, 
H,,, and modal wave period, T,, are the two param- 
eters currently used to characterize the sea state, 
H,,, is the prime parameter. T,, while important, is 
secondary because for every possible value of T, there 
is always a positive limiting value of H,,, governing 
ship speed within the ship’s operating envelope. The 
opposite is not always true. For large values of H,, 
there is very likely to be no value of T, within the 
bound of possible T, values observed to exist in the 
ocean (0 < T, < 24 sec) that will permit operation 
within the desired ship’s speed operating envelope. 

(c )  Ship responses. Specific responses are examined 
as a function of ocean surface roughness, ship speed 
and ship-wave heading angle, maximum attainable 
speed in both calm and rough water. Ship responses, 
include all of the ship responses, both absolute and 
relative, discussed in Section 7.3. Methods of calculat- 
ing the responses are treated in Sections 3,4 and 5. 

( d )  Seakeeping performance criteria. These are a 
key element in developing a methodology for assessing 
a ship’s seaway operational performance, and with 
their prescribed limiting values, determine whether or 
not a mission(s) can be carried out. This factor is cov- 
ered fully in sub-sections 7.3-7.6. 

Before proceeding to discuss quantitative measures 
of the seakeeping performance of ships it is well to 
note that the single word ship is used throughout this 
section to include all marine vehicles such as the mo- 
nohull, SWATH, hydrofoil, planing, and surface effect 
ships, as well as air cushion vehicles. The single word 
ship is also used to denote the total ship system, which 
in all cases comprises at the minimum the following 
four elements: 

1. The hull or platform; its type, geometry, and 
structure. 

2. The systems needed to operate the hull of plat- 
form, (here called platform systems) i.e., its power 
plant, steering system, motion control systems, etc. 

3. The systems needed to perform the mission or 
missions assigned to the ship (called mission systems). 

Previous Page 
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4. The people (in number, kind and training) nec- 
essary to operate the total ship system. 

Two quantitative measures of ship seakeeping per- 
formance, called Seakeeping Performance Indexes 
(SPI), have been recognized conceptually for years. 
Both of them are in accord with the St. Denis general 
index. One measure, here called SPI-1, is defined as 
mission efectiveness. This is the fraction of time that 
a given ship in a given condition of loading can perform 
a specified military or commercial mission (or mix of 
missions), for a predetermined profile of ship speeds 
and headings in a specified ocean area and season. 

The second measure, here called SPI-2, is a transit 
time index. I t  is uniquely appropriate for the many 
ships of the world devoted solely to  port-to-port trans- 
portation. It also applies to fishing boats traveling to 
and from fishing grounds, and it may apply to naval 
vessels en route to a specific destination when mini- 
mum elapsed time of transit is of overriding impor- 
tance. SPI-2 is defined as transit time index, which 
is the ideal time that a ship needs for a transit in calm 
water between two or more specified ports divided by 
the actual time that the ship would require to travel 
between the same two ports in seas appropriate to a 
specified season or seasons. For a designated mini- 
mum-distance route SPI-2 is also the ratio of the av- 
erage speed of that ship on that route in the designated 
seas to the calm water speed of that ship in the same 
condition of loading and with the same bottom fouling. 
This index is called the expected speed fraction (St. 
Denis, 1976). 

The details of how to calculate the Mission Effec- 
tiveness Index, SPI-1 and the Transit Time Index, SPI- 
2 are outlined in Sub-Sections 7.7 and 7.8. Their general 
significance is discussed here. 

SPI-1 is directly useful in assessing the operational 
worth of the many military ships, and some commercial 
ships-such as cruise ships-whose primary missions 
are conducted and completed at  sea. Assuming that a 
correct set of seakeeping performance criteria and 
their prescribed limiting values are available for each 
particular ship mission and that the probabilities of 
occurrence of wave conditions in the desired ocean 
areas and over the desired time periods are known, 
SPI-1 can be determined. We must calculate the per- 
cent of time (i.e., probability) that the actual values of 
various ship response never exceed the prescribed val- 
ues of the applicable performance criteria. This percent 
of time, SPI-1, is used directly in judging the opera- 
tional worth of a ship. Performance limitations, other 
than seakeeping, may even more severely constrain 
this percent of time, but the percent of time measured 
by SPI-1 can never be exceeded unless the ship or its 
operational doctrine is altered. 

Because of its restriction to a predetermined mix of 
fixed speeds, SPI-1 is not useful in calculating the 
operational worth of ships engaged in the common, 
commercial function of port-to-port transportation of 

cargo or people. For this function, SPI-2, the ratio of 
ideal transit time in smooth water to the actual transit 
time, is appropriate. SPI-2 is one of the key factors 
needed to calculate voyage time on a particular route 
and in a particular season to a specified degree of 
certainty. This is the most essential ingredient in as- 
sessing the operational worth of transportation ships 
engaged in regular or a scheduled service. Other key 
factors involved in calculating voyage time to a spec- 
ified degree of certainty are not included in SPI-2 be- 
cause they are not directly associated with ship 
performance in rough seas. These key factors are as- 
sociated with ocean currents, wind drag, fouling, vis- 
ibility conditions, deterioration of power output, cost 
of fuel, harbor conditions, etc. I t  should be noted that 
just as SPI-1 is not applicable to the transportation 
mission, SPI-2 is not suitable for the ship missions for 
which SPI-1 is useful. Both SPI-1 and SPI-2 may be 
useful for frigates and destroyers on convoy duty. 

7.2 Involuntary and Voluntary Speed Reduc- 
tions. The values of both SPI-1 and 2 are intimately 
linked to seaway-induced restrictions on ship speed and 
on ship-wave heading direction. In this sub-section pri- 
mary emphasis is on the restrictions on ship speed in 
head seas, which is the critical ship-wave heading for 
most ships. The restrictions on ship speed at other ship- 
wave headings are discussed in sub-sections 7.5 and 
7.7. 

It was shown in Section 5 that maximum power- 
limited speed a t  any heading, in any seaway, occurs 
at the point on the appropriate curve of required power 
of the ship, plotted as a function of speed, correspond- 
ing to the available propulsion power, Fig. 88. Avail- 
able power in different sea conditions is dependent 
mainly on the characteristics of the propulsion plant 
and the propulsor’s interaction with the waves and the 
hull of the ship. Required power as a function of speed 
is dependent on sea state, ship heading, ship size and 
configuration. The increase in required power due to 
rough water is attributable mainly to added drag in a 
seaway. But the reduction in available power in rough 
water results from both the drop in power plant output 
under overload and the effect of ship motions in re- 
ducing propulsive efficiency. The reductions in ship 
speed attributable to  both reduced available power and 
increased required power are called involuntary speed 
reductions because they occur whether the ship captain 
wants them to occur or not. 

The attainable speed of large, full low-powered ships 
in rough seas is determined primarily by this invol- 
untary speed reduction. In fact, large low-powered su- 
pertankers are usually slowed down sufficiently by 
rough seas to avoid problems of severe motions. 

But for moderate to high-speed ships there is also 
a voluntary speed reduction related to ship motions. 
Fig. 107 (Mandel, 1979) shows for a hypothetical high- 
speed monohull ship, in two different conditions of 
loading, how attainable speed varies with head seas 
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Fig. 107 Involuntary and voluntary speed reduction from calm water speed 
for a high-speed mono hull in head seas (Mandel, 1979) 

of different significant heights. I t  illustrates both the 
involuntary speed reduction, caused by added required 
power and reduced available power, and the voluntary 
speed reduction caused by slamming (at  the lighter 
draft) and by deck wetness (at the deep draft). The 
figure suggests that the involuntary speed reductions 
are relatively small, although this may not always be 
the case. As the sea state severity increases the am- 
plitudes of motion of this high-speed ship increase, and 
eventually, even with active motion stabilizers, the mo- 
tions of the ship will become so severe that the captain 
fears for the ability of his crew to carry out their 
function, for the comfort of his passengers or for pos- 
sible damage to the ship or its systems and its payload. 
In the case of military ships, the motions may become 
so severe that one or more ship functions cannot be 
performed. Vital operational capabilities, like launch 
and recovery of aircraft, become very hazardous, or 
detection of other ships by means of sonar may become 
impossible. (In all of these cases, the seas are severe 
enough to reduce operational capability, but they are 
not so severe that ship survivability is threatened). 
The only recourse that the ship captain has is either 
to reduce the speed of his ship, or to change its heading 

with respect to the waves, or both. These speed re- 
ductions and heading changes are called voluntary be- 
cause they are brought about by a decision of the 
master and are not imposed by factors like added drag 
or decreased propulsive efficiency over which he has 
no control. 

Fig. 108, taken from Lewis (1959) and Marks and 
Ferdinande ( 1960), shows quantitative speed reduction 
data similar to the hypothetical data of Fig. 108 for 
two classes of general cargo ships a t  five different ship- 
wave heading angles taken from actual voyage rec- 
ords. The two curves labeled “power reduced” indicate 
very roughly the points of transition between invol- 
untary and voluntary speed reduction for these two 
types of cargo ship. 

Fig. 109 shows full-scale log data for the 218-m (715- 
ft)  21-knot containership Dart Europe (the same ship 
as in Fig. 88) in head seas, as plotted by Sellars and 
Setterstrom (1987) from data in Aertssen and van 
Sluijs (1972). The figure shows greater involuntary 
speed reductions for this ship before power was vol- 
untarily reduced than in Figs. 108 and 109 and cor- 
respondingly less voluntary speed reduction as sea 
conditions become more severe. 

Because SPI-2 is concerned with maximum attain- 
able ship speed in all seas from calm to rough, it is 
likely that both involuntary and voluntary speed re- 
ductions may be important in calculating SPI-2. On the 
other hand, because SPI-1 is only concerned with pre- 
determined or specified speed values (which are almost 
always below the maximum calm water speed), it is 
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Fig. 109 Service performance of 218-m (715-ft) containership in head seas 

most probable that only voluntary speed reductions 
and heading restrictions will be important for SPI-1. 
Of course, if the specified speed values are very close 
to the ship’s maximum calm water speed, then Fig. 
108 shows that the involuntary speed reduction might 
slightly degrade the range of sea state severities in 
which the ship may carry out its mission. However, in 
most practical cases, the values of speed a t  which it 
is desired to calculate the values of SPI-1 are below 
the speed a t  which the involuntary speed reductions 
play a large role, and the voluntary speed reductions 
are more important. 

The process by which a ship captain makes his de- 
cision to voluntarily reduce ship speed or change the 
ship-wave heading direction is necessarily subjective. 
The concepts of seakeeping performance criteria and 
of limiting prescribed values for those criteria dis- 
cussed in the following sections were developed to 
quantify this subjective process. The increasing trend 
toward installing motion monitoring instrumentation 
on modern ships can be of great assistance in devel- 
oping useful and reliable limiting values of the various 
performance criteria, as well as providing useful op- 
erating guidance to the ship master. 

In this section emphasis is on the medium and high- 
speed ship for which voluntary speed reductions are 
of particular importance. I t  is assumed that available 
power is always adequate, and both mission perform- 
ance (SPI-1) and attainable speed (SPI-2) depend 
mainly on direct and indirect effects of motions. For 
slow-speed vessels where available power affects SPI- 
2, and for all ships where lost time in rough seas must 
be made up in good weather, the problem of required 
maximum installed power (or service power allowance) 
is important. See Sections 5 and 8. 

Seakeeping Performance Criteria and Ship Sea- 
way Responses. In general usage, the words index 
7.3 

way Responses. In general usage, the words index 
and criterion have similar meanings. But in the lit- 
erature on seakeeping, a clear distinction has gradu- 
ally taken form. The term seakeeping performance 
index, or index of environmental operability (Section 
7.1), is used here as an overall statistical measure of 
the degradation of seaway performance of a total ship 
system over a period of time. In contrast, the term 
seakeeping performance criterion refers to a specific 
aspect of ship response to a seaway (amplitude of 
motion, individual event or frequency of occurrence of 
events), each of which-if severe enough-can de- 
grade the performance of one or more of the elements 
of a total ship system to an unacceptable level. (See 
sub-section 7.4). 

Twelve examples of currently used seaway perform- 
ance criteria are given in Table 19, together with the 
elements of the total ship system that they may affect 
and the performance degradations they may cause. 
The twelve seakeeping performance criteria are sub- 
divided in the table into four categories of response, 
as follows: 

( a )  Amplitudes of motion, such as absolute displace- 
ments and roll, pitch, and yaw angles of the ship. 

( b )  Absolute vertical, transverse, and longitudinal 
velocities and accelerations of points at selected lo- 
cations on the ship with respect to the earth. 

( c )  Relative vertical displacements and velocities of 
points at selected locations on the platform with re- 
spect to the ocean surface at these locations. 

( d )  Relative motions between platform and aircraft. 
All twelve criteria of Table 19 may apply to both 

commercial and military ships. However, Criteria Nos. 
3, 9 and 12 apply primarily to military ships. Criterion 
6 is defined and discussed in Section 7.6. 

There is a fifth category of seaway responses that 
is important to some ships but is not reflected in any 
of the criteria of Table 19. This category is: 

( e )  Vertical, transverse, and longitudinal displace- 
ments, velocities and accelerations of platform or pay- 
load components with respect to the ship, caused by 
ship motions. 

This category includes the motions of ship or payload 
components sliding on a ship’s deck because of the 
motions of the ship. Aspects of these motions are fur- 
ther discussed at the end of this subsection, but data 
are scarce. 

The evaluation of the long-term seakeeping per- 
formance of a proposed new design, to operate on an 
assigned mission in a specified environment (Sections 
7.7 and 7.8), involves the comparison of calculated re- 
sponses against the prescribed values of the appro- 
priate criteria, such as those given subsequently in 
Table 20 and discussed fully in Sections 7.4 and 7.6, 
for many short-term situations. The actual values of 
the responses measure the severity of the motions and 
the frequency of the seakeeping-related events that a 
ship experiences while a t  sea. How to predict these 
values is the major subject of Sections 3, 4, and 5 of 
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Table 19-Twelve Examples of Seakeeping Performance Criteria 

No. Seaway Performance Criteria 

(a) Absolute Motion Amplitudes 

t 1. Roll angle 
2. Pitch angle 

Vertical displacement of points 
3’ on flight deck 

Affected Elements 

People, Mission and Platform 
Systems 

141 

Performance Degradations 

Personnel injur , reduced task f proficiency, anBmission and hull 
system degradation. 
Injury to personnel handling 
aircraft. 
Inability to safely launch or 
recover aircraft. 

(b) Absolute Velocities and Accelerations 

1 Vertical acceleration 
Lateral acceleration 

Motion sickness incidence (MSI) 

Slam acceleration (vibratory, 
vertical) 

(c) Motions Relative to Sea 
8. Frequency of slamming. 

(Simultaneous bow reimmersion 
& exceedance of a threshold 
vertical velocity.) 

9. Frequency of emergence of a 
sonar dome 

(submer ence of the main deck 
forward? 

10. Frequency of deck wetness 

11. Probability of propeller 
emergence 

(d) Motions relative to aircraft 
12. Vertical velocit of aircraft 

relative to the 6ight deck 

People and Mission Systems 

People 

People, Mission and Platform 
Systems 

Mission Systems 

Platform System 

Mission Systems 

t 

Platform System 

Mission Systems 

this chapter. 
The actual values of all responses, except those in- 

volving the motions of a body independent of the ship 
platform (like Criterion No. 12 of Table 19, are totally 
dependent on the motions of the ship in the seaway. 
Hence the values of the responses corresponding to 
Criteria 1 through 7 are directly calculable from the 
response spectra associated with Categories (a )  and 
(b) .  The motion sickness corresponding to Criterion No. 
6 is assumed to be dependent on the values of vertical 
acceleration and on the frequency of occurrence of 
those values of acceleration, as discussed in Section 
7.6. Under Criterion No. 7 the actual values of peak 
vertical acceleration due to slamming are difficult to 
calculate because they are the result of a transient 
event. The actual values of the responses correspond- 
ing to Criteria Nos. 8-11, category (c), can be calcu- 
lated using the methods of Sections 4 and 5 to obtain 
the spectra of responses a t  different speeds and head- 
ings in representative sea spectra. Finally, the actual 

Personnel fati ue, reduced task 
proficiency and mission system 
degradation 
Reduced task proficiency. 
Personnel fatigue, injury, 
reduced task proficiency and 
mission and hull system 
degradation. Preclusion of towed 
sonar operation. 

f 

Hull Whipping stresses and 
damage to sensors on the masts 
Slamming damage to bottom 
forward hull structure. 

Reduced efficiency of sonar. 

Injury or drowning of personnel. 
Damage to deck-mounted 
equipment. 
Damage to the main propulsion 
plant. 

Damage to aircraft landing gear 
andlor loss of aircraft. 

values of response for Criterion No. 12 are calculable 
from the spectra of the vertical velocities of Category 
( b )  for both the flight deck and the aircraft. (A  more 
accurate but much more expensive determination of 
the values of these responses can be obtained by re- 
peated time domain solutions). 

A short-term evaluation of ship performance can be 
obtained by making systematic calculations of the var- 
ious responses at different speeds and headings in spe- 
cific sea conditions, as defined by their directional sea 
spectra. Results can then be plotted on the basis of 
speed. For any specific set of performance criteria, the 
speeds at which the criteria will be met can then be 
determined for any combination of sea state and ship 
heading. Such plots form the basis for the long-term 
evaluations discussed in Sections 7.7 and 7.8. 

The ship response spectra mentioned in the previous 
paragraphs can be calculated by a Standard Ship Mo- 
tion Program, utilizing the most suitable of the pro- 
cedures described in Sections 3 and 4, as published by 
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Meyers, et  a1 (1981). Some users of this (and other) 
programs have developed their own extensions to time- 
domain solutions. 

Baitis, e t  a1 (1976b) utilized earlier versions of the 
above standard program to create a comprehensive 
ship motion data base, including both frequency do- 
main and time domain responses, for five current 
classes of Navy ships. A somewhat less comprehensive 
data base exists for four classes of U.S. commercial 
ships and for several liquefied natural gas (LNG) car- 
riers (S. Bales, et a1 1975) (Baitis, et  a1 1976a). Such 
data bases are useful for readily obtaining seaway 
performance information on existing ships, either for 
comparison with similar information on new designs 
or for use in the design of new ship systems and/or 
components, Section 4. 

While a frequency-domain data base is sufficient to 
calculate the actual values of most responses of spe- 
cific ships, it is not sufficient for the responses corre- 
sponding to all applicable criteria. Vehicle motions in 
the time domain are often desirable for the four classes 
of criteria that: 

( a )  Involve the relative motion of two bodies whose 
motions are independent of one another (e.g., Criterion 
No. 12 of Table 19). 

( b )  Involve highly nonlinear combinations of various 
ship motion components (e.g., shoring forces on ob- 
jects carried on a deck of a ship that involve motion 
dependent friction forces). 

(c) Depend on the joint (simultaneous) occurrence 
of any two or more independent ship motion compo- 
nents exceeding a certain specified value (e.g., a cri- 
terion that stated that the joint probability of 
occurrence of roll = 5 deg and pitch = 2 deg could 
not be tolerated). 

( d )  Involve time in an absolute, not relative, sense 
(e.g., a criterion that states that a specified event can- 
not occur a t  intervals less than x seconds duration). 

These considerations account for the fact that many 
computer programs, as well as the Baitis data base, 
have been extended to obtain time domain responses. 

Prescribed limiting Values of the Seaway Per- 
formance Criteria. Given that ship motions do degrade 
the performance of elements of the total ship system, 
the prescribed limiting values of the seaway per- 
formance criteria are intended to correspond to the 
boundary between acceptable and unacceptable per- 
formance, i.e., the limit of operability. Ideally, it would 
be very helpful if acceptability corresponded to an ab- 
rupt discontinuity in the relation between motions and 
performance degradation. In reality such abrupt dis- 
continuities do not, of course, exist. It should be pos- 
sible, however, to establish relationships in probability 
terms between motions and degredation of perform- 
ance for the various criteria (referred to as degrada- 
t ion  func t ions  by Comstock and Keane (1980). Such 
a scheme can be fully realized only through the col- 
lection and statisticle analysis of large amounts of 
service data. I t  would permit a more precise definition 

7.4 

to be made of limits associated with different levels of 
performance. 

Actually, the prescribed values are largely judgment 
values coming from the experience and knowledge of 
those who formulate the operational requirements for 
ships, the medical profession concerned with human 
performance, the naval architects and other engineers 
concerned with the design and performance of the ship 
and its subsystems, the various kinds of engineers 
concerned with the mission systems, and-most im- 
portant-the officers and men who operate the sys- 
tems. Each of the prescribed values is viewed by these 
people as a reasonable, average operational limit as- 
sociated with no significant impairment of functions 
or degradation of performance (unless otherwise 
stated) in one of the following three categories: 

( a )  Personnel 
Comfort 
Motion sickness 
Personnel fatigue 
Task proficiency 
Safety 

( b )  Ship payload 
Helicopter and aircraft landing 
Cargo shifting. 

( c )  The ship 
Hull damage 
Deck equipment damage 
System damage 
System efficiency 
Propulsion plant. 

The prescribed values of the seakeeping criteria de- 
veloped for Categories ( a )  and ( b )  should be completely 
independent of sea, wind, and weather conditions; lo- 
cation on the ship; or the presence or absence of active 
motion controls. They are dependent on ship function 
(mission) and crew experience, and may be dependent 
on ship type, size, and/or mission duration. Similarly, 
the prescribed values of seakeeping criteria developed 
for Category (c) are also completely independent of 
sea, wind, and weather conditions, and are dependent 
on ship function. But they, unlike the preceding pre- 
scribed values, are dependent on location in the ship. 

Prescribed values for five different naval and four 
commercial ship configurations, taken from several 
sources, for the twelve seaway performance criteria 
of Table 19 are given in Table 20 for several ship 
functions. These values, and those given subsequently 
in Section 7.7, are the best currently available in the 
literature, but uncertainties remain in regard to many 
of them. Hence, they should be considered tentative 
and subject to revision as more instrumented ship data 
become available. The five naval ship configurations 
include monohull, SWATH, planing, hydrofoil and sur- 
face effect ships. Although not necessarily so specified 
in each source, it may be assumed that the prescribed 
values of Table 20, except those for Criterion No. 6, 
correspond to observed average operational limits for 
no significant degredation of performance. 



Table 20-Prescribed Values for the Twelve Performance Criteria of Table 19 

Q x 
(D 8. 
Z 
? 

1 

2 

3 

4 

5 

6 

7 

e 
9 

1 0  

11 

12 

Column No. 

Ship type 

Function 

Source 

Rms Roll 
Angle, deg. 
Rms Pitch 
Angle, deg. 
Rms Vert. 
Disp., m. 
Rms Vert. 
Accel., g 
Rms Lat. 
Accel., g 
Mot. Sickness 
Incidence 
Slam 
Accel., g. 
Slam 
Freq. 
Sonar Dome 
Emerg. Freq. 
Dk. Wetness 
Freq. 
Prop. Emerg. 
Freq. 
Rms Rel. V. 
Velocity, m/s 

1 2 3 4 5 6 

2000- 
3350 t. Planing Hydro- 3000 t 

Naval mono-hull SWATH craft foil SES 

Point-to-Doint transit 
~~ 

Comstock Allen 
Olson et al. Olson et a1 Stark Mandel 
(1977) (1980) (1977) (1978) (1977) (1979) 

4. 

1.5 

- 

0.2 

0.1 

- 

- 

20 h 
- 

30 h 
- 

- 

1.25 1.5 

1.5 1.5 

- - 

0.11 0.1 

0.06 0.1 

10% 10% 
in 4 hrs. in 2 hrs. 

0.5* 0.6* 

7 8 

Naval mono-hull 
Helicopter 
operation 

Comstock 
Olson et al. 
:1977) (1980) 

3.2 

- 

1.26 

- 

- 

- 

0.2 

x o o  

- 

30 /hr 

- 

1.83 

2.5 

1.5 

- 
0.2 

0.1 

- 
- 

20 A. 
- 

30 
/hr. 

- 

1 .o 

9 10 

Naval mono-hull 
A t  s& Sonar 
replen. search 

Olson Olson 
(1977) (1977) 

9.6 - 

- 2.4 

- 20% 
in 2 hrs. 

0.2 0.2 

%oo %oo 

/hr. 

/hr 

120 - 

30 30 A. 

11 12 13 14 
Commerical Monohulls 

Bulk Gen. Cross 
Zarrier Cargo L. Trawler chan. 

Transit 

Aertssen (1968, 1972) 

Notes: All values of response (angles, displacements, accelerations) are rms (root mean square) peak-to-mean (single amplitude) values unless otherwise noted. 
* Extreme peak-to-mean value. 
# See text, Section 7.6 

Seakeeping Performance Criteria-Table 2 
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The prescribed values of the criteria of Table 20, in 
accordance with a principle stated early in this section, 
can be applied to any location aboard ship. However, 
because most of the actual values of the responses 
corresponding to the criteria are very location depen- 
dent (the only two exceptions are Criteria 1 and 2) use 
of the seaway performance methodology requires 
knowledge of the locations to be considered. The lo- 
cations at which responses should be compared with 
prescribed values of Criteria 3 through 12 of Table 20 
are as follows, considering longitudinal, vertical and 
lateral coordinates: 

Criteria 3: Helicopter landing pad. 
Criteria 4, 5 & 6: All locations in the ship where 

personnel eat, sleep, and work (and on passenger 
ships, recreate). 

Criteria 7 & 8: For planing craft, hydrofoils, SES, 
and ACVs: The same locations as for Criteria 4, 5 and 
6. For monohulls and SWATHS: 

Locations that are dependent on hull fullness and 
particularly on the extent of the flat of bottom. The 
location assumed for the values given in Table 20 is 
15 percent of the ship length abaft the bow, which is 
the value for the 528-ft Mariner cargo ship used by 
Ochi and Motter (1973). 

Criterion 9: The location of the sonar dome. 
Criterion 10: Any location on or above the deck of 

the ship where personnel, payload, ship structure or 
ship systems may be injured or damaged by impacting 
sea water. 

Criterion 11: The location of the propeller. 
Criteria 3 and 12: The location (called the bull’s eye) 

where the helicopters are launched and recovered. 
Each of the prescribed values of Table 20 is dis- 

cussed in detail in Section 7.6. 
7.5 Governing Criteria. For a given ship, in a given 

condition of loading, operating in a given sea state, 
the prescribed values of one or more criteria from 
Table 20 will constrain ship speed and ship-wave head- 
ing direction. These criteria are called the governing 
criteria. The governing criteria will change as speed 
and ship-wave heading direction are altered, and they 
will also change as the sea state changes. Insuring 
that the governing criteria are identified for each sea 
state and each ship condition requires that all of the 
seakeeping criteria applicable to the ship and to its 
function( s) be individually considered. 

The governing criteria for a given mission, speed, 
and heading may also be different for different ships 
of the same general type and may even be different 
for the same ship in different conditions of loading. 
The latter point is illustrated in Fig. 109 for ahead 
seas. In a light condition of loading (shallow draft and 
large freeboard) the governing criterion for a mono- 
hull performing the transit function is the slamming 
frequency criterion No. 8 for the greater part of the 
speed regime. Only a t  speeds in the lower 28 percent 
of the speed regime is the deck wetness Criterion No. 

10 governing. However, in a heavy condition of loading 
(large draft and smaller freeboard), the slamming cri- 
terion is governing only in the upper 20 percent of the 
speed regime, whereas the wetness criterion is gov- 
erning over most of the speed range. 

7.6 Discussion of Prescribed Values. The bases for 
the prescribed values, identified by the criteria num- 
bers and column numbers of Table 20, are discussed 
in this section. For SES, monohull, planing and 
SWATH ships, some information concerning the gov- 
erning seakeeping criteria is also given. It will be clear 
from the discussion below that all prescribed values 
are tentative, subject to revision as information ac- 
cumulates. 

(a)  Criterion No. 1: Rms (root mean square) roll 
angle. Motion sickness or nausea has a long historical 
connection with the rolling of ships a t  sea (the word 
nausea comes from the Greek word (‘naus” meaning 
ship). However, the research of O’Hanlon and Mc- 
Cauley (1973) revealed that it is the vertical acceler- 
ations associated with roll angle, pitch angle and heave 
(not the roll angle itself) occurring within a very nar- 
row band of frequencies, all well below one hertz, that 
induce motion sickness. As a result of this research, 
discussed further under Criterion No. 6, none of the 
prescribed values for roll angle in Table 21 were de- 
termined on the basis of motion sickness. Rather the 
basis for each value of the roll angle criteria in Table 
20 is as follows: 

Cols. (l), (3 )  and (10); 9.6 deg: Olson (1977) could 
not really substantiate this relatively large value; al- 
though he related it to personnel effectiveness. I t  is 
interesting to observe in the summary of Olson’s work 
by Mandel(l979) that, in spite of its large magnitude, 
this prescribed value caused roll angle to be the gov- 
erning criterion for monohulls for the transit-alone 
function in 75 out of 80 possible cases a t  a ship-wave 
heading angle of 75 deg (285 deg), where 180 deg 
represents head seas. Roll angle was also the most 
prevalent governing criterion a t  all ship-wave heading 
angles between 50 deg (310 deg) and 82 deg (278 deg). 
(Olson’s work covered four different military mono- 
hulls operating a t  five different speeds in seas of four 
different modal periods). In contrast, for SWATH 
ships, roll angle with this same prescribed value is 
never a governing criterion. 

Col. (2); 4 deg: The given basis for the value is 
personnel considerations; it is not related to limits on 
ship or mission equipment or to the ship itself. There 
is some evidence that this prescribed value is unduly 
restrictive for the transit function. 

Col. (5); 1.25 deg: Stark (1977) suggests this value 
as an approximate guideline for subsequent combat 
system requirements, to ensure crew proficiency in 
rough water and to constrain structural loads on equip- 
ment located at ship extremities. 

Col. (6); 1.5 deg: The significance of this value for 
rms roll (and pitch) angle-is that in unpublished sim- 
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ulation studies this value was never exceeded in sea 
states where Criterion No. 4 (rms vertical acceleration) 
with the prescribed value of 0.lg (given in Column 6 
of Table 20) was governing. Presumably the actual 
rms value of roll and pitch angle could be larger than 
1.5 deg without reducing task proficiency or increasing 
motion sickness so long a s  the prescribed value of 
Criterion No. 4 was not exceeded. This is in accord 
with the findings of O’Hanlon and McCauley (1973) 
mentioned in the introduction to this subsection. 

Because of uncertainties, data on ACVs are  not in- 
cluded in Table 21. However, a prescribed value of 3.4 
deg for rms roll was obtained from actual measure- 
ments by Wachnik and Pierce (1967) on one of Eng- 
land’s cross-channel, passenger-carrying SRN4 class 
of ACV’s in seas of 8.9 f t  (2.7m) significant wave 
height as  measured by wave buoys at selected points 
on the route. The significance of this sea condition is 
that is represents the level of sea severity a t  which 
the operators of these vehicles suspend them from 
service because of passenger intolerance, although the 
vehicles themselves could tolerate more severe seas. 

Since these vehicles are engaged in a strictly com- 
mercial, profit-motivated service, the decision to sus- 
pend service is not taken lightly. Furthermore, the fact 
that these vehicles have been in service for well over 
a decade means that  such decisions are based on firm 
knowledge of passenger tolerance of severe motions. 
However, based on experience with the SES as noted 
in the discussion of the prescribed values of Col. (6), 
it is likely that  the t rue governing criterion for ACV’s 
is the rms vertical acceleration with a value of 0.lg 
from Column (6), not the rms roll angle of the pre- 
ceding paragraph. 

Cols. (7)  and (8); 3.2 deg and 2.5 deg: These values 
prescribed by Olson (1977) and Comstock and Keane 
(1980) for monohull (and also SWATH) ships launch- 
ing or recovering helicopters are both based on work 
by Baitis (1975). They are  intended to define the safe 
limits for the personnel who are  out on deck handling 
helicopter launch or recovery. The summary of Olson’s 
(1977) report by Mandel (1979) shows that  these pre- 
scribed values caused roll angle to be the most prev- 
alent governing criterion for the four monohull 
destroyers treated by Olson performing the helicopter 
launch or recovery function a t  all ship-wave heading 
angles between 40 deg (320 deg) and 100 deg (260 
deg). For SWATH, the prescribed value of 3.2 deg 
causes roll angle to be governing in one case out of 
32 at ship-wave heading angles between 40 deg (320 
deg) and 70 deg (290 deg), one SWATH operating at 
eight different speeds in seas of four different modal 
periods. 

( b )  Criterion No. 2; Rms pitch angle. The bases 
for each of the prescribed values of pitch angle in Table 
20 are the same as those for roll angle. With respect 
to the value in Column 9, Olson (1977) states, “While 
we found no specific pitch criterion based on consid- 

eration of human effectiveness, a 2.4 deg rrns pitch is 
frequently cited as  an operational limit on ship sub- 
systems such as replenishment-at-sea equipment. ” 

(c) Criterion No. 3; Rms vertical displacement. 
The consideration behind Criterion No. 3 is the ability 
of the flight deck crew to safely handle helicopters 
before launch and a t  recovery. The prescribed rms 
single amplitude value of 4.17 f t  (1.26m) entered in 
Table 20, was obtained from Baitis (1975) and Olson 
(1977). Olson’s results show that  this prescribed value 
caused Criterion No. 3 to be the major governing cri- 
terion for the helicopter launch and recovery functions 
a t  all ship-wave heading angles between 120 deg and 
240 deg and between 0 (360 deg) and 40 deg (320 deg) 
for monohulls and between 0 (360 deg) and 75 deg 
(285 deg) for SWATH ships. However, Fig. 115 dis- 
cussed in the next section shows Criterion No. 12, not 
Criterion No. 3, to be the governing criterion for the 
helicopter launch and recovery function. Hence, these 
Olson results should be considered tentative. 

( d )  Criteria Nos. 4 and 5; Rms vertical and lateral 
accelerations. The close relation between Criteria 4 & 
5 and personnel fatigue and reduced task proficiency 
have been recognized for decades. Prescribed values 
of these two criteria at frequencies above 1 Hertz and 
in association with stated time durations have been 
promulgated by the International Standards Organi- 
zation (ISO, 1978) and used as  military standards 
(MIL-STD-1472) for many years. 

At frequencies lower than 1 hertz, which were not 
included in IS0 standards, Stark (1977) adopted fre- 
quency weighted values of the vertical acceleration 
using the Motion Sickness Incidence discussed in the 
next section. These are  the values in Table 20, Column 
5. Virtually identical values of vertical acceleration 
obtained from the simulation tests of SES’s and from 
the trials of the SRN4 class of ACVs are reported in 
Column (6)  of Table 20. Aertssen (1968) gives much 
larger limiting values for commercial vessels (Columns 

Stark’s (1977) prescribed value for rms lateral ac- 
celeration (Criterion 5)  in Column (5) is 0.06g. He 
states that he obtained this value by extrapolating the 
MIL-STD value (for a four-hour duration limit) which 
is constant a t  frequencies between 1 and 2 hertz down 
to the synchronous rolling frequency of hydrofoil craft 
( -  0.25 hertz). The prescribed value of this criterion 
for SES’s in Column (6)  is related to turning charac- 
teristics, not to motions in waves (see Chapter VI), as 
is the value for  monohull ships in Columns ( 2 )  and (8). 

A recent approach developed from that of Stark 
(1977) for evaluating human performance limits is de- 
scribed in Dept. of Defense publication (DOD, 1981). 

(e)  Criterion No. 6; Motion sickness incidence. In 
the early 1970’s, O’Hanlon, e t  al, (1973) conducted 
experiments with a group of young men, unacclimated 
to motions, subjecting them to a series of single fre- 
quencies of vertical sinusoidal motion (no roll motion). 

11-14). 
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The results of these experiments were expressed in 
terms of a Motion Sickness Incidence, MSI, which is 
defined as the percent of individuals who would become 
physically ill if subjected to motions of prescribed char- 
acteristics for a given time interval t l .  Results of the 
O'Hanlon, et  al, experiments in the form of values of 
rms vertical acceleration and frequency corresponding 
to four different combinations of values of MSI and t ,  
are plotted in Fig. 111. This figure shows that at a rms 
vertical acceleration value of 1 m/s '  (O.lg), 20 percent 
of unacclimated men threw up in two hours, at fre- 
quencies of 0.1 and 0.29 hertz (periods of 3.4 and 10 
sec). At frequencies (and periods) intermediate be- 
tween these two sets of values, the MSI value is 
greater than 20 percent. At a rms vertical acceleration 
of 2 m / s ', 35 percent of such people became sick in 
two hours a t  frequencies of 0.09 and 0.34 hertz (periods 
of 2.9 and 11.4 sec). These ranges of periods happen 
to coincide fairly strongly with the actual roll periods 
of most monohull ships, with synchronous rolling of 
such ships most commonly occurring in the range of 
6 to 25 sec. The O'Hanlon, et  al, work revealed this 
coincidence of periods and thereby shed light on the 
historical association between ship roll angle and mo- 
tion sickness; it also simultaneously disclosed that it 
was not necessarily the roll motion itself, but rather 
the vertical acceleration associated with roll, pitch and 
heave motion that may be the base cause of motion 
sickness. 

Fig. 110 also shows the very rapid decrease in motion 
sickness incidence with increase in period above the 
usual synchronous roll period of ships. With increase 
in period above about 7 seconds (frequency below 0.14 
hertz), MSI decreases rapidly at all values of rrns ver- 
tical acceleration above about 1 m /  s2. This accounts 
for the great interest on the part of naval architects 
in the early years of this century, during the heyday 
of transAtlantic passenger liners, in increasing the 
roll period of these ships by reducing the metacentric 
height. U.S. designers were more restricted in this 
regard than designers abroad because of the correct 
perception in the U.S. that the low metacentric heights 
needed to achieve long roll periods (see Chapter 11) 
severely jeopardized damage stability and ship surviv- 
ability. 

The weakness of the O'Hanlon, et  a1 (1973) results 
of Fig. 110 is that their experiments were conducted 
with people totally unacclimated to motion. In reality, 
acclimation is a vitally important parameter in deter- 
mining motion sickness incidence. In a study in the 
Royal Navy it was shown that even at rrns vertical 
accelerations greater than 1.2 m / sec', associated with 
MSI = 35 percent in Fig. 110, motion sickness was 
not the governing criterion because the sailors were 
so acclimated to motion. I t  follows that the prescribed 
MSI values of 10 and 20 percent shown in Table 20 
for monohulls, hydrofoil ships and SES are realistic 
only for passenger ships or for ships manned with 
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Fig. 110 Values of vertical acceleration and frequency corresponding to 
four specified volues of Motion Sickness Index (MSI) and motion exposure 

time ( t , )  [Mandel, 1979) 

crews unacclimated to motion. For non-passenger 
ships with crews acclimated to motions, it seems likely 
that, based on the O'Hanlon, e t  a1 data, a prescribed 
MSI value of 35 percent in conjunction with a t ,-value 
of two hours would be adequate. 

Once MSI and t,-values are prescribed, the corre- 
sponding prescribed value of the rms vertical accel- 
eration (Criterion No. 4) can be read from Fig. 110, 
using the estimated synchronous roll period of the ship 
or new design being considered. For example, if a ship 
has prescribed values of MSI = 35 percent and t ,  = 
2 hrs and a natural roll period of 10 sec (natural fre- 
quency = 0.1 hertz), the prescribed upper limit of rms 
vertical acceleration read from Fig. 110 is 1.50 m/s'. 
For prescribed values of 20 percent and 10 percent, it 
drops to 1.05 and 0.7 m/s2 ,  respectively. 
(f) Criterion No. 7: Slamming acceleration. The 

occurrence of severe and frequent slamming is well 
recognized as a limitation on sea speed in rough seas. 
Its severity may be judged either by the high local 
vertical acceleration at impact or by the subsequent 
vibratory response (or whipping) experienced through- 
out the ship, involving both accelerations and hull 
bending stresses. The magnitude of local slamming 
acceleration at impact is often used as a criterion of 
seakeeping performance, especially for small craft. An 
accelerometer record near the bow may indicate either 
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a distinct peak in acceleration or a relatively small 
response superimposed on the acceleration due to or- 
dinary ship motions, as for a large mono-hull. The 
vertical motion of a light planing craft can be stopped 
dead by impact on the water surface, while the motion 
of a heavy ship will only be slightly modified. 

This difference has very significant ramifications. 
The very large peak slamming accelerations experi- 
enced with planing craft can be injurious, even lethal, 
as far as personnel are concerned (Payne, 1978). On 
the other hand, the smaller slamming accelerations 
experienced by large ships are not injurious to per- 
sonnel but may involve local structural damage and 
strong whipping stresses in the hull (Chapter IV, Vol. 
1). 

With planing craft, slamming introduces very large 
upward accelerations at very frequent intervals even 
in moderately rough seas. A small sample of a planing 
craft vertical acceleration time history in Sea State 
No. 6, head seas, is shown in Fig. l l la.  The frequent, 
large, upward accelerations are attributable to three 
planing craft features: 

Relatively low deadrise hull shape, which results 
in a relatively large slamming impact area compared 
to a monohull. 

2. Small displacement, which makes them much 
more responsive to impact loads. 

3. High speed, which increases the frequency of 
wave encounter and of slamming severity in head seas. 

Because the upward slamming acceleration peaks 
on a planing craft are so frequent and so large (greater 
than 1.Og in Fig. l l l ) ,  their Criterion No. 7 value is 
dictated by human fatigue and proficiency considera- 
tions, not by fear of hull damage as it is on some large 
monohulls. On the other hand, because slamming ac- 

1. 

celerations occur so frequently with planing craft and 
are so severe, other seakeeping events evidently do 
not constrain its operations. For example, motion sick- 
ness does not appear to be an issue in high-speed plan- 
ing craft ride qualities a t  all, probably because the 
low-frequency motions that induce seasickness are 
scarcely perceived by planing craft personnel sub- 
jected to the higher frequency, high-level slamming 
accelerations characteristic of these craft. Evidently, 
the personnel who ride planing craft are expected to 
tolerate a much more severe ride than personnel on 
other vehicle types. See Payne (1978) for a good fur- 
ther discussion of ride quality criteria for craft subject 
to frequent slamming. 

Allen and Jones (1978) suggested prescribed peak 
of maximum values of slamming acceleration of 4.0g 
for 100-ton planing craft (for very short exposure 
times of 20 minutes or less), as shown in Table 20. 

The peak slamming vertical acceleration value of 
0.5g prescribed by Stark (1977) in Table 20 for hydro- 
foil craft (of unspecified size) in the foilborne condition 
for longer periods of time is far below the peak value 
of 4.0g suggested by Allen and Jones (1978) for 100- 
ton planing craft. Stark’s low prescribed value is a 
reflection of his firm view that slamming vertical ac- 
celeration represents the most severe constraint on 
hydrofoil seaway performance. His low prescribed 
value is intended to insure that human fatigue will not 
play a role in evaluating the quality of the hydrofoil 
ride in rough seas. Note the total absence of any peak 
slamming acceleration in the hydrofoil motion time 
history shown in Fig. l l l b  in extremely severe, Sea 
State 8, head seas. 

Stark’s concern with slamming acceleration is as- 
sociated with the fact that as the foils of a hydrofoil 

0 1 2 3 4 5 
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(b) - HYDROFOIL CRAFT 

Fig. 11 1 Typical time histories of the vertical acceleration of a planing boat and a hydrofoil craft in head seas of stated severities (Mandel, 1979) 
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ship come close to the surface in rough water, they 
may emerge and the lift they provide may momentarily 
go to zero. This condition is referred to as foil  broach- 
ing. For severe broaches, large downward vehicle ac- 
celerations will occur and subsequent to a broach, the 
hull itself will slam into the oncoming wave crest. The 
upward acceleration associated with this slam will be 
larger than the downward accelerations associated 
with broaching. The values of the slamming acceler- 
ation peaks thus become the constraining limit on hy- 
drofoil operations in extremely severe seas. 

SES’s and ACV’s also experience slamming. In 
heavy seas, the pitch angle of these vehicles may be- 
come so large that there is leakage of cushion air from 
under the bow seal. If this occurs, the resulting down- 
ward acceleration of the bow will cause large slam- 
ming accelerations. 

The prescribed slamming acceleration peak value of 
0.6g for the 2,000-3,000-ton SES in Table 20 conforms 
to the values (0.559 to 0.70g) for 2,000-3,000-ton ve- 
hicles given by Allen and Jones (1978). Mandel(l979) 
gives a similar value for an ACV. As with hydrofoils, 
the effect of slamming accelerations on personnel fa- 
tigue and crew proficiency is a cause of very serious 
concern with SES vehicles, and active motion allevia- 
tion systems may be essential for them. 

Allen and Jones (1978) suggest that the prescribed 
peak value of the slamming acceleration should be a 
function of ship size to reflect the very different impact 
of slamming on large ships, like monohulls, compared 
to small ships like planing craft. Hence they suggest 
an extreme peak-to-mean value of 0.5g for 4,000-ton 
monohulls. In this case slamming introduces large im- 
pact pressures acting on a limited area of the ship’s 
bottom which may cause local ship structural damage, 
or it may introduce large whipping stresses in the 
ship’s hull. However, slamming generates smaller rel- 
ative upward acceleration peaks on monohulls than on 
planing craft because of the usually larger size (dis- 
placement) of monohulls and their hull shape which 
greatly reduces the area of the hull impacted by a 
slam. As previously noted therefore, the motion of a 
ship is only slowed by a slam, not stopped as is often 
the case with planing craft. 

In spite of the emphasis on peak values of acceler- 
ation in the previous paragraph, the prescribed values 
of slamming acceleration given in Table 20 for mo- 
nohulls are single amplitude rms accelerations, not 
peak values. Unfortunately these are the only values 
recorded in the literature for these ship types. 

The prescribed value of 0.2g rms for monohulls in 
Columns (l) ,  (7) and (9)-( 12) of Table 20 were cal- 
culated from spectral analysis of vertical acceleration 
records taken during special trials of a large contain- 
ership and reported by Aertssen and van Sluijs (1972). 
During these trials, the ship motions became so severe 
that the captain slowed the ship, fearing slamming 
damage to the hull. The actual rms vertical accelera- 

tion value of 0.2g obtained from records in this sea 
state was, therefore, taken as the prescribed value of 
Criterion No. 7 for monohulls. However, this should 
be taken as only a rough guide for large ships; the 
frequency of slamming (Criterion No. 8), or the mag- 
nitude of midship slam stress, may be considered more 
reliable for such ships (Aertssen, 1968). The prescribed 
values for trawlers and cross-channel vessels (columns 
13 and 14) are also from Aertssen (1968). 

(9) Criterion No. 8: Slamming frequency. While 
peak slamming acceleration is an adequate criterion 
for part of the ride quality evaluation of SES, hydro- 
foil, and planing craft, it is not an adequate criterion 
for assessing the importance of slamming on large 
monohull and SWATH ships. In the opinion of 
Aertssen and van Sluijs (1972), and other investiga- 
tors, it is the frequency of occurrence of severe slams, 
in addition to excessive slamming accelerations and 
vibratory whipping that induces a ship captain to slow 
his ship’s speed or change its course. Tick (1958) and 
others postulated that a severe slam occurs on mo- 
nohulls when two events occur simultaneously. These 
two events are: 

Reentry of the ship’s bow into the water after it 
has risen above the surface. 

The relative vertical velocity between the ship’s 
flat of bottom and the water surface exceeds a certain 
critical specified value. 

This critical vertical velocity value, according to Ochi 
and Motter (1973), is 12 f t  per see (3.66 m / s )  for a 
520-ft (158m) ship, a t  a point 15 percent of length from 
the bow. Calculations indicate that the Ochi, Motter 
critical velocity corresponds to a slam of considerable 
magnitude. For ship lengths other than 158m., the 
value of the critical vertical velocity may be obtained 
by means of Froude scaling. The location a t  which this 
velocity is to be measured actually depends on hull 
fullness and particularly on the extent of the flat of 
bottom (Section 5). 

A method of predicting the joint probability of fo- 
refoot emergence and relative vertical velocity ex- 
ceeding a critical value is given by Ochi (1964) and 
Ochi and Motter (1973). Aertssen (1968) states that a 
commercial ship captain will slow down or alter course 
if a severe slam occurs more frequently than 3 to 6 
times in 100 ship-wave encounters, depending on the 
type of vessel, as shown in Table 20. A frequency of 
3 times in 100 cycles is equivalent to  one slam every 
2 to 5 minutes, or a slamming frequency of 12-30 per 
hour, depending on ship size. Since pitch natural period 
tends to increase with length of ship (Mandel, 1960), 
the number of pitch cycles per unit time tends to de- 
crease with increasing length. The range 12-30 per 
hour spans the average value given in Columns (2)  
and (8), from Comstock, et  a1 (1980). Bales (1978) 
suggests similar values. 

Fig. 111 shows an interval of only 1.7 seconds be- 
tween two slams of a planing craft, corresponding to 



MOTIONS IN WAVES 149 

a frequency of 35 slams per minute. This should be 
compared to the prescribed slam frequency (Criterion 
No. 8) value of 12 to 30 slams per hour for monohulls, 
given in the previous paragraph. 

In the case of SWATH ships, Criterion No. 8 is not 
related to slamming frequency but rather to the fre- 
quency of contact between a wave and the underdeck 
of the cross structure of the SWATH. Evidently, the 
flat underdeck of this structure and the confinement 
of the water by the side struts cause wave contact to 
be a significant seakeeping event for SWATH ships. 
According to Lamb (1975), the prescribed frequency 
of wave contacts for SWATH’S occurs when the av- 
erage of the l/lO-highest values of the relative ver- 
tical displacement, between the underdeck of the 
SWATH and the rough sea surface beneath it, exceeds 
the smooth water clearance to the underdeck. 

Olson (1977) results show for the SWATH ship of 
Table 20 that this prescribed value resulted in Criterion 
No. 8 being the governing criterion for the SWATH 
ship functions of Table 20, at all ship-wave heading 
angles between 130 and 230 deg (180 deg represents 
ahead seas) in more than 20 out of a possible 32 cases. 
Thus wave contact is a very significant seaway per- 
formance criterion for SWATH ships. 

(h) Criterion No. 9 Frequency of sonar dome 
emergence. While the ping of a sonar is a short pulse, 
a long listening period, called the ping interval, is re- 
quired after the ping in order to be able to detect the 
returning target echo. The duration of the ping interval 
is a direct function of the range of the sonar and the 
speed of sound in water. If an active search is being 
conducted out to a range of 10 miles, Olson (1977) 
suggests a ping interval of about 30 seconds. In order 
to receive an echo back from a target located anywhere 
from 0 to 10 miles away, the sonar dome must remain 
completely submerged during the entire ping interval. 
For longer sonar ranges, the sonar dome must remain 
completely submerged for much longer intervals (Fig. 
112 of Section 7.7). 

The prescribed value of Criterion 9 in Table 20 is 
120 sonar dome emergences per hour, which corre- 
sponds approximately to Olson’s (1977) ping interval 
of 30 seconds. Of course, the prescribed value of 120 
emergences per hour does not insure that all ping 
intervals will be longer than 30 seconds. If this sacrifice 
in precision is not acceptable a more refined probabil- 
ity-based solution could be obtained. Although time- 
domain calculations may seem to provide a more def- 
inite answer, they actually must be repeated many 
times to provide a reliable statistical conclusion. 

(i) Criterion No. 10: Deck wetness fre- 
quency. Olson (1977) states, “. . . it is suggested that 
ships rarely choose to take green water over the bow 
more than once every 2 to 5 minutes especially if gun 
mounts, missile launchers, or major deck equipment 
are located forward.’’ Thirty wetnesses per hour was 
selected by Olson as the prescribed value for mono- 

hulls. Bales (1978) suggests a similar value, but An- 
drew and Lloyd (1981) suggest 90 wetnesses per hour 
for the prescribed value for frigates, and Aertssen, in 
a discussion of the Andrew and Lloyd paper, suggests 
36 wetnesses per hour as the prescribed value for 
containerships, or 5 per 100 cycles (Aertssen, 1968). 

Olson’s results show that for the four destroyer-like 
ships he analyzed, his prescribed value resulted in deck 
wetness being the governing criterion in only six out 
of a possible 80 cases a t  ship-wave heading angles 
between 160 and 200 deg. According to Table 20, deck 
wetness is evidently an important seaway performance 
criterion only for monohulls. 
O;, Criterion No. 11: Propeller emerg- 

ence. Propeller emergence in severe seas, resulting 
in propeller racing, is a common event with single- 
screw merchant ships, particularly those that are die- 
sel propelled, and with SWATH ships. By observing 
when the chief engineer ordered a reduction in pro- 
peller RPM because of racing, Aertssen (1966) estab- 
lished for a single-screw diesel cargo ship a prescribed 
value of 25 propeller emergences per 100 ship oscil- 
lations. 

According to Olson (1977), the criterion for SWATH 
ships is the probability that the vertical displacement 
of the propeller relative to the free surface of the water 
will not cause more than 25 percent of the disk area 
of the propeller to emerge. This prescribed value for 
the 3,350-ton SWATH ship of Table 20, according to 
Lamb (1975), corresponds to the significant value of 
vertical displacement of the propeller relative to the 
surface of the water not exceeding 12.8 f t  (3.90 m). 

Olson’s results show that with this prescribed value 
propeller emergence is a significant governing crite- 
rion for the SWATH ship transit function of Table 20 
at all ship-wave heading angles, At ship-wave heading 
angles betwen 0 (360 deg) and 110 deg (250 deg), it is 
the governing criterion in well over a fourth of the 32 
SWATH cases. 

(k) Criterion No. 12; Rms relative vertical veloc- 
ity. The prescribed value of Criterion No. 12 is in- 
tended to limit the maximum impact forces sustained 
by the helicopter landing gear during recovery oper- 
ations. According to Olson (1977) the maximum allow- 
able significant relative velocity between the SH2F 
(Lamps) helicopter and the flight deck is approximately 
12 f t /sec (3.65 m/s).  This corresponds to the pre- 
scribed 1.83 m / s  rms value given in Column 7 for 
monohulls in Table 20. Since the SH2F helicopter has 
a sink rate of 5 ft/sec (1.52 m /  s), this implies a limiting 
significant vertical velocity of the ship relative to the 
earth of 2.13 m / s (7 f t  / sec). Although Olson’s results 
show that with the 1.83 m / s  rms prescribed value, 
Criterion No. 12 was never a governing criterion for 
the monohulls he treated, it was the major governing 
criterion for SWATH ships a t  ship-wave heading an- 
gles between 85 deg (275 deg) and 120 deg (240 deg). 
However, more recent NAVSEA analysis has shown 
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FUNCTION GOVERNING LIMIT - 0.1. 
TRANSIT PITCH & ROLL ANGLES 0.49 
SEARCH DOME EMERG. & ROLL ANGLE 0.45 

Fig. 112 Speed-polar plot, showing Seakeeping Operating Envelopes (SQE) ond Operability Index (0.1.) values for a destroyer in sea state 6. (Transit 
ondlor sonar search functions) 

that with a lower prescribed significant value of 0.67 
m / s  (flight deck with respect to the earth), Criterion 
No. 12 is the governing criterion for a destroyer per- 
forming the helicopter recovery function a t  all ship 
wave heading angles between 70 deg and 290 deg (head 
seas correspond to 180 deg). This is shown subse- 
quently in Fig. 115b. Comstock, et  a1 (1980) give a 
limiting value for monohulls of only 1.0 m/s ,  Column 
(8)- 

7.7 Steps in Obtaining the Seakeeping Performance 
Index SPI-I. So far in Section 7 we have dealt pri- 
marily with the concept of seakeeping performance 
criteria, the nature of these criteria for different ship 
missions, available data on limiting or prescribed Val- 
ues of the criteria, and methods of using available 
theoretical techniques to calculate actual short-term 
responses. 

These steps permit us to predict performance in as- 
sumed conditions under which ship loading, sea state, 
ship speed and heading remain essentially constant and 
hence to evaluate short-term performance. We are now 
ready to proceed to the problem of evaluating long- 
term seakeeping performance, considering profiles of 
missions, loadings, sea conditions, headings and 
speeds, in short, determining values of a Ship Per- 
formance Index, as defined and discussed in Sections 
7.1 and 7.3, for any new or existing ship design. This 
can be accomplished in various ways, but the method 
of Comstock, e t  a1 (1980), as effectively used in U S .  
Navy preliminary design, will be described here. 

The first step is to adopt a 
method of presenting results of many short-term per- 
formance evaluations (Section 7.3) in a convenient man- 
ner. This can be done by means of the Speed Polar 

(a) Speed polar plot. 
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Plot utilized extensively by Comstock, et  a1 (1980), 
which is an ideal vehicle for displaying the boundaries 
between ship speeds and ship-wave heading angles 
associated with acceptable motions and those associ- 
ated with unacceptable motions in a particular sea 
state. Here “acceptable” is used in the sense that the 
prescribed values correspond to impairment of func- 
tion if the prescribed value is exceeded, i.e., that the 
ship is operable (Section 7.4). 

Fig. 112 shows such a speed polar plot for a large 
destroyer performing the transit and sonar search 
functions in rough seas corresponding to Sea State 
Number 6. The limits on ship’s speed and heading 
angle imposed by the Comstock, et  a1 (1980) prescribed 
values of Criteria Numbers 2, 8 and 10 of Table 20, 
Column 2, are shown on Fig. 112, as well as the limits 
on ship’s speed and heading angle imposed by a pre- 
scribed rms roll value of 5 deg on Criterion Number 
1 (in lieu of 4 deg by Comstock, 1980) and by a pre- 
scribed value of 24 sonar dome emergences per hour 
imposed by Criterion Number 9 (in lieu of 120 per hour 
by Olson, 1977). I t  is clear from Fig. 112 that for the 
sonar search function the latter two criteria (i.e., 1 and 
9) with their prescribed values are the governing cri- 
teria for this particular destroyer. For the transit func- 
tion alone, Fig. 112 shows that the roll angle limit of 
5 deg and the pitch angle limit of 1% deg make Criteria 
Nos. 1 and 2 the governing criteria. 

The bound- 
ary of the operable regime of speeds and headings, 
shown unshaded in Fig. 112 (for the sonar search func- 
tion), is called the Seakeeping Operating Envelope 
(SOE) (Comstock, et  a1 1980). Roughly speaking, the 
bigger the unshaded area within the SOE the better 
the seakeeping performance of the ship. But more 
quantitative conclusions can also be drawn; for ex- 
ample, it is clear that a t  certain ship-wave heading 
angles, operability is independent of speed (e.g., 0, 90, 
270 deg in Fig. 112). On the other hand, with speed 
fixed there are some headings that are operable and 
some that are not. Furthermore, the fraction of time 
the ship is able to perform its stated function at a 
particular speed and sea state can be obtained, assum- 
ing equal probability of all headings, by taking the 
ratio of the total angle subtended by the unshaded 
arcs around any constant-speed circle to 360 deg. Thus 
a t  a speed of 10 knots the designated sonar search 
function will not be constrained in Sea State 6 by sea- 
keeping considerations in about 39 percent of all pos- 
sible ship-wave heading angles; a t  15 knots this 
increases to 42 percent and at all speeds between 20 
to 29 knots to about 45 percent. These values corre- 
spond to what Comstock, et  a1 (1980), call the Oper- 
ability Index (01), based on the assumption that all 
possible heading angles are equally probably for the 
sonar search function. If, in addition, use of all possible 
speeds were equally probable for the sonar search 
function, the 01 value in Sea State 6 would be ap- 

(b) Seakeeping operating envelope. 
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proximately equal to the ratio of the unshaded area 
of Fig. 112 to the area of the whole polar diagram. 
The ratio of those areas for the sonar search function 
in the figure is 0.45. 

(c) Operability Index.  Data like those shown in 
Fig. 112 are needed to calculate 01 even if all speeds 
and all headings are not equally probable. To deter- 
mine the value of 01 for other distributions of speed 
and heading angle it is necessary to segregate the 
speeds and headings of Fig. 112 into discrete elemental 
areas and to estimate (visually if necessary) the local 
probability, p i ,  within each elemental area that the 
ship’s function can be accomplished. For example the 
value of pi within the elemental area 

is zero, whereas the pi valve within the elemental area 

i;;; i;; d V  dP  

is approximately 0.5. 
It is also necessary to specify the probable fractions 

of time, p ,  and p ,  that the ship will travel at each 
combination of speed and heading angle, respectively. 

60 1 
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Fig. 113 Sample specifications of probable fractions of time a t  various ship 
speeds and ship-wave heading angles (sea state 6) 
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An example of such specification with elemental areas 
contained within broadband widths of 5 knots and 30 
deg heading angle is shown on Fig. 113. Assuming the 
variables to be independent, the data of Figs. 112 and 
113 may be combined to calculate the overall 01 for 
any specified distribution of speeds and heading angles 
thus, 

01 = c c Pi x P ,  x P ,  (237) 

Table 21 shows for the destroyer of Fig. 111 perform- 
ing the sonar search function that the overall 01 value 
in Sea State Number 6 for the speed and heading 
distributions of Fig. 112 is 0.453 (Row 15, Col. 11). The 
value in Col. 10, Row 16 of Table 21 indicates that the 
overall 01 value, if all speeds between 15 and 30 knots 
and all headings were equally probable, is virtually 
the same in this case. If all speeds between zero and 
30 knots and all heading angles were equally probable, 
the 01 value is 0.45 for the sonar search function, as 
indicated in Fig. 112. On the other hand, if the ship- 
wave heading angles are restricted to head and bow 
seas (120 deg g p g 240 deg), the 01 value is reduced 
to zero for any speed or combination of speeds. 

For the transit alone function, the 01 value calcul- 
able from Fig. 112 increases (in Sea State 6) to over 
0.50, assuming equal probability of all possible speeds 
and headings, but only to 0.02 if the heading angles 
are restricted to 120 deg 5 p 5 240 deg. 

The operational significance of these 01 values is 
that they correspond to the expected fraction of time 
(or probability) that a ship can perform its designated 
ship functions in the designated sea state. That is, 
assuming that all ship speeds and all ship-wave head- 
ings are equally probable, the destroyer of Fig. 112 
can be expected to perform the sonar search function, 
a t  most, for 45 percent of the total time it operates in 
Sea State Number 6.  This restriction is imposed solely 
by seakeeping considerations. Other important factors, 
such as visibility conditions, equipment failures, etc., 
which must be taken account of in the overall opera- 
tional evaluation of the ship, will restrict this fraction 
of time even more. 

Plots similar to Fig. 112 can be prepared for sea 
states other than Sea State 6, thus providing a concise 
picture of conditions for acceptable and for unaccept- 
able short-term performance-or operability-for one 
or more ship functions. A number of OI curves can 
then be plotted against Sea State Number, each for a 
different ship speed, provided equal probability of use 
of all possible ship-wave heading angles is assumed. 
This is done in Fig. 114 a t  10,20 and 30 knots for five 
ships of increasing displacements, all performing the 
full combat-support mission of Bales-Cieslowski (1981). 
The hull forms of all five ships correspond to the “op- 
timum” Bales-Cieslowski seakeeping hull. Using Fig. 
114 one can assess performance by interpolation, as- 
suming equal probability of all possible ship-wave 

V P  

heading angles, under a variety of conditions, such as: 
What is the highest speed at which a ship of 16,000 

t can be expected to carry out full combat support in 
Sea State 6 a t  least 75 percent of the time? (16 knots). 

What is the highest sea state in which a ship of 
1,000 t can be expected to carry out full combat support 
a t  a sea speed of 20 knots a t  least 75 percent of the 
time? See also McCreight and Stahl (1985) (4 t). 

Fig. 115 shows the Seakeeping Operating Envelopes 
for two ship functions in addition to the two shown in 
Fig. 112. Fig. 115(a) is for the at-sea-replenishment 
function in Sea State Number 5 and Fig. 115(b) is for 
the helicopter launch and recovery function in Sea 
State Number 6. In preparing both figures the pre- 
scribed values of Criteria 8 and 10 of Table 20, Column 
2 were considered. In addition, Fig. 115 utilizes the 
values in Table 22 for Criteria 1, 2 and 12: 

Trends of Operability Index with sea state number 
for the destroyer of Figs. 112 and 115 are shown for 
four ship functions in Fig. 116. In this figure the shape 
of the curves was approximated by following the trend 
of the 8,000-t optimum hull of Bales and Cieslowski 
(1981) shown in Fig. 114, replotted as a solid curve in 
Fig. 116. 

(d) Seakeeping Performance Index SPI-1. The 
Mission Effectiveness Index, SPI-1, introduced in Sec- 
tion 7.1, is computed by summing the 01 values for 
the ship function weighted by the probabilities, p ,  (ex- 
pected frequency of occurrence), of the sea state con- 
ditions in which that function is to be carried out. This 
will provide a value of SPI-1 for the particular ship 
function considered. If the evaluation is to cover a 
number of ship functions, another factor, IR ,  must be 
included that represents the relative importance of 
that function. Equation (238) expresses this mathe- 
matically, and Table 23 is a sample calculation, 

SPI-1 = c 
C O I  x Pa x I R  

All Functions 

(238) 
All Functions Sea States 

The values of 01 as functions of sea state utilized 
in Table 23 for the four ship functions of Figs. 112 
and 115 were obtained from Fig. 116. Table 23 also 
incorporates the following two simplifying assump- 
tions: 

The same distribution of sea state severity (given 
in the 1st column) applies for all four ship functions. 

Use of all possible ship speeds and ship-wave head- 
ing angles is equally probable for each of the ship 
functions. 

If the first assumption is not valid, then new data 
for Column (1) of Table 23 must be estimated for each 
ship function and incorporated into the calculation. 
These data may be obtained from the information on 
sea state frequency of occurrence in the Northern 
Hemisphere (S. Bales, et a1 1981). (See also Section 2.) 



Table 21 -Sample Computation of the Value of the Operability Index (01) for the Destroyer of Fig. 112 Performing the Sonar Search 
Function in Sea State 6. 

Ship Speeds 
/ A - 

15-20 Knots 20-25 Knots 25-30 Knots Calculation of Values of 0.1. 
h / 4  \ \ 

Column No. 1 2 3 4 5 6 7 8 9 v 11 

Cols 3 + 6 + 9 
Row Angle, p, de (See From pp (See (Rows 1-12 From I*. (See (Rows 1-12 From k (See (Rows 1-12 Cols 01 Value For Var- 
No. Fig. 118 Fig. 113) ig. 114b) Only) Fig. 113) Ffg. 114~)  Only) Fig. 113) Ffg. 114c) Only) 1 + 4 + 7 ious Headings 

pi (Esti- pi (Esti- pi (Esti- 
Ship-Wave Heading mated Cols. 1 x 2 mated Cols. 4 x 5 mated Cols. 5 x 6 

1 345-15 1.00 .250 0.250 1.00 ,0833 0.0833 1.00 .0833 0.0833 
2 15-45 0.94 .loo 0.094 1.00 .0833 0.0833 1.00 .0833 0.0833 
3 345-315 0.94 .loo 0.094 1.00 .0833 0.0833 1.00 .0833 0.0833 
4 45-75 0.02 .025 0.000 0.15 .0833 0.0125 0.31 .0833 0.0258 
5 315-285 0.02 ,025 0.001 0.15 .0833 0.0125 0.31 .0833 0.0258 
6 75-105 0.99 0 0 0.91 .0833 0.0758 0.72 .0833 0.0600 
7 285-255 0.99 0 0 0.91 .0833 0.0758 0.72 .0833 0.0600 
8 105-135 0.23 .025 0.006 0.18 ,0833 0.0150 0.15 .0833 0.0125 
9 255-225 0.23 .025 0.005 0.18 .0833 0.0150 0.15 .0833 0.0125 

10 135-165 0 ,100 0 0 .0833 0 0 .0833 0 
11 225-195 0 .loo 0 0 .0833 0 0 .0833 0 
12 165-195 0 .250 0 0 .0833 0 0 .0833 0 

3.00 
2.94 
2.94 
0.48 
0.48 
2.62 
2.62 
0.56 
0.56 

0 
0 
0 

0.4167 
0.2607 
0.2607 
0.0383 
0.0389 
0.1358 
0.1358 
0.0335 
0.0334 

0 
0 
0 

Sums of Rows 
13 1 thru 12 5.36 1.000 0.450 5.48 1.000 0.4566 5.36 1.000 0.4466 16.20 1.3534 
14 p .  (see fig 114a) 0.30 - - 0.50 - - 0.20 - - 

.0893 - 0.4527 15 Row 13 x 14 0.1350 - - 0.2283 - - 

3 
0 
=! 
0 
Z 
v, 

NOTES Table is based on Equation (237) and the speed and heading distribution given in Fig. 114. Summation in row 15 gives 0.1. 
01 Value Assuming Equal Probability of all Speeds and Headings: Row 13, Col 10 +- 36' = 0.450 

12 Bands of heading angles times 3 bands of speeds = 36. 
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3 4 5 
SEA STATE NUMBER 

Fig. 114 Approximate trends of the Operating Index (0.1.) for an "optimum" 
seakeeping hull as a function of sea state, ship speed and ship size 

6 

NOTE: Plots are for the full combat support mission, Criteria Set A of Bales/Cieslowski (1981), 
assuming equal probability of all possible heading angles 

This reference gives data on sea state occurrence in 
terms of the joint probability of occurrence of signif- 
icant wave height and wave modal period as a function 
of time, location and season for all NATO operating 
areas. If the second assumption is not valid, then 01 
values as a function of sea state, similar to those of 
Fig. 116, must be calculated for the desired distribution 
of ship speeds and ship-wave heading angles, in accor- 
dance with the procedure of Equation (237) outlined 

Table 22-Criteria 1, 2 and 12 

Criterion 
Prescribed rms Limiting Values, 

Fig. 115 

(4 (b )  
1. Roll Angle, deg. 2.5 6.8 
2. Pitch An le, deg. 1.0 1.35 

12. vertical telocity - 0.67 m/sec. (2.2 ft /sec) 
Note: Only Criterion No. 1 appears in Fig. 115a because in 
Sea State 5 the other criteria do not actually impose any 
limitations. 

in Table 20. These data must then be utilized in place 
of the data given in Columns (2), (5), (8) and (11) of 
Table 23. 

As indicated in Section 7.1, SPI-1 has very important 
quantitative operational significance. Its value is the 
probability or expected fraction of total time that the 
operational mission for which the ship was designed 
can be performed while in its operating area, subject 
to the constraints imposed by the seaway on the per- 
formance of the ship and its systems. As previously 
noted, other performance limitations may be even more 
severe constraints, but the percent of time measured 
by SPI-1 can never be exceeded unless the ship is 
altered or unless that part of its operating doctrine 
determined by the prescribed values of the seaway 
performance criteria is changed. Hence, it is a unique 
quantitative measure of the operational utility of a 
ship and is ideally suited to assess the seakeeping 
performance of most ships not engaged in the routine 
transportation of goods or people. 

Calculated SPI-1 values for notational ships, capable 
of launching, recovering and supporting various types 
of naval aircraft are compared by Comstock, et  a1 



Table 23-Sample Computation of SPI-1 for a Destroyer Performing Four Ship Functions 

Row 
No. Ship Functions 1. Transit 2. Sonar Search 3. At Sea Replenishment 4. Helicopter Operations 

0 

1 
2 
3 

I, Value (Assumed) 

Col. No. I 

Sea State 
Number 

0-1 
1-2 
2-3 
3-4 
4-5 
5-6 
6-7 
7-8 
>8  

Probabil- 
ity of 

Sea State 

0 
0.057 
0.197 
0.283 
0.195 
0.175 
0.076 
0.017 
0.001 

0.40 

v 2 4 
Col3 x 

Value I, Value 
of 0.1. Col 1 x From 

Fig. 116 Col 2 Row 0 

1.00 0 0 
1.00 0.057 0.023 
1.00 0.197 0.079 
1.00 0.283 0.113 
1.00 0.195 0.078 
0.49 0.086 0.034 

0 0 0 
0 0 0 
0 0 0 

0.25 

v 5 7 
Col 6 x 

Value I, Value 
of 0.1. Col 1 x From 

Fig. 116 Col 5 Row 0 

1.00 0 0 
1.00 0.057 0.014 
1.00 0.197 0.049 
1.00 0.283 0.071 
1.00 0.195 0.049 

0.043 0.075 0.019 
0 0 0 
0 0 0 
0 0 0 

0.10 - 8 10 
COl9 x 

Value I, Value 
of 0.1. Col 1 x From 

Fig. 116 Col. 8 Row 0 

1.00 0 0 
1.00 0.057 0.006 
1.00 0.197 0.020 
1.00 0.283 0.028 
0.78 0.152 0.015 

0 0 0 
0 0 0 
0 0 0 
0 0 0 

0.25 SPI-1 

14 
- 
11 12 13 

Col 17 x 
Value I, Value Col 4 + 7 
of 0.1. Col 1 x From + 10 + 3 

Fig. 116 Col 11 Row 0 13 0 
1.00 0 0 0 

5 
1.00 0.283 0.071 Z 

< 
0 0 0 ? 

zl 

1.00 0.057 0.014 
1.00 0.197 0.049 

1.00 0.195 0.049 
0.27 0.047 0.012 

- 

0 0 0 
0 0 0 

m 
v, 

~ ~ ~ ~~~ ~~~ 

Sum of 
10 ROWS 1-9 1.00 - 0.818 0.327 - 0.807 0.202 - 0.689 0.069 - 0.779 0.195 20.793 YSPI-1 

NOTES: Table is based on using Equation (238, Figs. 112, 115 and 116, and the two simplifying assumptions given in the text. 

Summation in Row 11 gives SPI-1 for Relative Importance ZR given in Row 0. 
SPI-1 Value for the Same Relative Importance of all Ship Functions in Given by Sum of Values of Cols. 3, 6, 9 & 12 of Row 10 -+ 4 = 0.773 
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Fig. 115 Seakeeping Operating Envelopes (SOE) for other functions of the 
destroyer of Fig. 113 

SONAR-SEARCH FUN 
PRESCRIBED LIMITS: 

H E L I C O F R  LAUNCH AND 
RECOVERY FUNCTION 

PRESCRIBED LIMITS: 

PITCH - 1.35" RMS, 
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7 

Fig. 116 Approximate trends of 0.1. as a function of sea state for four destroyer functions, based on Figs. 113 and 116 (assuming equal probability 
of all possible ship speeds and wave heading angles) 
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(1980). The calculations are based on the same two 
simplifying assumptions stated in connection with Ta- 
ble 23. The Comstock work presents results for a 
20,000-ton aircraft carrier of SWATH configuration 
and for monohull destroyers and aircraft carriers vary- 
ing in displacement from 7000 to 95,000 tons. The SPI- 
1 values show a significant degradation with decreas- 
ing size for monohull ships handling vertical takeoff 
and landing aircraft from SPI-1 = 0.91 for a 95,000- 
ton aircraft carrier to 0.87 for a 20,000-ton aircraft 
carrier down to SPI-1 < 0.5 for a 7,000-ton destroyer. 
In contrast, the study shows an SPI-1 value of 0.99 
for a 20,000-ton SWATH aircraft carrier. 

7.8 The Seakeeping Performance Index, SPI-2. The 
Transit Speed Measure, SPI-2 of Section 7.1, is appro- 
priate for assessing the overall seaway performance 
of the vast majority of ships of the world, i.e., those 
engaged in point-to-point transportation of goods and 
people. As noted in Section 7.2, SPI-2, unlike SPI-1, 
involves both involuntary and voluntary speed reduc- 
tions. Thus, in addition to the performance criteria and 
their prescribed values, the calculation of SPI-2 may 
also involve consideration of added resistance and re- 
duced available power in a seaway. These involuntary 

speed reduction factors are discussed in Section 5, and, 
if necessary, the procedures outlined there may be 
used to estimate their value. 

As seen in Figs. 108 and 109 the involuntary speed 
reductions usually apply mainly in moderate, not se- 
vere, seas. They, therefore, often have a smaller effect 
on ship speed than do the voluntary speed reductions. 
Hence the value of SPI-2 is not very sensitive to the 
values of the involuntary speed reductions. For this 
reason, only the calculation of the voluntary speed 
reductions is generally carried out during the design 
stage of moderate and high-speed ships. The situation 
may be different for large, full, slow-speed bulk car- 
riers, where involuntary speed reductions govern. 

Voluntary speed reductions can be calculated in the 
design stage by the procedures of Sub-Section 7.7. As 
in that section the first step is to construct SOE dia- 
grams similar to Fig. 113 for the transit-alone function 
in seas of progressively increasing severity. Figs. 
117(a)-(c) show such calculated SOE diagrams in sea 
states 5,  6 and 7 for a 4,000-t monohull whose hull 
form corresponds to the “optimum” seakeeping hull 
(Bales-Cieslowski, 1981). 

Fig. 117d shows the SOE diagram for a 4,0004 mo- 

Table 24-Sample Computation of SPI-2 (Expected Speed Fraction) for the Two 
Ship Hulls of Fig. 118. 

Sea State Number 0-4 5 6 
Sea State Probability, p s  0.537 0.195 0.175 0.076 

(a) 4,000-t Optimum Hull of Bales-Cieslowski (1981) 
Attainable Ship Speeds 

Ship-Wave Heading From Fig. ll7-(0ptimum Roll Sum of Speeds, 
Angles, deg Only) Weighted 

10 
30 
50 
70 
90 

110 
130 
150 
170 

25 25 
25 25 
25 25 
25 25 
25 25 
25 25 
25 25 
25 25 
25 25 

25 0 22.68 
25 0 22.68 
25 0 22.68 
25 0 22.68 
25 0 22.68 
25 0 22.68 
25 0 22.68 
16 0 21.10 

6 0 19.35 
Sum over 9 Headings = 799.21 

Average Speed Over all Hdgs = 199.21 +- 9 = 22.13 kts. 

(b) 4,0004 Anti-Optimum Hull of Bales-(Ieslowski (1981) 
SPI-2 = 22.13/25 = 0.885 

10 
30 
50 
70 
90 

110 
130 
150 
170 

25 25 25 0 22.68 
25 25 25 0 22.68 
25 25 25 0 22.68 
25 25 25 0 22.68 
25 25 15 0 20.93 
25 25 0 0 18.30 
25 25 0 0 18.30 
25 25 0 0 18.30 
25 25 0 0 18.30 

Sum over 9 Heading 184.85 
Average Speed Over all Headings = 184.85 = 20.54 kts. 

SPI-2 = 20.54/25 = 0.822 
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(a) ‘OPTIMUM” HULL IN SEA STATE 5 

FOLLOWING SEAS 

(b) “OPTIMUM” HULL IN SEA STATE 6 

HEAD SEAS 
SLAM 1 

FOLLOWING SEAS 

(C) “OPTIMUM” HULL IN SCA STATE 7 

FOLLOWING SEAS 

(d) “ANTI-OPTIMUM” HULL IN SEA STATE 13 

Fig. 1 17 Seakeeping Operating Envelopes for o 4000-t monohull performing 
a pure transit function 

nohull in Sea State 6 with the “anti-optimum” form of ships of Fig. 109 with two exceptions: 
the same reference. The allowable ship speeds up to The degradation in allowable speed with increas- 
a maximum speed of 25 knots taken from these figures ing sea state is much more abrupt in Fig. 118 than in 
are shown shaded in Fig. 118(a) for the “optimum” Fig. 109. 
hull and in Fig. 118(b) for the “anti-optimum” hull. In beam, quartering, and stern seas, Fig. 118(b) 

The basic features of the speed plots of Fig. 118 are shows that speeds between zero and 4 to 18 knots are 
not dissimilar from those of the larger commercial prohibited in Sea State 6 whereas higher speeds are 



MOTIONS IN WAVES 159 

permissible. Fig. 118 shows no such anomaly. 
The reason for the anomaly is evident in Fig. 117(d). 

I t  shows that the prescribed values of 5 deg rms roll, 
which has no effect on the optimum hull (Fig. 117b), 
has a big effect on the “anti-optimum” hull, but only 
at low speeds and a t  certain headings. 

The information provided by Figs. 109 and 118 is 
only one of three essential parts of the data needed 
to calculate SPI-2. The second part of needed data is 
a description of the kind of seas that a ship will ex- 
perience as a function of time, location, and season in 
the oceans between its designated ports. As noted in 
Section 7.7, these data are available in Bales, et  a1 
(1981). See also Section 2. 

The third part of the data needed to calculate SPI- 
2 is the route the ship will follow between its ports. 
One such obvious route is the minimum distance route, 
which in calm water would also be the minimum 
elapsed time route. However, because of the powerful 
impact of seaway-induced speed reductions on voyage 
elapsed time, the minimum distance route is seldom 
the minimum elapsed time route. I t  is for this reason 
that weather routing, where the objective of achieving 
minimum voyage elapsed time determines the route, 
has become so commonplace for ships. With weather 
routing, the actual route that the ship will follow is 
time-dependent on the information available from 
weather forecasts made during the voyage. Hence, 
calculation of SPI-2 can only be made ex-post-facto, 
unless an on-board computer is installed. However, for 
the purposes of making reliable estimates of the eco- 
nomic viability of a proposed ship during its design 

stage and for the purpose of selecting optimum hull 
characteristics on the basis of expected superior per- 
formance in the real seaway, the assumption of a min- 
imum-distance route is appropriate. With the use of a 
minimum-distance route, the value of SPI-2 expressed 
either as a ratio of elapsed voyage times or expected 
speed fraction is identical (Sub-section 7.1). 

Table 25 shows a sample computation of SPI-2 ex- 
pressed as expected speed fraction on hypothetical 
voyages of the two hulls of Fig. 118. The following 
two arbitrary assumptions concerning the voyages 
were made in Table 25: 

Equal time is spent at each of the nine headings. 
The probability distribution of sea state severity 

used in Table 24 (for all-season operation in the North- 
ern Hemisphere) is applicable to these voyages. (For 
ships on scheduled liner services, the weather statistics 
for the winter season-or worst winter month-may 
be more appropriate). 

For the “anti-optimum” hull, the low-speed re- 
strictions in quartering and following seas can be ig- 
nored. 

The 11.8 to 17.1 percent reduction in average sea 
speed from the smooth water speed of 25 knots shown 
in Table 24 illustrates the crucial impact that seaway 
performance can have on the economic viability of a 
commercial ship. Similar computations for the Victory 
ship of Fig. 109 indicate a 16.5 percent reduction to 
an average sea speed of 14.6 knots from a smooth 
water speed of 17.5 knots. 

The importance of the methodology presented in this 
section is that it can forecast the magnitude of the 

SEA 
STATE 3 4 5 6 7 3 4 5 6 7 3 4  5 6 7 3 4  5 6  7 3 4  5 6 7 

I 1  I 

180” 150” 120“ 90” 60” 30” 0” 

SHIP-WAVE HEADING ANGLES 
HEAD SEAS B O W  SEAS BEAM SEAS QUARTERING SEAS STERN SEAS 

(a) “OPTIMUM” HULL 

(b) “ANTI-OPTIMUM” H U L L  

Fig. 118 Allowable ship speeds as a function of sea state and ship-wave heoding angle, for the two 4000-t hulls of Bales and Cieslawski (1981) 
performing the transit function (Criteria Set B) 

Next Page 
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speed reduction before a ship is built. As shown in Hence, its magnitude can change significantly from 
Table 25, this speed reduction may be a strong function ship to ship of identical displacements. Furthermore, 
of hull shape, for the “anti-optimum” hull form of the magnitude of the speed reduction must be known 
Bales, Cieslowski (1981) has an average speed loss that before realistic estimates of the economic viability of 
is 1.6 knots or 6.4 percent greater than that of the a proposed ship can be made. For these reasons it is 
“optimum” hull. It is also shown in Section 8 that speed important that the calculation of SPI-2 should become 
reduction is a strong function of ship proportions. routine in the design stage of all transportation ships. 

Section 8 
Design 

8.1 Introduction. Sections 2 to 5 have presented 
procedures whereby predictions can be made of all 
aspects of the seakeeping performance of ships, both 
in idealized regular waves and in the irregular patterns 
actually experienced at sea. Such predictions cover not 
only motion responses in six degrees of freedom, but 
derived responses, such as vertical accelerations, ship- 
ping of water, slamming, added power requirements 
and wave-induced loads. Section 6 discussed the effects 
of various motion-control devices. Finally, the preced- 
ing Section 7 dealt in detail with criteria of seakeeping 
performance that define acceptable limits of ship re- 
sponse for specific ship missions or functions. Fur- 
thermore, it showed that comparing predicted 
performance over a range of expected sea conditions, 
ship speeds and headings with the appropriate criteria 
permits the evaluation of seakeeping performance of 
a new design in terms of a Seakeeping Performance 
Index (SPI). 

It is the object of this section first to draw upon the 
earlier sections to offer guidelines that will assist the 
designer in selecting ship characteristics favorable to 
good seakeeping behavior. Theory shows (Section 3) 
that the effects of longitudinal motions (pitch, heave 
and surge) and of transverse motions (roll, yaw and 
sway) can, for practical purposes, be considered sep- 
arately. This will be done here, since design features 
to reduce motions are generally different for the two 
cases. The longitudinal motions (particularly heave 
and pitch) will be considered first, since they are af- 
fected more by choice of ship dimensions, have a 
greater effect on attainable speeds in rough seas, and 
are less amenable to artificial control. Attention will 
then be given to other design considerations, such as 
above-water hull form and added power in waves, fol- 
lowed by the effects of transverse motions (rolling in 
particular) and discussion of special considerations af- 
fecting high-performance ships. 

Finally, suitable design procedures will be consid- 

l4  Section 8 written by Edward V. Lewis, assisted by Philip Mandel, 
particularly with sub-section 8.5, High-performance Ships. 

ered, including comparative evaluation of the sea- 
keeping performance of alternative designs and 
selection of an optimum on the basis of economic con- 
siderations. 

8.2 Factors affecting pitching and heaving. ( a )  
Theoretical considerations. Theory, supported by 
model tests and full-scale observations, provides some 
good general guidance to the designer. First may be 
mentioned the dimensional effect of ship size (partic- 
ularly length) in relation to sea conditions encountered. 
Sellars (1983) has pointed out that in general, for con- 
ventional mono-hulls in head seas, the longer the ship 
the less the average wave excitation. This is mainly 
because the probability of encountering waves of near 
ship length decreases with increasing length, but also 
because the average height of long waves, and hence 
wave slope, is less than short waves. Sellars (1983) 
has calculated the probabilities of encountering con- 
ditions leading to large heave and pitch excitation in 
average North Atlantic weather as a function of ship 
length, as shown in Fig. 119. See also Fig. 74 and 
discussion in Section 4.7. 

The advantage of greater length applies whether 
overall size, as indicated by displacement, remains the 
same or increases with length. The favorable effect of 
increasing all dimensions together is discussed in Sec- 
tion 4.7, where the non-dimensional plots in Figs. 74 
and 75 show clearly the comparative pitching and heav- 
ing motions of two geometrically similar ships in ir- 
regular head seas. However, this is an extreme case 
of a large size difference (ratio of 8 in displacements), 
while even a modest increase in size would be an ex- 
pensive way to improve seakeeping qualities. The ef- 
fects of increasing length with displacement fixed are 
of greater interest and will be discussed further in this 
section. 

It has been suggested in Section 4.9 that the next 
consideration is whether the ship is expected to reduce 
speed in order to operate in sub-critical conditions in 
rough seas or can remain in a high-speed supercritical 
state. The first case applies to the majority of normal 
commercial and naval vessels, while the latter case is 
characteristic of some of the high-performance craft 
to be considered separately. 

Previous Page 
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Fig. 119 Probability of conditions for large pitch and heave excitation, i.e., 
probability (L, 2 0.75L) (Sellars, 1983) 

The problem of attaining sub-critical pitching and 
heaving behavior of normal ships over as wide a range 
of speed as possible requires consideration at early 
stages of design of the relationship of length-the 
most important dimension-and other hull character- 
istics to the natural periods of oscillation, as discussed 
in Section 4.9. This important influence of natural pe- 
riods of oscillation on motions in waves is often over- 
looked because of the difficulty in determining natural 
periods experimentally. A solution to the problem is 
to plot model test (or calculated) responses on a basis 
of ship speed or encounter frequency, with wave 
length constant. The resulting peaks will define an 
effective natural frequency that is of prime interest. 

Fig. 120 is a plot of experimental model data (Stefun, 
1958) that illustrates the complex relationships exist- 
ing between non-dimensional ship motion amplitudes 
and both wavelength-to-ship length ratio, Lw,L, and 
tuning factor. A = o,/ on, where o, we8,  the frequency 
of encounter, varies with both wavelength and ship 
speed ( w ,  is the natural frequency of pitch or heave.) 
It can be seen that only the curves plotted for constant 
values of L,/L (solid lines) have clearly defined max- 
ima, because we and hence A here depend only on model 
speed. Higher speeds would be required to define the 
maxima for longer waves (L,,, 2 1.25) (Fig. 57). The 
maxima are shown to occur in this case at a A-value 
of about 1.1 rather than 1.0 because of approximations 
made (Section 3.7). 

The dashed curves in Fig. 120 drawn for constant 
Froude Number and varying L,/L do not show distinct 
peaks because wavelength has a greater direct affect 
on excitation than indirect affect through changing a,. 
All non-dimensional responses go to 1.0 in very long 
(infinite) waves in which the ship simply follows the 
wave contour, as shown by a replot of the data in Fig. 
121. 

Fig. 121 also shows how, with speed constant, the 
ship response can be separated into a static value- 
dependent on ship-wave geometry-and a magnifica- 
tion effect depending mainly on tuning factor. 

Another effect of tuning factor is on phase relations. 
Szebehely (1955) showed that in waves around ship 
length the incidence of shipping water over the bow 
and bow emergence leading to slamming are both as- 
sociated with synchronous response; bow down into 
crest, bow up into hollow, with high relative vertical 
velocity (Lewis, 1955). 

Fig. 79 defines in a general way the conditions for 
critical operation in head seas, which generally give 
the worst pitching and heaving behavior. It is clear 
from the figure that the lower the period ratio, 
T,(IJ/L)"~, the higher the speed before critical condi- 
tions are reached. Hence, the period ratios for pitching 
and heaving have a vital effect on ship behavior and 
on attainable sea speed. The natural periods of pitching 
and heaving are usually quite close together, but at- 
tention is focused here on the pitching period, Tn5, since 
it has the greater effect on wetness, slamming, and 
vertical accelerations. The influence of ship propor- 
tions and form on T,~J /L )"~  was discussed in Section 
4.9 and general trends shown in Fig. 81. 

16, 

14- 
Fn : 0 25 L, k I . 5  

1.2 

1.0 

(\I 0.6.  

0.4. 

0,2. 

a4 0.6 0.8 1.0 1.2 1.4 1.6 
TUNINQ F A C T O R , A  = W,/W,, 

Fig. 120 Pitching and heaving amplitudes for a Series 60, 0.60 black model 
in head seas (Stefun, 1958) 
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Fig. 121 Replot of Series 60 (C, = 0.60) motion data on the basis of 
L , / L  

In order to obtain a picture of the possibilities of 
subcritical operation, Figs. 79 and 81 (Section 4) have 
been combined in Fig. 122, which shows the relation- 
ship between ship proportions-as indicated by 
LIV1’3, Wl(L/100)3 or C,T/L-and the Froude num- 
ber for synchronism with waves of length equal to 
ship length. Since peak amplitudes for some ships may 
occur at a tuning factor somewhat below 1.0, a curve 
for A = 0.9 is also shown. For ships heading directly 
into irregular seas, with a wide range of wave com- 
ponents present,the zone above these boundary curves 
represents conditions for intermittently violent pitch- 
ing motion, wet decks, bow emergence with possible 
slamming, and high accelerations. The zone below the 
curves represents conditions for less severe motions, 
fairly dry decks, less bow emergence, and moderate 
accelerations in the same type of sea. Whether slam- 
ming occurs or not depends on draft and on section 
shapes. Fig. 122 may be considered as a basic general 
picture of the conditions for moderate (subcritical) and 
serious (critical) pitching motions of typical ships head- 
ing into severe storm seas. I t  is apparent that the 
choice of high LIV’/3 and high L/T, usually adopted 
for ships intended for high speed in calm water also 
confers a distinct advantage for speed in rough 
water-provided that it is not accompanied by exces- 
sive draft reduction, which might lead to slamming. 

It may be of interest to consider a few specific ex- 
amples of ship performance in heavy seas to illustrate 
the significance of Fig. 122. James L. Bates (1945) 
mentions the difficulty experienced by 30-knot destroy- 
ers in keeping station with the 23-knot Leviathan in 
rough weather during World War I. In his reply to 
the discussion of his paper, he points out that the 
motions of these destroyers were very comfortable 
when speeds were reduced to about V,lL1/2 = 1.0. 
The old destroyer Pruit t ,  mentioned by Bates, has 
been plotted in Fig. 122, first at 30 knots-well up in 
the heavy pitching zone-and then a t  17% knots, which 
Bates states to have been a comfortable speed. At the 
reduced speed, the ship may be seen to lie close to the 
moderate pitching zone. 

The Victory-type cargo ship may be considered as 
an example of a much higher displacement-length ra- 
tio. At the normal design speed of 16% knots, this ship 
is shown in Fig. 122 to be well up in the heavy pitching 
zone. Log data show that, in meeting severe North 
Atlantic weather, its speeds are reduced to 5 to 9 knots 
in order to ease the motions. It can be seen in the 
figure that an average reduced speed of 7 knots brings 
this ship into the moderate pitching zone. 

Another example is furnished by Mockel’s data on 
typical European trawlers (1953). Like the Victory 
ship, his trawler “A” lies in the heavy pitching zone 
at the normal free-running speed of 11 knots. Mockel 
states that, a t  a trawling speed of 3 knots, the ship 
was comfortable in winds up to force 7 (30 knots) and 
able to continue normal trawling operations. Both 
speeds are shown in Fig. 122. (Mockel believes that a 
somewhat higher speed could have been maintained if 
sufficient power had been available.) It is clear from 
the figure that “fat” vessels such as trawlers must 
be designed for severe motions (high freeboard, V- 
form sections, and so on) if they are to maintain head- 
way in rough weather. 

Finally, Fig. 122 shows points for the transatlantic 
liner United States which had a reputation for main- 
taining high speed in rough weather. The points cor- 
respond to the good-weather speed of 35 knots and the 
average (not the minimum) speed of 27 knots reported 
on a typical rough crossing. Again, a shifting from the 
heavy to the moderate pitching zone is indicated. The 
lengthening of T-2 tankers, C-4 type cargo ships, and 
Libertys would likewise be expected to improve their 
seakeeping qualities, and this has been found to be the 
case. 

Aertssen (1958-59) plotted all his voyage data on 
cargo ships obtained up to that time on a graph based 
on Fig. 122 with the result shown in Fig. 123. This 
confirms the value of Fig. 123 as a guide to the choice 
of ship proportions for service in severe sea conditions. 

As previous1 noted, there has been a gradual trend 

hence higher L/Tvalues as ship speeds have increased 
through the years. This trend undoubtedly has been 

to higher L I V 1 x  (lower displacement-length ratios) and 
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Fig. 122 Trends of speeds for synchronous pitching, defining zones of serious 
and moderate motions in irregulor head seas 

dictated by calm-water considerations rather than by 
rough-water performance. I t  may be that in many 
cases seakeeping considerations will encourage this 
trend. 

( b )  Damping. It is normally impossible or  uneco- 
nomical to design ships for operation in the favorable 
speed zone only, and therefore an important problem 
is how to improve ship performance in the critical re- 
gion of Fig. 123. In this zone, the problem of reducing 
motions and thereby permitting higher speeds is pre- 
dominantly one of minimizing near-synchronous re- 

sponses, which means increased damping and hence 
reduced magnificat.ion factor. An increase of damping 
is effective in an irregular sea in which synchronism 
with component waves occurs, just as it is under con- 
ditions of synchronism with regular waves. 

Some of the trends of proportions and form that are 
beneficial to reducing natural periods of pitch and 
heave are also favorable to increased damping; such 
as reduced C, and coefficients of other sections, in- 
creased C, (hence more V-form and reduced C,) and 
filling the waterlines toward the ends. Work of Grim 
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(1959) and Porter (1960) show a distinct increase in 
damping with increasing B/T, although it may not 
always be favorable for reduced natural preriods. But 
since the effect of beam increase is felt mostly near 
midship, this factor may be less important for pitching 
than filling out the waterplane of the ends (increase 
in Cwp). 

Various writers agree on the importance of increas- 
ing C,,, which can also be expressed as a decreasing 
C,,, especially for high-speed ships (Lewis, 1955) 
(Blok and Buekelmann, 1984). Bales (1980) found that 
the increase of C, or decrease in C,, using V-sections 
was more effective in the forebody than in the aftbody. 
However, V-form forward may exact a penalty in 
added resistance in calm water and/or waves. 

There is also evidence of the advantage of a wide 
longitudinal separation of LCF and LCB. (However, 
supercritical ships such as SWATHS show a strong 
disadvantage to such separation). With LCF 5.5 per- 
cent L abaft the LCB, Moor (1970) showed a significant 
reduction in pitch and heave motions, vertical accel- 
eration forward, relative bow motion, and speed loss 
in waves for a series of models of a 770-ft. (250-m), 
26-knot passenger ship. However, trial speed was re- 
duced by 3 percent. Naval vessels with wide transom 
sterns have been able to take advantage of this fa- 
vorable effect of LCF and LCB separation. Finally 
there is the possibility of using fixed fins for damping 
of pitch (Section 6). 

Of course, some of the factors that increase damping 
will also increase the excitation. However, under con- 
ditions of severe synchronous responses the damping 
effect is always at its greatest and hence would be 
expected t o  predominate. 

(c)  Model test results. Before adopting guidelines 
derived from simplified theoretical period relation- 
ships, some confirmation is needed and the best method 
for that purpose is model tests in waves. Unfortu- 
nately, comparative model experiments that isolate the 
effects of specific changes in hull proportions and form 
are rare. For example, the extensive tests of Series 60 
hulls in regular waves (Vossers, et  a1 1960), which 
reveal trends of motions and power with L/T, L/B 
and C,, include inadvertent effects of changes in dis- 
placement, LIV‘/3 and B I T  as well, and do not com- 
pare performance under realistic irregular sea 
conditions. 

However, Hamlin and Compton (1966) made use of 
Vossers’ model data to show the results of calculations 
on Series 60 models of different L /T  (and LIV”3) 
ratios in a severe irregular sea. Fig. 124 confirms the 
advantage of a large L/Tvalue for minimum relative 
bow motion, S /  L. Calculations of heave acceleration 
show a similar advantage. Furthermore, if bow free- 
board is proportional to length, the shipping of water 
should decrease with increasing L/T. The situation 
regarding slamming is somewhat different. Here the 
more slender ship shows up poorly, because even 
though the relative bow motion in relation to length 
is less, the reduced draft would result in more frequent 
bow emergence and higher relative velocities (Vossers, 
e t  a1 1960). I t  should be noted that the model data on 
which these conclusions were based assumed constant 
L /B  values, which could lead to excessive beam, from 
a stability viewpoint, in the longest ship. 

Subsequent studies have used the same or similar 
data to calculate and compare the predicted behavior 
of ships of equal displacement in irregular head seas, 
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including the effects of variation in forebody shape, 
longitudinal radius of gyration, etc. (Swaan, 1961) 
(Swaan and Vossers, 1961) (Swaan and Rijken, 1964) 
(Ewing, 1967). St. Denis (1983) has reviewed much of 
this work and has drawn some general conclusions. 
The research confirms that, for moderate to high-speed 
ships, there are advantages to be gained in pitch and 
heave-and related responses-by increasing L/T and 
B/T, reducing C, while increasing C, (more V-shaped 
sections) and reducing longitudinal radius of gyration. 
It also shows that for low-speed ships (Fn < 0.3) some 
of the above, such as the advantage of high L/T or a 
low C,, may not apply, especially for large tankers 
where powering is more of a problem than motions in 
waves. 

A recent model investigation by Schmitke and Mur- 
dey (1980) and later extended by Murdey and Simoes 
Ri! (1985) is based on a well-chosen range of hull char- 
acteristics and again evaluates the models by compar- 
ing their predicted behavior a t  constant displacement 
in a typical long-crested head sea. Although these re- 
sults apply specifically to fine frigateldestroyer hull 
forms (Fig. 125) they are believed to provide useful 
guidance for other relatively high-speed displacement 
craft. These studies employed the slenderness param- 
eter L‘IBT, which indicates length (squared) relative 
to the area, BT, of the midship circumscribing rectan- 
gle. Further definition of proportions is given by the 
ratio B/T, and hull form by C, and C,. 

Results showing trends with all these parameters 
are given in Figs. 126-129 for pairs of models at a 
constant displacement of 3500 t. In evaluating these 
results it is important to note that L2/BT and B/T are 
not independent parameters, since they both involve 
B. However, the product of L’IBT and B/T is (L/T)‘, 
and T/L is an independent parameter that has been 
shown to be important in studying natural periods of 
pitch and heave (Equation 204d, Section 4.9.) Similarly 
the ratio C,/ C, = C, may be more significant than 
the two coefficients considered separately. 

The comparative findings in Figs. 126-129 are based 
on self-propelled experiments on 10 models in regular 
head waves (with wavelengths varied in about 20 steps 
from Ll2 to 3L; heights 1/50 L,) at each of four speeds 
corresponding to Fn = 0.2, 0.3, 0.4, and 0.5. Faired 
results were used as RAOs to calculate significant 
responses in irregular head seas, using the ‘ I  quadratic 
regression spectrum” ( Gospodnetic and Miles, 1974) 
for a significant height of 3.66m (12 ft). Response data 
were averaged over a wave modal period range of 7.28 
to 10.92 see and over a speed range of 15 to 30 knots. 
They have been made non-dimensional by dividing by 
the appropriate response value for the basic hull of 
the series (No. 6). 

First, it may be seen in Fig. 127 that with displace- 
ment constant there is in all cases a distinct reduction 
in pitch and heave amplitudes, and in vertical accel- 
eration a t  0.25L from the bow, as L21BT increases. 
This shows the clear value of increasing length and 
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Fig. 124 Relative bow motion trends with L/T ratio in irregular head seas, 
500-ft. ships (Hamlin and Compton, 1965) 

reducing BT. Furthermore, since L21BT is equal to 
C,L3/V and C, is held constant, Fig. 127 also implies 
the same favorable trend with increasing L3/V ,  or 
L / V1’3, the length-displacement ratio (Froude’s @), as 
previously suggested (Section 4.9) on the basis of pe- 
riod considerations. 

However, predicted relative bow motion (RBM) 
shows little change-or even a reverse trend-with 
increasing L‘IBT. This picture changes if the non- 
dimensional ratio SIL is used as an index of RBM 
instead of 3. (See Fig. 126, where S/L reduces signif- 
icantly with increasing L/T).  If the RBM data in Fig. 
127 are replotted in terms of 31 L it will be found that 
there is a distinct reduction in response with increasing 
L21BT in all cases. The question in any specific situ- 
ation, such as evaluation of probabilities of shipping 
water or slamming is, which is a more suitable index 
of performance, S or SIL? In the case of wet decks, 
it is often feasible to increase bow freeboard in pro- 
portion to increasing length by simply extending the 
sheer curve forward. This would mean that SIL is 
appropriate. On the other hand, an increase in ship 
length may entail a reduction in draft forward, which 
would suggest that the absolute value, 3, is significant 
for consideration of bow emergence and slamming. 
Such reduction in draft with increasing L2 I BT would 
be expected to increase the probability of bow emerg- 
ence and slamming, as previously noted. This is not 
always true, however. Bales (1980) found that “bot- 
tom slamming per se may be reduced or stabilized by 
reductions in relative motion attendant to reductions 
in T/L.” 

Fig. 127 (as well as Fig. 126) shows a clear advantage 
of increasing B/T. This is consistent with the conclu- 
sion in sub-section 8.2(b) that increases in B/T are 
favorable for reduced pitching and heaving, because 
of increased damping. Furthermore, since increasing 
both L’IBT and B/T is shown to be beneficial, increas- 
ing their product (L/T)’ should also be beneficial. This 
is as predicted on the basis of favorable natural periods 
alone in Equations (204d) and (206), Section 4.9. 
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Fig. 125 Body plans of two frigate models tested by Schmitke and Murdey 
(1980); Design 6 is the basic model 

Figs. 128 and 129 show gains in increasing C ,  and 
decreasing C,, hence reducing C ,  = CB/Cwp.  How- 
ever, the situation regarding relative bow motion in 
Fig. 129 is again ambiguous. Hence, an obvious con- 
clusion is that special attention in design for good 
seakeeping should be given to obtaining adequate free- 
board forward and adopting section shapes that reduce 
slamming probabilities. 

Results of the extension of this model series to a 
total of 31 models were reported by Murdey and Sim- 
oes R6 (1985), and some are shown in Figs. 130 and 
131. Although data are presented in a similar manner 
as before, an ITTC spectrum with 4.0-m (13-ft.) sig- 
nificant height was used as a basis for predictions. The 
range of zero-crossing period for averaging responses 
was 6.1-9.1 see, and ship speeds of 13-33 knots. 

Fig. 130 shows similar trends with L 2 / B T  as Fig. 
126, but over a much wider range, with displacement 
again constant (Curves added for constant length are 
of less interest). 

The extended series also confirms with more data 
the trends of Figs. 127 and 128 and 129 that increasing 
B / T  and C,, and decreasing C,, are favorable to 
reduced pitching and heaving. However, there is some 
ambiguity in the case of C ,  with respect to relative 

bow motion. The more complete data on CB (Fig. 131) 
also show some ambiguity. Supplementary analyses 
by Simoes Re (1986) have shown that, using data from 
the extended series, the relationship between L 2 /  BT 
and C, is clarified. He found that for pitch and bow 
acceleration, with displacement fixed, there are: 

Decreased responses when CB decreases and L 2 /  
BT increases 

Increased responses when both C, and L‘IBT 
decrease 

Uncertain effect when L 2 / B T  stays constant. 
Hence, a clear conclusion emerges that using reduced 
C, to increase length is advantageous but using it 
otherwise of doubtful value. Trends of relative bow 
motion with C, in the expanded study remained am- 
biguous. 

Some supplementary tests with different combina- 
tions of bows and sterns of two models (C, = 0.48) 
showed a clear advantage for all responses in increased 
V-ness of the bow, with or without a wide transom. 
At the same time, a wide transom showed an advan- 
tage in pitch and bow acceleration over a narrow-tran- 
som stern, while showing only slight improvement in 
heave and relative bow motion. 

( d )  Specific guidelines for design. We are now in 
a position to state a number of specific conclusions on 
the basis of both experimental studies and the theo- 
retical relationships considered in Section 4, Equations 
(204) and (206), to reduce the period ratios and in- 
crease damping. These apply to moderate to high-speed 
ships intended to operate in the critical and sub-critical 
speed zones, and should lead to reduced pitching and 
heaving motions: 

Ship proportions-Increase length relative to 
draft T, or BT, which generally implies increased 
L / V Increase B / T  for greater damping (if feasible). 

Coefficients of form-Reduce C ,  (more V-form, 
especially in forebody) with reduced C, and increased 
C,. Decrease C, by increasing length. (If length is 
decreased, effect is generally doubtful). 

To reduce pitching, and hence relative bow motion, 
but not heaving: 

Longitudinal distribution of W.P.-Increase the 
coefficient of waterplane inertia, C, (filling WL’s at 
ends). (Increase transom width in naval vessels). 

Longitudinal mass distribution-Reduce the coef- 
ficent of mass moment of inertia, CKz. 

The above are also generally favorable to reduced 
vertical accelerations, and usually, but not always, to 
relative bow motion. This means that separate consid- 
eration must be given to ensuring adequate freeboard 
forward to avoid excessive wetness and bow section 
shapes to minimize slamming. 

Note that the effects of changes in coefficients of 
added mass (heave, A ‘33) and added inertia (pitch, A ‘ 5 5 )  

are assumed to be negligible. 
I t  can be seen that one of the important parameters 

affecting pitching motion is longitudinal mass radius 
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of gyration. Although this is not often under the con- 
trol of the designer, there are exceptions, and there- 
fore this factor should not be overlooked. For example, 
locating machinery space amidships results in cargo 
being located closer to the ends than with (compara- 
tively light) machinery way aft, with a correspondingly 
long gyradius. In ships carrying high-density cargo all 
available cargo volume may not be needed, and there- 
fore arrangements to concentrate cargo closer to mid- 
ship may be feasible. This will reduce radius of 
gyration, shorten the natural pitching period and per- 
mit somewhat higher subcritical speed in irregular 
head seas. However, an increased midship sagging 
moment, both static and wave-induced, will result (Dal- 
zell, 1964). 

8.3 Other Design Considerations. ( a )  Above-water 
form. An important criterion of seakeeping perform- 
ance discussed in Section 7 is frequency of deck wet- 
ness forward. It has been shown in sub-section 8.2 
that, if the ratio between relative bow motion and 
length, SIL, is considered, the same trends of hull 
characteristics that favor reduced pitch and heave ap- 
ply. But shipping water depends not only on the rel- 

ative bow motion but on the above-water form and 
section shapes. Therefore, every effort must be made 
to ensure not only that the freeboard ratio, F/L,  se- 
lected is adequate, but that bow section shapes are 
suitable. 

It was shown in section 5.3 that calculations of rel- 
ative bow motion can be used to predict trends of 
required freeboard in relation to ship length on the 
basis of probabilities of shipping water (see Fig. 85). 
Bales (1979) has carried this approach even further. 

In Section 5.3 the non-linear factors that influence 
the true relative bow motion are also discussed and 
the difficulties of calculation explained. I t  is there rec- 
ommended that, if possible, model tests in irregular 
waves be used for a final determination of freeboard- 
as well as of the amount and shape of flared sections, 
use of knuckles, etc. General guidance derived from 
model tests is given by Newton (1960) for cargo ships, 
Moor and Luyster (1960) for tankers, and Van Sluijs 
and Tan (1972) for frigates. 

Some empirical guidance regarding suitable bow 
freeboard is given in Fig. 132, showing freeboard/ 
length ratios for a number of ships, as well as trends 
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obtained from the various sources indicated. In the 
case of large passenger liners it is generally considered 
that the bow freeboard of the Europa was inadequate, 
the America somewhat borderline, and the United 
States satisfactory. The left-hand part of the figure 
must be considered only as a general guide, however, 
since it has been shown in Section 5 that required bow 
freeboard depends greatly on the speed of the ship, 
as shown in the right-hand part of the figure, as well 
as above-water form. 
US. Navy procedures for determining minimum 

freeboard for various types of naval vessels is given 
in a Design Data Sheet (NAVSEA, 1982). Recommen- 
dations regarding other above-water hull design pa- 
rameters: 

“A suficient amount  of flare is  helpful in 
de$ecting water outward as the bow moves 
downward in to  a wave to decrease the occur- 
rences of deck wetness and to increase efective 
freeboard. However, extreme flare m a y  inten- 
sifg slamming impact and m a y  also cause 
greater speed loss than  would be necessary to 
l imit  wetness. Ships with superior wetness 
havejlare angles between 20 and 25 deg. 

“A knuckle is  often used in combination 
withjlare on ships in which there is a require- 
ment  to main ta in  arrangeable deck area for- 
ward and which would result in excessiveJlare 
i f  the flare were carried to the weather 
deck. . . . .  

“Spray rails provide a simple way of re- 
ducing deck wetness on designs in which wind 
driven spray is brought on deck or whipped 
in to  the bridge. Spray  rails areJtted forward 
below the edge of the weather deck. I t  should 
be pointed out that once the ship’s motions 
become so severe that the rails are submerged, 
the increase in efective freeboard is lost. 

“Sheer is increased forward in order to pro- 
vide the required freeboard. If excessive sheer 
is  required, then a bulwark m a y  be indicated 
o r  a raised fo %’sle added. . . . .  

“Breakwaters are important to above-water 
hull design because they protect deck equip- 
ment  once green water has been shipped on 
deck. The breakwater is  vee-shaped and is lo- 
cated forward of the forward-most g u n  o r  mis- 
sile launcher o n  the weather deck . . . . .  )’ 
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( b )  S lam avoidance. Another important criterion of 
seakeeping performance discussed in Section 7 is the 
probability of slamming. Calculated relative bow mo- 
tion is a good basis for determining the probability of 
bow emergence. However, the occurrence of bottom 
slamming depends also on other factors: hull form 
(particularly shape of bottom sections forward) and 
relative vertical velocity at impact locations. V-shaped 
sections and minimum flat of bottom are desirable. 
These effects are discussed in Section 5, where it is 
shown that available methods of predicting slamming 
probabilities by calculation must be considered ap- 
proximate for design use. Flare-entry slamming is 
even more difficult to calculate. 

For merchant ships and tankers that may operate 
over a wide range of drafts, the light-load or ballast 
condition is critical. Adequate ballast water capacity 
to keep the forward draft reasonably large is essential. 

To determine the acceptability of a new design the 
designer also has recourse to the slamming experience 
of other similar ships. For unusual designs model tests 
in irregular waves are undoubtedly the most reliable 
method to use for evaluation. 

( c )  Added power requirements. Because of today’s 
high cost of fuel the search for good seakeeping qual- 
ities must include consideration of the effects of op- 
timum choice of ship proportions on power 
requirements, under both calm sea and rough water 
conditions. As pointed out in Section 5, both added 
resistance and reduced propulsive efficiency enter in. 
The biggest factor in added resistance for high-speed 
ships is the effect of severe pitching and heaving, and 

therefore steps taken to reduce these motions will be 
advantageous for resistance. Fortunately, for high- 
speed ships the trend toward increased L / V 1’3 dictated 
by seakeeping considerations should have a favorable 
effect on calm water resistance and power. This has 
been confirmed by calculations and model tests, such 
as those reported by Schmitke and Murdey (1980), also 
(Bales and Day, 1982). Propulsive efficiency for all 
types of ships is also adversely affected by pitching 
and heaving motion. Hence, reduction in motions 
should be generally favorable to low loss of propulsive 
efficiency. Trends toward reduced draft at the stern 
can lead to more frequent propeller emergence, or to 
restrictions on propeller diameter, either of which may 
have an unfavorable effect. 

The situation may be quite different for full bodied, 
low-speed ships where energy losses in the reflection 
of on-coming waves may be a more important factor 
in resistance than motions and may call for U rather 
than V-form sections forward (finer waterline end- 
ings). In such cases there may be a trade-off between 
damping of motions and added resistance in waves. 
Furthermore, if motions are less of a problem at low 
speeds, a shorter hull length may be advantageous, 
and economic trade-off studies are called for as dis- 
cussed as Sub-section 8.6. 

Bulbous bows are often used to reduce wave-making 
resistance of high-speed ships and to improve flow 
conditions of low-speed, full-form ships (Chapter V). 
The question arises as to their effects on seakeeping 
performance. In general, model tests in waves show 
little effect of bulbs on motions, but an increased prob- 

LENGTH BETWEEN PERPENDICULARS, FEET 

Fig. 132 Suitable bow freeboard trends 
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ability of slamming in severe seas, especially with 
larger bulbs. High-speed ships in waves shorter than 
their lengths may show somewhat less added resist- 
ance when fitted with moderate-sized bulbs (Dillon and 
Lewis, 1955). But this is not always the case, and if 
slamming occurs it will, of course, limit the attainable 
rough water speed (Wahab, 1966). I t  seems best to 
adopt a bulbous bow only for reasons of calm water 
resistance, after making sure that any adverse effects 
in rough water are acceptable. 

Bow sonar domes may be a problem with naval ves- 
sels. Since they are relatively “soft” structures, in 
order to transmit sound, they can be easily damaged 
by slamming. Usually they are located deeper in the 
water than conventional bulbous bows and therefore 
may have less effect on motions. 

8.4 Factors Affecting Rolling. Considering the 
transverse motions (roll, yaw and sway), roll is of 
particular interest for conventional ships because it 
makes the largest contribution to the objectionable 
accelerations. For most ships the magnitude and fre- 
quency range of these accelerations happen to corre- 
spond to those of maximum human sensitivity and thus 
are very likely to produce motion sickness in rough 
seas. However, in the design of high-performance craft 
the resulting unique hull forms often have motion 
characteristics such that some other motion (say, 
pitch) is more likely to produce sickness. For conven- 
tional ships, although roll is the most noticeable com- 
ponent of transverse motions, yaw and sway (also 
heave), contribute to the accelerations experienced by 
personnel and equipment. Hence, as noted previously, 
the apparent vertical reference is actually normal to 
the wave surface in relatively long beam seas. The 
ideal for comfort is for the ship to follow the wave 
slope, i.e., to roll very little with respect to the apparent 
vertical, rather than to the gravity vertical (Chadwick, 
1955). 

The magnitude of rolling depends both on the re- 
lationship between ship and wave dimensions and on 
resonance effects; just as in the case of longitudinal 
motions. But since a ship’s breadth is always less than 
its length, the wavelengths having significant effects 
on rolling are usually much shorter and therefore oc- 
cur more frequently. Furthermore, the usual L / B  ra- 
tios result in less transverse stability and less damping 
of transverse motions, with consequent greater sen- 
sitivity to resonance effects. I t  was noted in Section 
3.8 that magnification factors of 10 are common when 
no artificial damping is introduced. At the same time, 
passive or active damping devices can be more effective 

- than for other motions, such as pitch. 
Hence, the first step in design for reduced rolling is 

to introduce artificial damping, bilge keels being the 
simplest and most effective device. Sharp or short- 
radius bilges may be helpful and also an increase in 
ship breadth. The latter will tend to increase slightly 
the length of waves required to excite rolling, but it 

may also have the more unfavorable effect of increas- 
ing the roll natural frequency. 

Since resonance effects are very important in rolling, 
it would be desirable to design for a natural period 
that avoids resonance entirely. This is seldom possible 
because of the wide range of wavelengths to which a 
ship will respond in beam or quartering seas. However, 
it is fortunate that roll amplitudes are asymptotic to 
maximum wave slope in long waves (low frequencies), 
and therefore, except in the vicinity of resonance, the 
response will tend to the ideal situation-i.e., following 
the wave slope. Fig. 133 shows typical rolling response 
of a cargo ship to the angular components of both a 
mild and a rough short-crested beam seaway. Since 
this figure is in the log-slope format, the longer waves 
and lower frequencies are to the right. It is clear that 
moving the roll RAO to the right (lower natural fre- 
quency) would lead to a reduction in roll response, 
even to attainment of a supercritical condition as de- 
fined in Section 4. Furthermore, as the natural fre- 
quency is reduced (natural period increased) the 
resulting accelerations, with constant roll amplitude, 
would reduce as an2. A long natural period also re- 
duces the likelihood of synchronous rolling, as a study 
of Fig. 134 (based on Fig. 78) will show. For any given 
range of wavelengths, the longer the natural period 
the narrower the range of directions and speeds at 
which synchronism will occur. 

With this approach, as noted in Section 7.6 (Fig. 110), 
the longest practicable natural roll period of ships is 
favorable as far as reducing seasickness (MSI) is con- 
cerned. Ships with low natural frequency are usually 
known as easy rollers, while ships with high natural 
frequency are s t i f  and usually experience abrupt and 
unpleasant rolling. An example was the liner Malolo 
which was known as an uncomfortable ship u 1 1  ex- 
tensive alterations were made to reduce its GM. (It 
was then renamed Matsonia). 

A study of Equation (173), Section 3.8, shows that 
the simplest way to achieve a long natural p e r i o h f  
roll is to adopt a low value of metacentric height, GM. 
Unfortunately, this affects the ship’s transverse sta- 
bility adversely, and the minimum stability standards 
discussed i n h a p t e r s  I1 and I11 may not be met. Re- 
duction in GM may involve reduction in beam, which 
is generally unfavorable to damping. Reducing the 
transverse gyradius is helpful in increasing the natural 
period, but it is usually governed by other design con- 
siderations. 

A special case is the semi-submersible floating plat- 
form often used for oil drilling. I t  makes use of buoy- 
ancy cylinders located well below the sea surface, with 
an open structure of struts connecting them and sup- 
porting the platform above the water. These design 
features take advantage of the fact that wave exci- 
tation reduces rapidly with draft (i.e., depth below the 
surface) and the open construction leads to small wa- 
terplane moments of inertia, hence low stability but 
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long rolling period. The result is small rolling motion 
over a wide range of sea conditions. 

Another approach to the reduction of rolling is to 
go in the direction of subcritical operation (Hutchison 
and Laible, 1987). This implies reduced natural period 
(increasednatural frequency), which involves in- 
creased GM and often increased beam. If carried far 
enough-as with a rectangular barge or floating plat- 
form-this couldmean that resonant response, if lim- 
ited by a high GM to a range of wavelengths of say 
B / 2  and less, would be negligibly small because the 
hull would span a t  least two wavelengths and damping 
would be very high. Rolling in response to longer 
waves would tend to follow the wave slope and there- 
fore would not be objectionable. 

Hutchison and Laible (1987) have shown that a re- 
search vessel could be designed to provide an excep- 
tionally steady platform with L / D  = 3.4 (instead of 
the usual 4.5 - 5.5). Of course, this vessel would not 
be expected to fully attain subcritical operation in all 
circumstances, but the design did move in that direc- 
tion. 

Although design for reduced rolling is difficult, roll 
is much easier to control than any other ship motion 
because transverse wave moments are relatively 
small. Since rolling response operators show sharp 

peaks at resonance, over a narrow spread of wave 
frequencies, various devices other than bilge keels can 
be installed to further damp or otherwise reduce roll- 
ing, as discussed in Section 6. Many cruise ships and 
naval vessels are fitted with anti-rolling fins or passive 
anti-roll stabilizers, which are very effective in reduc- 
ing roll. Cargo ships can also benefit from having one 
or the other of these devices installed. But as with all 
ships, the reduction in rolling attainable must be 
weighed against the disadvantages of the added direct 
cost of the anti-roll device, and its added weight, drag 
and required space, all of which may detract from the 
earning power of the ship. Fortunately, with the pro- 
cedure for calculating voyage time as a function of 
season and route outlined in Section 7.8, the economic 
advantage of anti-roll stabilization can be quantified. 
Thus, the economic arguments for and against roll 
stabilization can be satisfactorily resolved, as consid- 
ered in Section 8.6. 

Another interesting possibility discussed in Section 
6 is the use of rudders for control of roll as well as 
of heading of the ship. This scheme has the advantage 
of making use of an existing system, with some mod- 
ifications, thus substantially reducing the cost, weight 
and resistance penalties. However, special care is re- 
quired to the design of rudders that will produce large 
transverse as well as longitudinal moments. 

Rolling is known to increase the resistance of a ship, 
although little quantitative data are available. Exter- 
nal devices such as bilge keels or anti-rolling fins add 
their own resistance, but this effect is usually more 
than balanced by the reduction in roll-induced resist- 
ance produced. Hence, well-designed devices may be 
expected to have a favorable effect on powering and 
hence on fuel consumption. 

Yawing and swaying in oblique seas, with the related 
rudder action, also increase resistance, but these ef- 
fects are relatively minor. A more important aspect 
may be the leeway angle experienced in bow seas. This 
leeway angle may give rise to an induced drag of 
appreciable magnitude. 

8.5 High-performance ships. The main emphasis of 
this book has been on conventional, monohull ships, 
but attention has also been given to other vehicle types 
that operate at the water-air interface. Since a good 
deal of the incentive for investigating some of the 
newer interface vehicle types resides in their promise 
to reduce motions in a seaway, some of the important 
seakeeping features of these newer vehicle types will 
be discussed in this section. For a more complete and 
also realistic discussion and appraisal of each type, 
particularly for naval applications, the reader is re- 
ferred to Eames (1981) and to the special February, 
1986, issue of the Naval Engineers Journal. 

( a )  Catamarans. An old type of craft that has been 
receiving attention in recent years is the catamaran, 
which can provide large deck areas and any degree of 
transverse stability, for use as a ferry, oceanographic 
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Fig. 134 Zones of probably heavy rolling of ships with 8 and 24-second roll periods among waves of 61 to 183-m (200-600-ft) length (see Fig. 78) 

research ship or oil-drilling platform. Navy experience 
with the design of the oceanographic research cata- 
maran Hayes (Hadler, Lee, e t  a1 1974) has shown that 
relative bow motions were excessive in the open North 
Atlantic, resulting in slamming on the cross-structure. 
On the basis of research and development work at 
DTRC, a fixed hydrofoil was designed and installed 
forward between the two hulls to  provide damping of 
pitch and heave. This was found to reduce relative bow 
motion and slamming to acceptable levels, and also 
reduced coupled roll-pitch or corkscrew motion. 

The above paper also discusses other aspects of the 
seakeeping design problems of the catamaran, includ- 
ing choice of overall dimensions and the ratios L / B  
and L/T. I t  is recommended that roll and pitch natural 
periods be kept as far apart as possible to minimize 
corkscrew motion. An extension of basic ship motion 
theory is presented to permit the calculation of coupled 
pitch-heave motions, and in addition the loads on cross- 
structure connecting the two hulls. It is recommended 
that the design of the damping foil be undertaken at 
the beginning of the catamaran design, and a method 
for designing the foil is given. 

( b )  SWATH. A relatively new version of the older, 
twin-hull catamaran is the Small-Waterplane-Area 
Twin-Hull (SWATH), which is a noteworthy applica- 

tion of the principle of supercritical operation dis- 
cussed in Section 4. The SWATH configuration 
includes two streamlined, totally submerged, longi- 
tudinally oriented, buoyant hulls of circular or elliptical 
cross section. These two hulls support, by means of 
one or more vertical surface-piercing streamlined 
struts, the weight of a wide ship platform spanning 
both hulls located substantially above the air-water 
interface. Since the rough water surface is penetrated 
only by the thin, small-waterplane-area struts, not only 
is the excitation by ocean waves of the vertical motions 
of the SWATH reduced, compared to a conventional 
surface ship or to a traditional catamaran, but long 
natural pitching and heaving periods result. Hence, 
the SWATH is capable of attaining high-speed super- 
critical operation in moderately rough head seas, up 
to the point a t  which severe slamming on the cross- 
structure begins. 

Numata (1980) described a number of SWATH ves- 
sels and gave results of model tests of four of them 
in calm water and in waves. These showed clearly the 
relatively light damping in pitch and heave, as well as 
roll, which makes them very sensitive under conditions 
of resonance, also (Lee and Curphey, 1977). Numata 
shows how the conditions for severe motion can be 
estimated by calculating the undamped natural period 
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of pitch and determining the forward speed that pro- 
duces resonance with the component wave correspond- 
ing to the peak of the wave spectrum (modal period). 
(Use is made of Fig. 78, Section 4, for this purpose). 
To attain supercritical operation in head seas the for- 
ward speed must be well above this critical speed. 
However, as resonant conditions are approached, it has 
been found that fixed or controllable foils can provide 
effective damping of pitch and heave. 

In stern seas the long natural pitching and heaving 
periods may delay achievement of supercritical oper- 
ation until very high, perhaps unrealistic, speeds, and 
will contribute to critical yaw motions a t  low speeds. 
To minimize these effects, the anti-pitching fins fitted 
forward and aft are effective. By canting these fins 
downward they may also be used as rudders, thus 
obviating the need for a separate rudder system for 
steering. 

Lee and Curphey (1977) have presented a modified 
linear theory for calculating SWATH motions. A strip 
method is used for obtaining hydrodynamic coeffi- 
cients, and allowance is made for viscous damping 
effects and for the lift and moment of the stabilizing 
fins. Good results were obtained in comparing theo- 
retical calculations of motion with experimental data 
on two models. However, improvement in theory is 
needed for the case of following waves, especially 
when controllable fins are to be used. McCreight (1987) 
gives a methodology for investigating the relationship 
between hull characteristics and seakeeping perform- 
ance. See also Lamb (1987). 

I t  is important to notice that SWATH ships (and 
most supercritical ships) must be designed to make a 
smooth transition between sub-critical and super-crit- 
ical modes of operation. In the case of SWATH, as the 
wave height gets so large that cross-structure slam- 
ming would occur, so does the wave period get large. 
This long wave period is in better tuning to the ship’s 
heave period, and results in increased heave response, 
which may assist the ship in lifting itself above the 
oncoming wave and avoiding slams. In SWATH design 
the selection of heave natural period as a function of 
cross structure height is important. 

(c) Planing craft develop dynamic lift not by means 
of foils but rather by virtue of the angle of attack of 
the relatively flat bottom of their hulls. At low speed 
they are completely buoyantly supported, while at top 
speed they are partially supported by dynamic lift and 
partially by buoyancy. 

In smooth water and slightly rough seas planing 
craft can attain high (super-critical) speeds. But as 
seas become rougher severe pounding, with high ver- 
tical accelerations, are experienced in head seas. 
Hence, the selection of suitable dead-rise angles is 
vitally important (Savitsky and Brown, 1976), (Martin, 
1978). 

An interesting development of a planing craft with 
high rough-water speeds is the so-called Sea Knife 

(Payne, 1974). The hull is narrow, so that the planing 
surface is relatively small and the waterline endings 
very sharp. This permits the hull to cut through the 
waves and attain a supercritical condition of operation. 
(d) Hydrofoil craft. Among the dynamically sup- 

ported vehicles, the hydrofoil ship is like the SWATH 
ship in that the hull is also carried above the water 
surface by struts. But in the hydrofoil case the support 
is provided by transversely oriented, hydrodynamic 
lifting surfaces (hydrofoils) rather than by longitu- 
dinally-oriented buoyant hulls. Many commercial hy- 
drofoil ships are built with fixed transverse foils 
incorporating a dihedral so oriented that the hydrofoils 
pierce the free surface in the normal flying mode. This 
arrangement provides the vehicle with inherent ver- 
tical, transverse and longitudinal stability. On the 
other hand, most military and some commercial hy- 
drofoil craft are built with completely submerged hy- 
drofoils, having little or no dihedral, which require an 
automatic control system to provide vehicle stability. 
Ships with submerged foils have the advantage of re- 
duced drag and reduced motions in rough seas, but 
are considerably more expensive to build than hydro- 
foil craft with surface-piercing foils. 

Hydrofoil craft can easily attain supercritical oper- 
ation in seas of moderate severity, when the hull is 
carried clear of the wave crests. Some problems in 
seakeeping design of both types of hydrofoil craft and 
methods of solution are discussed by Hirsch (1967) 
and Johnson (1985). 

(e) ACV and SES craft. Both Air Cushion Vehicles 
(ACV) and Surface Effect Ships (SES) are supported 
by a pressurized cushion of air between the water 
surface and the bottom of the vehicle. With the ACV 
the air cushion is contained within a flexible peripheral 
skirt around the entire hull. Using air propulsion, ACV 
may be a truly amphibious craft. In contrast to the 
ACV, the SES has two sidewalls that penetrate the 
water surface and help contain the air cushion. They 
not only decrease cushion air losses but also increase 
water drag and deny amphibious operation to the SES. 
Resistance “hump” characteristics dictate that an SES 
designed for speeds between 40 and 60 knots incor- 
porate a high length-to-beam ratio. These speeds may 
be sub-or supercritical depending on sea conditions. 

ACVs have been extensively developed in Great Brit- 
ain under the designation hovercraft. They have been 
successful in commercial operation, notably in provid- 
ing regular ferry service across the English Channel. 
These craft have low L / B  ratios, and their seakeeping 
performance depends greatly on their ability to main- 
tain height above the water surface to clear the tops 
of the waves. Seakeeping problems are discussed by 
Lavis (1972), Moran, Fein and Magnuson (1974) and 
Bebar, Kennell, et  a1 (1985). 

For SES craft equations of motion with six degrees 
of freedom are presented in a paper by Kaplan, Bent- 
son and Davis (1981), where the important differences 
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in dynamic behavior between SES and conventional 
mono-hulls are discussed. I t  is interesting to note that 
pitch/heave wave excitation forces on the SES arise 
mainly from variations in the buoyancy of the im- 
mersed sidewalls, since “the greater part of the wave- 
induced forces are imparted through the air cushion 
a t  a uniform pressure.” Rolling motion is affected by 
sidewall draft, which determines when sidewall emer- 
gence will occur, and by distance between sidewalls 
relative to KG, which affects the natural period of roll. 

Ver i f i ca t z  of theoretical motion calculations by 
model tests is complicated by the fact that cushion air 
pressure does not follow Froude scaling. The proce- 
dure adopted is to carry out computer calculations “for 
the same test conditions at the same scale as the model 
itself is experiencing. The results of the model test 
and the computer program outputs are then to be com- 
pared. ” If the theory is thus verified for model scale, 
then it can be used with confidence to compute full- 
scale motions. In the work of Kaplan, et  a1 (1981), the 
theory was found to agree reasonably well with model 
tests for pitch and heave in head seas for six SES 
designs for which model results were available. A few 
comparisons with full-scale test craft have indicated 
generally good results from combined model tests and 
theoretical calculations. But direct comparisons are dif- 
ficult because of wave measurement problems at sea. 

In general, SES craft experience high vertical ac- 
celerations in head seas because of the high frequen- 
cies of wave encounter and the pressure pulses 
experienced with air leakage in the bow-up condition. 
Hence, some type of ride control system is required 
on an SES operating in the open sea. This involves the 
controlled alteration of cushion air pressure and has 
been quite successful (Kaplan, et  a1 1981). 

8.6 Seakeeping Design Procedures. ( a )  General. 
Because of the importance to seakeeping performance 
of ship or “platform” configuration and dimensions, 
it is clear that for best results seakeeping considera- 
tions should be taken into account a t  the earliest stages 
of design, before basic dimensions and other param- 
eters have been selected. Hence, it is important to  
consider rational design procedures that make this pos- 
sible. 

For high-speed ships an early consideration is 
whether the mission or service of the ship involves 
primarily sub- or super-critical operation in rough seas. 
All ships, no matter how designed, achieve super-crit- 
ical operation if the sea state is mild enough, but in 
the severe seas often experienced in the open ocean 
most ships cannot be expected to push above the crit- 
ical zone, and therefore the sub-critical (or critical) 
regime has more influence on design. However, for 
high-performance craft, such as are discussed in the 
preceding sub-section, there may be a choice, which 
can have a drastic effect on the design. 

For example, there are certain missions for which 
either a fine, monohull with short pitching period or a 

SWATH design with a long period might be suitable. 
In fact, McCreight and Stahl(l985) have attempted a 
seakeeping performance assessment of several de- 
signs of each type, indicating the circumstances under 
which either might be preferred. Kennell, et  a1 (1985) 
compared two monohull designs and a SWATH. 

For most ships, regardless of speed, the critical and 
sub-critical ranges of operation govern design for sea- 
keeping. This usually calls for short natural periods 
of pitch and heave, together with as high damping as 
possible. 

I t  is also important to decide as soon as possible in 
the design as to whether or not special anti-rolling 
devices (other than bilge keels) or anti-pitching fins 
are to be considered (See Section 6). 

In a chapter, “Mission Analysis and Basic Design,” 
by R. K. Kiss (Taggart, 1980) the importance of con- 
sidering rough weather performance early in the de- 
sign of any ship is emphasized (Section 3, Concept 
Design). I t  is explained that, “for any particular set 
of requirements, there is an infinite number of com- 
binations which give the transport or mission capabil- 
ity desired; i.e., for cargo ships: capacity, deadweight, 
speed and endurance.” Computer-aided parametric 
studies provide a means for exploring a wide range of 
ship proportions and form, and determining those com- 
binations that provide acceptable technical solutions. 
The guidelines in Sections 8.1-8.5 can be used in de- 
ciding what alternate design configurations and range 
of hull characteristics are to be explored. I t  is partic- 
ularly important that a wide range of lengths be in- 
cluded. The next step is then to produce alternate 
preliminary or concept designs for consideration. Sea- 
keeping evaluations can then be carried out  and finally, 
a selection made of the final design on the basis of 
economics, as discussed subsequently. 

For the seakeeping evaluation, the theory of ship 
motions presented in Sections 3 and 4 provides valuable 
tools for predicting the motions of a specific hull, or 
comparing alternative designs, in specific sea condi- 
tions at stated speeds and headings. For our purpose 
these studies must include the derived responses dis- 
cussed in Section 5 that correspond to the criteria pre- 
sented in Section 7. These include accelerations at 
critical points, frequency of slamming and of shipping 
water, and added resistance and power. Calculations 
may be supplemented by self-propelled model tests in 
irregular waves, especially when estimates based on 
empirical data must be used. 

Repeated computer calculations provide the best 
means of identifying directly the precise effect of 
changing the various parameters defining hull propor- 
tions and form. Each parameter affects the various 
coefficients in the equations of motion differently, and 
the coefficients depend in turn on frequency of wave 
encounter, forward speed, etc. Furthermore, coupling 
between modes of motions, phase angles and forward 
speed influence the manner in which the various terms 
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in the equations interact. Therefore, several sets of 
calculations-perhaps supplemented by comparative 
model tests-are needed. 

It should be noted that  the calculation of power 
requirements in different sea conditions, ship headings 
and speeds is needed not only for the seakeeping eval- 
uation (SPI-2) but also for the reliable determination 
of required installed power for the machinery design 
of a fas t  ship in a rough-weather service, where an 
arbitrary percentage addition to trial power would be 
unsatisfactory (Lewis, 1958). If the calculated average 
voyage speed is not adequate for the proposed oper- 
ating schedule there are  two steps possible in the de- 
sign stage. One is to increase the maximum power in 
order that  speed can be increased when the more mod- 
erate sea conditions prevail; the service power require- 
ment would then be determined by the duration of the 
periods of more moderate seas during which the time 
lost must be made up. The other method of decreasing 
voyage time is to modify ship size, proportions, free- 
board, ballast capacity, or other characteristics in or- 
der to raise the limiting speeds in the more severe sea 
conditions. 

The seakeeping evaluation of alternative designs in- 
volves the choice of a suitable index, a s  discussed in 
Section 7. For merchant ships, and naval transit mis- 
sions, the principal measure of seakeeping perform- 
ance is the Transit Speed Index, SPI-2. Since this 
involves both voluntary and involuntary speed reduc- 
tion it depends on both ship motions and added power 
required in waves. For most naval ships the principal 
index is that  of Mission Effectiveness, SPI-1, which 
involves the many factors discussed in Section 7. This 
index also applies to survey vessels and fishing craft 
on station. 

Although the procedures discussed in Section 7 for 
calculating the seakeeping performance indexes were 
intended mainly for naval vessels, they can be ap- 
plied-perhaps with some shortcuts-to commercial 
ships a s  well. These techniques involve the use of 
Speed Polar Plots, with Seakeeping Operating Envel- 
opes (SOE), the Operability Index (01) as  a function 
of sea state and finally the appropriate overall, long- 
term Seakeeping Performance Index (SPI-1 or 2). Sep- 
arate discussions follow for merchant and naval ships. 

( b )  Merchant ship evaluation. Having established 
a number of alternative acceptable concept hull de- 
signs, the principal subjects for study are motions and 
added power requirements in waves. Using the tech- 
niques discussed in previous sections, ship responses 
can be predicted in different representative sea con- 
ditions, a t  various speeds and headings, and estimates 
made of attainable speed and required power. Consid- 
ering the frequency of occurrence of the different sea 
conditions expected in the ship's service, the average 
voyage speeds or times (SPI-2) can be estimated for 
different seasons, along with the corresponding power 
requirements. 
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Procedures for technical evaluation have been pre- 
sented by Chryssostomidis (1972), Bringloe (1978) and 
Hutchison (1981) in more or less detail. However, the 
final evaluation should be in economic terms (MandeI 
and Leopold, 1966). This may be done on the basis of 
Required Freight Rate (RFR), computed first for each 
design under ideal fine weather conditions. To obtain 
RFR under operational sea conditions the ship per- 
formance calculations must be extended to cover fuel 
consumption at reduced speeds, and effects of rough 
weather delays on port times, hence on cargo handling 
and other terminal costs. The final evaluation may then 
be in the form of a plot of overall annual RFR against 
ship length, first under ideal calm weather and then 
under actual anticipated service conditions. Such a plot 
would not only establish the optimum design but would 
indicate the penalties involved in departure from the 
optimum because of considerations of first cost, ter- 
minal or port restrictions, etc. 

Although the approach to merchant ship design just 
described is not in general use, current research spon- 
sored by the H-7 Panel of SNAME has developed the 
procedure in more detail and applied it to the design 
of a 21-knot container ship for North Atlantic service 
(Sellars and Setterstrom, 1987). Fig. 135 is a plot of 
results tabulated in the paper for alternative designs 
intended to provide regular weekly liner service be- 
tween New York and a European port with three ships 
of 1290 TEU capacity (7,600 miles round trip). Prelim- 
inary economic studies of ships 175 to 251 m (575 to 
825 f t )  in length had established that under ideal calm 
water conditions the minimum RFR was obtained with 
a 183-m (600-ft) ship (0.55 block coefficient). Designs 
for seakeeping evaluation in the figure ranged from 
183 to 251m (600 to 825 f t )  in length and 169 to 78 in 
W / ( L /  loo)', using the better of two operating sched- 
ules studied. Comparative costs are expressed in terms 
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Fig. 135 Variation of Required Freight Rate with ship length 
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of RFR/TEU, where RFR is based on total operating 
costs, including annualized initial costs and costs of 
cargo handling and of fuel a t  $156 per long ton. 

It may be seen in the figure that the optimum design 
under realistic operating conditions is the one with 229- 
m (750-ft) length, which is substantially different from 
the 183-m (600-ft) length determined for calm water. 
However, the difference in RFR is only $10/TEU or 
about 1 percent. The question remains as to whether 
or not the saving (in fuel and cargo handling costs) is 
worth the extra initial and operating costs. The paper 
notes that a benefit-to-cost ratio, defined as the ratio 
of fuel and cargo handling cost reductions to the sum 
of increases in capital and operating costs, is about 
1.8 for the 229-m (750-ft) ship; 2.0 for the 312-m (700- 
f t )  design. For longer trade routes, such as Seattle to 
Tokyo, the savings are expected to be greater. 

( c )  US.  Navy design procedure. Following a Navy 
Seakeeping Workshop (NAVSEC, 1975) the U.S. Navy 
not only accelerated its seakeeping research but began 
the development of procedures that allowed seakeep- 
ing to be incorporated into the routine process of sur- 
face ship hull design. The procedure, as described in 
Section 7 and in Keane and Sandberg (1984), involves 
the evaluation of seakeeping performance of alterna- 
tive designs, along with the evaluation of speed and 
power and of maneuverability. Use is made of the 
Seakeeping Performance Indexes also discussed in 
Section 7, and described by Comstock and Keane 
(1980). Examples of the evaluation of alternative naval 
designs were given in Comstock, et  a1 (1980), Mc- 
Creight and Stahl(l985) and Kennell, et  a1 (1985), as 
well as in Sections 7.7-7.8. 

An important refinement introduced by Lin, Day, et  
a1 (1984) was to “evaluate the seakeeping performance 
at the same time, or preferably before, optimizing the 
hull form for powering, within given constraints. ” As 
they explain, in the traditional hydrodynamic design 
of hull forms, the primary consideration has been to 
achieve good performance in calm-water resistance 
and powering. Seakeeping usually has not been con- 
sidered in selecting the primary hull form design pa- 
rameters. However, Bales (1980) developed an 
approximate Seakeeping Rank Estimator and demon- 
strated that the use of such a method based on ship- 
motion theory can provide major improvements in the 
seakeeping characteristics of a hull design. I t  was 
feared that such hull designs optimized for  seakeeping 
alone might sustain higher-than-normal resistance. 

Experience and theoretical analyses have shown that 
calm-sea resistance characteristics of a hull design are 
more sensitive than seakeeping characteristics to local 
hull geometry changes. Therefore, Lin, Day, et  a1 felt 
that if a hull is‘optimized first for seakeeping, it is 
likely to have enough flexibility for additional modifi- 
cations in local geometry to reduce resistance while 
maintaining good seakeeping characteristics, but not 
vice versa. 

An example is given by Lin, Day, et a1 (1984) in 
which the foregoing procedure was followed in a naval 
ship design and an excellent compromise obtained by: 

Keeping a large value of C, and small value of 
C, in the forebody to favor good seakeeping without 
significant effect on resistance. 

Adopting a wide transom stern instead of a cruiser 
stern, to improve the resistance without reducing wa- 
terplane coefficient. 

Economics should not be neglected in the case of 
naval vessels, but design studies are often limited to 
considering initial cost in relation to overall mission 
performance, without attention to operating costs. In 
time of war it can be argued that economic consider- 
ations in the design of naval ships are definitely sec- 
ondary to mission performance. Yet even then, since 
cost represents an index of resources expended, both 
physical and manpower, economics cannot be over- 
looked. In any case, it can also be argued that in peace- 
time federal budget limitations dictate that both initial 
and operating costs be given full consideration in de- 
sign (Leopold, 1974). 

It has been shown that the economic evaluation of 
commercial ship designs usually involves the total an- 
nual cost, including both the annualized (or amortized) 
initial cost and the annual operating cost; which can 
then be related to the annual quantity of cargo carried. 
In the case of many government projects, it has been 
customary to take the alternative approach of deter- 
mining the life-cycle cost, i.e., the initial cost plus the 
total lifetime operating cost. For ships (or fleets of 
ships) the design that would accomplish a desired mis- 
sion (or group of missions) a t  the lowest life-cycle cost 
would then be the optimum design. As a practical mat- 
ter, only initial costs are usually considered in naval 
design procedures. 

An example of a military economic study was given 
by Gatzoulis and Keane (1977) for the case of proposed 
installation of active fin stabilizers on a class of frig- 
ates, with respect to helicopter operations. Operational 
effectiveness was evaluated in terms of percentage- 
time that helicopter operations could be performed 
with certain assumed profiles of ship speed vs. time, 
heading to the sea and sea state. Hence, it was possible 
to determine the improved effectiveness of the frigate 
with stabilizers and to compare this with the initial 
cost of their installation. In this case it was found that 
the effectiveness increased many times faster than the 
cost. 

Brown (1985) presents a method of placing a dollar 
value on the seakeeping performance of surface war- 
ships. The method is based on the assumption that the 
value of the ship is equal to the total cost per day 
(capital charges plus operating expenses) of keeping 
the ship at sea. This value can be determined both for 
ideal, calm sea conditions and for several sea states, 
and then a weighted average calculated for an ex- 
pected profile of sea states. 
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Nomenclature 
Motions in Waves 

The following symbols apply to Chapter VIII only. 
The phrase "stands for" is understood between the 
symbol and its definition. 

stands for area of bilge keel 
waterplane area 
non-dimensional coefficient of added 

mass (heave) 
non-dimensional coefficient of added 

inertia (pitch) 
breadth 
width, bilge keel 
coefficient, generally 
block coefficient 
coefficient, waterplane longitudinal 

ratio, longitudinal gyradius to ship 

waterplane inertia coefficient 
non-dimensional hull bending move- 

midship section coefficient 
waterplane area coefficient 

radius of gyration 

length 

ment coefficient 

Coefficients in Equations of Motion 

ajk, A,, sectional and overall added mass 
bjk, Bjk sectional and overall damping 
cjk, q.k sectional and overall restoring I 

(subscripts j ,  k indicate mode) 

CB 
CG 
D 
e 

E 
F 

FP 
4 

center of buoyancy 
center of gravity 
duration; diameter 
base of logarithm, In 
total variance of a wave system 
force; freeboard at FP; F, freeboard 

a t  specified point 
forward perpendicular 
total force on moment acting on ship 

in waves in j th  mode 

exciting force on moment inj th  mode 
hydrodynamic force on moment due 

net hydrostatic force on moment in 

Froude number 
non-dimensional roll moment ampli- 

metacentric height 
righting arm 
acceleration due to gravity 
(or ((h,)1/3)) average height of the 

1/3 highest waves, or signiJicant 
height 

(or((hJU10)) average height of the 
l/lOth highest waves 

visually estimated wave height 
depth of water 
height of regular wave, crest to 

mass moment of inertia 
coefficient indicating relative impor- 

tance of particular ship functions 
component, generalized inertia matrix 

of ship including all inertia terms; 
mass terms, Ajk 

to forced motion in j th  mode 

j th  mode 

tude 

trough 

height of CG above keel 
wave number = 27r/L, = w2/g 
longitudinal waterplane radius of gy- 

ration 
longitudinal gyradius or mass radius 

of gyration 
length of ship 
wavelength 
longitudinal center of buoyancy 
longitudinal center of flotation 
logarithm to base e 
spreading function for short-crested 

wave bending moment 
motion sickness incidence 

sea 
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m 

P S  

PU 

P,  
Pi 

R 
r 
r 

RAO 
RBM 

RFR 

SOE 
SPI-1 

SPI-2 

S 

- s 
T 
Tc 

moment, generally; also mass of ob- 
ject in or on ship 

spectral moments of area under S(,) 
subscript indicating 0-4th moments 

number of cycles of response 
two-dimensional and generalized unit 

operability index 
probability; fluid pressure; power 
pseudo-spectrum (directional) of re- 

probability of a given sea state 
probability of a given ship-wave head- 

probability of a given ship speed 
probability of a ship being operable 

at a given speed and heading in a 
given sea state 

resistance; radius 
segment radius 
= (Z, 7j, 2) the position vector of point 

(Z, 7j) 3 
Response Amplitude Operator 
Relative Bow Motion, vertically, be- 

tween a point at the bow and the 
wave surface 

Required Freight Rate for even trade- 
off between estimated expenses and 
revenues 

normals 

sponse 

ing 

area, in general 
underwater hull surface area 
wave spectrum (as a function of fre- 

wave spectrum at a point 
wave slope spectrum at a point 
response spectrum in j-mode as a 

response spectrum in j-mode as a 

Seakeeping Operability Envelope 
Seakeeping Performance Index; tran- 

sit speed 
Seakeeping Performance Index; mis- 

sion effectiveness 
relative bow motion (RBM) between 

a point on the bow and the water 
surface (scalar value of i j R  at FP) 

quency) 

function of w 

function of w ,  

amplitude of relative bow motion 
wave period; draft 
average period between peaks (or hol- 

lows) of wave record 
period of wave encounter 
still-water draft forward 
modal wave period; period corre- 

sponding to peak of S ( w )  

T- 1 

TEU 

UO 
VC 

WP 
V 

visually estimated wave period 
period of a regular wave 
average period between zero up- 

crossings (wave record) 
average period of component waves 

in a seaway 
period corresponding to average fre- 

quency of component waves 
ship's natural period of oscillation in 

jth mode 
Twenty-ft Equivalent Unit (cargo con- 

tainers) 
forward velocity of ship (or V) 
wave velocity or celerity 
dummy variable 
waterplane 

Coordinates of Axis Systems 

x, y, x 

x,, yo, xo, 

X, g, Z 

moving with same velocity as the ship 
(inertial coordinates) 

fixed in relation to the earth, with x, 
axis set in direction of travel of ship 

fixed in the ship (body axes) 
x distance from origin along X-axis, 

y distance from origin along Y-axis, 

x distance from origin along Z-axis, nor- 

normal to y, x 

normal to x, x 

mal to x, y 
Greek Symbols 

a (alpha) 

/3* (Beta) 

A 
Ajk (Delta) 

Y *  (gamma) 

6 (delta) 
6R 
6P 

E (epsilon) 

angle, generally; confidence level pa- 

non-dimensional roll damping ratio 
non-dimensional roll restoring force 
mass displacement 
mass components of generalized in- 

a finite increment; 6, rudder angle 
added resistance in waves 
added power in waves 
phase angle; spectral broadness pa- 

wave surface elevation 
wave amplitude 
wave slope 
wave slope amplitude (maximum 

value 
local wave surface elevation at a point 

in ship 
surface wave profile 
complex response of ship to waves in 

jth mode, w h e r e j  = 1, 2, 3, . . . . 6 
refers to surge, sway, heave, roll, 
pitch, yaw, respectively 

rameter (Ochi) 

ertia matrix of ship 

rameter 



190 PRINCIPLES OF NAVAL ARCHITECTURE 

ITiS 
77 

8 (Theta) 
A (Lambda) 

P (mu> 

P a  

Po 

En 

Z (Xi) 

- 
I 

-n 

complex amplitude of ship response 
to waves inj th  mode; response per 
unit wave amplitude 

scalar amplitude of ship response 
= (TI, ?jz, Ti3) vector of translational 

motions at the origin in terms of 
complex amplitudes 

angle generally 
tuning factor, Zzj/Te = w,/wnj 
angle of wave propagation relative to 

ship’s heading 
dominant direction of propagation of 

short-crested sea relative to ship’s 
heading 

angle of propagation of wave com- 
ponent relative to dominant wave 
direction 

angle of long-crested sea relative to 
ship’s heading 

local translational motion at a point 
in surge, sway, heave (as in Section 
5 )  

complex amplitudes of local motion at 
a point 

= (tl, f z ,  F3) vector of translational 
motion a t  a point in a ship 

complex amplitude of vertical motion 
relative to the wave surface 

magnitude of a maximum o-mean 
process; peak-to-mean value of 
wave or response record 

largest positive maximum in a sample 
of n maxima 

= .$-/a normalized maxima of an o- 
mean process 

= e / a  non-dimensional largest 
maximum in a sample of n maxima 

II’, (Pi) 

w (omega) 

non-dimensional largest maximum ex- 
pected to be exceeded in l / a  sam- 
ples of D sec. duration 

non-dimensional largest maximum ex- 
pected to be exceeded once in l / a  
samples of n maxima 

non-dimensional coefficient of added 
power 

density 
velocity potential, also 4J (phi) 
radiation potential 
angle of heel (or roll) 
velocity of roll 
two-dimensional velocity potential 
= (q4, qs, qs) vector of rotational mo- 

tion at a point in terms of complex 
amplitudes 

circular frequency of a regular wave; 
angular velocity 

frequency of encounter (27r/Te) 
tuning factor (we/w,Jl also A 
natural frequency of response (in jth 

mode) 

Mathematical symbols 

a the partial derivative sign 
f a function of 
C summation 
A mass displacement volume 
6 increment 
J integrate 

V 

(JJ mid-length (amidships) 

( ) average value of 
vector differential operator on a func- 

tion of three variables 

See also list on page 420. 
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I Controllability C. 1. Crane, H. Eda, 
A. Landsburg 

Section 1 
Introduction 

1.1 Definition and Scope. Controllability encom- 
passes all aspects of regulating a ship’s trajectory, 
speed, and orientation at sea as well as  in restricted 
waters where positioning and station keeping are of 
particular concern. Controllability includes starting, 
steering a steady course, turning, slowing, stopping, 
backing, and in the case of submarines, diving. The 
study of the complex subject of controllability is usu- 
ally divided into three distinct areas or functions: 

(a) Coursekeeping (or steering)-The maintenance 
of a steady mean course or heading. Interest centers 
on the ease with which the ship can be held to the 
course. 

(6) Maneuvering-The controlled change in the di- 
rection of motion (turning or course changing). Inter- 
est centers on the ease with which change can be 
accomplished and the radius and distance required to 
accomplish the change. 

(c) Speed Changing-The controlled change in 
speed including stopping and backing. Interest centers 
on the ease, rapidity and distance covered in accom- 
plishing changes. 

Performance varies with water, depth, channel re- 
strictions, and hydrodynamic interference from nearby 
vessels or obstacles. Coursekeeping and maneuvering 
characteristics are particularly sensitive to ship trim. 
For conventional ships, the two qualities of course- 
keeping and maneuvering may tend to work against 
each other; an easy turning ship may be difficult to 
keep on course whereas a ship which maintains course 
well may be hard to turn. Fortunately a practical com- 
promise is nearly always possible. 

Since controllability is so important, it is an essential 
consideration in the design of any floating structure. 
Controllability is, however, but one of many consid- 
erations facing the naval architect and involves com- 
promises with other important characteristics. Some 
solutions are obtained through comparison with the 

characteristics of earlier successful designs. In other 
cases, experimental techniques, theoretical analyses, 
and rational design practices must all come into play 
to assure adequacy. 

Three tasks are generally involved in producing a 
ship with good controllability: 

(a) Establishing realistic specifications and criteria 
for coursekeeping, maneuvering, and speed changing. 

(6) Designing the hull, control surfaces, appen- 
dages, steering gear, and control systems to meet 
these requirements and predicting the resultant per- 
formance. 

(c) Conducting full-scale trials to measure perform- 
ance for comparison with required criteria and predic- 
tions. 

This chapter will deal with each of these three tasks 
in detail. 

1.2 Goal and Organization of the Chapter. The 
goal of this chapter is to introduce the basics of con- 
trollability analysis and its many facets in a manner 
that will lead to the use of rational design procedures 
to assure adequate ship controllability. 

The chapter is organized to provide an understand- 
ing of controllability and for influencing it while in- 
teracting with the design of the vessel’s hull, 
machinery, and other features. The material is ar- 
ranged to provide a progression of information start- 
ing with general principles (Sections 2 through 11 on 
theory and analysis), the influences of factors such as 
environment and channel restrictions (Sections 12 and 
13), the hydrodynamics of control surfaces (Section 14), 
and trials and performance requirements (Section 15). 
The final Sections (16 and 17) provide an introduction 
to the application of maneuverability analysis tools and 
methods to the design of the ship and its appendages 
for satisfactory control by the helmsman and autopilot. 
The design-oriented naval architect should find Sec- 
tions 15-17 most helpful. 
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CHAPTER I X  

I Controllability C. 1. Crane, H. Eda, 
A. Landsburg 

Section 1 
Introduction 

1.1 Definition and Scope. Controllability encom- 
passes all aspects of regulating a ship’s trajectory, 
speed, and orientation at sea as well as  in restricted 
waters where positioning and station keeping are of 
particular concern. Controllability includes starting, 
steering a steady course, turning, slowing, stopping, 
backing, and in the case of submarines, diving. The 
study of the complex subject of controllability is usu- 
ally divided into three distinct areas or functions: 

(a) Coursekeeping (or steering)-The maintenance 
of a steady mean course or heading. Interest centers 
on the ease with which the ship can be held to the 
course. 

(6) Maneuvering-The controlled change in the di- 
rection of motion (turning or course changing). Inter- 
est centers on the ease with which change can be 
accomplished and the radius and distance required to 
accomplish the change. 

(c) Speed Changing-The controlled change in 
speed including stopping and backing. Interest centers 
on the ease, rapidity and distance covered in accom- 
plishing changes. 

Performance varies with water, depth, channel re- 
strictions, and hydrodynamic interference from nearby 
vessels or obstacles. Coursekeeping and maneuvering 
characteristics are particularly sensitive to ship trim. 
For conventional ships, the two qualities of course- 
keeping and maneuvering may tend to work against 
each other; an easy turning ship may be difficult to 
keep on course whereas a ship which maintains course 
well may be hard to turn. Fortunately a practical com- 
promise is nearly always possible. 

Since controllability is so important, it is an essential 
consideration in the design of any floating structure. 
Controllability is, however, but one of many consid- 
erations facing the naval architect and involves com- 
promises with other important characteristics. Some 
solutions are obtained through comparison with the 

characteristics of earlier successful designs. In other 
cases, experimental techniques, theoretical analyses, 
and rational design practices must all come into play 
to assure adequacy. 

Three tasks are generally involved in producing a 
ship with good controllability: 

(a) Establishing realistic specifications and criteria 
for coursekeeping, maneuvering, and speed changing. 

(6) Designing the hull, control surfaces, appen- 
dages, steering gear, and control systems to meet 
these requirements and predicting the resultant per- 
formance. 

(c) Conducting full-scale trials to measure perform- 
ance for comparison with required criteria and predic- 
tions. 

This chapter will deal with each of these three tasks 
in detail. 

1.2 Goal and Organization of the Chapter. The 
goal of this chapter is to introduce the basics of con- 
trollability analysis and its many facets in a manner 
that will lead to the use of rational design procedures 
to assure adequate ship controllability. 

The chapter is organized to provide an understand- 
ing of controllability and for influencing it while in- 
teracting with the design of the vessel’s hull, 
machinery, and other features. The material is ar- 
ranged to provide a progression of information start- 
ing with general principles (Sections 2 through 11 on 
theory and analysis), the influences of factors such as 
environment and channel restrictions (Sections 12 and 
13), the hydrodynamics of control surfaces (Section 14), 
and trials and performance requirements (Section 15). 
The final Sections (16 and 17) provide an introduction 
to the application of maneuverability analysis tools and 
methods to the design of the ship and its appendages 
for satisfactory control by the helmsman and autopilot. 
The design-oriented naval architect should find Sec- 
tions 15-17 most helpful. 
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Section 2 
The Control loop and Basic Equations of Motion 

- ANGLE 

2.1 The Control loop. For surface ships, course- 
keeping, speed changing, and maneuvering involve pri- 
marily forces, moments, and motions acting in all 
directions in the horizontal plane. For submarines, the 
third dimension also comes into play. Hydrodynamic 
motion forces and interactions acting on the vessel’s 
hull, rudder, and other appendages are of first con- 
sideration and difficulty. However, it is important to 
recognize that the responses of a large number of 
other mechanical, electronic, environmental and, most 
importantly, human factors all influence controllabil- 
ity. The following discussion of controllability based 
on the concept of control loops illustrates the role of 
these many factors. 

Consider first the closed-loop directional control sys- 
tem from Segel (1960)’ shown in Fig. 1. Starting at 
the left of the figure, there is a desired path or tra- 
jectory that the ship’s conning officer wants to follow 
either under conditions of steady steaming at sea or 
in maneuvering. In an idealistic case, the desired path 
would be displayed for use by the helmsman (or al- 
ternatively by an autopilot). Simultaneously, again for 
the idealistic case, the path actually being traversed 
would also be shown on the display. If these two paths 
do not coincide, corrective action is taken by the helms- 
man or autopilot by changing the helm in a direction 
that will tend to correct the path error. This action 
activates the steering gear which changes the rudder 
position which in turn exerts a control force on the 
ship. This control force acts to induce on the hull an 
angle of attack, an angular velocity, and other motions. 
These motions of the hull introduce the major hydro- 
dynamic forces and moments that effect the change 
in heading and path. 

In addition to control and hydrodynamic forces and 
moments, external disturbances such as the wind, cur- 
rent, or waves may also be simultaneously acting on 
the ship. Ideally, the resultant heading and actual path 
coordinates can then be fed continuously back to the 
helmsman’s display. This last step closes the control 
loop. 

I 

Complete references are listed a t  the end of the chapter. 

In the real case, all of the information concerning 
the actual instantaneous path is rarely known. On most 
ships only the heading and sometimes the rate of turn 
are continuously determinable, while the coordinates 
of position are available only occasionally. In spite of 
the shortcomings of the real case, the control loop still 
functions as shown in Fig. 1 but with less than com- 
plete information available to the conning officer and 
helmsman (or autopilot). Relatively large-scale 
changes in position are determined or deduced in re- 
stricted water conditions from visual observations, a 
radar display, or from visual cross bearings. Modern 
electronic navigation systems such as Loran C and 
Global Positioning System (GPS) also offer a means 
for determining large scale changes in position. 

Consideration of the control loop of Fig. 1 shows 
that each of its elements plays a vital role in the overall 
controllability of the ship. The last two elements of 
the loop, the “ship” and the “steering gear and rud- 
der,” are of the greatest concern to the naval architect 
although the human factors present must be contin- 
ually reviewed to develop a successful design. 

Whereas the directional control loop of Fig. 1 func- 
tions to determine the path, a second loop of interest, 
the speed control loop, functions to determine the 
speed along the path. The only common link between 
the two loops is the conning officer, who issues the 
orders in both cases. In the case of the speed control 
loop, an operator or engineer receives the orders of 
the conning officer and manipulates the power output 
and direction of rotation of the main propulsion ma- 
chinery to maintain, accelerate, slow down, stop, or 
reverse the speed of the ship. In the open sea where 
decisions can be made in a more leisurely manner, the 
conning officer has ample time to issue the necessary 
orders to both control loops. In restricted and con- 
gested waters, however, orders to both control loops 
may have to be issued simultaneously. With develop- 
ment of automation, the integration of these loops and 
the elimination of the intermediate roles of the helms- 
man on the bridge and the operator in the engine room 
is becoming commonplace. 

With today’s sophisticated drill rigs and track-keep- 
ing vessels, the automatic controller has indeed be- 

INFORMATION ON SHIP’S PATH 

1 t 

RUDDER ANGLE INDICATION EXTERNAL- 
DISTURBANCES I 

Fig. 1 Closed-loop control system ship controllability (Segel, 1960) 
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Fig. 2 Orientation of fixed axes and moving axes (Hoyt, 1948) 

come quite advanced. Heading and speed, plus 
transverse position error and fore and aft  position er- 
ror are used to compute vector thrusts required of the 
various force effectors (propellers, rudders, thrusters, 
etc.), and proper distribution of correction forces / mo- 
ments is automatically ordered. 

2.2 Axes Fixed Relative to the Earth. The basic 
dynamics of maneuvering and coursekeeping can be 
described and analyzed using Newton’s equations of 
motion. Basic equations in the horizontal plane can be 
considered first with reference to one set of axes fixed 
relative to the earth and a second set fixed relative to 
the ship. 

Fig. 2 shows typical fixed and moving axes for a 
surface ship. The path is usually defined as the tra- 
jectory of the ship’s center of gravity. Heading refers 
to the direction (+, angle of yaw) of the ship’s longi- 
tudinal axis with respect to one of the fixed axes. The 
difference between the heading and the actual course 
(or direction of the velocity vector a t  the center of 
gravity) is the drift or leeway angle, p. When the ship 
is moving along a curved path, the drift angle is thus 
the difference in direction between the heading and 
the tangent to the path of the center of gravity. 

There are significant factors that couple the speed 
of a ship and its path. For example, it is shown later 
that path changing (turning) and even path keeping 
(coursekeeping) cause involuntary speed reductions. 
These effects arise from the fact that any misalign- 
ment between the x-axis of the ship as shown in Fig. 
2 and its velocity vector, V, increases the drag force 
acting on the ship. In addition, on multiple-screw ves- 
sels the thrust produced by each propeller can be con- 
trolled individually so as to influence the path as well 
as the speed. On ships with an odd number of propel- 
lers, or with any number of unirotating propellers, the 
direction of rotation of the uncompensated-for propel- 
ler(s) influences the path. Even on ships where the 
trajectory control and speed control loops operate in- 
dependently, changes in the direction of propeller ro- 
tation are commonly used in conjunction with rudder 
action to control the motion in restricted waters. 

Fig. 2 shows a right-hand orthogonal system of ref- 

erence axes xo and yo whose directions are fixed with 
respect to the surface of the earth. For surface ships 
in calm water, it is obvious that the path of the center 
of gravity is restrained at all times to the horizontal 
plane xo yo. The positive direction of the x,-axis is taken 
to be in the general direction of the motion; its precise 
direction s arbitrary, but is fixed with respect to the 
earth. Positive x, is taken downward or into the plane 
of the paper, positive yo is to starboard. The motion 
of the ship subsequent to time, t = t o ,  is completely 
defined by the coordinates xoG,  yoc and the angle of 
yaw, I$. Since in Fig. 2, 2, is positive downward into 
the paper, the sign of t/J shown in Fig. 2 is negative. 
Referring to these axes fixed in the earth, the New- 
tonian equations of motion of the ship are: 

Xo = A 2 oG (Surge) 

Yo = A Y o G  (Sway) 

N = I z $  (Yaw) 
where the two dots above the symbols xOG, yoG and t/J 
indicate the second derivatives of those values with 
respect to time, t ,  and, 

X ,  and Y, = total forces in xo and yo directions respec- 
tively 

A = mass of ship 
N =  total moment about an axis through the 

center of gravity of ship and parallel to 
the 2,-axis 

I, = mass moment of inertia of ship about the 
2,-axis + = yaw angle in the horizontal plane meas- 
ured from the vertical xo xo plane to the 
x-axis of the ship. 

In spite of the apparent 
simplicity of Equations (l), the motion of a ship is more 
conveniently expressed when referred to the axes x 
and y fixed with respect to the moving ship as also 
shown in Fig. 2. The moving axes, like the fixed axes 
xo and yo, form a right-hand orthogonal system, but 
with the difference that the origin stays at the center 
of gravity for all time, t. The x-axis is along the cen- 
terplane, coincident with the longitudinal axis of in- 
ertia which may be assumed, with very small error, to 
be parallel to the baseline of the ship. Its positive 
direction is forward. The direction of the x-axis is re- 
ferred to as the heading; hence + is the heading angle 
as well as the yaw angle. The x-axis is also in the 
centerplane of the ship, but is normal to x and is pos- 
itive downward; the y-axis is normal to x and z and is 
positive to starboard. The instantaneous linear velocity 
of the origin of the moving axes is represented by the 
vector V and the orientation of the moving axes with 
respect to the direction of motion is given by the angle, 
p, the so-called drift angle, or angle of attack measured 
from V to x as shown in Fig. 2. The velocity V is, of 
course, always tangent to the path of the ship. The 

2.3 Axes Fixed in the Ship. 
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orientation of the moving axes with respect to the x,, 
yo axes is, as noted earlier, the angle of yaw +. In the 
particular case shown in Fig. 2, both f l  and + are 
negative. 

In order to convert Equations (1) from axes fixed in 
the earth to axes fixed in the moving ship, the total 
forces X and Y in the x and y-directions, respectively, 
are expressed in terms of X ,  and Yo: 

X = X ,  cos q + Yo sin 3 
Y = Yo cos I) - Xo sin I) (2) 

likewise 
x O G  = u cos I) - v sin I) 

L O G  = u sin + + v cos ~ (3) 
where the dot above the symbol signifies the first 
derivative of the quantity with respect to time, and u 
and v are the components of V along x and y, respec- 
tively. Then 
~ ' o G =  zi cos$ - 6 sin$ - (usin$+ ucos@)+ 

g o G =  u s i n + +  6 cos~+(ucos$-usin+)$I  (4) 
Substituting Equation (4) in Equation (1) and inserting 
the resulting values of X, and Yo in Equation (2) yields 
the simple expressions: 

X =  A(&! - v $ )  
Y =  A(fi  + uI)) 

These and the third member of Equations (1) comprise 
the pertinent equations of motion in the horizontal 
plane assuming zero roll, pitch, and heave. Roll, pitch, 
and yaw are the rotary ship motions about the x, y, 
and x-axes, respectively. Surge, sway and heave are 
the translatory motions along the same axes. For com- 
pleteness: 

X = A(iL - v$) 

N = I z $  is yaw 

Note the existence of the term Au $ in the equation 
for Y and A$ in the equation for X, whereas terms 
like these were not present in Equations (1). These are 
the so-called centrifugal-force terms which exist when 
systems with moving axes are considered, but do not 
exist when the axes are fixed in the earth. 

Equations (5) have been developed for the case 
where the origin of the axes, 0, is at  the center of 
gravity of the ship. For many reasons, it is frequently 
desirable to locate the origin not at  the center of 
gravity but rather at the intersection of planes of 
symmetry. For example, for body-of-revolution sub- 
marines, if 0 is located at the axis of symmetry rather 
than at the vertical position of the center of gravity, 
important simplifications are achieved. For surface 
ships, locating the origin a t  the midlength rather than 

is surge 

Y =  A ( 6  + u$) issway (5) 

a t  the longitudinal position of the center of gravity is 
desirable for two reasons; one is to simplify certain 
computations, the other is that the location of the cen- 
ter of gravity is not constant but changes with the 
condition of loading. (Throughout this chapter it is 
assumed that LCG coincides with LCB and with the 
midship location.) 

2.4 Forces Acting on a Vessel During a Maneu- 
ver. The forces and moments (left hand side) of the 
equations of motion (5) are built up of four types of 
forces that act on a ship during a maneuver: 

(a) Hydrodynamic forces acting on the hull and 
appendages due to ship velocity and acceleration, rud- 
der deflection, and propeller rotation. 

(b)  Inertial reaction forces caused by ship accel- 
eration. 

(c) Environmental forces due to wind, waves and 
currents. 
(d) External forces such as tugs or thrusters. 

The first two types of forces generally act in the 
horizontal plane and involve only surge, sway and yaw 
responses, although rolling effects (heel) occur in the 
maneuvering of high-speed ships and the Small Wa- 
terplane Area Twin Hull (SWATH) vessels. Hydro- 
dynamic forces fall into two basic categories, those 
arising from hull velocity through the water (damping 
forces) and those arising from hull accelerations 
through the water (added mass forces). The ship ac- 
celerations produced by these and any external forces 
result in balancing inertial reaction (d 'Alembert forces 
and moments), especially when turning. 

The effect of a rudder on turning is indirect. Moving 
the rudder produces a moment that causes the ship to 
change heading so as to assume an angle of attack 
(leeway angle) to the direction of motion of the center 
of gravity. Consequently, hydrodynamic forces on the 
hull are generated which, after a time, cause a change 
of lateral movement of the center of gravity. The lat- 
eral movement is opposed by the inertial reactions. If 
the rudder remains a t  a fixed position, a steady turning 
condition will evolve when hydrodynamic and inertial 
forces and moments come into balance. 

When in shallow or restricted waters, various com- 
plex effects come into play. Interactions between ves- 
sels further complicate hydrodynamic and inertial 
force analysis. Section 13 describes how some of these 
complications have been treated. 

The ship may also be operating and maneuvering in 
an environment where wind, waves, and current are 
present. The effect of current is usually incorporated 
with the hydrodynamic forces by considering the rel- 
ative velocity between the vessel and the water al- 
though studies in restricted waters require more 
careful analysis. Wind and wave forces are generally 
treated as external forces as described in Section 12. 

Wind velocity is generally unsteady and hence forces 
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and moments due to wind will be time dependent. 
These forces are generally proportional to the above 
water area of the ship and the square of the relative 
velocity between the ship and the wind. Forces and 
moments also vary with the direction of the wind ve- 
locity relative to the ship’s axes. 

Two distinct types of wave forces act. The steady 
and slowly varying forces due to second-order wave 
drift effects are generally more important for ship 
controllability than the first-order forces, which are of 
primary importance for seakeeping, as described in 
Chapter VIII. However, the latter can be important 
for the case of following seas where frequency of 
encounter is small. Wave drift forces depend primarily 

on ship length and on the relative magnitudes of wave 
length and amplitude. 

Pitching motion changes the shape of the immersed 
hull and can therefore have significant effects on the 
coefficients in the equations of motion, particularly in 
quartering and following seas. 

Finally, tugs and thrusters create effective forces 
when utilized at relatively slow speeds. The forces they 
develop are for the most part external to the hydro- 
dynamics of the maneuver and are normally treated 
as independent additions. 

The simple case of controllability, assuming a calm 
open sea without wind, waves, current, and external 
forces, will be considered first. 

Section 3 
Motion Stability and linear Equations 

3.1 Definitions of Motion Stability. The concept of 
path keeping is strongly related to the concept of 
course stability or stability of direction. A body is said 
to be stable in any particular state of equilibrium in 
rest or motion if, when momentarily disturbed by an 
external force or moment, it tends to return, after 
release from the disturbing force, to the state of equi- 
librium existing before the body was disturbed. In the 
case of path keeping, the most obvious external dis- 
turbing force would be a wave or a gust of wind. For 
optimum path keeping, it would be desirable for the 
ship to resume its original path after passage of the 
disturbance, with no intervention by the helmsman. 
Whether this will happen depends on the kind of motion 
stability possessed. 

The various kinds of motion stability associated with 
ships are classified by the attributes of their initial 
state of equilibrium that are retained in the final path 
of their centers of gravity. For example, in each of 
the cases in Fig. 3, a ship is initially assumed to be 
traveling at constant speed along a straight path. In 
Case I, termed straight-line or dynamic stability, the 
final path after release from a disturbance retains the 
straight-line attribute of the initial state of equilib- 
rium, but not its direction, In Case 11, directional sta- 
bility, the final path after release from a disturbance 
retains not only the straight-line attribute of the initial 
path, but also its direction. Case I11 is similar to Case 
I1 except that the ship does not oscillate after the 
disturbance, but passes smoothly to  the same final path 
as Case 11. The distinction between these two cases is 
discussed in Section 4. Finally, in Case IV, positional 
motion stability, the ship returns to the original path, 
ie: the final path not only has the same direction as 
the original path, but also its same transverse position 
relative to  the surface of the earth. 

The foregoing kinds of stability form an ascending 

hierarchy. Achieving straight-line stability (Case I) is 
the designer’s usual goal for most ships when steered 
by hand. The other cases require various degrees of 
automatic control. 

Course Stability With Controls Fixed and Controls 
Working. All of these kinds of stability have meaning 
with control surfaces (rudders) fixed at zero, with con- 
trol surfaces free to swing, or with controls either 
manually or automatically operated. The first two 

3.2 

FINAL PATH IS STRAIGHT ELIT 
DIRECTION CHANGED 

- \ 1 STRAIGHT LINE STABILITY 

ORIGINAL STRAIGHT a FINAL PATH.SAME . 
LINE PATH DIRECTION AS 

1 DIRECTIONAL STABILITY DIFFERENT POSITION 
- (WITH COMPLEX STABILITY INDEXES) 
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DIRECTIONAL STABILITY 
WITH REAL STABILTY INDEXES) 

ORIGINAL S T R A I G H T S  
LINE PATH 

a POSITIONAL MOTION STABILITY 

a INDICATES INSTANTANEOUS DISTURBANCE 

Fig. 3 Various kinds of motion stability (Arentzen, 1960) 
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cases involve only the last two elements of the control 
loop of Fig. 1, whereas the last case involves all of the 
elements of the control loop. In normal marine usage 
the term stability usually implies controls-fixed sta- 
bility; however, the term can also have meaning with 
the controls working. The following examples indicate 
distinctions: 

(a) A surface ship sailing a calm sea possesses 
positional motion stability in the vertical plane (and 
therefore directional and straight-line stability in this 
plane) with controls fixed. This is an example of the 
kind of stability shown by Case IV of Fig. 3. In this 
case, hydrostatic forces and moments introduce a 
unique kind of stability which in the absence of these 
forces could only be introduced either by very sophis- 
ticated automatic controls or by manual control. The 
fact that  the ship operator and designer can take for 
granted this remarkable kind of stability does not de- 
tract from its intrinsic importance. 

(b )  In the horizontal plane in the open sea with 
stern propulsion, a self-propelled ship cannot possess 
either positional or directional stability with controls 
fixed because the changes in buoyancy that  stabilize 
in the vertical plane are  nonexistent in the horizontal 
plane. However, a ship must possess both of these 
kinds of stability with controls working either under 
manual or automatic guidance. Possible exceptions in- 
clude sailing vessels, some multi-hull ships, and foil or 
planing craft but not other surface effect ships. 

(c) The only kind of motion stability possible with 
self-propelled ships in the horizontal plane with con- 
trols fixed is straight-line stability. In fact, many ships 
do not possess it. In subsequent sections of this chap- 
ter, with some exceptions, whenever controls-fixed sta- 
bility is mentioned, the intended meaning is controls- 
fixed straight-line stability. This kind of stability is 
desirable, but  not mandatory. 

With each of the kinds of controls-fixed stability, 
there is associated a numerical index which by its sign 
designates whether the body is stable or unstable in 
that  particular sense and by its magnitude designates 
the degree of stability or instability. To show how these 
indexes are  determined, one must resort to the differ- 
ential equations of motion. 

3.3 Assumptions of linearity and Simple Addable 
Parts. In order to  understand the impact of various 
ship design characteristics and features on ship con- 
trollability, it is necessary to first become familiar with 
certain fundamental aspects relating to the concept of 
stability and to the development and use of the linear 
equations of motion. The use of non-linear equations 
for analysis and prediction and the determination of 
coefficients through captive model tests, use of theo- 
retical and empirical coefficient determination 
methods, and systems analysis is introduced in Sec- 
tions 8 and 9. 

The force components X,  Y and the moment com- 
ponent N in Equation (5 )  are  assumed to be composed 

of several parts, some of which are functions of the 
velocities and accelerations of the ship. In the most 
general case they also include terms dependent on the 
orientation of the ship relative to the axis of the earth 
as  well a s  excitation terms such as those arising from 
the seaway or from use of the rudder, but these will 
be introduced later. For the present they are assumed 
to  be composed only of forces and moments arising 
from motions of the ship which in turn have been 
excited by disturbances whose details we need not be 
concerned with here. Expressed functionally X,  and 
N are: 

X = FJu, v, u, ij, 4, $)  

Y = F,(u, v, u, v ,  4, * )  (6) 

N = Fu(u, v, u, v ,  4, 4) 
In order to obtain a numerical index of motion sta- 

bility, the functional expressions shown in Equation 
(6) must be reduced to useful mathematical form. This 
can be done by means of the Taylor expansion of a 
function of several variables. The Taylor expansion of 
a function of a single variable states that  if the func- 
tion of a variable, x, Fig. 4, and all its derivatives are 
continuous a t  a particular value of x, say x,, then the 
value of the function a t  a value of x not far  removed 
from x, can be expressed as follows: 

6 'z d"f(x) .+ . . . . .  + -- +-- ax3 d3f(x)  
3! dx3 ' n! dx" 

where 

f(x) = value of function at a value of x close to 
X I  

f(x,) = value of function at x = x, 

s x = x  - x, 
and 

__- d" f ( x )  - n th  derivative of function dx" 
evaluated a t  x = x, 

If the change in the variable, Sx, is made sufficiently 
small, the higher order terms of 6x in Equation (7a) 
can be neglected. Equation (7a) then reduces to 

It may be seen from Fig. 4 that Equation (76) is a 
linear approximation to the real functionf(x) a t  x = 
x, + 6x and that (7b) becomes increasingly accurate 
as  6x is reduced in magnitude. Equation (7b)  is called 
the linearized form of (7a). 

The linearized form of the Taylor expansion of a 
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- dKx) 
dx 

t t t ,  
X- 

Fig. 4 Linearization of Taylor expansion of a function of a single variable, 
fk) 

function of two variables x and y is a simple sum of 
three linear terms as follows: 

where both Sx and Sy must be small enough so that 
higher order terms of each can be neglected as well 
as the product SxSy. 

The assumption that renders linearization reason- 
ably accurate, namely, that the admissible change in 
variables must be very small, is entirely compatible 
with an investigation of motion stability. Motion sta- 
bility determines whether a very small perturbation 
from an initial equilibrium position is going to increase 
with time or decay with time. Thus, it is consistent 
with the physical reality of motion stability to use the 
linearized Taylor expansions in connection with equa- 
tion (6). For example, by analogy with Equation ( 7 4 ,  
the linearized Y-force of (6) can now be written as: 

where the subscript 1 refers in all cases to the values 
of the variables a t  the initial equilibrium condition and 
where all of the partial derivatives are evaluated at 
the equilibrium condition. Since the initial equilibrium 
condition for an investigation of motion stability is 
straight-line motion at constant speed, it follows that 
zi, = zjl = $1 = q1 = 0. Furthermore, since most 
ships are symmetrical about their xx-plane, they travel 
in a straight line a t  zero angle of attack; therefore vl 
is also zero but this is not necessarily true on ships 
with an odd number of propellers or with any number 
of unirotating propellers, Sections 5.3 and 11.0). Also 
because of symmetry aY/au = aY/azi = 0 since a 

change in forward velocity or forward acceleration will 
produce no transverse force with ship forms that are 
symmetrical about the xx-plane. Finally, if the ship is 
in fact in equilibrium in straight-line motion, there can 
be no Y-force acting on,it in that condition, therefore 
F,(u1, v1, U1,  6 1, ql) is also zero. Only u, is not 
zero but is equal to the resultant velocity, V, in the 
initial equilibrium condition. With these simplifications, 
Equation (8) reduces to 

and similarly the surging force and the yawing mo- 
ment can be written as: 

ay ax ax ax 
a u  au av a v  

x = - u + - s u + - v + - v  

ax . ax .. + - q J + - q J  a$ all, 

where the cross-coupled derivatives aY, a$, a u l d $ ,  
aN/av, and aN/a 6 usually have small nonzero values 
because most ships are not symmetrical about the yx- 
plane even if that plane is at the midlength of the ship 
(bow and stern shapes are normally quite different). 
However, the cross-coupled derivatives ax /&,  aX/av, 
8x4 $ , and ax/ a $ , like aY/a u and aY/a u are zero 
because of symmetry about the xz-plane. Hence, equa- 
tion (9b) reduces to: 

ax . ax 
au au x = - u + - s u  ( 9 4  

where Su = u - u l .  
3.4 Notation of Force and Moment Derivatives. In 

the simplified derivative notation of SNAME (Nomen- 
clature, 1952), aY/av = Y,, aN/a$ = N+, and so on. 
Also for motions restricted to the horizontal plane 
$ E r and  $ z i.. Using this notation and substituting 
(9) into (5), the linear equations of motion with moving 
axes in the horizontal plane are: 

-Y,v + (A - Y6)  ir 

-X,(U - u,)  C (A - X,)ii  = 0 

- (Y, - A u , ) ~  - Y+i.  = 0 (10) 1 -N,V - N, ir - N,r + (I, - N+) i. 

Every term of the first two equations of (10) has the 
dimensions of a force whereas every term in the third 
equation of (10) has the dimensions of a moment. 
Therefore, to nondimensionalize (lo), which is conve- 
nient for several reasons, the force equations are di- 
vided through by (p  / 2) L2V2 and the moment equations 
by (p/2)L3V2. (Note the similarity between (p/2)L2V2 
used as a nondimensionalizer in this case and ( p / 2 ) S  V 

= 0 
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used to obtain the resistance coefficients in Chapter 
V). Further, as in (Nomenclature, 1952) a primed sym- 
bol will be used to designate the nondimensional form 
of each of the factors appearing in (10). For example: 

Thus, for example, the nondimensional forms of the 
first couple of terms of the last of Equations (10) are: 

etc. 

If the surge equation is neglected and if the previous 
notation is adopted, (10) becomes in nondimensional 
form: 

- Y',v' + (A' - Y'&' - (Y', - A')r' 

(11) 
- y e + '  = 0 

-N' v' - N'.  +' - N' 

+ (T2 - NJi.'  = 0 
2) v 

where the main difference between (10) and (ll), aside 
from the prime notation, is that u, has disappeared 
since u, / V  z 1 for small perturbations. 

Because of the fact that the derivative Y,  enters 
into Equation (11) as an addition to the mass term, it 
is termed the virtual mass coefficient. (The term Y ,  
is always negative; i.e., Y acts to oppose positive 6 , 
see Section 4.2.) I t  is thus identical to the concept of 
added mass. (The force required to accelerate a body 
in a fluid is always larger than the product of the actual 
mass of the body times its acceleration. This fact has 
given rise to the concept of "entrained" or ('added)) 
mass. However, this added force should be really in- 

terpreted as the hydrodynamic force arising because 
of the acceleration of the body in the fluid. This is 
precisely the definition of the Y, v-force in (10)). Sim- 
ilarly, N'+. is termed the virtual moment of inertia 
coefficient. The derivatives Y+. and N ' ,  are termed 
coupled virtual inertia coefficients. As noted earlier, 
these derivatives would be zero if ship hulls, including 
their appendages, were symmetrical about their yx- 
planes. 

It is convenient to use a notation that distinguishes 
the forces and moments according to their origins. For 
example the notation Yuv will be used to denote the 
y-component of the hydrodynamic force acting a t  the 
center of gravity of the ship that is developed as a 
result of an angle of attack, p. As has been shown, 
Y,v is only a linear approximation to, or linearization 
of, this Y-force as will be further evident from later 
examination of Fig. 10. Similar symbols and definitions 
are included in the nomenclature for other forces and 
moments. 

3.5 Control Forces and Moments. It is important 
to note that all of the terms of (10) or (11) must include 
the effect of the ship's rudder held a t  zero degrees (on 
the centerline). On the other hand, if we want to con- 
sider the path of a ship with controls working, the 
equations of motion (10) or (11) must include terms on 
the right-hand side expressing the control forces and 
moments created by rudder deflection (and any other 
control devices) as functions of time. The linearized y- 
component of the force created by rudder deflection 
acting a t  the center of gravity of the ship is Y, 6, (see 
Fig. 5) and the linearized component of the moment 
created by rudder deflection about the z-axis of the 
ship is N, 6, where 

Y,Y 

Fig. 5 Rudder-induced turning moments 

Next Page 
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6 ,  = rudder-deflection angle, measured from xx- 
plane of ship to plane of rudder; positive 
deflection corresponds to a turn to port 
for rudder@) located a t  stern 

Y,, N,  = linearized derivatives of Y and N with re- 
spect to rudder-deflection angle 6, 

The lateral force from the deflected rudder thus cre- 
ates a moment to turn the ship. This turning action 
causes the ship to develop an angle of attack with 
respect to its motion through the water. The lateral 
forces then generated by the well designed ship (acting 
as a foil moving in a liquid at an angle of attack) create 
a moment, N,v, that greatly augments the rudder 
moment. The combined moments cause the turning 
motion as indicated in Fig. 5. 

For the case of small perturbations, which is the 
only case where (10) and (11) apply, only small deflec- 
tions of the rudder are admissible. With this restric- 
tion, the derivatives such as YIt,, NIL,, Y r ,  and N', are 
evaluated a t  6, = 0 and are assumed not to change 
at other admissible values of 6,. Furthermore, for 
usual ship configurations, Y'? z 0 and N ' ,  =: 0. 

With these assumptions the equations of motion in- 
cluding the rudder force and moment, are as follows: 

(12) 
Force: 
(Sway) = Y',  6, 

where: 

A',  i, - Y',v' - (Y '?  - A) r' 

n', = I f z  - N,  E 2 I ,  
A ' , =  A '  - Y 6  zz 2 A '  

I t  will be shown in the next three sections how the 
linearized equations developed so far can be used to 
analyze the problem of course stability and steady 
turning. But to make numerical predictions it is nec- 
essary to obtain values for some or all of the coeffi- 
cients or derivatives involved. This is primarily done 
by means of captive model tests, as discussed in Sec- 
tions 8, 9 and 16. Theoretical approaches to estimating 
some coefficients and approaches are also described in 
Section 16. 

Section 4 
Analysis of Coursekeeping and Controls-Fixed Stability 

4.1 Stability Indexes. Using only linear terms, so- 
lutions to the sway and yaw equations provide linear 
transfer functions permitting the review of the sta- 
bility of motion. This Section develops the basic sta- 
bility indexes and describes the definitive spiral 
maneuver whose numerical measures are indicative of 
the stability characteristics of a ship. 

Equations (12) are two simultaneous differential 
equations of the first order in two unknowns, the hor- 
izontal-velocity component, v', and the yaw angular- 
velocity component r ' .  The simultaneous solution of 
these two equations for v' and r '  yields a second-order 
differential equation which leads to the concept of 
straight-line stability. The solutions for v' and r' cor- 
respond to the standard solutions of second-order dif- 
ferential equations which are as follows: 

increase with increasing time, a straight-line path will 
never be resumed, and the ship may end up in a steady 
turn with its rudder held fixed a t  zero. 

The relationship between the stability indexes, u, of 
solution (13) and the stability derivatives of (11) can 
be obtained by substituting the solutions (13) back into 
(11). If this is done, a quadratic equation in cr is ob- 
tained: 

A& + Ba + C = 0 (14) 
where 

A = n', A i j  

B = - n',Y', -A,N' ,  

C = Y,N',. - (Y, - A')", 
(13) The two roots of Equation (14), both of which must v' = Vle"lt + V,e"zt 

r' = R,euIt + R,e'2' be negative for controls-fixed stability are: 
where e = 2.718; V,, V,, R,, and R, are constants of 

dimensions of 1 / t and t is time. I t  is seen from solution 
(13) that if both values of cr are negative, v' and r' 
will approach zero with increasing time which means 
that the path of the ship will eventually resume a new 
straight-line direction. This corresponds to Case I of 
Fig. 3. If either (rl or cr2 is positive, u' and ,r' will 

-B/A * [(B/A)' - 4C/A]1'z 
2 ( 1 4 4  

From a practical standpoint, crl alone is usually 
given for surface ships. This is because the size for 
c, is algebraically less than crl and thus it is clear 
from Equations (13) that the motion description by the 
al term is larger than the cr2 term after the distur- 

integration; u1 and u2 are the stability indexes with a 1 , 2  = 

Previous Page 
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Fig. 6 Ship with a transverse acceleration, i 

bance has ended. Hence u1 alone is rather a good 
negative quantitative measure of the degree of sta- 
bility. 

4.2 The Stability Criterion. Expression (14a) re- 
veals that the two essential conditions for both u, and 
u2 to be negative are: 

That C/A be positive, i.e., C/A > 0. If C/A 
is negative 

(a) 

[ 6)' - 3 2  

will be greater than B / A  and whether B / A  is positive 
or negative, one value of u will always be positive. 

(b)  That B / A  be positive. If B / A  is negative and 
C/A is positive, then both u1 and u2 will always be 
positive. As noted before, if both B / A  and C/A are 
negative, one value of u will be positive. 

Thus, the conditions for stability are reduced to the 
requirements that B/A  and C/A must both be positive 
quantities. Since each of the terms of A, B, and C are 
nondimensionalized by the same quantities, the mag- 
nitudes and the signs of A, B, C may be determined 
by examination of either the dimensional or nondi- 
mensional derivatives appearing in the definitions of 
A, B, and C in Equation (14). Because the nondimen- 
sionalizing items, p, V, and L are always taken as 
positive, they do not change the signs of the deriva- 
tives. 

The derivative Y5 will be treated first. It is the slope 
of the Y-force with respect to an acceleration d, and 
appears in the definition of both A and B of  (14). The 
sketch shown in Fig. 6 represents a ship with an ac- 

Y ~ A L W ~ S  NEGATIVE 

celeration + v with the origin taken at the midlength 
of the ship. Under these circumstances, both the bow 
and stern experience a v-acceleration in the positive y- 
direction. Therefore, the inertial reaction pressure of 
the water being accelerated by the hull produces forces 
in the negative y-direction on both the bow and stern. 
Hence, the bow and the stern effects add to give a 
relatively large negative Y-force resulting from a pos- 
itive v. If a disturbance of a negative v is placed on 
the ship, the inertial pressures on the bow and the 
stern will add together to give a relatively large Y- 
force in the positive y-direction. Hence, the plot of Y 
versus d would appear as shown in Fig. 7, and the 
slope Y5 taken at i, = 0 would be a negative value of 
relatively large magnitude. For ship-shaped bodies 
with large length to beam (L /B)  ratios, the magnitude 
of Y5 is approximately that of the ship's displacement, 
A. For example, theoretically calculated values of Y5 
for ellipsoids give values of -0.9 A for L / B  = 5: 
-0.95 h for L / B  = 8.5; and - 1.0 A for L I B  = 00. 

Thus, the term (A - YJ  which occurs in both A and 
B is a large positive number with a magnitude of al- 
most 2 A Equation (12). 

Like Y,, the derivative N+ appears in both A and B, 
and is also always negative and relatively large as will 
be shown in Fig. 8. A sample plot of Nversus i follows 
the same relationship as Y versus d in Fig. 7. 

Just  as the magnitude of Y5 is almost as large as A 
for ship-like forms, the magnitude of N+ is almost as 
large as I,. Theoretical calculations for ellipsoids show 
that N ,  = -0.7 I, for L / B  = 5; N+ = -0.8 I ,  for L/  
B = 8.5; and N+ = - 1.0 I, for L / B  = 00.  

As was indicated in the analysis of the derivative 
Y,, both the bow and the stern add to contribute to a 
large negative Yi. However, in the case of N,, again 
the bow and stern oppose each other and 
N,, like Y+, is usually a relatively small quantity of 
uncertain sign provided the origin is taken close to the 
ship midlength. 

The sign and magnitude of A may now be deter- 
mined: 

A = n', = - N ) (A' - Y ' * )  > 0 

ICY; i )  STERN 

LOCAL .j AS A RESULT OF i 
NEGATIVE IN THE STERN 
AND POSITIVE IN BOW 

Fig. 8 Ship with an angular acceleration Fig. 7 Typical Y versus v relationship 
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To evaluate the relative magnitudes of B and C, it is 
necessary to examine the nature of the derivatives Y,, 
N,, Y,, and N,. In Fig. 9, the nature of the forces 
acting on a body with a velocity v added to a forward 
velocity u is shown. I t  is seen that as a result of the 
angle of attack, /3 z -v/V on the body, both the bow 
and the stern experience a lift force oppositely directed 
to v. Hence, Y, is always negative. However, the bow 
contribution to the total Y,v-force is usually larger 
than that of the stern so that the center of action of 
the total force in the y-direction owing to v is consid- 
erably forward of the midlength of the ship. Hence, 
with the origin at the midlength, N,, is also usually a 
negative quantity for ships without fins or rudders. I t  
is obvious that the addition of a rudder a t  the stern 
of a ship, for example, will increase the magnitude of 
( Yvv)stern and hence decrease the negative magnitude 
of N,. If the rudder were sufficiently large, it might 
even cause Nu to become positive; however, this is not 
usually the case. A typical plot of Y versus v and 
possible plots of N versus v with the origin at a are 
shown in Fig. 10. 

In analyzing the effect of an angular velocity r on 
Y and N, a location B forward and S aft  are assumed 
as shown in Fig. 11. The origin is again taken a t  the 
midlength. When the ship is moving ahead with a ve- 
locity V and an angular velocity + r is added, point 
B at the bow has an angle of attack from starboard 
( z r d l / V  for small r )  producing a negative Y-force 
and a negative N-moment on the bow. Similarly, point 
S at the stern experiences an angle of attack from the 
port side producing a positive Y-force a t  the stern and 
a negative N-moment. Hence, the bow and the stern 
add to give a large negative N for a positive r, whereas 
bow and stern oppose each other to give either a small 
positive or negative Y-force for a positive r, negative 
if the bow dominates. For a negative r, the angles of 
attack change to opposite sides and hence the force 
and moment contributions change sign. Sample curves 
of Y versus r and N versus r for 0 at a are shown 
in Fig. 12. 

Since B like A is always a large positive quantity 
for ships, independent of the choice of origin, the con- 
dition for stability reduces from B > 0 and C > 0 
to only C > 0. 

- BOW 

(7,~) STlERN I 
+ Y  

Fig. 9 Ship with a forward velocity, u, and a transverse velocity, v 

"1 N, POSITIVE I tYt  \ 
I F  STERN \ DOMINATES \ \  I 1 

Fig. 10 Typical Y versus v and N versus v relationships 

Hence, C is considered the discriminant of dynamic 
stability. From Equation (14), 

C = Y,N: -NL( Y T - A )  (14b) 

Y,N:-N:, ( Y T - A ' )  > 0 (144 

YON:  > N ,  (Y, - A') (14d) 

and the condition for stability is simply: 

or 

with the inequality of Equation (14c) expressed as 

the solution can be viewed as a relationship between 
the lever arm of forces due to yawing and sway. The 
inequalities of Equation (14c) and (14d) provide the 
basic criterion for dynamic course stability, indicating 
whether or not the ship is stable but not giving a 
quantitative measure-as do the us of (13) and (14). 

Methods for estimating stability (vl) early in a de- 
sign effort based only on major dimensions have been 
developed by Clark (1982) based on regression anal- 
yses and are mentioned in Section 16.3. Another closely 
related index T (approximately equal to l/uJ of the 
K and T pair of indexes is introduced later in Section 
5.4. T and K can be developed from common trials and 
are useful in comparing vessels. 

A-- 
( N , r )  STERN 

(N,r) BOW - 

Fig. 1 1  Ship with a forward velocity, v, and an angular velocity, r 
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, 
yr  NEGATIVE^ ‘ ‘\ 
IF BOW DOMINATES Nr NEGATIVE 4 

(BOW AND STERN ADD) 

Fig. 12 Typical Y versus r and N versus r relationships 

The cr stability indexes in the horizontal plane are 
not speed dependent in the range of low and moderate 
Froude numbers where the resistance coefficient, CT, 
is essentially constant, since the nondimensionalized 
stability derivatives are sensibly constant in this speed 
range. Thus, if a ship possesses controls-fixed, 
straight-line stability in the horizontal plane a t  low 
speeds, it will also be stable in this sense at higher 
speeds, at least up to the limiting Froude number to 
which the nondimensional motion stability derivatives 
remain constant; or vice versa, if a ship is unstable a t  
low speeds, it will also be unstable a t  higher speeds.’ 

4.3 The Dieudonne’ Spiral Maneuver. The direct or 
Dieudonne’ spiral maneuver is a definitive ship trial 
(Dieudonne’, 1953) which identifies the directional sta- 
bility characteristics of the vessel. The maneuver con- 
sists of the following: 

(a) The ship is “steadied” on a straight course a t  
a preselected speed and held on this course and speed 
for about 1 min. Once a steady speed is established, 
the power plant controls are not manipulated for the 
duration of the maneuver. 

(b)  After about 1 min, the rudder is turned to  an 
angle, a,, of about 15 deg and held until the rate of 
change of yaw angle maintains a constant value for 
about 1 min. 

(c) The rudder angle is then decreased by a small 
amount (about 5 deg) and held fixed again until a new 
value of 4 is achieved and is constant for several 
minutes. 

(d) The foregoing procedure is repeated for differ- 
ent rudder angles changed by small increments from, 
say, large starboard values to large port values and 
back again to large starboard values. 

The numerical measures obtained from the preced- 

At first glance, this may seem contrary to operating experience 
where, in the presence of variable winds or currents the pathkeeping 
ability of a ship may improve with increasing ship speed. However, 
the presence of continuing disturbances is precluded in the present 
context by the definition of stability stated in the beginning of 
Section 3. Path keeping in the presence of such continuing distur- 
bances is discussed in Section 11.3. 

ing spiral maneuver are the steady yawing rates as a 
function of rudder angle. A plot of these values is 
indicative of the stability characteristics of a ship. For 
example, if the plot is a single line going from star- 
board rudder to port and back again, as shown for 
ship A in Fig. 13, the ship possesses controls-fixed, 
straight-line stability; that is, it has a negative direc- 
tional stability index. If, however, the plot consists of 
two branches joined together to form a “hysteresis” 
loop, as shown in ship B of Fig. 13, the ship is unstable; 
that is, it has a positive stability index. In addition, the 
height and width of the loop are numerical measures 
of the degree of instability; the larger the loop the 
more unstable the ship. The slope of the yaw-rate curve 
at zero rudder angle is a measure of the degree of 
stability or instability. I t  may be predicted using Equa- 
tion (26) or measured from plotted ship trial data. 

However, the linear theory used to develop (26) is 
unable to predict the characteristics of the hysteresis 
loop for unstable ships. For this purpose the nonlinear 
theory of Section 8 is essential. Nevertheless, it is clear 
that a ship with a hysteresis loop must have a positive 
control-fixed stability index. The existence of a loop 
means that with the rudder fixed a t  zero, I+ is not 
necessarily zero; that is, the ship may continue to turn 
with the rudder amidships. The mere possibility of this, 
with no external disturbances acting or having acted 
in the recent past, testifies to controls-fixed instability. 

Abkowitz (1964) has pointed out the analogy be- 
tween stability in straight-line motion and stability in 
heel. Fig. 14 is a plot of the conventional righting- 
moment curve versus the angle of heel, +, for both 
stable and unstable ships. The resemblance between 
Figs. 13 and 14 is apparent immediately. For ship A 
of Fig. 14, which is stable in heel, the slope of the 
righting-moment versus heel angle curve a t  + = 0 is 
positive, indicating stability. Similarly, in Fig. 13, the 
positive slope (as drawn) of I,!J versus 6, for ship A 
indicates that that ship is stable in straight-line motion. 
Likewise for the unstable ships B in Figs. 13 and 14. 
The slope at the origin of both curves is negative, 
indicating instability. 

In the case of the stable ship A in Fig. 13 only one 
angular velocity (or turning rate) can result from any 
given rudder deflection. For the unstable ship B in Fig. 
13, there are regions between the lines aa, and bb, 
where there is more than one turning angular velocity 
for a given rudder deflection. For the ship unstable in 
straight-line motion, there is a region where the ship 
can turn against its rudder. 

During a spiral test, no data can be obtained for the 
unstable ship B on the dotted curve between (a)  and 
(b) in Fig. 13, because these are points of unstable 
equilibrium for the particular rudder angles. For ex- 
ample, a t  zero rudder angle, the ship will tend to move 
to either positions (c) or (c,) depending on the previous 
time history of the motion because these are positions 
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a6 
SLOPE = (2) ay. 4.0 
FOR STABLE S H I P A  

t -I 

oa $ 1  
SLOPE AT THE STABLE 

\ / I  

Fig. 13 Relation between angular velocity ($1 and rudder deflection angle 
(6,) for stable and unstoble ships 

of stable equilibrium for zero rudder ,deflection since 
the slopes, as drawn, of the 6, versus JI curve at these 
points are positive. 

For a spiral test conducted from starboard to port, 
the unstable ship B may start with an angular velocity 
denoted by point ( d )  in Fig. 13. As the rudder angle 
is reduced, the angular velocity is reduced following 
curve B, until a t  zero rudder deflection an angular 
velocity indicated by point (c) is obtained. Upon con- 
tinuing the rudder deflection to port, the ship still con- 
tinues to turn to starboard against the direction of the 
rudder deflection until point (a)  on curve B is reached. 
Any increase of the rudder angle to port beyond point 
(a )  will cause the ship to suddenly assume the large 
angular velocity to port indicated by point (a), and 
perhaps temporarily even overshoot (al). Similarly, 
when the spiral is repeated from port to starboard, an 
increase in the rudder angle beyond point (b )  in Fig. 
13 will cause the ship to swing as fast as its inertia 
will let it to the angular velocity indicated by point 
(b,). Hence, an unstable ship can turn against its rudder 
up to a certain rudder angle and then suddenly swing 
in the opposite direction to a new stable position for 
that rudder-deflection angle. 

This behavior of a ship unstable in straight-line mo- 
tion is exactly analogous to the behavior of a ship 
which is transversely unstable. The transversely unst- 
able ship cannot remain upright even in the absence 

SLOPE AT THE '$ ORIGIN FOR UNSTABLE 
pp SHIP B 

/ 

Fig. 14 Relation between heeling angle (a 1 and heeling (or righting) moment 
for stable and unstable ships 

of a heeling moment. I t  will heel either to port or 
starboard to an angle of heel indicated by either (c) or 
(c,) for ship B of Fig. 14. These are positions of equi- 
librium since the slope of curve B is positive at these 
points. If a port heeling moment is applied to the unst- 
able ship B which is initially heeled to the starboard 
angle (c) in Fig. 14, the angle of heel will be reduced, 
but will still remain to  starboard until point (a) is 
reached. Any further increase in the heeling moment 
to port will cause ship B of Fig. 14 to lurch from point 
(a)  to point (ul), which is a stable position of large heel 
to port. [The heel angle will overshoot (a,), but will 
finally settle down at (a,).] Hence, no points in the 
unstable region between (a) and (b)  can be obtained 
for ship B during an inclining experiment. Thus, the 
behavior of an unstable ship in an inclining experiment 
would be completely analogous to that of a unstable 
ship in its spiral test. 

It was noted in Section 4.2 that the controls-fixed 
stability indexes are not speed dependent at low and 
moderate speeds for motions in the horizontal plane. 
Based on this conclusion, the results of spiral maneu- 
vers conducted at different speeds should not differ 
from one another significantly. I t  should also be noted 
that the results of the spiral maneuver shown in Fig. 
13 are essentially symmetrical about zero rudder angle 
and zero yaw rate. These are typical of results obtained 
with ships that are both dynamically and geometrically 
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Fig. 15 Results of spiral maneuver (Strom-Teisen, 1965) 

symmetrical about the xz-plane. However, because of 
propeller rotation, ships with an odd number of pro- 
pellers or with any number of unirotating propellers 
are not dynamically symmetrical about the xx-plane. 
Therefore, the results of spiral maneuvers conducted 
with such ships are likely to be displaced to one side 
or the other depending on the direction of rotation of 
the uncompensated propeller. For a stable ship, the 
rudder angle at J, = 0 is the rudder angle needed to 
maintain a straight course. This is the initial equilib- 
rium rudder angle or 6, in the symbology of Section 

a very simple test, called the meander test, suffices. 
In this test the stern planes are deflected to a prese- 
lected value for a very short time and then returned 
to their neutral angle. If the subsequent path followed 
by the submarine in the vertical plane is a decaying 
oscillation as shown in Fig. 3, Case 11, the submarine 
is directionally stable. If the path is an increasing os- 
cillation, the submarine is directionally unstable. Be- 
cause ships do not possess directional stability in the 
horizontal plane, the meander test is not used in that 
plane and recourse is made to the spiral maneuver. 

3.3. I t  will alsoisually-be associated w%h a nonzero 
value of v,. The values of 6, and v1 are also called 
neutral angles. For an unstable ship, the rudder angle 
corresponding to the position of half the loop height 
shown in Fig. 13 is the approximate neutral angle. 

It is essential in conducting a spiral maneuver to 
allow sufficient time for conditions to “steady” at each 
rudder angle otherwise spurious results are obtained. 
Fig. 15 (Strom-Tejsen, 1965) shows results of nonlinear 
predictions (based on systems of equations similar to 
those introduced in Section 8) which are three spiral 
tests conducted with three different time intervals be- 
tween consecutive rudder deflections: 

- 

(a) 60 see. 
(b)  120 see. 
(c) no time limit. 
In the first two cases the results show a sloped 

“hysteresis” loop giving the impression that the ship 
is unstable whereas in reality, the last case shows that 
the ship is quite stable. 

DYNAMICALLY UNSTABLE SHIP 

RATE OF TURN i 

CURVE OBTAINED FROM 
BECH REVERSE SPIRAL 

CURVE OBTAINED FROM 
DIEUDONN~ SPIRAL 

RUDDER ANGLE 6~ --I_ 
LEFT (PORT) ! RIGHT (STBD) 

Fig. 16 Reverse spiral test 

As will bediscussed in Sections 15 and 16, directional 
instability is not necessarily bad. Large, slow moving 
ships with directional instability can be handled in a 
quite satisfactory manner. The degree of instability 
relative to the type, size, and speed of the ship is 
important. 

I t  is obvious that the spiral maneuver cannot be 
conducted with submarines in the vertical plane. Here 

4.4 The Bech Reverse Spiral and Pullout Maneu- 
vers. The Bech or reverse spiral maneuver (Bech, 
1968) is an alternative test to the direct spiral maneu- 
ver. In the reverse spiral test the ship is steered at a 
constant rate of turn and the mean rudder angle re- 
quired to produce this yaw rate is measured. This pro- 
cedure is repeated for a range of yaw rates (from 0.5 
deg per sec port to 0.5 deg per sec starboard, for 
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STABLE SHIP 

UNSTABLE SHIP I / RUDDER RETURNED 
TO MIDSHIPS 

Fig. 17 Presentation of pullout tests results 

instance) until a complete yaw rate versus rudder an- 
gle relationship is established. Results for a direction- 
ally stable vessel are similar to results from the direct 
spiral. For unstable vessels however, a hysteresis loop 
is identifiable although a definite relationship is indi- 
cated within the loop, Fig. 16. This is because the test 
condition is no longer controls-fixed. The results still 
provide the shape of the loop for evaluation of the 
degree of instability. 

A properly calibrated rate-gyro and an accurate rud- 
der angle indicator are required although in certain 
cases the test may be performed with the automatic 
steering devices available on board. If manual steering 
is used, the instantaneous rate of turn must be visually 
displayed for the helmsman, either on a recorder or 
on a rate-of-turn indicator. Using the reverse spiral 
test technique, points on the curve of yaw rate versus 
rudder angle may be taken in any order. 

Although not commonly in use, the pullout tests, 
Fig. 17, provide a indication of a ship’s stability on a 
straight course (Burcher, 1972). The ship is first made 
to turn with some rate of turn in either direction. The 
rudder is then returned to midships (neutral position). 
If the ship is stable, the rate of turn will decay to zero 
for turns to both port and starboard. If the ship is 
only moderately unstable, the rate of turn will reduce 
to some residual rate. The pullout tests should be per- 
formed to both port and starboard to show possible 
asymmetry. Normally, pullout tests can easily be per- 
formed in connection with other tests being run. 

Section 5 
Stability and Control 

5.1 General. The controls-fixed stability indexes 
discussed in the preceding section constitute one of 
the important elements of path keeping at sea. Because 
the practical problem of path keeping involves re- 
peated instances of path correction, its basic elements 
tend to merge with those of path changing. These basic 
elements are shown on the control loop of Fig. 1. Path 
keeping and path changing ability of a ship depends 
on: 

(a)  The magnitude and frequency of any yawing 
moments and sway forces acting to disturb the ship 
from the desired path. 

(b )  The character of the response of the ship with 
controls fixed to these disturbances. This response will 
be reflected in changes in the ship’s path shown at the 
extreme right of Fig. 1. 

(c) The rapidity with which the error between the 
ship’s path and the desired path can be detected, and 
with which corrective action can be initiated. 
(d) The rate at which the corrective action is trans- 

lated into movement of the rudder. This is a function 

of the play between the third and fourth elements of 
the control loop and the rate a t  which the steering 
gear can deflect the rudder in the fourth box of Fig. 
1. 

(e )  The magnitude of the control force and moment 
applied to the ship by the rudder. 

Of these five elements, only the second is dependent 
on the controls-fixed stability of the ship. This is an 
important element, but so are all the others. Usually, 
deficiencies in any single element of the control loop 
can be compensated for by improvements in other ele- 
ments. For example, it is shown in Section 11.2 that 
the use of properly designed automatic controls in 
element (c) can correct for controls-fixed instability in 
element (b).  Often it is assumed that increases in rud- 
der size, element (e),  or in the rate of rudder deflection, 
element (d), can correct for deficiencies in the path 
keeping or path-changing ability of a ship. The latter 
view is shown in Section 17 to be incorrect. Although 
minor degrees of controls-fixed instability are com- 
monplace in ships, the best design is likely to be that 
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which possesses minimum deficiencies in each element 
of the control loop. 

5.2 Definitive Maneuvers. The naval architect is 
mainly concerned with elements (b), (4, and (e) of the 
path-keeping and path-changing problems. Therefore, 
certain definitive maneuvers have been devised to dem- 
onstrate the efficacy of these elements of the control 
loop and to exclude as much as possible the influence 
of element (c). Essentially, these maneuvers establish 
the basic stability and control characteristics of a ship 
independent of its helmsman or autopilot: 

(a) Direct or reversed spiral (see Section 4.3) 
(b) Zigzag, Z, or Kempf overshoot (see Section 5.3) 
(c) Turning (see Section 6.1) 

The spiral maneuver as described earlier serves mainly 
to determine stability characteristics, whereas the zig- 
zag maneuver is to determine control characteristics. 
The turning maneuver denotes turning qualities. All 
three maneuvers are important for both merchant and 
naval ships. Specific performance criteria and other 
related trials are discussed in Section 14. 

5.3 Zigzag Maneuver. Second to the spiral ma- 
neuver in importance is the zigzag maneuver, also 
known as the Kempf overshoot or "Z" maneuver 
(Kempf, 1944). 

The results of this maneuver are indicative of the 
ability of a ship's rudder to control the ship. However, 
just as the results of the spiral maneuver give some 
indication of control effectiveness (yaw-angle rate ver- 
sus rudder angle), so do the results of the zigzag test 
depend somewhat on the stability characteristics of 
the ship as well as on the effectiveness of the rudder. 
The typical procedure for conducting the test is as 
follows (Gertler, 1959): 

(a )  Steady the ship as in step (a) of the spiral ma- 
neuver. (See Section 4.3). 

(b )  Deflect the rudder a t  maximum rate to a pre- 
selected angle, say 20 deg, and hold until a preselected 
change of heading angle, say 20 deg, is reached. 

(c) At this point, deflect the rudder at maximum 
rate to an opposite (checking) angle of 20 deg and hold 
until the execute change of heading angle on the op- 
posite side is reached. This completes the overshoot 
test. 

(d) If a zigzag test is to be completed, again deflect 
the rudder at maximum rate to the same angle in the 
first direction. This cycle can be repeated through the 
third, fourth, or more executes although characteris- 
tics through the first overshoot are most important as 
discussed in Section 15. 

Fig. 18 shows the results of a zigzag maneuver car- 
ried through five executes. The results shown are those 
that can be readily obtained with a controlled model 
in a towing tank or with a well-instrumented ship at 
sea. With ordinary ship navigational aids, only the 
rudder angle and yaw-angle curves are readily obtain- 
able. 

The principal numerical measures of control ob- 
tained from the overshoot maneuver as illustrated in 
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Fig. 18 Results of an overshoot and zigzag maneuver (Morse and Price, 
1961) 

Fig. 18 are: (a)  The time to reach the second execute 
yaw angle; (b )  the overshoot yaw angle; and ( G )  the 
overshoot width of path. All of these are important 
operational parameters. The first is a direct measure 
of the ability of a ship to rapidly change course. I t  
improves with increased rudder effectiveness and with 
decreased controls-fixed stability (Arentzen and Man- 
del, 1960). The second and third are numerical mea- 
sures of countermaneuvering ability and are indicative 
of the amount of anticipation required of a helmsman 
while operating in restricted waters. It was shown that 
the magnitude of the yaw-angle overshoot decreases 
with increased stability but increases with increased 
rudder effectiveness. On the other hand, the overshoot 
width of path decreases with both increased stability 
and increased rudder effectiveness. 

The results of the zigzag maneuver are speed de- 
pendent. In general, for any given ship the time to 
reach execute decreases with increasing speed, and 
the overshoot yaw angle and the overshoot width of 
path increase with increasing speed. However, the non- 
dimensional time to reach execute, interpreted in Fig. 
18, as ship lengths of travel to execute, increases with 
increasing speed because of the influence of the rate 
of rudder deflection, 6 R. When 6 is nondimension- 
alized, 6 I R  = 6.L/V, it may be interpreted as de- 
grees of rudder deflection per ship length of travel. 
At low speeds, this nondimensional rate is much higher 
than at higher speeds since 6 is essentially indepen- 
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dent of speed. Hence, with respect to the ship length 
of travel scale in Fig. 18, the rudder would be deflected 
more rapidly a t  low speeds than at high. Hence, the 
rudder exerts its full influence longer a t  low speeds, 
which tends to reduce the nondimensional time to reach 
execute as speed is reduced. However, in spite of this 
beneficial effect as speed is decreased, the time to reach 
execute usually increases with decreasing speed. (The 
effects of the rudder are reviewed further in Section 
17). 

In the case of submarines, the overshoot maneuver 
is employed in both the horizontal and vertical plane 
and its results are perhaps even more operationally 
significant in the vertical plane than in the horizontal. 
This is true because in the vertical plane submarines 
must operate within a relatively shallow layer of 
water, while they usually have ample freedom of mo- 
tion in the horizontal plane except when they are in 
restricted or congested waterways. Hence, to the sub- 
marine operator, overshoot pitch angle and overshoot 
change of depth are very important parameters. 

5.4 The K and T Coursekeeping and Turning In- 
dexes. This section presents the Nomoto simplified 
analysis of K and T indexes which can be developed 
from zigzag trial data. These indexes are widely used, 
simplified analysis tools developed from the linear 
equations of motion. They are useful in comparing 
coursekeeping as well as turning abilities, which will 
be presented further in Section 6. 

While Equations (11) and (12) expressed the linear 
equation as a pair of simultaneous first order differ- 
ential equations, where the constant coefficients are 
the dimensionless acceleration and velocity deriva- 
tives, it is possible to express these equations in an 
alternative form. It was first shown by Nomoto (1957) 
that these equations can be written as a pair of de- 
coupled second order equations as follows: 

TI' T,' B' + (TI' + Tz') P + r' = K'S, 

(15) + K' T,' 6; 
TI' T,' ij' + (TI'  + Tz') fi' + v' = K,' 6 ,  

+ K,' T,' 6 R '  

This expression for the coefficients in terms of the time 
constants TI', Tz', T3' and T,' as well as a system gain 
K' is consistent with control engineering practice. 

Since Equations (15) are a linear system as are (11)) 
a solution similar to (13) may be derived and it may 
be seen that the roots of the solutions are related to 
the time constants as follows: 

1 1 
uI = -- and cZ = -- 

TI ' T2' 

Returning to the linear yaw and sway (11) and (12), 
it can be seen that they are coupled only through the 
terms N,' v' and Y,' r ' ,  which are typically small, par- 
ticularly for ships with near fore-and-aft symmetry. If 
these cross-coupling terms are neglected and sway 

velocity or side slip angle thus eliminated, turning de- 
pends only upon yaw rate, r, and is defined by the 
simplified non-dimensional yaw equation of motion: 

(16) 

Nomoto (1957,1960, and 1966) noted that this equation 
could be divided by the yaw damping coefficient, N :  
and rewritten in the parametric form: 

T r + r '  = K' 6 ,  (17) 

n: i-' - N r  r '  = Nb, aR 

where the non-dimensional parameters or indexes T 
and K' are given by: 

T' = n : / N :  = ( I :  - " , ) I N :  

= T', + T, - Tg (18) 
K' = NLIN: 

In dimensional form the equation is Tr + r = KaR, 
where the non-dimensional parameters are related to 
the dimensional Nomoto parameters T and K by: 

T' = T ( V / L )  
K' = K ( L / V )  

The indices T and K' represent ratios of non-dimen- 
sional coefficients from (18): 

yaw inertia coefficient 
yaw damping coefficient 

turning moment coefficient 
yaw damping coefficient 

T =  

K' = 

Dividing K' by T shows that the two indexes are 
related by: 

K' - turning moment coefficient 
T yaw damping coefficient 

In practice, Equation (15) can be solved by numerical 
integration. For the simple case where the rudder is 
put over suddenly to an angle 6 ,  and held there, the 
solution for r is given, in terms of T and K, by: 

_ -  

r = K So (1 - e-t'T) (19) 
This shows that the yaw rate r increases exponentially 
with time but at a declining rate dependent on T and 
approaches a steady value KS, (or K' Va0 / L).  A larger 
K thus provides greater steady-state turning ability, 
and a smaller value of T provides a quicker initial 
response to the helm. Quick response implies good 
course-changing ability and good course-checking abil- 
ity when a turn (or other maneuver) is completed. Since 
quick response is obviously valuable in course-keeping 
(steering), it is thus consistent with a smaller T. The 
above discussion of Equation (19) shows that T has no 
effect at all on steady turning rate, but a small Twould 
reduce the time required to reach a steady turn. At  
the same time, the index T is a reciprocal measure of 
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course stability, with stability increasing with decreas- 
ing T. However, a negative value indicates an unstable 
dynamic character. The steering quality indexes K and 
T have an immediate relationship to the conventional 
measures of ship turning. It may be shown that, under 
the previously stated simplifying assumption that 
sway can be neglected: 

1 
' T 1 =  -- T' 

where 'T, is the stability index of Section 4. Thus, T' 
offers a direct quantitative measure of straight-line 
stability. 

For steady turning at constant rudder angle S,, 

r = KSRo = K' VSRo/L  (20) 

Steady turning diameter, Do,  by definition is: 

0 l/T' 

and hence non-dimensional turning diameter, Do/  L ,  
and K' are related by: 

D , / L  = 2 V / d  = 2 / K ' 6 ~ ,  (22) 

This relation can be derived from (16) in Section 5 
by neglecting sway (placing N ;  = 0). This is in accord 
with the statement in Section 5.3 that R / L  depends 
on the relative magnitudes of N r  and NbR.  It shows 
that with a larger value of K' a smaller rudder angle 
may be used in achieving a given turning diameter. 

The main maneuvering qualities of a ship using lin- 
ear analysis can thus be characterized using only the 
indexes T and K', where increasing values indicate 
improving performance: 

2" Course stability 
1 / T' 
K' Turning ability 

Responsiveness to rudder 

A highly maneuverable ship (with high responsive- 
ness to rudder and both good turning and low course 

stability) will have a small value of T' and a large 
value of K'. In other words, a large ratio K ' l  T ' ,  or 
Norrbin parameter, P = K ' / 2 T ,  (Nomoto and 
Norrbin, 1969) is indicative of good maneuverability. 
I t  is not a good indicator of course-keeping ability (or 
good steering) however, because this can be achieved 
either by high course stability and low responsiveness 
(high T') or by low or even negative stability and high 
responsiveness (high 1 / 2") plus superior automatic 
control. In short, a large ratio K ' I T  suggests good 
overall controllability only if stability is no greater 
than necessary. 

Overshoot angle, which is obtained from the zigzag 
maneuver (Section 4) has often been used as a measure 
of controllability. Nomoto (1966) has shown that 
overshoot angle is, for a given rudder angle, nearly 
proportional to the product K' T'. Overshoot angle thus 
has the inherent weakness that it cannot be used to 
discriminate between a ship with: (a) good turning and 
fast  response or good course stability (large K' and 
small 2") and (b) poor turning and slow response or 
course stability (small K' and large 7"). The former 
with large K' / T ,  is clearly a far superior ship in over- 
all controllability. But overshoot angle does indicate 
turn-checking ability. 

For further guidance Nomoto has suggested that: 
Turning moment coefficient cc A,/ LT and 

Yaw inertia coefficient a V / L2 T 
where A, is rudder area, and V is displaced volume. 
Using these approximations: 

(23) 
K' ARL - ARL 

a-- 
c ,  7 - 

T' V 
where c, is a constant of proportionality. Fig. 19 sum- 
marizes results for various ships and rudder angles, 
and indicates by the straight lines that c1 tends to be 
independent of ship type and rudder angle. I t  is clear 
from (23) that, since large K' / T' is favorable, a large 
value of A,L / V is desirable. This simplified linear anal- 
ysis indicates that ship dimensions (particularly L and 
V), as well as rudder area, will have a significant effect. 
Once overall ship dimensions are established, both as- 
pects of controllability can be significantly improved 
by increasing rudder size or effectiveness. 

The indexes T' and K' can be calculated numerically 
using Equation (15) if hydrodynamic and mass coeffi- 
cients for the ship are known. One advantage of these 
indexes is that they can be derived from the results 
of the standard trials or free-running model maneuvers 
for comparison with calculation. They give physical 
meaning to the standard trials. 

The application of T and K' to determining criteria 
of controllability is discussed in Section 14.7. The ele- 
ments of turning performance as separated from 
coursekeeping and control are introduced and ad- 
dressed more fully in Section 6. 
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Section 6 
Analysis of Turning Ability 

6.1 Characteristics of the Turning Path. All ship ma- 
neuvering, except some stopping maneuvers, involves 
turning. The response of the ship to deflection of the 
rudder, and the resulting forces and moments pro- 
duced by the rudder, can be divided into two portions: 

(a) An initial transient one in which significant 
surge, sway, and yaw accelerations occur. 

(b )  A steady turning portion in which rate of turn 
and forward speed are constant and the path of the 
ship is circular (in the absence of significant external 
forces). 

Fig. 20 is a definition diagram for turns of any di- 
ameter. Generally, the turning path of a ship is char- 
acterized by four numerical measures; advance, 
transfer, tactical diameter, and steady turning diam- 
eter. As shown in Fig. 20, all but the last are related 
to heading positions of the ship rather than to tangents 
to the turning path. The advance is the distance from 
the origin at “execute” to the x-axis of the ship when 
that axis has turned 90 deg. The transfer is the dis- 
tance from the original approach course to the origin 
of the ship when the x-axis has turned 90 deg. The 
tactical diameter is the distance from the approach 
course to the x-axis of the ship when that axis has 
turned 180 deg. These parameters of a ship’s turning 
path are useful for characterizing maneuvers in the 
open sea. Section 15 discusses the use of the turning 
circle further as a definitive and practical test for as- 
sessing maneuverability. 

Fig. 20 also shows the position of the so-called pivot 
po in t  in a steady turn. This point is of interest, because 
to an observer aboard a turning ship it appears as if 
the ship were pivoting about a point usually somewhat 
abaft the bow. At this point, because of the combi- 
nation of the drift angle on the ship and the rotation 
of the ship, the flow of water past the ship is parallel 
to the x-axis of the ship. Forward of this point, for a 
starboard turn the flow approaches from off the star- 
board side of the ship as shown in Fig. 20, and aft of 
this point the flow approaches from the port side. Thus, 
a fixed vertical fin in the plane of symmetry of the ship 
would experience no angle of attack a t  this location 
(see also Section 16.3). According to Fig. 20, the dis- 
tance between the pivot point and the center of gravity 
of the ship x, = R sin p. Because small radius turns 
are usually associated with large drift angles, and 
large radius turns with small drift angles, the product 
R sin p does not vary significantly for different ships 
or for the same ship at different turning radii. For 
most ships the pivot point is somewhere between the 
bow and about 1 / 5 L aft  of the bow (Mandel, 1953). 
Based on empirical data, the drift angle, p, in degrees, 
generally falls within the following range of values: 
p = 22.5 L / R  + 1.45 and p = 18 L/R. The former 

relationship yields values of x, from 0.4 to 0.5 L de- 
pending on the L / R  ratio. The latter relationship yields 
values of x, = 0.3L. 

During the first phase of the turn, before it becomes 
steady, there is also an apparent “pivoting” point. This 
point near the bow of the ship initially follows a path 
which is a straight-line extension of the approach path, 
while the stern deviates outward of the approach path 
and the bow deviates inward of it. 

The turning circle maneuver has traditionally re- 
ceived the most attention in treatises on ship maneu- 
verability. One reason for this is that it has been and 
still is an important practical maneuver that ships fre- 
quently perform. Also, because the final phase of the 
turning path is a steady-state maneuver, it has lent 
itself more readily to analytical treatment than have 
transient maneuvers. 

6.2 The Three Phases of a Turn. Suppose that a 
ship is advancing on a straight path when its rudder 
is deflected and held a t  a fixed angle as in Fig. 20. The 
resulting path of the ship may be divided into three 
distinct phases. 

Fig. 20 Turning path of a ship 
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The first phase starts at the instant that the rudder 
begins to deflect and may be complete by the time the 
rudder reaches its full deflection angle. During this 
period, the rudder force, Y, SR,  and rudder moment, 
N, SR,  produce accelerations and are opposed solely by 
the inertial reaction of the ship because there has not 
yet been an opportunity for development of hydro- 
dynamic forces arising from a substantial drift angle, 
0, or a rotation, r, to develop. Hence, in this stage, p 
= v / V  = r = 0. Using the dimensional Equation (10) 
and introducting the rudder force and moment, the 
linearized equations of motion in the first phase of 
turning are: 

(1, - N+) i  - NG = N, 6, 

The values of the accelerations, l j  and i that occur 
in this phase can be obtained from these equations. I t  
may be noted in Figs. 20 and 21 that the transverse 
acceleration, v, is negative or directed to port in this 
phase, whereas the turn will eventually be to star- 
board. This is because (for a rudder a t  the stern) the 
rudder force Y, SR is directed to port for a starboard 
turn. 

The accelerations v and i can exist in isolation only 
momentarily, for they quickly give rise to a drift angle, 
p, and a rotation, r, of the ship. With the introduction 
of these parameters, the ship enters the second phase 
of turning. Here the accelerations of the ship coexist 
with the velocities and all of the terms of Equation 

(10) along with the excitation terms Y6 S R  and N, 6, 
are fully operative (12). The crucial event that takes 
place a t  the beginning of the second phase of the turn 
is the creation of a Y, v-force positively directed to 
starboard in Fig. 20 towards the center of the turn, 
resulting from the introduction of the drift angle, p. 
The magnitude of this force soon becomes larger than 
the Y, 6,-force which is directed to port (Fig. 5). As 
shown in Fig. 21 this causes the acceleration v to cease 
to grow to port and eventually to be reduced to zero 
as the inwardly directed Yv v-force comes into balance 
with the outwardly directed centrifugal force of the 
ship. However, in the second phase of the turn, the 
path of the center of gravity of the ship at first re- 
sponds to the Y, SR-force and tends to port before the 
Y, v-force grows large enough to enforce the starboard 
turn. This port offset although visibly protrayed in Fig. 
20 is negligible or nonexistent in practice because of 
the shortness of phase 1, and the quick development 
of the large Nvv-moment in ship forms. 

6.3 Steady Turning Radius. Finally, after some os- 
cillation (some of which is due to the settling down of 
the main propulsion machinery and is characteristic of 
the particular type of machinery and its control sys- 
tem) the second phase of turning ends with the estab- 
lishment of the final equilibrium of forces. When this 
equilibrium is reached, the ship settles down to a turn 
of constant radius as shown in Fig. 20. This is the 
third, or steady, phase of the turn. Here v and r have 
nonzero values, but d and i are zero. Thus, using Equa- 
tions (10) the linearized equations of motion in a steady 
turn are: 
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- Y,v - (Y, - A‘u,)r = Ys6, (251 
\ I  

-N,v - N,r = N,S, 
These two simultaneous equations can be solved for 

r and v provided that the stability derivatives Yo, Y,, 
N,, N ,  and the control derivatives Y, and N, are known. 
Noting that r’ G 4 = rL/V and that the steady 
turning radius R = V l r ,  then r ’  = L / R  or the recip- 
rocal of the ratio of the steady turning radius to the 
ship length. Solving the nondimensional version of (25) 
we obtain: 

-L Y’u(N’7)  - N’,( Y ,  - A’) 
= - 6, [ Y v N ‘ ,  - N’,Y‘, 

and 

N’,( Y‘, - A’) - Y ,  N‘,  
Y’,N’, - Nit,( Y‘,  - A’) 

v 1  = -0 = 6, 

where p and 6 are in radians and positive R denotes 
a starboard turn. 

Thus, according to the preceding linear theory, the 
steady turning radius would be proportional to the ship 
length, L, and inversely proportional to the rudder- 
deflection angle, 6,, and the drift angle 0 would be 
directly proportional to 6,. 

Solutions (26) and (27) are useful for estimating the 
steady turning radii and drift angles of stable ships 
with fairly large diameter turns of about four ship 
lengths or more. They are used to estimate the turning 
radii of torpedoes, and are useful for estimating the 
turning radii of ships at less than maximum rudder 
angles. 

The great majority of merchant ships have turning 
diameters of from two to four ship lengths a t  full 
rudder angle, and many ships have turning diameters 
of two ship lengths or less. Such tight turns introduce 
strong nonlinearities that tend to reduce the validity 
of the linear equations of motion. Procedures for pre- 
dicting the maneuvers of tight-turning ships are dis- 
cussed in Section 8. 

Relationship Between Steady Turning Radius and 
the Hydrodynamic Derivatives. Equation (26) devel- 
oped from linear theory may be used for stable ships 
to predict the effect of changes in the hydrodynamic 
derivatives on the turning radius. In slightly modified 
form, Equation (26) is: 

6.4 

It is seen that the numerator is identically the sta- 
bility criterion, C, Equation (14b) of Section 4.2; it was 
shown in Section 4.2 that the value of the numerator 
is independent of the choice of origin. If the relation- 
ships 

N’, = + ( Y , ) x ‘ a  
and 

N‘, = (N’ , )a  + Y’,x’m 
are substituted in the denominator, it reduces to 
Y , ( N ‘ , ) a  - Y s ( N ’ a ) a  which is also independent of 
the choice of origin, thus if the ship is stable the nu- 
merator is positive and if the ship is unstable the nu- 
merator is negative. The sign of the denominator is 
always positive for the following reasons: 

Y’, is always negative and N‘, is always neg- 
ative for rudders located at the stern (Fig. 22). In the 
figure 6, is negative following the definition of these 
6’s given in Section 3.5 and following the sign con- 
vention given in the nomenclature at the end of this 
chapter. The moment N resulting from negative 6, 
however, is positive according to the same sign con- 
vention. Similarly, if S were positive, N would be neg- 
ative. Hence, the derivative N, is always negative for 
rudders at the stern. In Fig. 22, the force, Y,  arising 
from the negative 6 is also negative, if 6 were positive, 
Ywould be positive; hence, the derivative, Y,, is always 
positive hence, their product is positive. 

Y, is always positive, N‘,  is almost always neg- 
ative; hence, subtracting their product will add posi- 
tively to Y,N’s .  

(c)) If is positive (it is rarely so), its magnitude 

(a) 

(b )  

C STRAIGHTENING INFLUENCE OF H U L L  AND PROPELLER ON THE FLOW TO 
THE RUDDER 

a ANGLE OF ATTACK ON THE RUDDER 

“.p, ACTUAL DRIFT ANGLE AT THE RUDDER 
+ €  GEOMETRIC DRIFT ANGLE AT THE RUDDER 

CENTER OF THE STEADY TURN w 
Fig. 22 Orientation of ship and rudder in a steady turn to starboard 
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Fig. 23 Disposition of forces in yz plane in a turn 

is bound to be small so that the larger positive Y',N', 
product will determine the sign of the den~minator .~ 

It may therefore be concluded that if a ship is stable 
and its rudder is located a t  the stern, a positive (star- 
board) R will always result from a negative 6 and vice 
versa. However, if the ship is unstable, then the nu- 
merator of the right-hand side of Equation (26) is neg- 
ative and R will have the same sign as 6 .  Physically 
this means that a ship will turn against its rudder, 
which is in accord with the behavior of an unstable 
ship. Since Equation (26) deals only with the slope of 
the R versus 6 curve a t  6 = 0, which is a region of 
unstable equilibrium for unstable ships, it cannot be 
used to predict the turning radii of unstable ships. 

For stable ships, Equation (26) may be used to ex- 
amine the effect of changes in the individual deriva- 
tives on the turning radius. Equation (26) shows that 
the effect of changes in Y ' ,  on R depends on the relative 
magnitude of (N,) compared to N', .  If N',  has a 
greater magnitude than (N,) then increasing the mag- 
nitude of Y, would decrease the radius of turn. On 
the other hand, if the magnitude of (N',) is larger than 
N'6 ,  then an increase in the magnitude of Y, will 
usually increase the radius of the turn. Since for stable 
ships, ( N f T )  is usually much more negative than N'!,  
the usual effect of increasing the magnitude of Y, is 
to increase the radius of the turn. Thus, while the Y,v- 
force is responsible for the initiation of a turn in the 
desired direction, an increase in the magnitude of Y, 
does not necessarily reduce the steady turning radius. 

The effect of N',  on R is readily predictable. If N, 
is negative, increasing its magnitude will decrease the 
positive value of the numerator of the right-hand side 
of (26) and increase the positive value of the denomi- 

For rudders located a t  the bow, N6 will always be positive and 
R will always have the same sign as tiR for stable ships. The sign 
of Y, is always positive whether the rudder(s) are located a t  the 
bow or a t  the stern. 

nator, hence R will decrease on two counts. On the 
other hand, if N, were positive, increasing its mag- 
nitude would increase the numerator and decrease the 
denominator, and hence R would be increased. 

The effect of N', and N',  on R' is equally clear. 
According to Equation (18), an increase in the mag- 
nitude of N' ,  will increase R while an increase in the 
magnitude of N ,  will decrease. This result is in accord 
with an intuitive examination of the question. 

The effects of the remaining derivatives on R depend 
on the sign of Na, and can be deduced from Equation 
(26) when the sign of the derivative is known (see Table 
1). 

While use of the rudder 
is intended to produce motions only in the yaw (xy) 
plane, motions are also induced by cross coupling into 
the pitch (xx) and roll (yx) planes. The unwanted mo- 

6.5 Heel Angle in a Turn. 

Table 1-Effect of Changes in the Derivatives on Steady 
Turning Radius (for Stable Ships with Rudder(s) at the Stern) 

Sign of the 
derivatives 

Derivative for ships 

always negative 
always negative 
always negative 
either positive 

or negative 
either positive 

or negative 
always positive 
always positive 

NOTES: 
1. A'  is not a derivative but is included here for conven- 

ience. 
2. Signs in italics refer to the signs of the derivatives for 

usual ship forms. 
3. For typical values of the foregoing derivatives for a 

wide range of merchant ship forms (nondimensionalized on 
the basis of p, L, T and V), see Table 6. 
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tions in the roll plane, particularly, are likely to be 
large enough to be of significance.* The magnitude of 
the heel angles induced by the rudder can be estimated 
by considering the heeling moments arising from the 
vertical disposition of the forces described in the pre- 
ceding section. That disposition for the first phase of 
a starboard turn, is shown in Fig. 23(a). The direction 
of most of the forces may be obtained from the first 
of Equations (24) if all terms are gathered on one side 
and equated t o  zero as follows: 

Y,S, + Y ,  6 + Y ,  P - AV = 0 (28) 
Since Y, is always positive and 6, is negative for a 
starboard turn, Y,S, is negative or directed to port. 
Since Y ,  is always negative and v is negative in the 
first phase of a starboard turn, Y, v is positive or 
directed to starboard. Since Y ,  may be either positive 
or negative, the sign of Y ,  i is not predictable from 
(28). In any event, Y ,  i is very small compared to 
Y ,  V .  Finally, since V is negative and A is positive, 
(- Av) is positive or directed to starboard. 

The approximate angle of heel, 4, may be obtained 
by equating the resultant heeling moment, which is 
the sum of the moments of each of the forces in the 
yx-plane, Fig. 23(a), to the hydrostatic righting mo- 
ment. A graphical solution of this equation is described 
in Section 7 of Chapter 11. For this purpose Y ,  Y ,  may 
be taken to be acting a t  half draft, Y, S, a t  the vertical 
center of the rudder and AV and Ax,r a t  the center of 
gravity of the ship. If moments are taken about the 
half draft, it is obvious from Fig. 28(a) that the heel 
angle, 4, will be to the starboard (positive) in the first 
phase of a starboard turn. 

The forces acting in the yx-plane taken from Equa- 
tion (25) for the third phase of a starboard turn are 
shown in Fig. 23(b). If moments are taken about the 
center of gravity of the ship, it is seen that the heel 
angle. 4. is likely to be to port (negative) since Y,v + 
Y,r must be much larger than Y,S in order to enforce 
the starboard turn. Thus, between the first and third 
phase of a turn, the heel angle of a surface ship 
changes sign. The heel-angle time record of ship with 
a large turning heel angle is shown for a starboard 
turn in Fig. 24. It is seen that the amplitude of the 
initial heel to starboard in the first phase of the turn 
is small compared to the amplitude of the second heel 
to port. This second heel involves a large overshoot 
angle beyond the equilibrium value computed in ac- 
cordance with Fig. 23(b). However, eventually the port 
heel settles down to a fairly steady value correspond- 
ing to the computed value for the final phase of the 
turn. 

From an operational point of view, a potentially dan- 

For submerged submarines, the pitch angles induced in turning 
by the rudder as well as by hull asymmetries are also frequently 
large enough to be of concern. 

I 
2 0  

4 0 1  
0 

I I 
I 

#- 

dE IN SECONDS 

Fig. 24 Roll-angle time records for a starboard turn 

gerous situation exists just prior to the completion of 
the first large heel to port. A helmsman, fearing too 
large a heel to port, might at this instant decide to 
return the rudder quickly to amidships. This would 
eliminate the Y,S, force and the heel to port would be 
aggravated rather than alleviated. The only safe action 
to take in such a situation is to immediately, but slowly 
and cautiously, reduce the rudder angle and at the 
same time reduce speed as quickly as possible. 

In the case of a submarine turning, submerged, the 
heel angle is inboard (starboard heel for a starboard 
turn) throughout all phases of a turn. The reason for 
this is that the positions of both the Y,V + Y + i  force 
of Fig. 23(a) and the Y,v + Y,r force of Fig. 23(b) are 
considerably higher relative to the center of gravity 
on a submerged submarine than on a surface ship. In 
particular, the bridge fairwater existing on practically 
all submarines is an effective lifting device and con- 
tributes heavily to both the magnitude and the height 
of the Y,v-force of Fig. 23(b), increasing rolling mo- 
ment, K,v. I t  is clear that if the Y,v + Y,r force is 
raised sufficiently high (on some submarines it is raised 
to a position above the center of gravity), the heel in 
the third phase of a turn will be in the same direction 
as in the first phase of a turn. Thus, the first heel of 
a submerged turning submarine is an inboard heel of 
very large amplitude called the snap roll with sub- 
sequent inboard rolls of diminished mean values. Ac- 
cording to Arentzen and Mandel (1960), the ratio of 
the snap roll in the first phase of a turn to the steady 
heel in the final phase of a turn may be as large as 
3% for a submarine with a large bridge fairwater and 
as large as 5 for a submarine without a fairwater. The 
latter submarine, however, has a much smaller steady 
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Fig. 25 Speed reduction as a function of turning diameter and block 
coefficient 

heel angle than a submarine with a fairwater. Thus, 
the fairwater plays a dual role in turning: 

(a) I t  increases the roll excitation in a turn because 
of its large influence on the roll moment due to the 
transverse velocity K,v. 

(b)  I t  increases the magnitude of the roll damping 
moment, Kpp, and hence, dampens the amplitude of 
the overshoot of the snap roll. 

See Section 12 and 15.7 for description of yaw-roll 
coupling effects in waves and further discussion. 

6.6 Part of the rea- 
son that the initial snap roll of a submarine is so much 
larger than subsequent rolls is that the speed of the 
submarine is rapidly reduced as soon as it develops a 
substantial drift angle. This is also part of the reason 
why the first roll to port of the surface ship in Fig. 24 
is much larger than subsequent rolls. However, in the 
case of the surface ship, its speed is more greatly 
reduced by the time it experiences its largest heel 
angle than in the case of the submarine. This partially 
accounts for the fact that the ratio of the value of the 
first large roll to the steady heel shown in Fig. 24 is 
not nearly as large as the comparable ratios for sub- 
marines cited from Arentzen and Mandel (1960). 

The magnitude of the speed reduction in a turn is 
largely a function of the tightness of the turning circle 
(Davidson, 1944). Fig. 25 shows the empirical relation- 
ship between the ratio of the speed in a steady turn 
to the approach speed and of the turning diameter to 
the ship length, developed by Davidson on the basis 
of a large number of ship trial and model results. The 
discounting by Davidson of the differences between 
full-scale and model results has been shown to be er- 
roneous by Strom-Tejsen (1965), among others. Su- 
perimposed on the Davidson results in Fig. 25 are 
Shiba's (1960) results. Davidson and Shiba concluded 
that the relatively small scatter of data shown could 
not be related to rudder angle, approach speed, or 
rudder-area ratio, which were, of course, among the 
variables of the tests. The effect of changes in type of 
ship power plant and in ship configuration on the speed 

Reduction of Speed in a Turn. 

reduction during maneuvers is discussed in Sections 
8.7 and 16.4. 

In spite of the increasingly severe speed loss asso- 
ciated with tighter turns, Davidson showed that by 
decreasing the tactical diameter to two ship lengths 
or less, significant operational aspects of turning are 
improved. For example, Fig. 26 shows that a 122 m 
(400 ft) long, 20-knot ship with a TD/L = 2.0 achieves 
a full course reversal and has almost completely re- 
gained its approach speed in the 1% min that are re- 
quired for the ship to pass its original execute point 
headed in the opposite direction. On the other hand, 
the same ship with a TD/L = 4.5 required 2% min and 

0 REPRESENT EQUAL 
ELAPSED TIME INTERVALS 
OF ABOUT 24 SECS I 2  SHIP 
LENGTHS OF TRAVEL AT THE 
APPROACH SPEED1 

Fig. 26 Comparison of 180 deg turn ond speed recovery characteristics of 
152-m (400-ft) ship (Davidson, 1944) 
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much more sea room for the same maneuver. 
The speed used in the computation of heel angle in 

the final phase of a turn in accordance with Fig. 23(b) 
should of course be the reduced speed as determined 
from Fig. 25 and not the approach speed. 

Transient turning and complex maneuvers cannot 
be predicted by linear theory. Instead one must resort 
either to non-linear theory in conjunction with captive 
model tests (Section 7) or to free-running radio-con- 
trolled model tests (Section 8). 

Section 7 
Free-Running Model Tests and Hydraulic Models 

7.1 Free-Running Model Tests. There are two dis- 
tinct types of model tests used in the calculation of 
ship controllability: forced captive model tests and 
free-running model tests. Captive model tests will be 
described in Section 8 and are useful in developing 
coefficients for use in ship trajectory prediction equa- 
tions. Free-running model tests are more direct and 
make use of a self-propelled scale model of the ship 
fitted with all appendages and remote control, so that 
actual maneuvers can be performed and controllability 
evaluated. 

Simple free-running models are typically used to 
evaluate turning performance and course keeping sta- 
bility. Such testing can be used to obtain numerical 
measures of stability when the model is fitted with a 
sophisticated sensor-control and a position recording 
system. Measured trajectories from the circle, zigzag, 
and reverse spiral definitive maneuvers can directly 
yield index values for comparison with established cri- 
teria or similar values from an acceptable design. 
Section 15 discusses further the development and as- 
sessment of performance requirements. 

Controllability in shallow water can also be evalu- 
ated if a test facility with variable water depth is avail- 
able. Free-running model tests, however, are not 
generally suitable for evaluating stopping perform- 
ance since scale effects are difficult to overcome. 

Free-running ship models can also be used in hy- 
draulic models of harbor and waterway situations. Pil- 
oted remotely, such models provide a method of 
evaluating various arrangements on the hull, and the 
effectiveness of various types of vessels under partic- 
ular shallow and restricted waterway conditions. Some 
large piloted models are also used for training, and 
research in facilities such as the one in Sogreah, France 
(Demenet, Lewis, et  al; 1987). 

7.2 Free-Running Model Test Techniques. Free- 
running model tests require a model whose propeller 
rotation and control-surface position may be remotely 
controlled and recorded as a function of time. They 
also require a large maneuvering basin, as well as 
means for determining and recording the xo and yo- 
coordinates of the origin of the model, the model head- 
ing angle +, and, if desired, the model heel angle +, 
all as a function of time. Using instructions like those 
for the full-scale ship, the turning, zigzag, and re- 

versed spiral definitive maneuvers may be carried out 
with a free-running model and the resulting charac- 
teristics of these maneuvers may be directly deter- 
mined. For this reason, free-running model tests have 
been, and still are, extensively used for predicting the 
maneuvering characteristics of surface ships, and have 
even been used to determine the maneuvering char- 
acteristics of submerged submarines in the horizontal 
plane. 

Martinussen and Linnerud (1987) provide a current 
status of the use of free-running models for predicting 
maneuvering characteristics a t  the design stage. Some 
of the difficulties in developing test techniques are 
connected with the question of viscous scale effects as 
addressed by many including ITTC (1984), Burcher 
(1975), Okamoto, Tamai, and Oniki (1972), and Nikolaev 
and Lebedeva (1980). Some detailed discussion of scale 
effects, particularly with regard to control surfaces, 
will also be presented in Section 14.2. Other difficulties 
are related to the physical execution of the tests. 

On the physical side, cost considerations normally 
result in utilizing the same model used for towing and 
propulsion tests to perform free-running maneuvering 
tests. Large models are thus often used which help in 
the reduction of scale effects but require careful test 
execution to complete maneuvers because of space lim- 
itations even when performed in large basins. 

As Martinussen and Linnerud (1987) recount, five 
conditions should be met at the start of a maneuver; 
forward speed equal to approach speed with the cor- 
responding propeller revolutions, rudder angle at neu- 
tral, and sway and yaw velocities at zero. I t  is difficult 
to satisfy all five when testing large models of unstable 
ships. Priority is thus given to forward speed, propeller 
RPM, and yaw velocity over rudder angle. During each 
maneuver, the controller must carefully optimize use 
of the basin to allow full maneuvers to be accom- 
plished. 

In order that free-running model test results may 
be directly applicable to a full-scale ship, the following 
additional conditions, added to that of geometric sim- 
ilitude, should be satisfied: 

(a) The nondimensional mass moment of inertia of 
the model about the x-axis, I: ,  should be identical to 
that of the ship. 

(b) The model rudder should be deflected to the 
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Fig. 27 20/20 zigzag test. Model scale result 

same maximum angle as the ship rudder at the same 
nondimensional deflection rate as that of the ship, i.e., 

where the subscript m refers to model values and the 
subscript s to. ship values. Thus the model dimensional 
rudder rate 6 ,  is different from that of the ship, 6 , .  

(c)  If the ship heel in maneuvers is to be properly 
simulated, the I ;  of the model as well as its nondi- 
mensional transverse metacentric height must be iden- 
tical to that of the ship. (In practice, these are difficult 
conditions to fulfill.) 

(d) The model propeller operating slip ratio should 
be identical to the ship propeller slip ratio. This is 
particularly important if the rudder is located in the 
propeller race. 

(e)  If the speed loss in maneuvers is to be properly 
simulated, the response of the motor that drives the 
model propeller to an augment in model resistance 
should duplicate the response of the power plant of 
the full-scale ship to a corresponding augment in ship 
resistance. 

Condition (d) is fulfilled in the ordinary self-propul- 
sion test by having the towing carriage provide part 
of the thrust necessary to drive the model. If not ac- 
counted for, some models will maneuver more sharply 
than the full-scale ship because the rudder force (and 
hence rudder moment) is larger for the model as a 
result of more flow past the rudder. 

For free-running models this condition is commonly 
fulfilled with by using an air propeller to provide part 
of the thrust. This air force can be measured and dy- 
namically changed as a function of measured model 
speed to improve results. Fig. 27 shows a comparison 
of results from similar zig-zag tests run with and with- 

0 

o O O o O O  

0 a 
1 

6 10 16 2 0  26 JO 5 1  
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o o Open water test, turbulence provided by 
wire mesh upstream of rudder. 

Behind hull and propeller. C, based on mo- 0 
del speed. 

Fig. 28 Rudder lift coefficient C, as function of rudder angle (Martinussen 
and Linnerud, 1987) 

out friction correction, showing the effect of a more 
effective rudder in the latter case. 

Condition (e) is usually ignored with a constant RPM 
held. Free-running model tests thus show less speed 
loss in a maneuver than do full-scale results. Results 
are often considered acceptable for diesel powered 
ships which normally show only a 10-15 percent re- 
duction in revolutions in a turning circle with a 35 deg 
rudder angle. Use of a thrust and torque transducer 
would allow simulation of the propulsion engine char- 
acteristics during tests. 

As will be presented later in Section 14.2, a rudder 
in a free stream will encounter flow separation at 
smaller rudder angles in model scale. There is a gen- 
eral belief that a model rudder when placed in the 
propeller race, encounters a high turbulence level 
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Fig. 29 Typical record of hydraulic model test (Panel H-10, 1975) 
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which makes this scale effect neglegible. Fig. 28 sup- 
ports this conclusion through its comparison of results 
for a model rudder tested in open water with test 
results with a rudder behind a propeller on a captive 
model running a t  the ship self-propulsion point. 

The general problem remains of having different 
model vs full-scale boundary layer thickness, after- 
body separation, and cross-flow separation. In addition 
to the traditional bow trip wire Nikolaev and Lebedeva 
(1980) have applied turbulence stimulation on other 
parts of the underwater hull. 

Results reported by Dand (1983) indicate that the 
model is normally more directionally stable than the 
ship. Martinussen and Linnerud (1987), however, in- 
dicate that by using large models, predictions of sta- 
bility characteristics can be reasonably accurate for 
quite different hull forms. The free-running model in 
open water has long been a tool in the analysis of 
maneuverability. The series type test results of Shiba 
(1960) have been very instructive as to the effect of 
basic dimensions and rudder area on maneuvering 
characteristics. 

Because of the numerous scaling and other difficul- 
ties noted above, and because free-running model tests 
yield terminal results only providing little insight into 
the many individual factors, and because large ma- 
neuvering basins are required, alternate procedures 
employing computer simulation in conjunction with 
captive model test results have been developed and 
will be presented in Section 8. 

Before leaving the free-running model, its utility 
when operated in a hydraulic model of a waterway will 
next be introduced. 

7.3 Hydraulic Models. Models of harbor and ves- 
sel waterway systems accurately modeling hydraulic 
flows can be constructed and then free running models 

piloted remotely through them to determine safety and 
efficiency of the operation. Fig. 29 shows one such 
hydraulic model test scenario, the Port of Eemhaven, 
Netherlands (Panel H-10, 1975). 

In this particular case the channel bend was deter- 
mined, after survey, to present the most critical prob- 
lem in the maneuvering of containerships. While the 
existing channel was wide enough to accommodate a 
large containership, the combined effects of the turn- 
ing maneuver and wind and current restricted entry 
time to a window of only two hours a day. And even 
with this restraint, entry was still judged to be risky 
by the Rotterdam pilots. 

A hydraulic model was set up at MARIN of the 
Eemhaven waterway configuration and many different 
large proposed containership models were run through 
the turning maneuver. The rate of groundings was 30 
percent of the transits, reinforcing the pilots’ fears. 
When proposed dredging to ease the bend was tried 
in the hydraulic model, groundings were reduced to 
zero with proper tug assistance (tug usage was sim- 
ulated using small fans mounted on the model). 

Fig. 29 shows a sample trajectory resulting from 
the Eemhaven study. As a result of the project, the 
Rotterdam Port Authority authorized an expensive 
easing of the channel bend entering Eemhaven. 

While the hydraulic modeling of the waterway can 
be made quite accurate reflecting correctly the flows 
of water, scaling problems still exist and the difficulties 
mentioned in the previous sections apply. Scales are 
usually small (1 to 100 is common) because of the 
expense of building waterway models. 

Pilot or helmsman control is from a bird’s eye po- 
sition which provides a better understanding of what 
is happening, but in a compensating manner, move- 
ments take place many times faster than in real life. 

Section 8 
Nonlinear Equations of Motion and Captive Model Tests 

8.1 Nonlinear Equations of Motion. Captive model 
tests and associated simulation studies using nonlinear 
equations are the most powerful and flexible means 
available today for predicting controllability. This ap- 
proach may be initially more costly than a free-running 
model test program, but once the required hydrody- 
namic coefficients are determined from the model test 
data, a wide variety of more accurately predicted ma- 
neuvers and ship operations can be rapidly and eco- 
nomically simulated, with the effects of environment, 
control systems, and external forces readily studied. 

Linear theory as discussed in prior sections is useful 
for analyzing the influence of ship features on controls- 
fixed stability and on the turning ability of directionally 
stable ships in the linear range. Captive model tests 

can be used to develop coefficients for these equations. 
However, as previously noted, linear theory fails to 
predict accurately the characteristics of the tight ma- 
neuvers that most ships are capable of performing, 
and it cannot predict the maneuvers of directionally 
unstable ships. 

There is no completely analytical procedure available 
to this date (1989) for predicting the characteristics of 
these nonlinear maneuvers. As a result, current com- 
puter-aided techniques utilize the experimental results 
from captive model tests, with the equations of motion 
expanded to include significant nonlinear and coupled 
terms. 

A variety of different approaches to developing a 
set of nonlinear equations of motion exist, ranging 

Previous Page 
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from using wing theory to applying a Taylor's series 
expansion to force and moment parameters. A "Cat- 
alog of Existing Mathematical Models" (Hagen, 1983) 
provides a primer on nonlinear models and reporting 
of coefficients and data. The works of Abkowitz (1964, 
1965), Strom-Tejsen (1965), Eda and Crane (1965), No- 
rrbin (1971)) Goodman and Gertler (1976), and others 
should also be reviewed. Fedyayevsky (1964) devel- 
oped a modular system based on physical relationships 
and the use of wing theory, and more recently, the 
Japanese Mathematical Modeling Group (MMG) 
through Kose (1982) and others has developed a similar 
modular model (Section 16 addresses these develop- 
ments and the modular approach). 

The Abkowitz and Strom-Tejsen Taylor's expansion 
approach is herewith presented to give an understand- 
ing of the development of this popular non-modular 
model. The approach is based on a restatement of 
Equation (6) to include rudder angle as follows: 

Y = f(u, V ,  r, U, V ,  +, 6,) (30) 
N "1 

It  is assumed in Equation (30) that the only impor- 
tant forces and moments acting on the ship induced 
by the rudder are those due to rudder deflection, 6, 
and that the forces and moments produced on the ship 
as a result of 6, and 8, are negligible. 

The complete Taylor expansion of Equation (30) with 
terms up to the third order is as follows for X with 
similar expressions for  Y and N .  

(As noted in Section 6.7, tight maneuvers involve 
large speed losses; hence, consideration of the X-equa- 
tion constitutes a vital part of this section whereas it 
could legitimately be neglected in the earlier consid- 
erations of linear maneuvers): 

X = X o  + [X,6U + X,v + X,r + X,U 

+ $ [X7Luu6u3 + xuvv?13 + . . . . . + X,,,SR3 

+ 6XU,,6uvr + 6Xu,,6uvU 

+ . . . . . + 6Xi,,,V+6,] 

where X o  is the force in the x-direction at the equilib- 
rium condition, that is, u1 = V 

IF X INCREASED 

0 

Fig. 30 Three possible relationships between X and v 

Terms higher than third order are not included in 
Equation (31) because experience has shown that ac- 
curacy is not significantly improved by their inclusion. 
Furthermore, practical limitations of measurement 
techniques and the state of refinement of present the- 
ory do not justify the inclusion of higher order terms. 

As a consequence of the geometrical symmetry of 
ships about the xx-plane, the relationship between X 
and v, for example, must correspond in general form 
to one of the three relationships shown in Fig. 30. The 
feature common to all three relationships is that they 
are symmetrical about the ordinate X.  If the relation- 
ship between X and v as depicted by curves 1 or 3 of 
Fig. 30 is to be expressed as an expansion in powers 
of v beyond the first power, then only the even powers 
of v can appear in the expression and the coefficients 
of the odd powers must be zero. That is, X is an even 
function of v which takes the form: 

X(v )  = azv, + a4v4 + asv6 + . . . (32) 
where 
a, = XX,,; u4 = 1/24X,,,, etc., from Equation (31) 

Again, as a result of symmetry about the xx-plane, 
Abkowitz (1964) shows that X i s  also an even function 
of r,  a,, d and i, that is, 

X ( r )  = b2r2 + b4r4  + b,r6 + . . . 
X(6,) = C 2 6 R 2  + c48R4 + c 6 6 R 6  + . 

(33) 
(34) . 

It follows from the previous analysis that cross- 
coupled terms in Equation (31) such as Xvuv6u, 
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Xmr6u, X,,6,6~, Xvvvvv3Su, XrrrUr3Su, and so on, in- 
volving odd powers of v, r, and 6 ,  are also zero. How- 
ever, cross-coupled terms such as XV,,,v2 6u, XrrUr2 6u, 
X S G u S R 2 8 ~ ,  and so on, are nonzero because they involve 
even powers of v, r, and 6,. Also, terms such as X,,vr, 
X,,V,,, XT,r6R, X,,vr6u, and XTa,r6R6u are nonzero 
because they involve even-powered products of v, r, 
and 6, (see also Section 8.6). 

In contrast to X ,  the expressions for Y and N are 
odd functions of v, r, 6, V, and r ;  that is, only the 
coefficients of the terms in the expansion with odd 
powers are non-zero; those with even powers are zero. 
Odd functions are like those shown in Figs. 6, 8, 11, 
and 13 where in all cases the graph of the function is 
reflected about the origin. The expansion of Y or N as 
a function of v, r, S,, V, or .i. is typically as follows: 

Y(v) = d,v + d3v3 + d5v5 + . . . 
Y(6,) = e l S R  + e3aR3 + e5aR5 + . . . 

(35) 

(354 

Although superficially it appears that there should 
be a correspondence between the relationship of Y to 
v shown in Equation (35) and the relationship of X to 
u, in reality they are vastly different, for several rea- 
sons. One is that the equilibrium value of v, designated 
vl in Section 3, is taken as zero. (Any asymmetry due 
to propeller rotation is neglected for this restricted 
purpose but is taken account of later in Equations (37) 
and (38).) 

The equilibrium value of u, u, is not zero but is 
equal to the ship velocity, V. Another reason is that 
the X-force is the component along the x-axis of the 
difference between two oppositely directed forces, 
namely, the ship resistance and the propeller thrust, 
whereas the Y-force is the component of a direct hy- 
drodynamic force. For these reasons and others, X is 
neither an odd nor an even function of u but rather 
its expansion includes all powers of 6u. 

Additional terms of the nonlinear equations can be 
eliminated by considering the nature of acceleration 
forces. Abkowitz (1964) states that no second or higher 
order acceleration terms can be expected, on the as- 
sumption that there is no significant interaction be- 
tween viscous and inertia properties of the fluid and 
that acceleration forces calculated from potential the- 
ory when applied to submerged bodies give linear 
terms. Hence all terms such as XCCiL2, X&, Xi+?, 
Xii,2i3, and so on, of Equation (31) are taken as zero. 
Since X ,  and X i  are also zero because of symmetry, 
the only acceleration derivative that is not taken as 
zero in the nonlinear equation of motion for X is X,, 
which is also the only acceleration derivative that ap- 
pears in the linear equation for X (10). 

Combining the nonlinear Taylor expansion for X ,  
Equation (31) with the dynamic response terms of the 
X-equation, Equation (5), and taking all of the preced- 

ing considerations into account, the equation for X 
becomes: 

where 

L(U, V, r, 6,) = X o  + X,SU + ~X,,,SU' + iX,,,6u3 

+ fX,,v2 + fX,,r2 + :X,,SR2 

The relationship between Y or Nand Su corresponds 
to that shown in curve 2 of Fig. 30 for X versus v. 
That is, because of symmetry about the xx-plane, Y(u) 
= N(u) = 0 and the derivatives Y,, Y,,, Y,,,, Y,, 
N,, Nu,, N,,,, and Nu are all zero. 

As stated earlier, Y and N are odd functions of a, 
T, a,, 6, and r. I t  follows that all the cross-coupled 
terms in the complete Taylor expansion of Y and N 
involving even powers or even-powered products of v, 
r, 6,, V ,  and r a r e  zero. Thus Y2,t,Uv26~, Y,,,r28u, Y,,vr, 
Y,,v~R, YrarSR, Y,,vT~u, Y,,,vS,~U, etc., and similar 
terms for N, are all zero. 

The Y-force and N-moment induced by the rotation 
of a single propeller or by unirotating multiple pro- 
pellers, at v = 6, = 0, identified as Yo and NO in 
Equation (26) must, of course, be included in the non- 
linear equations for Y and N. In addition, since Yo and 
NO are likely to be speed dependent, the following 
terms are also taken as nonzero in the Taylor expan- 
sion: 

Y," 6u N," su 
Y,,"(~u)~ N , , 0 ( 6 ~ ) ~  

The Y-force and N-moment induced by propeller ro- 
tation a t  v # 0, also discussed in Section 17.9 (see Fig. 
253), as well as their speed dependency, are included 
in the followng nonzero terms in the Taylor expansion: 

Following Abkowitz's reasoning as noted in the dis- 
cussion of Equation (31) the only acceleration deriva- 
tives not taken as zero in the nonlinear expansion of 
Y and N are those appearing in the linear equations 
of motion. These are Yc, Y+, Ni,, and N+. 

Combining the third-order Taylor expansions for Y 
and N [similar to that shown for X in (31)], with the 
dynamic response terms of the Y and N-equations of 
Equation (5 )  and taking all of the preceding consid- 
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erations into account, the nonlinear equations of mo- 
tion for Y and N are as follows: Y-Equation: 

N-Equation: 

- NCV + (I, - N+)i  =&(u, V, r, 6R) (38) 

An equation similar to Equation (38) could also be 
developed for the roll moment, K, which could be used 
to solve for the heel angle, 4, as a function of time. 

Equations (36), (37) and (38) can be solved simulta- 
neously for the accelerations u, V, and r, as follows: 

These solutions can be rewritten in the form: 

where u(t), v ( t ) ,  r ( t ) ,  and SR(t) are the instantaneous 
values of u, v, r, and 6, at any time, t. 

Equation (40) is a set of three first-order differential 
equations for which approximate numerical solutions 
are readily obtained on a digital computer. The key to 
the numerical solution is that values of u, v, and r at 
time t + S t  are obtained from knowledge of the values 
of u, v, r, and 6, a t  time t using a simple first-order 
expansion; that is, 

u(t + 6 t )  = u( t )  + 6tiL(t )  

v(t + 6 t )  = v(t)  + Gtiqt) (41) 

r(t + S t )  = r ( t )  + G t i ( t )  

This method is found to give adequate accuracy for 
the present type of differential equations because the 
accelerations u, V ,  and r vary but slowly with time, 
owing to the large mass or inertia of a ship compared 
to the relatively small forces and moments produced 
by its control surface. Any desired accuracy of the 
solutions can be obtained with a computer by using 
smaller time intervals 6 t .  

The mathematical model has been developed in di- 
mensional form. The equations are equally valid in 
nondimensional form with the stipulation that the ve- 
locity used for nondimensionalization should be the 
velocity at any time, t, but not the initial velocity. For 
further simplification, the nondimensionalizing veloc- 
ity in the nonlinear equations is taken as u(t)  rather 
than V ( t )  

One reason cited in this chapter for non-dimension- 
alization is that the nondimensional derivatives are 
independent of speed. The extent to which this as- 
sumption is not true for nonlinear maneuvers is taken 
account of in Equations (36), (37), and (38) by the in- 
clusion of such terms as Y:,, YL,,, YL, YL,, YA,, 
YAU,, and so on, which represent the changes in the 
nondimensional derivatives Y:, Y;, Y s  with speed. 

Assuming that a full set of hydrodynamic coeffi- 
cients (X;, XkU, X;,,, Y,, etc.) is available, and that 
the rudder deflection SR is defined as a function of 
time, the first step in the calculation of the trajectory 
of a ship would be to set the values of u, v, r, and 6, 
at time t = 0. In the most usual case u, v, and S R  at 
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t = 0 would be zero and u would be equal to ul. Having 
done this, u, 6, and i can be calculated from Equations 
(39) and the new velocities a t  time t = S t  can be ob- 
tained from Equations (41). The process is then re- 
peated using the new values for u, v, r, and 6,  in 
Equations (39) and so on. The values of the velocities 
at a time t are thus obtained from 

t-st 

u(t)  = u(0) + c iL (T)  S t  

v ( t )  = v(0) + c ?j(T) S t  

r = O  

t - S t  

142) 
r = o  

r = O  

where u(O), v(O), and r (0 )  are the values of u, r, and 
v at t = 0 and T represents intermediate values of 
time (between time 0 and time t - S t )  at which the 
accelerations iL(t), ?j(t), and +(t)  are determined. 

The instantaneous values of the linear velocities of 
the ship relative to earth axes (which are needed to 
plot trajectories) instead of relative to ship axes are 
obtained from Equation (3) I re-expressed as: 

koo(t)  = u( t )  cos +(t )  - v ( t )  sin +(t )  

ioo( t )  = u( t )  sin +(t)  + v ( t )  cos +(t )  
(43) 

where koo(t) and ioo( t )  are the components of the in- 
stantaneous resultant velocity of the origin, 0, of the 
ship along a fixed set of earth axes x, and yo, respec- 
tively. 

The instantaneous coordinates of the path of the 
origin of the ship xoo(t) and yo,(t) relative to the fixed 
set of earth axes and the orientation of the ship, +(t), 
can then be obtained by integration of the last of Equa- 
tions (42) and (43). These are as follows: 

t - f i t  

t--Rt 

+ [u(T)  + u(O)] sin +(?)I 6 t  (44) 

- v(~) sin + ( T ) )  S t  

There remains the question of defining the rudder 
deflection as a function of time. I t  is assumed that the 

rudder moves with a constant rate of deflection, 6,, 
determined in accordance with condition 2 of Section 
9.2, and that there is a fixed time lag between the 
instant that rudder deflection is ordered and the instant 
that the rudder begins to move (see item ( d )  of Section 
5.1). A rudder deflection up to a certain maximum angle 
6 ,  would be simulated in a computer program as fol- 
lows: 

= until t > tl,,, + to 

then S R ( t )  = S R ( t o )  + rate (t  - to - tlag) 

until 6,(t) = aconst 

then = aeonst 

A rudder function of this type gives a very close 
approximation to the actual time history of a ship's 
rudder when a maneuver is ordered from the bridge. 

8.2 Captive Model Tests. Captive model tests in 
tanks are now carried out using a planar motion mech- 
anism (PMM) or a rotating arm. In either case the 
model is tested over a suitable range of important 
variables such as drift angle, yaw rate, sway accel- 
eration, yaw acceleration, propeller RPM and rudder 
angle, and the results are analyzed to obtain the hy- 
drodynamic coefficients required in the equations of 
motion. Development of the linear coefficients will be 
addressed first. 

For design of a control surface, knowledge of the 
lift, drag and center-of-pressure location as a function 
of angle of attack, velocity, and control-surface con- 
figuration as given in Section 14 is adequate for most 
practical problems. Knowledge of the forces and mo- 
ments generated by control-surface rate of deflection, 
6, and angular acceleration, 8, are only occasionally 
important to the design of the steering engine that 
deflects the control surface and rarely, if ever, to the 
motion of the ship V.S. the control-surface system as 
a whole. However, it was found in Equation (14a) that 
to determine whether a ship is stable or unstable in 
straight-line motion, one must know not only the forces 
and moments generated by angle of attack on the ship, 
but also those generated by angular velocity. In ad- 
dition to these, the forces and moments generated by 
linear and angular acceleration must be known in order 
to determine the magnitude of the stability indexes, 
Equation (14) or to compute the trajectory of a ship 
from the equations of motion. 

The experimental techniques necessary to measure 
the significant forces and moments generated by a 
ship's hull are much more elaborate and sophisticated 
than those necessary to measure the significant con- 
trol-surface forces. Only in the case of the determi- 
nation of the velocity-dependent derivatives of the hull 
is the experimental technique similar in principle to 
that used to determine control-surface forces and mo- 
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Fig. 31 Orientation of model in towing tank to determine Y and N (Abkowitz, 
1964) 

ments as used for this purpose in a modern wind tunnel 
(Whicker, 1958), or by Joessel in the river Loire in 1873 
(Van Lammeren, et  a1 1948). 

8.3 Straight-line Tests in a Towing Tank. The ve- 
locity-dependent derivatives Y, and N, of a ship at any 
draft and trim can be determined from measurements 
on a model of the ship, ballasted to a geometrically 
similar draft and trim, towed in a conventional towing 
tank a t  a constant velocity, V, corresponding to a given 
ship Froude number, at various angles of attack, p, 
to the model path. Fig. 31 indicates the orientation of 
the model in the towing tank. From this orientation it 
is seen that a transverse velocity component, v, is pro- 
duced along the y-axis such that: 

v = -Vsinj3 
where the negative sign arises because of the sign 
convention adopted in this chapter, Fig. 2. 

A dynamometer a t  the origin, 0, measures the force 
Y and the moment N experienced by the model a t  each 
value of p tested. These measurements are then plot- 
ted as a function of v (Fig. 10) and the slopes of the 
curves taken a t  v = 0, give numerical values for the 
derivatives Y,  and N, for the model. These values can 
be reduced to nondimensional form by dividing by the 
proper combination, given in Section 3.4, of model 
length L, model speed V, and towing-tank water den- 
sity, p. The dimensional ship values of the derivatives 
can then be obtained by multiplying the nondimen- 
sional derivatives by the same respective combinations 
of ship length, ship speed, and seawater density. 

With reference to Equation (lo), it is not really nec- 
essary that the origin, and hence the dynamometer, 
be located a t  the center of gravity of model. The results 
are independent of the location of G. Rather it is most 
convenient that the origin and the dynamometer be 
located at a so that xm = 0. If the dynamometer is 
not located at a, the derivative N, should be corrected 
so that it applies to 0 at a. 

As described in Section (17), the propeller will usu- 
ally exert an important influence on the hydrodynamic 
derivatives. Therefore, model tests to determine these 
derivatives should be conducted with propellers op- 
erating, preferably at the ship propulsion point. Also, 

since the undeflected rudder contributes significantly 
to the derivatives the model tests should also include 
the rudder in the amidship position. 

The technique just described can also be used to 
determine the control derivatives Y, and N,. If in Fig. 
31 the model were oriented with zero angle of attack, 
j3, to the flow but the model were towed down the tank 
at various values of rudder angle S, ,  the dynamometer 
measurements would determine the force Y and the 
moment Nas a function of rudder angle. Plots of these 
against rudder angle would thus indicate the values 
of the derivatives Y, and N,. In addition to these im- 
portant data, comparison of the values of Y, and N86, 
obtained by this means at any given rudder angle with 
the values obtained from Equation (120) at j3, = 0 
using isolated control-surface lift and drag data would 
indicate the magnitude of the interaction effects aris- 
ing because of the close promixity of the rudder to the 
hull. 

Straight-line tests in a towing tank can also be used 
to determine the cross-coupling effect of v on Y, and 
N, and of 6, on Y, and Nu. While such information is 
inadmissible within the context of the linear theory, it 
is important for the nonlinear theory. Also for the 
purpose of this theory, knowledge of the shape of the 
Y versus 6,, Y versus o, N versus 8, and N versus v 
curves a t  large values of v and 6 ,  will be of importance. 

8.4 Rotating-Arm Technique. To measure the ro- 
tary derivatives Y,. and N,. on a model, a special type 
of towing tank and apparatus called a rotating-arm 
facility is occasionally employed. In this facility, an 
angular velocity is imposed on the model by fixing it 
to the end of a radial arm and rotating the arm about 
a vertical axis fixed in the tank as seen in Fig. 32. The 
model is oriented with its x-axis and z-axis normal to 

tr 
*v = U l  

a = o , v = o  

CIRCULAR 
PATH OF MODEL 

tr 
*v = U l  

a = o , v = o  

CIRCULAR 
PATH OF MODEL 

Fig. 32 Orientation of model in rotating-arm facility to determine Y, and 
N (Abkowitz, 1964) 
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the radial arm and it is attached to the arm preferably 
at the model’s midlength. As a result of this particular 
orientation, a s  the model revolves about the tank axis, 
rotates a t  rate r while its transverse velocity compo- 
nent u is at all times zero (yaw angle of attack P = 
O ) ,  and its axial velocity component u1 is identical to  
its linear speed. The model is rotated a t  a constant 
linear speed a t  various radii, R, and a dynamometer 
measures the force Y and the moment N acting on the 
model. Since the angular velocity r is given by 

the only way to vary r a t  constant linear speed is to 
vary R. Typical plots of the resulting measurements 
(after model inertial effects are  deducted) are  shown 
in Fig. 12 and the derivatives Y,. and N,. are  obtained 
by evaluating the slopes a t  r = 0. Because of ship 
symmetry, the values of Y, and N,. at the negative 
values of r shown in Fig. 12 are a reflection of their 
values a t  positive r but with opposite sign. 

The model must be ballasted so that it floats a t  the 
proper draft and trim. Since the rotating-arm tests are 
conducted with .I- = 0, the results of rotating-arm tests 
are independent of the model radius of gyration. If the 
radial arm shown in Fig. 32 is attached to the model 
at its midlength, a distance xG from the longitudinal 
center of gravity of the model, then the dynamometer 
measurements will yield values for (N, - AxGul) and 

(Y,  - Au,) .  Since values of A, xG and u1 are known 
for the model, the dynamometer measurements can be 
used to determine the hydrodynamic derivatives N, and 
Y,. Values of these hydrodynamic derivatives for the 
full-scale ship can be determined from their nondi- 
mensional values. For the same reasons as indicated 
in the model tests for N, and Y,, the model used in 
the rotating-arm tests should have the rudder in the 
amidship position and the propellers operating at the 
ship propulsion point. 

In contrast to the results of the towing tank test 
for Yl) and N,, the results of the rotating-arm tests 
are dependent on the location of the center of gravity 
of the model. If, however, the procedure described in 
the preceding paragraph is followed, the model center 
of gravity need not be located at the same geometrical 
position as  the G of the ship. The latter position is, of 
course, dependent on the condition of loading of the 
ship and needs to be known for insertion in the equa- 
tions of motion of the full-scale ship. If the radial arm 
shown in Fig. 32 is not attached to the model at the 
midlength, the results should be corrected to the mid- 
length position. 

The rotating-arm facility can also be used to deter- 
mine Y, and N,, a s  well as  Y,  and N,. This is accom- 
plished by towing the model a t  a variety of values of 

for each r-value, not just a t  P = 0 as  in Fig. 32. 
These tests should include both plus and minus values 
of r. By cross plotting the values of Y, and N, obtained 
a t  each r-value against r, the values of Yl, and N, at 
r = 0 can be obtained. Within the range of values of 

Fig. 33 Rotating Arm Facility a t  Davidson Laboratory, Stevens Institute, i s  
the first of its kind, i s  about 22m (70 ft) in diameter 
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1: 
t Y  

Fig. 3 4  Model setup for planar motion tests (Abkowitz, 1964) 

r in which linear theory is applicable, this cross plot 
should show that Y, and N, are substantially indepen- 
dent of r. Values of the control derivatives Y, and N, 
can also be obtained from rotating-arm tests in a man- 
ner exactly analogous to that just described for Y, and 
N,. Unfortunately values of Y,, N,, Y, and N, obtained 
in this manner do not always agree with values ob- 
tained from straight-line tests. 

For the purposes of the nonlinear theory discussed 
in Sections 8.1 and 8.6, the rotating-arm facility can 
provide not only values of the hydrodynamic forces 
and moments at large values of r, v, and S R  but also 
information on the cross coupling between these three 
parameters. Furthermore, with sufficient components 
the dynamometer used in the rotating-arm experi- 
ments can also be used to measure the X-force and 
the roll moment, K, as a function of r, v and 6,. These 
are needed with nonlinear theory to predict speed loss 
and heel during maneuvers. If the model a t  the end 
of the rotating arm is tested at various heel angles, 
4, as well as at various values of r, V ,  and S,, the 
nonlinear effects of heel and the cross-coupling effects 
between 4, r, v and S R  can be obtained. 

A major drawback associated with rotating-arm 
tests is that they require a specialized facility of sub- 
stantial size; they cannot be conducted in the long 
narrow tank conventionally used for resistance and 
propulsion testing. There are only a few rotating-arm 
facilities in the world. The largest in this country is a t  
the David Taylor Research Center, Carderock, Md., 
with a diameter of 80 m (260 ft). See Fig. 33 for a view 
of the apparatus at Davidson Laboratory. 

Other problems associated with the rotating-arm 
technique are: 

(a) The model must be accelerated and data ob- 
tained within a single revolution. Otherwise, the model 
will be running in its own wake and its velocity with 
respect to the fluid will not be accurately known. 

(6 )  In order to obtain values of the derivatives Y,, 
N,, Y, and N, at r = 0, data a t  small values of r are 
necessary. This means that the ratio of the radius of 
turn, R, to the model length, L, should be large. For 
large models, a large facility is required. Smaller 
models may use a smaller tank, but models too small 
will lead to scale effects in the ship prediction. 

8.5 Planar Motion Mechanism ("PMM") Tech- 
nique. In order to avoid the large expense of a ro- 

tating arm facility, a device known as a Planar Motion 
Mechanism (PMM) was developed for use in the con- 
ventional long and narrow towing tank to measure the 
velocity-dependent derivatives, Y, and N,, the rotary 
derivatives Y, and N,, as well as the acceleration de- 
rivatives N+ , Yi, Y6 and N6 . This apparatus, described 
by Gertler (1959) and Goodman (1960), was developed 
a t  the David Taylor Research Center to determine sub- 
marine derivatives in the horizontal and vertical 
planes. Subsequently by similar devices, described by 
Strom-Tejsen (1964), Paulling and Sibyl, (1962), and 
Van Leeuwen (1964), were developed elsewhere for 
surface ship models. 

Basically the PMM consists of two oscillators, one 
of which produces a transverse oscillation at the bow 
and the other a transverse oscillation at the stern while 
the model moves down the towing tank at a constant 
velocity u, as measured along the centerline of the 
towing tank. The subscript zero is used here to des- 
ignate the velocity component measured along the x,- 
axis fixed in the earth, i.e., in the towing tank. There- 
fore, the magnitude of the resultant velocity vector V 
of the model is not strictly speaking a constant in the 
planar motion tests. However, for the small motions 
admissible within linear theory, V z u,,. 

The PMM, however, is more than a mechanical 
means of oscillating a model in a prescribed manner. 
The transducers used to measure the forces on the 
model, and the special instrumentation required for 
the proper resolution of the forces, are vital parts of 
the PMM. 

The setup for planar motion tests is shown in Fig. 
34. Near the bow a point B, located a distance x, for- 
ward of the origin 0, (preferably taken at m) is os- 
cillated transversely with a small amplitude a, and a t  
angular frequency o. Point S near the stern at an 
identical distance, x,, aft  of the origin is oscillated 
traversely with the same amplitude, a,, and the same 
frequency, o. The phasing of the oscillation of the 
stern relative to that of the bow can be adjusted and 
is indicated by the phase angle E .  If E = 0, the model 

I 
t:o t :  z 

2w 
t." 

W 
, ?X  

2w 

Fig. 3 5  Path and orientation of model from determining velocity and linear 
acceleration dependent derivatives-pure sway motion (Abkowitz, 1964 and 

Gertler, 1959) 
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,i = t a. w2cos wt  

I 

y = o  
v=+oow 
0; 0 

t = O  

y=+a,, y= 0 y= - a. 
V ' O  v = - a o w  v = o  
G = - o  w2 Q =O i .+ao wz 

Fig. 3 6  Transverse linear velocity and acceleration of model corresponding 
to Fig. 3 5  (Abkowitz, 1954 and Gertler, 1959) 

experiences an oscillation in pure sway with zero yaw, 
as shown in Fig. 35. The sway oscillation is of the 
form: 

yo = y = a, cos wt 

_ -  d~ - v = -aow sin at 
dt (45) 

- v = -aow2 cos wt d2Y - -  
d t2  

Two dynamometers located at B and S in Fig. 34 
measure the oscillatory Y-forces experienced by the 
model as a result of its swaying motion. These are the 
forces, YE and Y,. As shown in Equation (45), the 
velocity v is a sine function, 90 deg out of phase with 
the displacement yo, (or y )  and the acceleration, 6, both 
of which are cosine functions. Hence the measure- 
ments of YE and Y, taken when the time variable has 
values 90 deg out of phase with the displacement, yo, 
are forces arising from the effects of v and not from 
the effects of d since the latter is zero at these times. 
This is shown in Fig. 36. The velocity-dependent de- 
rivatives Y, and N, are then obtained from the follow- 
ing relationships: 

where the subscript C'out'' refers to the amplitudes of 
YE and Y, taken 90 deg out of phase with the dis- 
placement yo. 

For both Y, and N,, the positive sign in front of the 
expression should always be associated with the case 
when Y, is positive and the negative sign when YE is 
negative. This is necessary because the amplitude a, 
and the frequency w are always taken as positive val- 

ues and, as was shown in Section 4.2, Y,, for example, 
is always negative. Because of the oscillatory nature 
of both Y, and Y,, they can be either positive or neg- 
ative, hence the alternate sign designation is essential. 
The sign of N,, which can be either positive or nega- 
tive, will be determined from Equation (46) according 
to whether the absolute magnitude of YB is greater or 
less than Y,. If YE is greater, N, will be negative and 
vice versa. With the PMM, the proper signs are ob- 
tained directly by establishing a given sign convention 
initially in the electronic measuring equipment. 

In order to obtain the coefficients of the linear ac- 
celeration terms of Equation (lo), the in-phase ampli- 
tudes of YE and Y, must be measured, since, as shown 
in Fig. 36, these correspond to the times when d is a 
maximum and v = 0. The relationships for these coef- 
ficients are: 

where the subscript "in'' refers to the amplitudes of 
Y, and Y, taken in phase with the displacement, yo. 

The remarks concerning the use of the * signs made 
with regard to Equation (46) apply also to Equation 
(47) as well as to Equation (49) to be developed sub- 
sequently. 

In order to obtain the rotary derivatives Y, and N, 
from planar motion tests, the measurements must be 
made when r = 0, v = 0, and v = 0. Similarly for 
Y+ and Ni,  the measurements must be taken when r 
= 0, v = 0, and i, = 0. In order to impose an angular 
velocity and an angular acceleration on the body with 
v and v both equal to zero, the model must be towed 
down the tank with the centerline of the model always 
tangent to its path, Fig. 37. This means that the v- 
component of the resultant velocity, V, is always zero, 
which is not the case in the situation shown in Fig. 35. 
However, the velocity, which strictly speaking is held 
constant in the experiment depicted by Fig. 37, is u,, 
just as it w2s in Fig. 35. 

yo = -oo/ 2 [Sl" Ot t Sf" ( w t  - e ,] 
l# =-l#o ( C O S  w t  - c/2 1 /"'c / 

Fig. 3 7  Path and orientation of model for determining rotary and angular 
acceleration dependent derivatives-pure yawing motion (Abkawitz, 1964 

and Gertler, 1959) 
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Whereas the motion shown in Fig. 35 is pure sway 
with zero yaw, that shown in Fig. 37 is pure yaw with 
zero sway, since sway is defined as a translation along 
the y-axis fixed in the model. Since r is set equal to 
zero for all time in Fig. 37, there is no motion along 
the y-axis fixed in the model; only along the yo-axis 
fixed in the towing tank and shown as the ordinate of 
Fig. 37. Since the y-axis is constantly oscillating in 
direction in Fig. 37, the ordinate of that figure can be 
identified only as the yo-axis whereas in Fig. 35, the 
ordinate could be identified as both the yo and y-axes. 

In order to achieve the kind of motion shown in Fig. 
37, it has been shown by Goodman (1960) that the phase 
angle E between the bow and stern oscillators (see Fig. 
34) must satisfy the condition: 

1 - (z)2 
cos E = 

1 + lox,\2 
[uo)  

which is equivalent to the simpler expression: 

6% tan ~ / 2  = - 
UO 

where x, in both cases is the distance from the origin 
of the model to each oscillator. 

The yaw oscillation shown in Fig. 37 is of the form: 

$ = -$a cos (wt  - d 2 )  

$ = r = +$ow sin ( w t  - d 2 )  (48) 

;c; = i = +$ow2 cos (wt  - d 2 )  
where +o is the amplitude of the yaw oscillation. In 
Equation (48), r is out of phase with $ and i is in phase 
with 3. Therefore, the amplitudes of YB and Y, mea- 
sured 90 deg out of phase with $ will determine the 
force and moment due to rotation, r,  and the ampli- 
tudes of YB and Ys measured in phase with + will 
determine the force and moment due to angular ac- 
celeration, i. The force and moment derivatives with 
respect to r and i are then expressed as follows: 

where the amplitude of the yaw oscillation +o as well 
as the frequency w are always taken as positive. 

The last equation shows that the results of the PMM 
tests are dependent on the model mass moment of 
inertia, and, hence its radius of gyration, as well as 
on the distance xG. The procedure described in Section 
8.4 for expanding the results of rotating-arm tests to 
the full scale in the event that xG/L is not the same 
between model and ship applies to the results of the 
PMM tests in the event that neither xG nor the radius 
of gyration is scaled properly. Thus, the longitudinal 
radius of gyration of the model need not be propor- 
tional to that of the ship. The model must, of course, 
be ballasted to the proper draft and trim and it should 
be self-propelled at the ship propulsion point with the 
rudder, in the amidship position, included. 

Caution is necessary in using the results of planar 
motions tests. Since the ship model is a t  the water 
surface, its oscillatory motions create waves whose 
properties depend on the frequency of wave genera- 
tion. By testing a t  various frequencies with the PMM 
the frequency dependence of the derivatives can be 
determined. However, for many problems in maneu- 
vering, we are most interested in zero or very low 
frequencies. For example, the maneuver of a ship 
going into a turn is a t  zero frequency. To determine 
the values of the derivatives at zero frequency from 
planar motion tests, it is necessary to plot the deriv- 
atives against frequency and to extrapolate to zero 
frequency; hence, the desirability of testing at low 
frequencies. However, for many problems, including 
transient maneuvers and motions in rough seas, we 
are extremely interested in the extent to which the 
hydrodynamic derivatives are in fact frequency de- 
pendent. For this information the planar motion tests 
are indispensable. Van Leeuwen (1964) presents ex- 
tensive plots of the hydrodynamic derivatives of a Se- 
ries 60, C, = 0.70, model as a function of both 
frequency of oscillation and ship speed. 

It should be noted that the values of the derivatives 
determined either in straight-line tests in the towing 
tank or on a rotating-arm facility are the values at 
zero frequency of oscillation. These should correspond 
to the values obtained from planar motion tests ex- 
trapolated to zero frequency. 

The PMM. like the rotating arm. can also be used 
(YB)out + (YS)out 

-$Ow 

to determine nonlinear an; cross-coupling effects 
which are essential for the prediction of nonlinear ma- 
neuvers. Sample results from PMM experiments re- 
lating Y and N to simultaneously large values of p 
and 6, are shown in Fig. 38 and related to the nonlinear 
equations of motion in Section 8.6. Similar results can 
also be obtained from the PMM not only relating Y 
and N to r as well as /3 and a,, but also relating the 
longitudinal force X to p, aR, and r. The PMM like the 
rotating arm can also be used to determine the rolling 
moment, K, as a function of p, aR, r, and 4. 

The use of model test data immediately suggests 

Y, - A u ~  = * 

[ ( Y B ) o u t  + ( Y S ) o u t l  xs N, - AxGu, = * 
-$OW 

(49) 
* [ ( Y B ) i n  + ( y S ) i n l  Y+. - Ax, = 

- 3 0  w2 

N+ - r, = + [ ( y B ) i n  - - ( y S ) i n l  xs 

- $0 w2 
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Fig. 38 Y and N versus p and 6 for Mariner-class model (Chislett and Strom- 
Teisen, 1965). Curves fitted to experimental values by least-squares technique 

the possibility of scale effects as introduced in the 
discussion of free-running models (Section 7.2). If the 
Froude number is satisfied, the Reynolds number will 
not be satisfied. However, in determining the Y-forces 
and N-moments, lift and circulation effects are involved 
and it is shown in Section 14.2 that there is very little 
scale effect on the slope of lift coefficient versus angle 
of attack. However, separation or breakdown of lift 
does occur at lower angles of attack a t  lower Reynolds 
number. For example Fig. 38 does show a decrease in 
the values of Y and N at large values of 6,. This may 
be, but is not necessarily, evidence of stall. If the cause 
is stall, and it is suspected that stall in the full scale 
would occur a t  larger values of aR,  the data of Fig. 
38 could be empirically corrected at  large values of 6, 
before using the data for predicting nonlinear maneu- 
vers. In this way, errors in predictions of maneuvering 
characteristics due to premature stall of the model may 
be minimized. 

Evaluation of the Coefficients of the Nonlinear 
Equation of Motion. All of the derivative coefficients 
of Equations (36), (37), and (38) with the exception of 
some of those involving u are best evaluated on the 
basis of experimental data obtained from captive 
model tests. For example, from experimental data like 
those given in Fig. 38 relating Y and N' to 6, and p, 
all of the derivatives involving SR and v' in Equations 
(37) and (38) may be determined. Similar experimental 

8.6 

data for X as a function of 6, and /3 can also be used 
to determine all of the derivatives involvng S, and v' 
in Equation (36). 

Starting with Y ;  and YS,,, the first step is to eval- 
uate the coefficients el and e3 of the polynomial Equa- 
tion (35a) so that it forms the best least-squares fit to 
the curve through the experimental data given in Fig. 
38(a) for p = 0. The coefficients, e, and e3, are related 
to Y6 and Y6,, as follows through Equation (37): 

e; = Y, and el, = lgYsss 

In an exactly analogous manner, the derivatives Y w ,  
Y,,,, Nb, N;,,, N ; ,  and N;,, may be determined rec- 
ollecting that v' = - sin p. Similarly, the derivatives 
X,,, X,,, and X,, of Equation (36) can be determined 
by fitting Equations (32), (33), and (34) to experimental 
data relating X to 6R and /3. 

The cross-coupled derivatives involving 6, and v' 
may also be determined from data like those given in 
Fig. 38. For example, to determine Yam, the first step 
is to measure (Ys),=, from Fig. 38(a) for all given 
values of v' = -sin p. The next step is to fit a poly- 
nomial to these values of Y, as a function of v'. Be- 
cause all values of Y s  are positive and also because 
of symmetry port and starboard, Y s  is an even function 
v'; i.e., 

Yb(v) = h',vf2 + hid4  + . . . 
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Table 2-Assessment of the Coefficients in the X-Equation 

Relative Importance 
of Coefficients 

(see note 1) Value of Coefficients 

Variable Coefficient Class Model 5, 1, 1 (1965) (1965) 

u A' - Xu +0.177 +0.175 A B 
SU x; 
6U2 ix;, +0.00948 A B 
Su3 fX,, - 0.00217 - 

V 2  fX', -0.189 - 
r2 S',, + rn'xrG +0.00379 - 

8; ;XI,, -0.02 - 

v2Su ;X'vvu - - 
r2Su tx', - - 
S2,Su ;x'6*, - - 
vrR XIeT + A' f0.168 - 

+0.0196 - 
r6 x r6 0 
vrSu X'-  - - 
VS,SU xcvsu - - 
rSR8u - - 

Mariner Series 60, Strom-Tejsen Eda and Crane 

A -0.0253 - 

- 

A 

C 
C 

C B 
E 
E 

E 
D B 
D 
D 
E 
E 
E 

vSE - 

- (X"' 0 D B - 

NOTE 1 The symbols used in these two columns have the following meanings: 
A - Evaluated and deemed important. 
B - Evaluated but no opinion as to importance. 
C - Evaluated and deemed of minor importance. 
D - Evaluated and deemed negli ible. 
E - Considered but not evaluatef since deemed negligible. 
No entry in these columns means the coefficient was ignored. 

NOTE 2 All derivatives are nondimensionalized on basis of p, L, T, and V. 

where hh = 1 Yb,, hi = 0 for a third-order expansion. 
For YVsb, the first step is to measure (Yv)v=o at all 
given values of 6 ,  on Fig. 38 and then proceed in the 
same way as described for Yg,,; similarly for N,,, and 
Wbv,. The cross-coupled derivatives X;?, X;,  and X g ,  
can also be similarly determined from experimental 
data relating X to S R  and p. 

Fig. 38 applies only to r' = 0. Data like these can 
be obtained for all values of r' from either rotating- 
arm or PMM tests. Given all these additional experi- 
mental data, all the coefficients of Equations (37) and 
(38) involving v, aR, and r may be derived. In addition, 
(YO)' of Equation (37) is the value of Y at p = 6 ,  = 
0 in Fig. 38(a) and (N") is the value of N' at p = S R  
= 0 in Fig. 38(b). 

If, in addition, the prediction of heel angle during 
maneuvers is desired, experimental data like that 
shown in Fig. 38 are required, relating the rolling mo- 
ment K to v, S R ,  r and the heel angle 4. The feasibility 
of obtaining these data was discussed in Section 8.4 
and 8.5. 

The coefficients of the equation expressing the re- 

lationship between X and u are best determined from 
the results of open-water propeller tests and ship re- 
sistance data rather than from either rotating-arm or 
PMM tests. The reasons for this are outlined in the 
following. 

As long as a ship is moving in a straight line at 
constant speed, V = u l ,  the following relationship is 
true: 

X =  T( l  - t )  - R = 0 

where 

T = propeller thrust 
t = thrust deduction coefficient 

R = total ship resistance 

This equilibrium condition defines the initial propeller 
thrust and the corresponding propeller torque and rev- 
olutions. However, as soon as a maneuver is initiated, 
this equilibrium condition is disturbed and the X-force 
varies as a function of speed. While R and t as func- 
tions of speed may be obtained from ship resistance 
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Table 3-Assessment of the Coefficients in the Y-Equation 

Relative Importance 
of Coefficients 

(see note 1) Value of Coefficients 
Mariner 

Class 

+0.327 
-0.0018 
- 0.244 

- 1.702 

0 

- 0.0008 
- 

- 
-0.105 

0 

+3.23 

0 
- 

- 
+0.0586 

- 0.00975 
+ 0.25 

0 
0 

0 

0 

- 

-0.0008 

- 

Series 60, 
Model 5, 1, 1 

+0.309 
- 

-0.260 

-2.15 

-1.18 
- 

and self-propulsion tests, the propeller thrust T as a 
function of u is dependent on the type of power plant 
and the power-plant settings that are maintained dur- 
ing a maneuver. 

For example, a diesel engine is essentially a con- 
stant-torque machine whereas a turbine is a constant- 
power machine. When a diesel ship enters a maneuver 
there is therefore a decrease in RPM and hence in 
thrust. On a turbine-driven ship, any reduction in RPM 
is accompanied by an increase in torque; hence, the 
reduction in thrust in a maneuver is less than on a 
diesel ship (Fig. 44). These considerations governing 
the relationship between T and u are best taken ac- 
count of by means of open-water propeller test data 
as shown in Strom-Tejsen (1965). 

Data from Strom-Tejsen and Chislett (1964) for the 
Mariner Class model and from Eda and Crane (1965) 
for the Series 60, Model 5,1,1, corresponding most 
closely to the Mariner Class model are summarized in 

- 
-0.0781 
-0.0461 

-0.0994 
- 

- 
+0.050 
- 

- 
+0.00016 

Strom-Tejsen 
(1965) 

A 
A 
A 
C 
D 
D 
E 
E 
A 
D 
A 
D 
E 
E 
A 
C 
C 

D 
C 
E 
D 
c 

- D 
E - 

Edu and Crane 
(1965) 

B 

B 
B 
B 

B 
B 
B 

B 

B 
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Tables 2, 3 and 4. Both models are described in Table 
5. An assessment of the importance of the various 
coefficients made in Strom-Tejsen (1965) is also con- 
tained in Table 4. The two references do not agree as 
to the importance of the various derivatives. 

8.7 Sample Results of Nonlinear Model-Predic- 
tions. The overall precision of the nonlinear model- 
prediction technique as developed by Strom-Tejsen 
(1965) and utilizing PMM experimental data from Chis- 
lett and Strom-Tejsen (1965) is shown in Figs. 39, 40, 
and 41. A comparison is made in these figures between 
the results of full-scale turning tests, zigzag and spiral 
maneuvers conducted with a Mariner Class ship (Morse 
and Price, 1961) and the prediction of the identical 
maneuvers made in Chislett and Strom-Tejsen (1965). 
The overall agreement for all of these maneuvers is 
reasonably good except for the fact that the model 
prediction in Fig. 39 shows a small tendency to turn 
better to  starboard whereas the full-scale ship shows 
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Table 4-Assessment of the Coefficients in the N-Equation 

Value of Coefficients - 
Mariner Series 60, 

Class Model 5-1-1 

-0.00478 

-0.0555 
+0.0175 

+0.345 

+0.00264 
0 

- 
- 

-0.0349 
0 

0 
- 1.158 

- 
- 

-0.0293 
+ 0.00482 
+0.1032 

0 
0 

0 

0 

- 

+ 0.00059 

- 

a tendency to turn better to port. The results of the 
spiral maneuvers of Fig. 40 confirm these small op- 
posite tendencies since, at zero rudder, the model pre- 
diction indicates a tendency to turn to starboard, 
whereas the ship tends to turn to port. This latter 
tendency is in accord with Section 17.9 

Predicted data on the speed loss during the turning 
and zigzag maneuvers shown in Figs. 39 and 41 are 
shown in Figs. 42 and 43. Three conditions are shown 
on each figure: that corresponding to constant RPM, 
as prevails, for example, in the usual free-running 
model turning test; that corresponding to constant 
power, as for a turbine-driven ship; and that corre- 
sponding to constant torque, as for a diesel-driven ship. 
The RPM-speed relationships for these three cases are 
shown in Fig. 44. It is clear from these data that free- 
running model tests seriously underpredict the speed 
loss in a turn for either a turbine or diesel-driven ship, 
whereas the prediction method outlined in this section 
can accommodate realistically the effects of different 
power plants on the speed loss. 

The ability of the nonlinear model technique to pre- 
dict the spiral maneuvers of unstable ships is shown 
in Fig. 45. As noted in Section 4.3, these maneuvers 
cannot be predicted by linear theory. The derivatives 

- 
f0.0202 
-0.075 
-0.385 
-0.306 
- 
- 
- 

-0.0569 
-0.101 
- 1.42 
- 
- 
- 

-0.024 
- 
- 
- 
- 
- 
- 

-0.0003 
- 
- 

Relative Importance 
of Coefficients 

(see note 1) 
Strom-Tejsen Eda and Crane 

(1965) (1965) 

A 
A B 
A B 
C B 
D B 
D 
E 
E 
A 
D 
A 
D 
E 
E 
A 
C 
C 
D 
C 
E 
D 
C 
D 
E 

B 
B 
B 

B 

B 

of the marginally stable ship were obtained by de- 
creasing the magnitude of Y v ,  Y:, and N: of the stable 
ship by 10 percent and increasing the magnitude of 
N, of the stable ship by 10 percent. Similarly, the 
derivatives of the unstable and very unstable ships 
correspond to 20 and 30 percent changes, respectively, 
from the stable ship. Also shown in Fig. 45 are the 
slopes of the r - 6, curves taken from Fig. 174 for 
these same ships. The dimensional slopes, ar/a6,, 
shown are obtained from the nondimensional slopes, 
ar’ las, given in Fig. 174 by multiplying the latter by 
V/L = 15 x 1.689/528 = 0.479, where 161m (528 ft) 
is the length of the Mariner Class and 15 knots is the 
speed at 8, = 0 deg. The slopes correlate nicely with 
the characteristics of the spiral maneuvers of the unst- 
able ships as predicted by the nonlinear model tech- 
niques. 

8.8 Comparison of Experimental Techniques and 
Quasi-Steady Theory. Much testing and correlation 
work has been accomplished with free running, and 
captive model tests over the years. Free running and 
captive model tests using a model of the Mariner-class 
cargo ship SS Compass Island for which extensive 
full-scale data are available (Morse and Price, 1961) 
have been collected and compared under the auspices 
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of the International Towing Tank Conference. Results 
of an investigative program concentrating on turning 
circles were reported at the Thirteenth Conference in 
1972 with favorable comparisons. The measurements 
of the linear force derivatives by various model test 
towing tanks using the rotating arm and PMM testing 
facilities have also been studied. 

Concern for frequency dependence in PMM testing 
and a desire to provide accurate predictions of extreme 
maneuvers, resulted in the development of larger am- 
plitude PMMs (LAPMM) such as that used at the Dan- 
ish tank. Smitt and Chislett (1974) Marine LAPMM 
results are compared with data from oblique towing 
tests and rotating arm tests (Smitt, 1975). This paper 
and a related one by Eda at the 1975 conference con- 
clude that comparable linear force data from carefully 
conducted rotating arm and PMM tests are essentially 
identical for the Mariner hull form. 

Development in the early 1970's of the high block 
(C,) tanker forms showing instability of flow around 
the ship stern caused concern for the effects of scale 
on maneuverability predictions. Numerous tests were 
consequently performed to verify the maneuvering ca- 
pability of such forms. Nomoto and Fujii report on 
tests performed by several researchers addressing the 
scale problem (Burcher, 1975). Among the tests were 
those of Sato, et  a1 (1973) who utilized a 30 meter free- 
running model in addition to 4 and 10 meter free run- 
ning models to investigate scale effects. 

Trials of the Esso Osaka discussed in Section 13 
have paralleled the Mariner trials as a standard for 
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Fig. 41 Comparison of zigzag maneuver from full-scale trials and prediction 
from model tests; 15-knot approach speed (Chislett and Strom-Teisen, 1965) 

maneuvering prediction correlation of a full form in 
both deep and shallow water (Crane, 1979). Numerous 
model towing tanks have tested models of the Osaka 
with good correlation. See “Model Test,” (1980), Dand 
and Hood, (1983) and others. 

With regard to the validity of captive model tests, 
quasi-steady state theory is the basis upon which hy- 
drodynamic conditions of steady motions are assumed 
to apply in transient conditions. Burcher (1975) and 

7 

0 I 2  3 4 5 6 7 8 9 10 
TIME IN MINUTES 

Fig. 43 Time history of velocity in zigzag maneuver computed for different 
types of power plants (Strom-Teisen, 1965) 

Nomoto (1975) provide discussion of the applicability 
of the theory particularly with reference to the oscil- 
latory derivatives obtained by PMM experiments 
where the motion is induced by rudder deflection. I t  is 
difficult to justify the quasi-steady assumption on 
purely theoretical grounds but the method has been 
widely used in hydrodynamics and aerodynamics and 
in practical terms appears to work. 

The use of captive model test data to develop coef- 
ficients in motion equations is assumed to be valid 
according to the quasi steady state theory as long as 
the motion is “slow.” An expression such as Equation 
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(12) for the forces due to sway motion, should be writ- 7 5  

ten with each variable as a function of time. Thus, 
these equations can be misleading if applied to ship 
and model motions indiscriminately. Bishop, Burcher 
and Price (1975) reported on investigations into the 
time history effect in captive ship model testing. Nom- 
oto (1975) concludes that 
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50 may be the highest limit at which PMM tests can safely 
obtain the slow motion derivatives. The general indi- 7 8 9 10 II 12 13 14 15 16 
cations concluded by Burcher are that frequency ef- 
fects do not play a significant part in the steered 

FORWARD VELOCITY IN KNOTS 
Fig. 44 Change of propeller revolutions as function of speed-loss in ma- 

neuvers for different types of power plants (Strom-Tejsen, 1965) motions of ships in calm water. 

IN DEGREES 

Fig. 45 Results from prediction of spiral maneuvers for stable, marginally stable, and unstable hull forms; 15-knot speed at 6, = 0 deg (all derivatives 
nondimensionalized on basis of p ,  I, T and v) (Strom-Teisen, 1965) 
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Section 9 
Theoretical 
9.1 General. 

Prediction of Hydrodynamic 
While experimental techniques as 

described in Section 8 allow-measuring forces and mo- 
ments in the nonlinear as well as the linear range of 
motions, the theoretical prediction of these forces and 
moments has not yet been refined, particularly for the 
nonlinear range. This section introduces the theoretical 
development of hydrodynamic coefficients for the lin- 
ear range. Current developments in the calculation of 
coefficients including the “systems identification” ap- 
proach are summarized in this section. 

One of the many assumptions made in linear theory 
is that the interference effects of the ship’s hull on its 
appendages such as fixed fins and rudders and hull are 
negligible. While is it hard to justify this assumption 
on physical grounds and it is obviously not justified 
for tight maneuvers (see Section 6.4 and Fig. 22), it is 
shown in Section 6.4 that it and the other assumptions 
made in the linear prediction do lead to reasonable 
correlation with experimental data for small motions 
within the linear range. 

9.2 Contribution of Fixed Fins. The contribution of 
a lifting surface or fixed fin located a t  the extremity 
of a ship’s hull, several chord lengths from the origin 
of the ship, to the hydrodynamic derivatives of that 
hull will be considered first. Such a fin could be a rudder 
held in the amidship position, the ship’s deadwood aft  
or a foil located anywhere along the ship length. Al- 
though the example treated deals with a fin a distance + x, forward from the origin, the formulation result- 
ing from the forthcoming analysis gives the effect of 
such a fin aft of the origin provided a negative value 
of x,is used. 

If the body and fin shown in Fig. 46 are initially 
travelling at a forward velocity u, and the body is given 
a transverse-velocity disturbance, + v, then the fin also 
experiences a transverse velocity of v, = v. For small 
values of v, relative to u, the angle of attack at the 
fin, p,, in radians is 

vf 

uf 
Pf = - 

where u, is the forward velocity of the fin, and the 
resultant velocity 

v = u,(l + p,’)i”” 7z U f  

The Y-force and the N-moment produced by the fin 
as a result of this angle of attack are given by 

Nf = Yfxf (5 14 

Coefficients and Systems 
where L, and D, are the lift and 

Identification 
drag forces on the 

fin. The iigns of’L,, O f ,  and P, are assumed to always 
be positive, hence, the necessity for the ? signs. 

The derivative of Yf with respect to v, taken at 
v, = 0 is the fin velocity-dependent force derivative, mf: 

where the negative sign in association with the abso- 
lute magnitude symbol I I is necessary because as 
shown in Section 4.2, Y, is always negative. 

From Equation (50): 

(53) 

From Equation (51a) 

(Y,)f = 15, sin pf - (g),cos 

- D,cos P, - - sin p f  (3, 
and for = 0 

(54) 

The fin lift and drag can be expressed in terms of the 
lift and drag coefficients and the fin area, A,, as follows 
(see also Section 14.1): 

L, = ( C L ) , ( P  / 2)A,V2 (554 

and from Equation (55a): 

Substituting Equations (56) and (55b) into Equation 
(54) and Equations (54) and (53) into (52), one obtains 
finally for &. = 0: 

Previous Page 
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4:; 
Fig. 46 Fin arrangement showing forces and velocities (Abkowitz, 1964) 

Values of the lift-curve slope, aC,/ap, needed for 
insertion in Equation (57), may be estimated from 
Equation (122b) of Section (14.5) or from Abbott and 
Doenhoff (1958). A much simpler expression of rea- 
sonable accuracy for very low aspect-ratio fins is the 
Jones’ formula (Abbott and Doenhoff, 1958) 

a CL 
__ = (i) a (per radian) 
ap 

where a is the effective aspect ratio. This relationship 
is compared to (122b) Fig. 137 where it is seen that 
for a < 0.5 and for sweep angle A = 0 the two re- 
lationships are in excellent agreement. (Note that the 
values of aCL/aa are per degree whereas values 
needed for insertion in Equation (57) are per radian.) 
The drag coefficient (CJfat zero angle of attack may 
be estimated as essentially the skin-friction drag of 
the fixed fin; however, it is usually so small in relation 
to dC,/ap that it is frequently ignored. Thus: 

and, with draft T introduced 

(2 - per radian) 

= - l A l , g ) , j  

Because of the prominence of the ship’s draft, T, in 
the formulations of this and subsequent sections, it is 
often used in association with the ship’s length, L, as 
a nondimensionalizing parameter. 

Also, from Equation (51b) 

(”Jf = (YV)fx; (594 
from which it may be seen that ( ~ V ’ ~ ) ~ i s  positive (and 
hence stabilizing according to Table 1) if the fin is aft 
of the origin ( x ‘ ~  negative) and negative and destabi- 
lizing if the fin is forward of the origin. 

The contribution of a fin to the derivatives Y, and 
N, is readily calculable from the expressions devel- 
oped in Section 4.2. Noting that xfin Fig. 46 is anal- 

ogous to xa in Fig. 9, and neglecting the fin derivatives 
taken about the fin’s own midlength (which are neg- 
ligibly small), it follows from Equation (13) that: 

VJf = x; (Wf (59b) 

(”Jf = X’f2(Y’,)f (594 

and 

Equations (59a, b, and c) show that the contributions 
of a fixed fin to the velocity-dependent moment deriv- 
ative and to the rotary derivatives are all functions of 
the fin velocity-dependent force derivative (YJ, .  Sim- 
ilarly, the contributions of a fixed fin to the acceleration 
derivatives of a ship’s hull are functions of the accel- 
eration-dependent force derivative of the fin, ( Y~)f. 
This derivative corresponds to the “added mass” of a 
flat plate for accelerations perpendicular to the plate 
and may be approximated as follows: 

(60) 
- - 27rb’Aff 
- 

( a 2  + 1lV2 
where A,is the area of the fin, b is the geometric span, 
and a, is its geometric aspect ratio b2/Af. For a fin 
attached to a ship’s hull so that its effective aspect 
ratio is 2a,, (60) becomes: 

(61) 
- 47rb’A; _ -  

(a* + I)’~ 
from which it may be seen that for the limiting case 
of zero aspect ratio the “added mass” of a fin with its 
root chord adjacent to a bounding surface is twice that 
of the same fin without the bounding surface. 

The expressions for the contributions to the other 
acceleration derivatives of a fixed fin remote from the 
origin of the ship to which it is attached are exactly 
analogous to Equations (59a, b, and c) 

(”& = df(Y’& (624 

(“Jf = (x’f)2(yJf  (624 

The magnitudes of the fin acceleration derivatives 
determined from Equations (61) and (62) are generally 
small and of minor significance compared to  the fin 
velocity and rotary-dependent derivatives. The contri- 
bution that a fixed fin such as a rudder or deadwood 
makes to the latter derivatives is often decisive in 
determining whether a ship possesses control-fixed sta- 
bility or not. This is further discussed in Section 16.2. 
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9.3 Prediction of the Control Derivatives. By treat- 
ing the fixed fin of the previous section as a control 
surface, values of the control derivatives Ys and N, 
can be computed in the same manner as the fixed fin 
contributions (YJf and (NJf. It is clear from Fig. 47 
that neglecting interference effects from the hull and 
the propellers, the net effect of both a drift angle f l  
at the stern and a control-surface deflection angle 6,  
is to introduce an angle of attack on the control surface 
so that in both cases the slope of the nondimensional 
Y-force versus angle of attack can be computed as a 
product of A', and aCL/aa, that is, 

and ( 6 3 4  

Y', = A f G  (=), ac, (2 per radian) 

where aCL/aa may be estimated from Equation (122b). 
From the preceding 

y's = WP)f 
and since 

(636) y = - y  
P 

Y ,  = - ( Y )  v f  

And from Equation (59a) for x; = - a  
N' =-'y 

2 6  

9.4 Prediction of the Bare Hull Hydrodynamic Deriv- 
atives. It is shown in Chapter V that no adequate 
theory exists to predict the resistance of a ship in 
simple straight-line motion with zero angle of attack 
at constant speed; that to predict such resistance, one 
must resort to model data or to other empirical ap- 
proaches. The theory for predicting the hydrodynamic 

derivatives of a ship's hull is even less well developed 
than that for predicting ship's resistance. What is pre- 
sented in this section is a procedure for predicting the 
hydrodynamic derivatives using a combination of the- 
oretical and empirical inputs. 

For the purposes of this section, the ship's hull may 
be viewed as a very low aspect-ratio fin of very large 
area. The geometric aspect ratio of the hull is its draft- 
to-length ratio, its thickness-to-chord ratio is its beam- 
to-length ratio, its taper ratio is usually close to 1.0, 
its sweepback angle is usually slightly negative and 
its mean section shape corresponds to the shape of its 
water plane at half draft. At the low speeds (Fn < 
0.25) where the influence of wavemaking may be neg- 
lected and to which the current approaches are strictly 
limited, it was shown by Tsakonas (1959) that the free 
water surface serves as a groundboard for the ship's 
hull, hence, the effective aspect ratio of the hull may 
be taken as 2T/ L. Because of its poor section shape 
as a lifting surface and because of its extremely low 
aspect ratio, it might be expected that a ship's hull 
would generate very small hydrodynamic forces and 
moments compared to its rudder; however, because of 
its very large profile area, a ship's hull does in fact 
generate forces and moments far larger than the con- 
trol forces generated by its rudder. 

Viewed in this light, the velocity-dependent force 
derivative, (Yv)h, for the bare hull is identical in form 
to that of the fin (YJ f  given by (57): 

where the subscript h refers to the bare hull and Ah 
is the profile area of the ship's hull. Since the effective 
aspect ratio of a ship's hull, 2T/L, is rarely greater 
than about %, the Jones formula shown in Fig. 137 is 
of ample accuracy. Thus, 

($)h = (;) a = r T / L  per radian (65) 

Substituting this expression in Equation (64a) and non- 
dimensionalizing on the basis of p ,  L, T, and V ,  we 
obtain: 

where (CD)h may be obtained from the drag charac- 
teristics of the ship at zero angle of attack. 

The velocity-dependent moment derivative of a 
ship's hull (NJh includes a term that is negligible for 
a fixed fin remote from the origin of the hull and is 
therefore not included in the expression for (N,!,given 
in (59a). This term, commonly called the Munk moment, 
Munk (1934), is derived in Lamb (1945) for an ellipsoid, 
deeply submerged in an ideal fluid. The nondimensional 
derivative of the Munk moment with respect to an 



CONTROLLABILITY 237 

: 10 
C - 
2 08 
0 E 06 
4" 
% 0 4  

* 0 2  
c ' ' 0  

C 

" 

'n c 

0 

01 02 0 3  04 0 5  06  07 0 8  09  10 
Ratio of Minor/Mojor Axis 

Fig. 48 Coefficients of accession to inertia for prolate spheroids (Davidson 
and Schiff, 1946) 

angle of attack, p, for an ellipsoid may be expressed 
as follows: 

(N 'J i  = +(k2  - k l ) A  

(N'v)i = - ( k ,  - k,)A' 

or equivalently 

where 
the subscript i refers to the value of the derivative in 
an ideal fluid 

k ,  = coefficient of accession to inertia in lateral, y- 

k ,  = Lamb coefficient of accession to inertia in lon- 

A' = nondimensional mass of ellipsoid 

(66) 

direction as given in Lamb (1945) 

gitudinal, x-direction 

Fig. 48 shows values taken from Lamb, (1945) for k , ,  
k ,  and k' (being the coefficient for accession to inertia 
in rotation). Since Fig. 48 indicates that k ,  is always 
larger than k , ,  (LV'~)~ is always negative according to 
Equation (66) and hence always destabilizing. 

The Munk moment arises from the fact that in an 
ideal (nonviscous) fluid, an elongated three-dimensional 
body a t  an angle of attack experiences a pure couple 
tending to increase the angle of attack. This is shown 
in Fig. 49. This couple is composed of equal and op- 
posite forces acting over the bow half and over the 
stern half of the body so that in an ideal fluid, there 
is no resultant lateral force acting on the body, only 
a destabilizing moment. The magnitude of this moment 
according to Fig. 49 is 

(N), = 21YB 
so that 

where 1 is taken as always positive and YB is negative 

if it is directed to port a t  the bow and positive if it is 
directed to starboard. 

The relationship between this expression and that 
given in Equation (66) for the Munk moment derivative 
is as follows: 

ayB 
av 

21 - 
(67) 

The preceding development is based on ideal, poten- 
tial-flow considerations. In a viscous fluid, a deeply 
submerged ellipsoid at  an angle of attack generates 
vortices on the after, or downstream, side of the body 
which can be represented as reducing the pressures 
over the stern of the body as shown in Fig. 49 with 
little or no influence on the pressures over the bow. 
In spite of this representation, the usual simplifying 
assumption in hydrodynamics is that potential-flow ef - 
fects and viscous-flow effects are independent of one 
another. Hence, it is assumed that the lateral force 
acting on the ellipsoid owing to vorticity is independent 
of and does not react with the force distribution in an 
ideal fluid. The total moment, N,  acting on the sub- 
merged ellipsoid a t  an angle of attack in a real fluid 
is taken to be the sum of two independent parts, one 
the ideal Munk moment and the other the moment of 
the lateral force arising from real fluid effects. Thus, 
following Fig. 49: 

(68) 
where xp is the distance from the origin (taken at @) 
to the point of application of the real-fluid lateral force, 
YL (negative if Y, is aft of 0). 

According to Fig. 49, the real-fluid lateral force YL 
will always act in the same direction as YB. Further- 

- - 
( p / 2 )  LZ TV 

N = 2YB1 + xpYL 

NET FORCE ON BOW IN LATERAL FORCE ON STERN 
F R ~ M  R ~ A L  ?<$'/8OTH IDEAL AND REALFLUID 

DISTRIBUTION 
IN A REAL 
FLUID 

AN 

NET FORCE ON ST'ERN  NET FORCE ON STERN IN IDEAL FLUID 
IN REAL FLUID Ys( t l  ( EOUPL AND OPPOSITE TO Ye) 

Fig. 4 9  Forces acting on a submerged ellipsoid at an angle of attack in an 
ideal and a real fluid 
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Fig. 50 Sectional inertia coefficients, C, as functions of local b e a d d r a f t  
ratio and section area coefficient (Prohasko, 1947) 

more, experiments with slender bodies of revolution 
reported by Johnson (1951) have shown that x, is al- 
ways negative and lies between 0.2 and 0.3 of the 
length of the body af t  of the midlength. If these signs 
are associated with Equation (68), it will be seen that 
N, the upsetting moment in a real fluid, is smaller in 
magnitude than the upsetting moment in an ideal fluid 
which is represented by the first term of (68). 

For shiplike bodies at a free surface, the same basic 
expression shown in (68) is used but the particulars 
differ significantly. If the derivative is taken with re- 
spect to v and the result is nondimensionalized, the 
following is obtained: 

+ 
Substituting from Equation (67) for the first term on 
the right of (69), we obtain for the ellipsoid: 

N’, = - ( k 2  - k , )A’  + 2 ( a y L )  - (70) L avl 

For the surface ship, Jacobs (1964) wrote an analogous 
expression: 

X 
( N l v ) h  = - (A’, - k , A ’ )  + 2 (Y’v)h (71) L 

where 

A‘ = mass of ship, A, nondimensionalized by (p/2)L2T 
A’, = A,/(p/2)L2T 

C, = two-dimensional lateral added-mass coeffi- 
cient (sectional-inertia coefficient) deter- 
mined for each section strip of width dx 
along x-axis. The C, may be determined 
from several sources, e.g., Fig. 16 of Pro- 
haska (1947) reproduced in Fig. 50. 

k,A’  = the so-called “added” mass of ship in the 
longitudinal x-direction; k ,  A’ = - ( X i ) h  

A’, = the so-called “added” mass of ship in the 
transverse y-direction; A‘, = - ( Y e ) h  

h = local draft at each station 
k , ,  k ,  = as defined for Equation (66) and as given 

in Fig. 48. For surface ships, the abscissa 
of Fig. 48 is defined as 2T/L, where T 
corresponds to minor axis and L to major 
axis 

x, = as defined in Equation (68) 
( Y v ) h  = as given in Equation (64a) 
The results for C, given by Prohaska (1947) are for 

very-high-frequency oscillations in heave. However, it 
is assumed by Martin (1961) and confirmed by Porter 
(1966) that if the scale of the abscissa of Fig. 16 of 
Prohaska (1947) is treated as a scale of 4Tlb instead 
of blT, the Cs’ values of that figure are applicable to 
near-zero frequency oscillations in sway. As indicated 
in Section 8.5, interest in this chapter centers on near- 
zero frequency oscillations. 

The first term on the right of Equation (71) differs 
from that of (70) only in the expression for A’,.  The 
quantity under the integral sign in the expression for 
A12 represents the summation of the added masses of 
two-dimensional strips taken over the length of the 
ship. This first term can be estimated for any given 
ship form on the basis of the data given in Figs. 48 
and 50. 

Prediction of the second term on the right of Equa- 
tion (71) depends on knowledge of x, for shiplike bod- 
ies, since ( Y J h  can be readily calculated from (64a). 
The major difference between ellipsoids and ships in- 
sofar as x, is concerned is that ship bows are more 
slender, have a constant local draft forward and, for 
bows that are not bulbous in shape, have section 
shapes forward that are relatively sharp at the keel 
for a short distance aft of the bow. Therefore, these 
ship hulls a t  an angle of attack generate vortices on 
the downstream side of both the bow and stern, 
whereas the ellipsoid hull was assumed to generate 
vortices only downstream of the stern. This change 
tends to move forward the point of application of the 
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Model 
description 

Ta lor’s sti Series 

Series 60 Normal 
form 

Series 60, Ext. V 
Model (Eda, 
1965) 

Mariner 
Destroyer DD692 
Hopper Dredge 
Hopper Dredge 

Table 5-Hull Form and Appendage Configurations Studied by Tsakonas, Martin and Jacobs 

Dav. Lab. 
model no. 

843 
845 
847 
842 

846 
848 
844 
841 

3,0,0 & 3,1,1 

6,0,0 & 6,1,1 
5.0.0 & 5.1.1 
i,o,o; 2,ly;  

2,1,2 & 2,1,3 
7,0,0 & 7,1,1 
8.0.0 & 8.1.1 
1;o;o & 1;1;1 

9,0,0 & 9,lJ 
4,0,0 & 4,1,1 

Heavy 
Light 

L/B 
4.36 
4.36 
6.90 
6.90 

6.90 
8.68 

10.89 
10.89 
6.0 

7.0 

7.0 

7.0 
7.0 
7.5 
8.0 
7.5 

7.0 

6.84 
9.45 
6.00 
5.78 

B/T 
2.92 
4.62 
1.85 
2.92 

4.62 
2.92 
1.85 
2.92 
3.12 

2.07 
3.28 
2.68 

2.68 
2.68 
2.50 
2.34 
2.50 

3.10 
2.90 
2.41 
3.46 

L/T 
12.74 
20.13 
12.74 
20.13 

31.9 
25.42 
20.13 
31.9 
18.75 

14.50 
23.00 
18.75 

18.75 
18.75 
18.75 
18.75 
18.75 

21.19 
27.40 
14.51 
20.00 

x’m 
-0.019 

1-0.020 

-0.019 

i 

I 
f0.015 

f0.005 
-0.025 
+0.015 
+0.015 
f O . O 1 l  

+0.023 
+0.022 

0 
+0.012 

Propeller 
None 

None(( 
witk 

None 
With 2 props. 
None 
None 

With ( seey l ] )  
With 2 ru ders 
With 
With 

s k e g ( s ) 
None (see Fig. 81) 
None 
None 
None and to sta 17, 

18 and 20 
None and to sta 20 
None and to sta 20 
None 
None 
Normal Single Screw 

:e Fig. 83) Stern (E 

n 
0 
Z 

As built (see [41]) 
As built ~~- . 
Like Fig. 51(c) 
Like Fig. 51(c) 
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lateral force YL, shown in Fig. 49 for the ellipsoid. 
That is, x, is less negative and may even be positive 
for some ship hulls, whereas it is always large and 
negative for ellipsoids. 

On the basis of experiments with a group of eight 
Taylor Standard Series models of varying B/T ratio 
and L/B ratio (see Table 5), Martin (1961) showed that 
the distance x, lay between 2 0.1L from the center 
of gravity of the model which was 0.02L forward of 
the midlength. Jacobs (1964) suggests that x, be mea- 
sured from G to the center of area of the hull profile. 
Thus, according to Jacobs, x, is likely to be positive 
for ships without bulbous bows. Accepting the Jacobs’ 
suggestion, it is apparent that whereas for ellipsoids 
the moment derivative in a real fluid is less in mag- 
nitude than the ideal moment derivative, for many 
ships the real moment derivative may be greater than 
the ideal moment derivative. 

Fundamentally, since x, is a function of external 
body geometry, it is more accurate to relate it to some 
geometric position on the body, such as its midlength 
rather than to G, which is a function of the location 
of the internal weights of the body. This was one of 
the reasons why the equations of motion (10) were so 
written that the origin could be taken a t  0 rather than 
at the center of gravity. 

It will be noted that the second term of Equation 
(71) is equivalent to the expression for (NJ, given in 
(59a) with the important distinction that x, is very 
small compared to x,. Strictly, (594 should include a 
term representing the Munk moment of the fin. How- 
ever, because of the assumed short chord length of 
the fin relative to the distance x,, the Munk moment 
for the fin is negligible. For the ship’s hull, on the 
other hand, where x, is very small, the Munk moment 
term is of dominant importance. 

It follows from these remarks that the Munk mo- 
ment is important for fins when moments are taken 
about an axis located in the fin. An important practical 
case is the prediction of rudder torques about the rud- 
der stock shown partly in (124). 

The rotary-force derivative for the bare hull, ( YJh ,  
like the velocity-dependent moment derivative (N,)h 
just discussed, also includes two terms, one arising 
from ideal fluid considerations and the other from real- 
fluid effects. For a ship in a real fluid, the expression 
is as follows: 

(‘,Ih = - klA’ + 3 ( Y v ) h  (72) 
(p/2) L 2 W  L W , ) h  = 

with symbols as defined for Equation (71). 
The first term corresponds to an outward (centrif- 

ugal) force exerted by the fluid on a body in rotary 
motion. This force is due to the uniform rate of change 
of direction of the longitudinal momentum of the fluid 
which has been imparted to the fluid by the body mov- 
ing in a circular path. The second term arises from 
viscous-flow effects and is identical in form to the con- 

tribution of a fixed fin to the rotary-force derivative 
shown in Equation 59b. Since both k ,  (see Fig. 48) and 
x,/L are very small for slender, shiplike bodies, the 
rotary-force derivative for the bare hull is always 
small. This is in accord with Section 4.2. If x, is positive, 
as suggested by Jacobs (1964) ( Y J h  will be negative 
since (YJh is always negative. 

As noted in (l l) ,  the derivative Y, is only one of the 
terms in the coefficient of r’; the other is A‘. If these 
two terms are grouped together as they are in (ll),  
and combined with (72), the following expression used 
by Jacobs (1964) is obtained: 

X 
(A’ - Y,)h = (1 + k,)A‘ - 2 ( Y v ) h  (73) L 

The first term on the right of Equation (73) is the 
actual mass plus the “added mass” in the x-direction. 
Jacobs uses the symbol A’, for the first term and refers 
to the second term as ( Y,)h.  Since ( Y r ) h ,  by definition, 
should encompass all of its hydrodynamic parts, it 
should be defined as in Equation (72). 

Jacobs (1964) following Martin (1961) expresses the 
rotary-moment derivative as the sum of a potential 
and a viscous term although Lamb’s potential-flow 
analysis indicates that N,  should be zero in an ideal 
fluid (Lamb, 1945). According to Jacobs: 

where A: is the so-called rotational added-mass coef- 
ficient acting at a distance X from G 

A12 = (k‘ /k , )A‘ ,  = A 2 / ( p / 2 ) L 2 T  
stern 

[ C,h2xdx 

1 Csh2dx 
ow 

x = distance from 0 to section strip of width, 
dx, positive if forward of 0, negative if 
af t  

x,l L = taken as half the value of the prismatic coef- 
ficient of ship and is assumed to be always 
positive 
All other symbols are as defined for Equa- 
tion (71) 

While X / L  may be either positive or negative, its value 
is always small. On the other hand, xo is much larger 
than X and since ( Y J h  is always negative, (N‘r)h will 
always be large and negative. This is in accord with 
Section 4.2. 

The two cross-coupled acceleration derivatives, Y+ 
and N* have very small values for the bare hull and 
in practice are often assumed to be zero. The linear 
acceleration derivative Y, is equivalent to the term 
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\ __ .__ _ _ _ ~ -  EQS (64e.1, (71). (72),(74) (75) J AND (76) 
.- 

( a )  BARE HULL  
(NO DEADWOOD) - 

I 
I - EQS. (80) - 

( b l  HULL WITH LARGE 
DEADWOOD AND = - 

RUDDER 

- EQS (83) DEADWOOD 7 - 
( c )  HULL WITH SMALL- 

- 

DEADWOOD (d )  HULL WITH LARGE 

REMOVED 

Fig. 51 Hull-deadwood configurations treated by Jacobs (1764) 

- A’, as defined in Equation (71). For completeness: 

1, +tern 

- - -  L/T ( p l 2 ) p  Csh2dx (75) 

with all symbols as defined for (71). 

similar terms as follows: 
The rotary-acceleration derivative, ”+ is defined in 

1-1 +tern 

- _ -  L/T(p/2).rrC,h2X2dx (76) 

where k’ is the Lamb coefficient for accession to inertia 
in rotation as given in Fig. 48 and all other symbols 
are as defined in (71). 

It is seen that both of the acceleration derivatives, 
Y ,  and N’, are composed only of potential-flow terms 
and they are generally calculated without resort to 
empirical experimental data. 

Prediction of the Hydrodynamic Derivatives of 
Practical Ship-Fin Configurations. Jacobs (1964) has 
shown that the hydrodynamic derivatives of the bare 
hull-deadwood combinations shown in Fig. 51 can be 
computed with reasonable accuracy by simply adding 
the contributions of the appropriate fixed fin to the 
bare hull derivatives. For the bare hull shown in Fig. 

9.5 

51(a), equations of the previous subsection are appli- 
cable as shown. For the kind of deadwood configura- 
tions shown in Figs. 51(b) and 51(c) Jacobs assumes 
that the effective span of the deadwood (fin) is equal 
to the height of the deadwood, h,, a t  the trailing edge 
of the deadwood. For the case shown in Fig. 51(b), h, 
is identical to the ship draft, T. The deadwood is also 
assumed to be of sufficiently low aspect ratio that the 
Jones’ formula for the lift-curve slope is applicable. If 
the fin length along the keel is taken as I,, the fin area 
is then h,L,l2; the mean chord, C is Af lh, = 1,12 and 
the fin effective aspect ratio is 2 h,l 1, 1 2  = 4hfl  Lf  since 
the hull provides full groundboard effect for the dead- 
wood. 

If the preceding relationships and the Jones’ for- 
mula, Equation (65)’ are substituted in (58), the follow- 
ing expression for the contribution of the fin to the 
velocity-dependent force derivative is obtained: 

and for h, = T (774 
.rrT (y‘) = -- 
L v f  

Jacobs considers the distance from the stern to the 
center of pressure of the deadwood to be a negligible 
part of the distance to the origin; hence, the distance 
x f ,  as defined in Fig. 46 is taken as -LIZ. Inserting 
this value of xr and the value of (Y*) f  from Equation 
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NOTE: T H E  i v , P  VALUES GIVEN ON TnlS FIGURE ARE RELATED 
TUE Y, VALUES AS FOLLOWS Y; * (Y;lJ- h m' 
IN ACCORDANCE WITH EOUdTlONS r721MdD031 
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- EXPERIMENTAL TSAKONAS. 1959 -- CALCULATED EP~a]aJ;(ilJ, (751 6 I&) -.- EXPERIMENTAL AND CALCULATED 

I 

.14 .I5 .18 
PROFILE AREA, sa. m 

Fig. 52 Comparison of calculated and experimental stability derivatives and 
indexes for Taylor's Standard Series Model 842 and various skeg extensions 

(77) into (59a-c), and nondimensionalizing, the follow- 
ing is obtained: 

,rrh,2 
2 TL  

(") = - i ( Y ' )  = +- v f  v f  

T T  
2 L  

= +- - for h, = T (77b) 

r T  
2 L  = +- - for h, = T (774 

nh,2 
r f  v f  4 TL 

(" ) = +a(y ) = -- 

T T  
4 L  

= -- - for h, = T (774  

where the signs conform to the stern location of the 
deadwood. 

The fin acceleration derivative following (61) is: 

4rAIfhlf 

(a2 + I)'~ 
(Y.) = - 

u f  

where A; = Af = A f / L T  
and h', = hf / L  = T / L  for the deadwood of Fig. 51(b). 
Following Equations (62a-c) and noting that xf = 
- L/2: 

2 r A'/ hIf 

(1 + a')" 
("& = + 

2 ,rr A',h'/ 
(1 + a2)" 

(Y'& = + 

T A',hIf 
(1 + a')' 

(".) = - . f  (794 

The total derivatives for the ship with the deadwood 
shown in Fig. 51(b) are as follows: 
Y',  = (Y 'Jk  + (Y'& Equation (64a) + (77a) 

N ' ,  = (N'Jh + (N'& Equation (71) + (77b) 

Y, = (Y 'Jk  + (Y 'J f  Equation (72) + (774 

N ' ,  = (WJk + (WJf Equation (74) + (774  (80) 

Y, = (Y ' Jk  + (YJ r  Equation (75) + (78) 

N ' ,  = (WJh + (N'& Equation (76) + (794 

Y ,  = 0 + (Y',), Equation (79b) 

N ' ,  = 0 + (N'& 

Jacobs assumes that the derivatives ( Y J f ,  ( N ' J f ,  

Because of the high aspect ratio of the small dead- 
wood shown in Fig. 51(c), the Jones' formula which 
was used in Equations (77) is not applicable. For this 
case, Jacobs (1964) elected to use the classical lift-curve 
slope relationship 

Equation (79a) 

(N'&, Y i ,  and N ' ,  are zero. 

2 n  per radian ac, - - -  
ap 1 + 2 / a  

This equation is plotted on Fig. 137 for comparison 
with the Jones' formula and with Equation (122b). I t  
is seen that while Equation (81) is much more accurate 
in the high aspect-ratio range than the Jones' formula, 
it overpredicts for all aspect ratios in comparison to 
Equation (122b) and the experimental data shown in 
Fig. 137. Nevertheless, in order to preserve the essence 
of the Jacobs' work for the remainder of this section, 
use of Equation (81) will be retained. 
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If (81) is substituted into (58) and the result is non- 
dimensionalized on the basis of p,  T, L, and V, the 
following is obtained: 

The total derivatives for the ship with the deadwood 
shown in Fig. 51(c) are then as follows: 

Y ,  = ( Y h )  + (y',), 

Equation (64a) + (82) 

Equation (71) - i(82) 

Equation (72) - t(82) 

Equation (74) + t(82) 

Y ,  = (Y'+)h + ( Y &  

", = (NJh + 4(Y,), 
same as Equation(80) 

Y ,  = 0 - I ( Y . )  2 v f  

", = 0 - f(Y',),  

The hull-deadwood configuration shown in Fig. 51(d) 
corresponds to that shown in Fig. 51(b) with the rudder 
removed. For this configuration, Jacobs suggests that 
values of ( Y &  for the rudder be computed in accor- 
dance with (82) and inserted in the second terms of 
(83). Obviously, AIR in this case will correspond to the 
area, A'R, of the rudder. The resulting values of the 
contribution of the rudder to the derivatives should 
then be subtracted from the values computed in (80) 
for the hull with the complete deadwood. 

Thus the total derivatives for the configuration 
shown in Fig. 51(d) are as follows: 
Y ,  = ( 6 4 ~ )  + ( 7 7 ~ )  - (82) 

N, = (71) + (77a) + f(82) 

Y', = (72) + (77b) + B(82) 

Y ' ,  = (59) + (62) for deadwood - (62) for rudder 

N ' ,  = (60) + (63c) for deadwood - (63c) for rudder 

Y ,  = (63b) for deadwood - (63b) for rudder 

N ,  = (63a) for deadwood - (63a) for rudder 

9.6 Comparison Between Results of Calculation and 
Model Experiment. Tsakonas (1959), Martin (1961), 
Jacobs (1963 and 1964), each drawing on the earlier 
work, have carried out a fairly extensive comparison 
of predicted hydrodynamic derivatives with experi- 
mental results for a wide variety of ships and models. 
The model experimental results used by these authors 
include those of Eda and Crane (1965), Suarez (1963), 
and Paulling (1962). With the exception of Paulling's 
work, all results were measured on the rotating-arm 
facility a t  the Davidson Laboratory. As noted in Sec- 
tion 8.5, the Paulling experimental data were based on 
planar motion mechanism tests a t  the University of 
California. A description of each of the hull form and 
appendage variations included in one or more of the 
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N, = (74) + ( 7 7 ~ )  - a(82) 
Fig. 53 Comparison of calculated and experimental stability derivatives and 

indexes for Tavlor's Standard Series Model 848 with and without skea 
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Table 6-Stability Derivatives for the Series 60 Hull 

(a) Models with Rudder and Propeller 
Series 
Model No. 

Derivative 
-Y" = L', 
-IVv 
y', 
N', 
C' x 102 

y', 
N ' 8  
art /as, 

Wl 

Series L/B Series 
7,191 8 S J  3,171 2 , l J  1,1,1 4,171 
0.70 0.80 L/B 6.0 7.0 7.5 8.0 
2.68 2.68 B/T 3.12 2.68 2.50 2.34 

A' 0.171 0.200 0.229 A' 0.200 0.171 0.160 0.150 
LCGIL 0.515 0.505 0.475 LCGIL 0.515 0.515 0.515 0.515 

(1) Estimated From Theory (80) 

Es. (80) 
0.335 
0.086 

+0.076 
- 0.066 

1.40 
- 0.55 + 0.038 
- 0.019 
-0.68 

0.335 
0.097 

+0.075 
-0.068 

1.07 
-0.35 + 0.038 
-0.019 
- 0.94 

0.335 
0.095 

+0.089 
-0.077 

1.25 
-0.33 
+0.038 
-0.019 
-0.80 

- 0.335 
0.085 

+0.076 
- 0.066 

1.16 
-0.41 + 0.038 
-0.019 
-0.83 

0.335 
0.086 

+0.076 
- 0.066 

1.40 
-0.55 
+0.038 
-0.019 
- 0.68 

See notes 1, 2, 3, 4 and 5 on Table 66 

(2) Estimated From "Least Squares" Fit of Experimental Data 

- Y ,  0.305 0.324 0.354 0.308 0.305 
- N v  0.095 0.104 0.086 0.089 0.095 
y', 0.090 0.083 0.085 0.089 0.090 
AfZ - Y ,  0.081 0.127 0.125 0.111 0.081 
N', - 0.070 - 0.068 - 0.060 -0.075 -0.070 
C' x 102 1.37 0.94 0.89 1.32 1.37 
c1 -0.51 -0.31 -0.28 -0.42 -0.51 
" 8  -0.024 -0.025 -0.035 N.A. -0.024 
Y s  0.050 0.052 0.065 N.A. 0.050 
ar'ias, -0.88 -1.44 -2.03 N.A. -0.88 

0.335 
0.088 

+0.077 
-0.066 

1.49 
-0.59 + 0.038 
-0.019 
-0.65 

0.270 
0.108 
0.088 
0.040 

- 0.067 
1.03 

-0.39 
- 0.022 

0.046 
- 1.06 

0.335 
0.089 + 0.067 

- 0.066 
1.48 

-0.61 
+0.038 
-0.019 
- 0.66 

0.283 
0.091 
0.088 
0.062 

- 0.066 
1.25 

- 0.56 
N.A. 
N.A. 
N.A. 

L/T Series Rudder Area Series 
6 J J  2 , l J  5,191 2,193 2 J J  

LIT 14.5 18.75 23.0 A', 0 0.012 0.016 
B/T 2.07 2.68 3.28 B/T 2.68 2.68 2.68 
A' 0.171 0.171 0.171 A' 0.171 0.171 0.171 
LCGIL 0.515 0.515 0.515 LCGIL 0.515 0.515 0.515 

Eq. (80) - 
0.434 0.335 
0.114 0.086 

+0.094 t-0.076 
- 0.081 - 0.066 

2.64 1.40 
-0.76 -0.55 
+0.045 + 0.038 
-0.023 -0.019 
-0.58 -0.68 

(1) Estimated From Theory 
- 

0.273 
0.071 

+0.061 
-0.054 

0.70 
-0.33 
+0.031 
-0.015 
-0.91 

Eq. (84) 
0.303 
0.110 + 0.052 

-0.055 
0.36 

-0.15 
. . .  
. . .  
. . .  

Eq. (82, 84) 
0.329 
0.089 

+0.073 
-0.065 

1.27 
-0.49 + 0.034 
-0.017 
-0.68 

Eq. (80) 
0.335 
0.082 

+0.076 
-0.066 

1.40 
-0.55 
+0.038 
-0.019 
-0.68 

(2) Estimated From "Least Squares" Fit of Experimental Data 

0.349 0.305 0.260 
0.133 0.095 0.075 
0.099 0.090 0.094 

0.245 0.293 0.305 
0.114 0.100 0.095 
0.070 0.082 0.090 

2,172 
0.025 
2.68 
0.171 
0.515 

Eq. (82, 84) 
0.347 
0.080 + 0.082 

- 0.069 
1.68 

-0.64 
+0.041 
-0.021 
-0.63 

0.311 
0.081 
0.096 
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i? 

(2) “Least Squares” Fit (continued) 

0.077 0.081 0.077 
-0.081 -0.070 -0.057 

1.82 1.37 0.912 
-0.52 -0.51 -0.45 

N.A. -0.024 N.A. 
N.A. 0.050 N.A. 
N.A. -0.88 N.A. 

Tsakonas, Martin, and Jacobs works is given in Table 
5. 

Comparisons of the velocity dependent and rotary 
derivatives taken from Jacobs (1963) are shown for 
two Taylor Standard Series models with various skeg 
extensions in Figs. 52 and 53. The agreement between 
the prediction of these derivatives using the equations 
and experimental results is seen to be excellent, par- 
ticularly for the velocity derivatives N, and Y,. Val- 
ues of the stability indexes computed in accordance 
with Equation (14) are also shown in this figure. For 
the purposes of these computations as well as those 
shown in Table 6, Jacobs assumed that the cross-cou- 
pled acceleration derivatives (YJ and (N’J are zero 
along with the contributions to the acceleration deriv- 
atives of the skegs (Y,), and (N‘J, . 

Table 6 tabulates data for the entire group of Series 
60 normal-form models described in Table 5. A further 
description of these models is given in Table 7, (Jacobs, 
1964). In Table 7 each model is designated by a se- 
quence of three digits. The first signifies a change in 
hull; the second signifies presence, 1, or absence, 0, of 
propeller; the third signifies presence, 1, or absence, 
0, of the design rudder, A‘,  = 0.016. The digit 2 in 
the third place refers to the larger rudder, A’ ,  = 0.025, 
while the digit 3 in the third place refers to the smaller 
rudder A ’ ,  = 0.012. 

For the models labeled (-,l,l) with rotating pro- 
peller and design rudder, Equations (80) were used for 
predicting the derivatives with C, taken as zero since 
the propeller revolutions were adjusted to obtain zero 
drag. No correction was made to (80) for the effects 
of propeller rotation, although it is shown in Section 
17.9 that this correction should not be negligible. For 
the models labelled (- ,O,O) (without propeller or rud- 
der) Equations (84) were used. In these cases C, is the 
experimentally measured drag coefficient a t  zero yaw 
angle. Models 2,1,2 and 2,1,3 with larger and smaller 
rudders respectively were treated by subtracting the 
lift due to the design rudder, Equation (82) and adding 
the lift due to the replacement rudder again using (82). 
The stern configuration of all of the Series 60 models 
with the design rudder is shown in Fig. 54. 

Table 6 shows that while there are a few instances 
of poor agreement among the individual derivatives, 
the comparison of the cumulative effect as shown by 

0.101 0.089 0.081 0.075 

0.190 1.25 1.37 1.76 
-0.055 -0.073 - 0.070 -0.076 

-0.09 -0.45 -0.51 -0.62 
. . .  -0.018 -0.024 -0.031 

. . .  -0.72 -0.88 - 0.825 

. . .  0.037 0.050 0.060 

the stability index, crl, shows reasonably good agree- 
ment. The latter comparisons are shown in Fig. 253 
for the models with rudder and propeller and in Fig. 
176 for the models without rudder and propeller. It is 
seen that agreement in the case of the effect of the 
L/T ratio is very poor in both figures, although the 
trends are similar, and that agreement is also poor on 
Fig. 176 in the case of the effect of the L/B ratio. 
Further critical comments on the correlation achieved 
in the case of the models with propeller and rudder 
are made in Section 17.9. 

Jacobs (1964) shows similar comparisons for the re- 
mainder of the hull form and appendage configurations 
described in Table 5. The results, tabulated in Table 
8, show reasonably good agreement for a wide range 
of models. However, it is shown in Section 17.9 that 
the agreement in the case of some of these models 
may be fortuitous. 

Fig. 54 Stern profile of Series 60  models with design rudder (Jacobs,1964) 



Table 6 continued 

(b) Model Without Rudder or Propeller 

Series C, Series L/B Series 
Model No. 2,070 7,0,0 8,0,0 3,090 2,090 1,0,0 470,o 

C, 0.60 0.70 0.80 L/B 6.0 7.0 7.5 8.0 L/T 

Derivative 

- Y w  = L', + c, 0.303 0.306 0.309 0.305 0.303 0.303 0.302 
- N u  0.110 0.121 0.121 0.109 0.110 0.112 0.113 
y', 0.052 0.051 0.064 0.050 0.052 0.052 0.042 
N - 0.055 - 0.056 - 0.064 -0.055 -0.055 -0.055 -0.055 
a1 -0.15 +0.032 +0.005 -0.027 -0.15 -0.20 -0.20 

(1) Estimated From Theory, Equation (84) 

(2) Estimated from "Least Squares" Fit of Experimental Data 

0.245 0.287 0.256 0.237 0.245 
0.114 0.121 0.093 0.134 0.114 
0.070 0.051 0.075 0.066 0.070 

- 0.055 - 0.056 -0.052 -0.054 -0.055 
-0.09 +0.067 +0.033 +0.19 -0.09 

0.260 
0.116 
0.069 

-0.059 
-0.26 

- L/TSeries 

-u 
6,0,0 2,090 5,0,0 
14.5 18.75 23.0 E 

Z 
0 

0.395 0.303 0.247 
0.140 0.110 0.092 
0.068 0.052 0.040 0 

-0.068 -0.055 -0.043 
-0.38 -0.15 +0.075 5 

< 

0.315 0.245 0.217 5 
P 

0.140 0.114 0.097 n 
0.068 0.070 0.071 $ 

-0.068 -0.055 -0.045 rn 
-0.22 -0.09 0 2 7 

1 
W NOTES: rn 

1 All derivatives nondimensionalized usin p, L, T and V rather than p, L and V 
2 All derivatives evaluated with ori in tafen at G, i.e., xtG = 0 
3 All experimental data for Table 6$a) obtained with pro eller operating a t  model self-propulsion point 
4 Experimental derivatives for Table 6(a2) taken from 8da  and Crane (1965); all derivatives in Table 6(al) and 6(6) taken from Jacobs (1964) except Y b  

and N, which were computed from Equations (1224, (63a), and (63c) 
5 Values of d'rla8, in Table 6(a) were computed using Equation (84) 
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Table 7-Pertinent Characteristics of the Series 60 Hulls 

Model 1,1,1 2,1,1 2,1,2 2,1,3 3,1,1 4,1,1 5,1,1 6,1,1 7,1,1 8,191 
Length L, f t  5.0 c 

Beam B, f t  0.667 0.714 - 0.833 0.625 0.714 c 

Draft T, f t  0.267 * 0.2175 0.345 0.267 c 

Displacement A, lb 33.27 35.63 - 41.56 31.19 29.10 46.07 41.64 47.50 
Prismatic coefficient, C, 0.614 - 0.616 0.614 0.713 0.807 
Block coefficient C, 0.600 - 0.700 0.800 
LCGIL from bow 0.515 c 0.505 0.475 
x t x  +0.015 c +0.005 -0.025 
X G  0 c 

B/? 2.50 2.68 3.12 2.34 3.28 2.07 2.68 2.68 
L/B 7.5 7.0 6.0 8.0 7.0 7.0 7.0 7.0 
L/T 18.75 c 23.00 14.50 18.75 c 

Rudder s an, f t  0.200 5 0.164 0.258 0.200 0.200 
Rudder cgord, ft 0.105 0.105 0.167 0.080 0.105 - c 

Rudder aspect ratio 1.90 1.90 1.20 2.50 1.90 1.90 1.56 2.46 1.90 1.90 
Lamb’s Coefficients of Accession to Inertia for Equivalent Ellipsoids 

Minor axisImajor axis, 2T/L 0.1067 - 0.0870 0.0690 0.1067 c 

Kl (longitudinal) 0.022 * 0.019 0.033 0.022 c 

k, (lateral) 0.957 0.968 0.940 0.957 c 

k’ (rotational) 0.875 * 0.903 0.820 0.875 
1 m = 3.28 f t  

1 kg = 2.2 lb 
Other Physical Characteristics 

Af1  mass coefficient 0.160 0.171 0.200 0.150 0.171 0.171 0.200 0.229 
klA’, longitudinal added- 

mass coefficient 0.003 0.004 0.004 0.003 0.004 0.006 0.004 0.005 
A’*, lateral added-mass coef- 

ficient 0.171 0.170 0.169 0.172 0.138 0.220 0.180 0.194 
A f Z ,  rotational added-mass 

coefficient 0.153 0.152 0.151 0.154 0.127 0.192 0.165 0.175 
I‘, - N ? ,  virtual moment- 

of-inertia coefficient 0.0213 0.0219 0.0237 0.0206 0.0202 0.0239 0.0237 0.0271 
XIL, CG of lateral added 

mass from LCG 0.048 0.049 - 0.048 0.049 0.048 0.049 0.039 0.005 
x,IL, center of area of pro- 

CI4 estimated drag coeffi- 
file from LCG 0.028 - 0.033 0.028 0.026 -0.016 

cient at f i  = 0) 0.015 - 0.017 0.014 0.017 0.015 0.019 0.021 

Table 8-Comparison of Theoretically Predicted Stability Indexes With Experimentally Predicted Values 

ul calc. ui calc. 
Model Description Equations used from from 

No. from for theor. theor. Ref. for experimental exper. 
Table 5 Classification Appendage description derivatives derivatives derivatives derivatives 

-0.62 (Eda and Crane, 1965) -0.39 
- 0.17 (Eda and Crane, 1965) -0.17 
-0.49 (Jacobs, 1964) -0.49 
-0.49 (Pauling and Wood, 1962) -0.16 to 

-0.42 
-0.76 (Jacobs, 1964) -0.76 
+0.84 (Jacobs, 1964) +0.89 
+0.60 (Jacobs, 1964) +0.82 

9 Series 60 Ext V with prop & rudder (80) 
9 Series 60 Ext V w/o pro & rudder (84) 

10 Mariner with ruader only (80) 
10 Mariner with rudder only (80) 

11 Destroyer DD692 with 2 prop & 2 rudders (80) 
12 Hopper dredge, heavy with skeg & rudder (83) 
13 Hopper dredge, light with skeg & rudder (83) 

9.7 Summary and Update of Slender Body Strip The- 
oretical Approaches. While the slender body and strip 
methods described in preceding sections have had some 
success in the case of aircraft where body geometry 
is dominated by wings and fins, results for ships have 
not been very accurate since there are no flat stabiliz- 

ing surfaces and the flow around the hull is greatly 
altered by the fluid viscosity. Clarke’s (1982) review of 
attempts assuming the hull is a low aspect ratio wing 
turned on its side and the Jones theory concludes the 
following derivatives as a function of the length to 
draft ratio of the ship, multiplied by certain constant 
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Y,= -7r- (1) (3 
Y'+ = -7r - (0) (2 
N ,  = -.(;)'(o) 

Y ,  = -7r(;) 2 (-3 
N, = (k) 
N, = -7(;)' (j) 

By using the horizontal added mass coefficients CH for 
sections along the hull, Clarke (1972) extended the 
slender body strip method to yield expressions for the 
derivatives dependent on hull shape through the lon- 
gitudinal added mass distribution. These Equations 
(86) result when the constant factors in (85) are re- 
placed by integral functions of the added mass distri- 
bution: 

CHdX' 
ow 

where C, is the zero frequency added mass coefficient 
a t  station x ' ,  which is the non-dimensional (x/L) from 
midships (these equations reduce to (85) if C, = 1.0 
for all hull sections). 

Not-well-understood viscosity effects near the stern 
are dominant and have made it difficult to successfully 
evaluate these expressions. Direct evaluation of the 
acceleration and velocity derivatives is thus not yet 
thought to be practical. The semi-empirical and theo- 
retical approaches described in the next section are 
more promising practical techniques for design pur- 
poses. 

9.8 Semi-Empirical Methods, Regression Analysis, 
and Three-Dimensional Potential Flow Analy- 
sis. Several attempts have been made to derive em- 
pirical expressions for the derivatives based on 
measured values from planar motion and rotating arm 
experiments, but primarily for the velocity derivatives. 
Smitt (1970), Norrbin (1971), and Inoue (1981) devel- 
oped empirical formulas that were compared by Clarke 
(1982) against scatter plots of velocity derivatives 
available in the literature. Clarke then used multiple 
linear regression analysis to develop empirical for- 
mulas to explain the variation in the available data for 
the velocity derivatives and also the acceleration de- 
rivatives. His resulting four equations for velocity de- 
rivatives were obtained from the pooled data, and the 
remaining equations for acceleration derivatives from 
available planar motion data: 
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Results of the regression analysis are statistically sig- 
nificant but have not accounted for all the variations 
in the available derivative data and are far from sat- 
isfactory. 

Mikelis and Price (1980) have found good agreement 
with measurements in both deep and shallow water 
through use of a three-dimensional potential flow anal- 
ysis of the fluid using a finite element method. Accu- 
rate acceleration coefficients can thus be developed 
taking into account the ship’s individual form. 

9.9 Systems Identification Methods. The formal 
scientific approach of systems identification has also 
been utilized to develop hydrodynamic coefficients for 
mathematical modeling of ship trajectories. Primary 
application has been in the development of math model 
coefficients from full scale ship operations for use in 
ship handling computer simulations (see description of 
Ship Handling Simulators in Section 16.9). 

Systems identification is the technology of devel- 
oping mathematical models of vehicles from their dy- 
namic responses to rudder movements. It is a highly 
mathematical technology that can be rigorously de- 
fined only in statistical terminology. The following en- 
gineering application definition is instructive (Hall, 
1977): “System identification determines, from a given 
input/output data record of vehicle test response, an 
estimate of the physical model which relates to the 
observed data.” 

The actual processing of the data requires three 
major steps (Trankle, 1979): (a) model structure de- 
termination, (b )  parameter estimation, and (c) model 
validation. Model structure determination is the proc- 
ess of selecting a mathematical form for the equations 
of motion. Questions addressed here include the de- 
termination of the order of the model (e.g., number of 
degrees of freedom) and a mathematical form (e.g., 
polynomial) to represent any nonlinear character in the 
dynamic equations. For linear dynamic systems, the 
determination of order is of primary importance. For 
nonlinear systems the determination of forms to rep- 
resent nonlinearities has equal importance. For the 
case of ship hydrodynamics, model structure deter- 
mination reduces to finding equations to represent the 
three terms N, Y ,  and X’ of Equation 22. For ex- 
ample, the curvature in the function representing yaw 
moment N’ as a function of v’ might use a cubic poly- 
nomial 
N = a, + a,(v’) + . . . + a7(v’)3 + . . . 
or might use a square-absolute form 

N’ = a, + a,(v’) + . . . + a7v’Iv’I + . . . 
(a) Model structure determination methods such 

as subset regression can assess the relative utility of 
these two models (Draper and Smith, 1966). 

(b) The estimation of unknown parameter values 
follows the determination of a suitable model struc- 
ture. Numerical values of unknown parameters are 
determined by choosing them to optimize some per- 

formance index that measures how well the rnathe- 
matical model represents the observed data. Two 
methods that have been applied to the ship hydrody- 
namics case are output error (Trankle, 1985) and ex- 
tended Kalman filter (Abkowitz, 1980). 

The output error method requires the minimization 
of the fit error between the measured ship trajectory 
and the trajectory as estimated by a simulation. Let 
g(ti) be a vector of measurements taken aboard the 
ship during a set of maneuvers. This vector might 
include 

u (longitudinal velocity) 
v (lateral velocity) 
r (yaw rate) 

x (position north) 
y (position east) 

Let g(e,ti) be the corresponding measurements as 
estimate3 by a simulation of the same maneuver. The 
simulated measurements are functions of a vector of 
unknown parameters 8 (hydrodynamic coefficients 
such as Y,, N,) as well as of time. The fit error e(O,ti) 
and performance measure Lo are 

$ (yaw angle) 

-- 

I y(tJ = 

where W is a diagonal weighting matrix. 
The extended Kalman filter method is similar to the 

output error method except that the parameters are 
treated as additional differential equations to be inte- 
grated along with the six first order differential equa- 
tions of the ship motion. The extended Kalman filter 
method has the advantage of being able to provide 
parameter estimates in real time, i.e., as the data are 
collected. Its disadvantage is that convergence to the 
best parameter values may be more difficult to control. 

(c) Model validation follows the determination of 
model structure and estimation of parameter values. 
A good criterion for the validation of a model is the 
use of the model to predict new data. A typical pro- 
cedure might be to use, say, 80 percent of the available 
data to determine the model structure and parameter 
values. Then the resulting model would be used to 
predict ship motion for the remaining 20 percent of 
the data. The degree of validation achieved can then 
be interpreted from the accuracy of the prediction. 

Statistical performance criteria for “the accuracy of 
the prediction” include the magnitude of the mean 
square fit error e(e,tj) in predicting the additional data 
and the whiten%: or statistical independence of the 
fit errors. Whiteness can often be evaluated effectively 
by visual inspection of plots of the observed data y(ti) 
superimposed on plots of the predicted data &(O,t,).  
Plots of the fit error history itself may also be used. 

Finally, validation should include comparison of the 
model determined from system identification with 
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SYSTEM IDENTIFICATION 

Rudder 6,( t) PROGRAM USING 
Heading +(t)- THE EXTENDED 

Yaw rate r(t)- KALMAN FILTER 
Surge vel. u(t)-C TECHNIQUE 
Sway vel. v ( t ) *  

I 
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[OUTPUT] 
-Hydrodynamic 

Coefficients and 
Current 

‘6u‘ N v v v ’  ‘u’ ‘uu’ 
‘vvvr N r r v t  etc. 

Yv, Yrt Nvr Nrr 

- ”Measurement” or Identification of the Magnitude 
of the Hydrodynamic Coefficients from the 
Measurement of the Ship Response to Given Rudder 
Action. 

models available a priori .  Hydrodynamic coefficients 
of a ship as determined by identification should be 
compared to those for similar hull forms determined 
from captive model tests. 

Whereas known simulation models are used to pre- 
dict the output of the system to any given input to the 
system (ship motion response to rudder deflection or 
to propeller revolutions), the system identification 
process “identifies” the proper simulation model and 
its coefficients by analyzing various measured outputs 
in relation to the particular inputs that caused them. 
Abkowitz (1980) successfully applied systems identi- 
fication techniques to the analysis of data from the 
full scale trials for the VLCC Esso Osaka (Crane, 
1979). Fig. 55 from Abkowitz shows a schematic of the 
system identification procedure. Here the input to the 
system identification process is both the rudder de- 
flection and the resulting motion responses, while the 
output is the identified parameters of the simulation 
model. System simulation is essentially an integration 
of a known differential equation; a process which is 

N 

m 

0 300 600 900 1200 I500 
TIME ( S E C . )  

Fig. 56 Heading simulation of 20-deg-20-deg zigzag maneuver for Esso 
Osaka after the identification, deep water 

rather exact. System identification, on the other hand, 
is concerned with comparing the integral (a numerical 
value) and the parameter (also a numerical value) and 
determining the differential equation involved (the in- 
tegrand). The latter process is far from being exact, 
since several differential equations could give the same 
integral. 

Most system identification techniques essentially go 
through a process whereby the predicted values of 
state variables (the motion variables in our case of u, 
v, r, and + as functions of time) are compared with 
the measured variables, and the differences are con- 
sidered the error in the estimation. The values of the 
coefficients are then continuously updated, as the data 
are passed through, by an algorithm that tends to 
reduce the error, eventually seeking a set of coeffi- 
cients which minimizes the error function. 

Abkowitz (1980) used the Extended Ka lman  f i l ter  
(EKF) technique with computer programs as devel- 
oped and refined a t  MIT for the ship maneuvering 
problem. In this approach, the hydrodynamic coeffi- 
cients are treated as additional variables but must be 
constant in time. Details of the MIT system are given 
in Szeto (1977) and Hwang (1980). 

Experience with system identification processes 
shows that identifiability is enhanced by careful atten- 
tion to the particular choice of trials and to achieving 
quality of measured data. The solution of coefficient 
drift and error cancellation is also a key to successful 
identification. The techniques of parallel processing 
and over and under  ini t ial  estimates were developed 
to solve the coefficient drift problem. Parallel process- 
ing involves passing the data of two different maneu- 
vers (a Z-maneuver with a turning circle maneuver, 
for instance) simultaneously through the identification 
process. The over and under initial estimates technique 
involves the automatic analysis of ratios of coefficients 
through the deliberate overestimation of the numer- 
ator and underestimation of the denominator. As the 
updating process proceeds, the minimizing of the error 
between estimated and measured motion parameters 
Nil1 result in approaching the correct ratio. 

The resultant simulation equations developed 

Next Page 
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through Abkowitz’s system identification study show 
very good agreement with trial data. An example cor- 
relation is shown in Fig. 56. Now that the process has 
been refined and carefully validated with the Esso 

Osaka data, the method holds great potential for easy 
application by using a portable instrumentation pack- 
age on future ship trials to identify appropriate models 
and coefficients for other vessels (Trankle, 1986). 

Section 10 
Accelerating, Stopping, and Backing 

10.1 Introduction. Accelerating, stopping, and 
backing are important ship maneuvers; the latter two 
particularly when near land, other vessels, and fixed 
structures. However, the interactions between hull and 
propeller(s) during these maneuvers are quite complex. 
Because of this and the transient character of maneu- 
vering, empirical calculations of the characteristics of 
these maneuvers are sometimes used when adequate 
motion equation coefficients are not available for sim- 
ulation. 

Accelerating means increasing ship speed from rest, 
or from a particular ahead speed to a higher ahead 
speed. 

Stopping is decelerating the ship from any given 
ahead speed until the ship comes to rest. When dis- 
cussing stopping capabilities, at least two ahead speeds 
should be considered: a crash stop from full-ahead- 
sea-speed, and a “stop from harbor speed.” Harbor 
speed may be about 12 knots for a slow ship, such as 
a tanker, or about 15 knots for a fast ship, such as a 
containership. Although in practice “emergency full 
astern” is almost never ordered from full-ahead-sea- 
speed, it is a customary machinery acceptance trial, 
and the results are useful as a relative measure of 
stopping ability. 

Coasting refers to decelerating without using back- 
ing power. Time and distance required for a ship to 
decelerate to a slower speed is often of interest in ship 
handling. Decelerating more generally means that en- 
gine power ahead is insufficient to maintain steady 
forward speed. In that case, the unbalanced longitu- 
dinal force (i.e., thrust is less than resistance) then 
causes the ship to decelerate until resistance again 
equals thrust, a t  some slower speed. Rarely will a 
shiphandler coast a ship to near dead-in-the-water, be- 
cause of the very long time it takes. However, dece- 
lerating at the least sustainable ahead power a t  which 
the ship will steer is very important to the ship handler. 
The distance required to thus decelerate is critical to 
getting a ship’s speed down from the harbor approach 
velocity to a speed regime at which tugs can be effec- 
tive in controlling the ship. In harbors where berthing 
may be located near the harbor entrance, this figures 
in harbor design, siting of terminals, and in the selec- 
tion and use of tugs. In some places it has led to the 
use of braking tugs. 

Backing a ship is a maneuver of accelerating from 

rest to a given astern speed, or distance. A backing 
propeller, on the other hand is one in which the blades 
are turning with negative angle of attack, producing 
astern thrust. 

The principal performance indexes of these maneu- 
vers reflect the time and distance from initiation to 
completion. To simplify analyses, we often assume that 
the ship travels on a straight line during stopping. 
This is generally not true except in the case of some 
multiscrew ships with opposite rotating propellers, in 
the absence of appreciable wind, current, and rudder 
angle (and with controls-fixed straight-line stability). 
For the backing or stopping of ships with single-screws 
or unirotating multiscrews, the rotation of the pro- 
peller tends to swing the stern to port if the propellers 
are right-handed (positive rotation according to sign 
convention), and to starboard if they are left-handed 
(negative rotation). Other factors may cause the ship 
to veer in the opposite direction. 

When a ship deviates from its straight path during 
a stopping or backing maneuver, the distance traveled 
is measured along its curved track. But the projections 
of this distance, termed head reach and side reach are 
generally of greater importance as performance in- 
dexes. 

10.2 Acceleration Times, Distances, and Veloci- 
ties. Acceleration ahead is important for naval ships 
that may have a change position rapidly in a task force, 
or accelerate suddenly for other tactical reasons. 

A method for determining the acceleration of a ship 
is given by Peach (1963). The value of the accelerating 
force, at any given speed, is the difference between 
the value of the ship’s net thrust, T+ available at that 
speed, and the ship’s resistance, R,, at the same speed, 
Fig. 57. The acceleration may then be found from 

(88) R, + T+(1 - t )  = (A - Xc)?JL 
where 

R, is the ship’s resistance (positive for positive 

T, is the ship’s net thrust (positive if thrust direction 
ahead speeds) 

is ahead) 
t is the thrust deduction 

A is the ship’s mass 

?JL is the acceleration in the x-direction. 

Xi is the added mass in the x-direction (see Fig. 48). 

Previous Page 
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Fig. 57 Acceleration force and acceleration as functions of ship speed 

Typical relationships amongst R,, T,, X, and speed 
for a steam turbine ship are shown in the Figure. 
Thrust curves 1 and 2 in Fig. 57 apply to the case 
where the initial speed is greater than zero. In the case 
shown, because thrust is greater than resistance at 
the initial speed, there is no equilibrium and the ship 
accelerates. At “execute,” the thrust is increased rap- 
idly to the amount desired. Then thrust curve 1 applies. 
Of course, the time to reach total equilibrium at max- 
imum speed will be quite long. This is because resist- 
ance will very gradually approach the thrust curve as 
speed approaches maximum, and there is gradually 
diminishing unbalanced thrust remaining to cause ac- 
celeration. 

If the final desired speed after acceleration is less 
than the maximum speed, then much less time and 
distance are needed. Then the maximum available 
thrust of curve 1 is utilized until the desired speed is 
reached and the thrust is appropriately reduced to 
equal the resistance a t  the desired speed, curve 2. This 
technique is useful in conducting maneuvering trials 

to shorten the time needed to “steady up” on the ap- 
proach course. 

Figure 57, in the lower part, shows the relationship 
defined by Equation (88) between u and ship speed, V, 
corresponding to thrust curves 1 and 2. The relation- 
ship between time, velocity, and distance may be com- 
puted as follows using Fig. 00: 

u = dV/dt 

1 

u 
d t = - d V  

S = [Vdt 
J 

where 
V is the ship velocity 
t is any time while accelerating, stopping, and so 

forth, also the total time. 
S is the distance traveled by the ship in any time 

t; also total distance to accelerate, stop, and so 
forth. 

These relationships are shown in Fig. 58. Fig. 59 
shows the speed-distance diagram based on Fig. 58. 
The data shown on these figures were taken from 
Peach (1963) for a submarine with the characteristics 
given in Table 9. 

The ship resistance, R, shown in Fig. 57 may be 
computed for any ship speed, V, by the methods given 
in Chapter V. 

For a submarine or a slow surface ship (low Fn), 
the following simple expression is appropriate: 

R = k V 2  
where k is a constant which may be obtained from 
data for similar submarines. For high speed surface 
ships, substantially higher average effective values are 
appropriate (see Table 10). 

For a given ship and propeller configuration, and at 
any speed less than maximum ship speed, the maxi- 
mum available thrust, T, can be calculated using a 
diagram combining the propeller characteristics and 
the torque characteristics of the prime-mover, similar 

Table 9 
Ship Propellers 

A = 4000 tons 
V = 22 knots 

shp = 12,600 
X ,  = -0.20m 

D = 2.74 m (9 ft) 
rpm = 315 
P/D = 1.00 

3-bladed, NSMB, Series B50 
Twin-screw propulsion R = 285V2 (v in knots) 
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ASTERN RPM IN *A. RATED AHEAD RPM 

"0 2 0  40 60 8 0  100 

t,SEC - 
Fig. 58 Speed and distance versus time for a starting submarine 

to Fig. 60. While this figure is applicable in particular 
only to the engine astern condition, it is also typical 
of ahead conditions. Since the prime-mover character- 
istic curves shown dashed in Fig. 60 are for a constant 
power steam turbine, they show increasing values of 
torque as the RPM is reduced. If a diesel-engine prime 
mover were portrayed, the dashed lines would be ap- 
proximately horizontal. 

Simplifying assumptions usually made in calculating 
the accelerating characteristics of ships are: 

(a) Instantaneous propeller acceleration: Al- 
though in reality it takes finite time for the propeller 
to accelerate to a higher rotational speed, this as- 
sumption is sometimes made as in the submarine ex- 
ample of Peach (1963). The propeller and the value of 
the thrust are thus assumed to change instanta- 

0 4 8 12 16 2 0  
S FT - HUNDREDS - 

I I I I I 
0 1 4 6 
L I  

S M .HUNDREDS - 
Fig. 59 Speed versus distance for a starting submarine 

I I 1 @ FREE ASTERN SHP IN X AHEAD 
SHP 

Fig. 60 Propeller-turbine characteristics 

neously. Since for most ships the time to accelerate is 
large compared to the time to build up thrust, this 
assumption introduces only a small error. 

(b) Constant thrust deduction: Thrust deduction 
varies with both propeller speed and ships speed. How- 
ever, for most cases, these variations will not appre- 
ciably change the time to reach a given ahead speed. 
For the submarine example, thrust deduction was as- 
sumed to be constant throughout the starting maneu- 
ver. It is also assumed to be constant for the stopping 
maneuver discussed in the next section. 

Table 10-Approximate Values of n in Expression R = 
kV2 as a Function of V / d  for Destroyer-Type Hulls 

Approximate value of n for B/T = 3.0 

C 0.60 0.65 
and C, = 2 x 

V / J Z  L ~ B  9.6 10.0 
< 0.7 2.0 2.0 

0.7-1.2 2.3 2.5 
1.2-1.3 3.9 2.5 
1.3-1.5 3.9 3.9 
1.5-1.8 2.1 2.1 

> 1.8 1.5 1.5 
C, = Volumetric coefficient V / L 3  
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Fig. 61 Resistance, thrust and decelerating force versus speed in a stopping 
maneuver 

10.3 Stopping Distances. Stopping is a maneuver 
of interest primarily from the point of view of avoiding 
collisions, rammings, and groundings. The distance in 
the original direction traveled by a ship in coming to 
a stop is called the head reach. Stopping tests of single- 
screw ships indicate that from modest maneuvering 
speeds, head reach is approximately the same whether 
the stopping path is along a straight or curved trajec- 
tory (Chase, et  a1 1957). 

Ship operators generally consider the head reach 
from harbor speeds, established at 12 knots by Chase 
e t  a1 (1957)’ to be the important criterion for deter- 
mining the backing power of ships. The head reach 
from full speed has little bearing because collision 
usually may be avoided more readily by turning than 
by stopping. As initial ship speed is reduced, the stop- 
ping maneuver does assume greater importance and 
the turning maneuver becomes less significant. 

The two factors that are important in determining 
the accelerating characteristics of ships are also im- 
portant for stopping. The ship’s own resistance at 
higher initial speed will dissipate a substantial amount 
of the kinetic energy in the ship at the beginning of 
the maneuver. The resistance falls off rapidly, how- 
ever, with speed decrease, Fig. 61. The other factor is 
the backing thrust developed by the ship’s propeller. 
Opposing the deceleration caused by these two forces 
is the inertial effect of the ship’s mass plus its longi- 
tudinal added mass. 

A method for calculating head reach and time to 

stop was developed in Chase, et  a1 (1957)’ based on 
both theoretical and empirical considerations. This 
method considers the finite time for the thrust to 
change from steady ahead to steady astern, Fig. 62, 
and is applicable to any ship at any speed through use 
of an expression for ship’s resistance 

R = kV“ (91) 
where n may be any number, zero or greater. The 
method assumes that if the resistance varies as the 
nth power of the velocity at maximum ship speed, it 
will vary as the same power of the velocity at all speeds 
down to zero. This is approximately true only for the 
case of n = 2; hence the method is strictly valid only 
for n = 2. Full-scale trial data have shown that it can 
be accurate to within a few percent for straight path 
stopping. The following paragraphs trace the manual 
calculation procedure. 

Propeller thrust is shown in Fig. 62 as a linear func- 
tion of the distance the ship travels until a constant 
astern value of TI is reached. The thrust is then as- 
sumed to remain constant. Ship trial measurements of 
Hewins, Chase and Ruiz (1950) justify this approxi- 
mation. The constant astern thrust, TI,  corresponds to 
astern thrust a t  dead in the water, while To is the initial 
free-running ahead thrust at the start of the maneuver. 
Both To and TI are net thrusts; i.e., they include thrust- 
deduction corrections. 

Chase, et  a1 (1957) showed that good correlation be- 
tween calculated and measured values of head reach 
and time to stop is obtained by assuming that the time 

Fig. 62 Assumed thrust during crashback 
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Fig. 63 Dynamic potential ond dynamic impulse; astern thrust instontoneously applied 

1.0 , 1 

required to achieve constant astern thrust is the same 
as that required to close the ahead and open the astern 
throttle. This time, t ,  may be estimated from experi- 
ence, or 20 seconds used for a modern vessel with 
automated controls. 

The basic operations used in Chase, et  a1 (1957) to 
compute head reach and time to stop are identical to 
Equations (88), (89), and (90). It was found that the 
variables naturally grouped themselves in three di- 
mensionless ratios: dynamic potential, dynamic im- 
pulse, and ahead resistance to astern thrust. They were 
formalized with symbols as follows: 

2R,S 
Dynamic potential, D = 

(A - X J V ;  

where 

RO t 
(A - XJVO 

Dynamic impulse = 7 = (93) 

Ahead resistance to astern thrust ratio = R, /T, 
where 

Vo = initial steady ahead ship's speed a t  the start 

R, = total resistance at V,. 
T, = constant astern thrust (dead in water) 

Other symbols were defined previously. 
Dynamic potential relates effective energy expended 

(as if the initial resistance stayed constant throughout 

of the stopping maneuver. 
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the stopping distance) to the loss of kinetic energy of 
the ship. Dynamic impulse relates the impulse supplied 
by the ship’s resistance (as if it had remained constant 
throughout the stopping time) until the loss of mo- 
mentum of the ship. Equations (92) and (93), based on 
average impulse and momentum, when solved for stop- 
ping time and head reach show that time and reach 
vary inversely with retarding force. At slow ship 
speeds, propulsion is the predominant stopping force 
because resistance is small. Also, because at slow 
speed thrust varies approximately as RPM squared, 
head reach and stopping time show inverse square law 
characteristic versus RPM. From higher approach 
speeds the RPM squared characteristics is diluted by 
the initially large hull resistance. 

The dynamic potential D of Equation (92), from 
which the head reach S may be computed, is expressed 
by D = Di + SD, while the dynamic impulse r, from 
which the time to stop can be computed, is expressed 
by r = ri + ST. Terms Di and ri are the values of the 
dynamic potential and the dynamic impulse for a con- 
stant astern thrust instantaneously applied, and are 
given in Chase, et  a1 (1957) as functions of R, /TI and 
n. Terms 6D and Sr are corrections to D and r that 
take account of the fact that it takes finite time for 
the astern thrust, T,, to develop. Values of SD and 6r 
are given as functions of n, R, /TI and r,, where r, is 

the value of r when t = t,. As indicated earlier, t ,  is 
the time taken to open the astern throttle. Figs. 63 
and 64 taken from Chase, et  a1 (1957) show values of 
Di, ri, SD, and Sr for n = 2 (m = ship mass in days). 

In addition to the assumption of n = 2, the following 
assumptions may be used in association with Figs. 63 
and 64 for estimates of head reach early in the design 
stage: 

(a) Astern thrust at dead in the water, T,, is given 
by T, = 5.5 Q,/P, where Q, is the numerical value of 
the astern torque at dead in the water in ft-lb and P 
is the propeller pitch in ft. 

(b) X, -0.08 m. 
(c) The time to close the ahead and open the astern 

throttle, t,, is 20 sec. 
Values of Q, needed in the first of these assumptions 

may be obtained from Fig. 60. Turbines of most mer- 
chant ships, were designed to provide an astern torque 
equal to 80 percent of the rated ahead torque at an 
astern propeller rpm of 50 percent of the rated ahead 
rpm. This is commonly referred to as “80-50” backing 
power, and many merchant-ship, steam turbines have 
been designed to these values. In Fig. 60, the (dashed) 
turbine characteristic curve passing through the “80- 
50” point intersects the propeller characteristic curve 
(P/D = 1.04) at a torque ratio Q,/Q of 0.755. 
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NOTES 
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2 D E T A I L S  OF SUBJECT ‘cRUDOER C Y C L I N G ”  AND 

PATTERSON AND WOODERSON (1973). 
“CRASH ASTERN” TRIALS FOUND IN CLARKE, 

Fig. 67 “Rudder cycling” stopping maneuver versus “crash astern” and hard-over turn from €550 Bernicia trials (Clark, 1970). 
Moderate approach speeds of about 12 knots (Crane, 1973) 

Chase, et a1 (1957) gives a detailed explanation of 
the construction of Fig. 60, as well as information for 
estimating the astern torques for types of power 
plants other than steam turbines. 

10.4 Stopping with Freedom to Turn. In the “crash 
astern” maneuver of a single-screw ship, the trajectory 
is usually unpredictable due to loss of directional con- 
trol. This was illustrated by the 1955 trials of the Esso 
Lima and Esso Paterson (Hewins, Chase, and Ruiz, 
1950). See Fig. 65 for examples of Esso Lima results. 

At high speeds and with sufficient sea room, turning 
of a large ship is much superior to stopping for avoid- 
ing a hazard. Advance in a turn is much less than head 
reach in stopping, and directional control is maintained. 
This is illustrated by full-scale trials and simulated 
stopping and turning maneuvers of the former 
190,000-dwt Exxon design tanker shown in Fig. 66 for 
the trial full-load case. 

From a slower approach speed, such as 6 knots, head 
reach and heading and path deflections during stopping 
are much less, and no general superiority for turning 
exists. 

Full-scale trials indicate that if an auxiliary steering 
control force, such as a stern thruster, acts at the 
stern, it may be capable of controlling a ship’s heading 
during a stopping maneuver under conditions when 
the ship’s rudder or bow thruster cannot. However, 
this is not a general conclusion that a stern thruster 
will materially affect directional control when stopping 
from speeds above 6 knots. 

10.5 Rudder Cycling Maneuver. In June 1969, ma- 
neuvering trials of the Esso Bernicia, a 190,000-dwt 

tanker, were conducted and reported (Clarke, 1970). 
As part of the trials the “rudder cycling” maneuver 
was evaluated as a means of stopping without loss of 
steering control. The rudder cycling maneuver, which 
is illustrated in Clark (1970) is also depicted in Fig. 67. 
The maneuver comprises four partial turns to alter- 
nating sides about the base heading. Large speed re- 
duction results from the hull’s inertial reactions in the 
turns. Engine speed is reduced in steps during the 
maneuver until finally reversed, and engine orders are 
keyed to heading changes. Effectiveness of the ma- 
neuver and required lateral sea room are shown clearly 
in Fig. 67 (although exact comparison betwen rudder 
cycling and crash astern is not possible due to differ- 
ences in wind velocity and water depth). 

The general advantages of the rudder cycling stop- 
ping maneuver over the conventional crash astern are 
a more predictable trajectory and a reduced head 
reach. However, if lateral sea room permits, a simple 
hard-over turn is better than either and from approach 
speeds below about 8 knots the direct crash astern 
maneuver is generally best. Of course, if impact cannot 
be avoided, crash astern will reduce the striking ves- 
sel’s speed and energy of impact. 

10.6 Effects of Machinery Characteristics and Dy- 
namics. The characteristics and dynamics of the pro- 
pulsion machinery (engine, gears, shafting, and 
propellers) can have a significant effect on controlla- 
bility. 

Stopping ability of lighter, relatively high powered 
vessels is significantly dependent on maximum attain- 
able time rates of change of propeller RPM, which 



CONTROLLABILITY 259 

determine the time required to stop the propellers and 
to approach maximum astern RPM. Head reach in a 
crash stop will, for these ships, decrease significantly 
with a significant increase in time rate of change of 
propeller RPM. The effect will be less for very large 
relatively low powered vessels such as large tankers. 

Controllability, and particularly stopping ability, can 
be seriously degraded in restricted waters for direct 
drive diesel-powered ships that have a limited ability 
to reverse engines frequently. Limited compressed air 
supply can severely limit the number of times the en- 
gines can be reversed in a relatively short period, and 
that can result in temporary loss of ability to reverse 
the propellers under the demands imposed by severely 
restricted water conditions. Such limitations should be 
avoided in any ship design. 

10.7 Simulation of Stopping. The complexity of ac- 
celerating, stopping, and backing maneuvers in real 
life makes computer simulation useful for their study. 
Simulation equations contain terms selected depending 
on their use for design or operating studies or for 
training. For each of these uses, simulations must al- 
low for the effect of transient RPM on rudder forces, 
and for the inclusion of other terms representing such 
factors as wind, current, and shallow water. 

Several propeller and rudder factors affect the de- 
gree of ship response, including configurations of pro- 
peller, hull and rudder, propeller RPM, and rate of 
RPM change. Also, the ship’s linear and angular ve- 
locities strongly influence propellerlrudder force, as 
does rudder angle and its rate of movement. Similarly 
the ship’s hydrodynamic environment; i.e., the water 
density, depth, lateral boundaries and waves also affect 
propellerlrudder forces. For this reason, even with the 
computer’s capability to handle many terms, we usu- 
ally have to make simplifications, either because of 

SHIP CHARACTERISTICS 
L -  186.5rn B =  2 5 . z  
T = 9.6 rn A- 34,650 TONNES 

S u n  

Table 1 1 -Main particulars of tankers studied 
(Crane, 1973) 

Esso 
Esso Suez 

191,000 27,000 
Hull dwt dwt 

Length between perpendiculars, L, ft. 1000 612 
Beam, B, ft.. .......................... 154.8 82.5 
Draft, H, ft.. .......................... 60.5 31.5 
Block coefficient, C,. . . . . . . . . . . . . . . . . . .  0.83 0.75 
Displacement, A, long tons.. .......... 221,400 34,100 
Deadweight, long tons. .  .............. 191,350 27,000 

continuous ahead ................... 30,000 12,700 
Design propeller rpm, ahead.. . . . . . . . .  80 112 

Number of blades.. ................... 6 4 
Diameter, d, ft. ....................... 29.2 20.0 
Pitch, p ,  f t  ............................. 20.7 16.83 
Disk area ratio.. ...................... 0.585 0.550 

Shaft horsepower, maximum 

Propeller 

(m = 3.28 ft.) 

limited data or to avoid obscuring the central issue of 
the study. 

Straight path stopping, with continuous application 
of astern power, is realistic only from modest approach 
speeds or when special means are provided for con- 
trolling heading; however, the assumption is useful 
when comparing proposals for shortening the stopping 
maneuver. 

In this section, the effects of several ship design and 
operating parameters are demonstrated. Stopping of 
the 27,000 dwt former Esso Suez is shown in Fig. 68 
to show how well the ship’s predicted stopping time 
history compares with the ship’s trial results. Main 
particulars of the two ships are given in Table 11. 
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Fig. 68 Longitudinal stopping reponse of Esso Suez by trial and computation. Propeller speed approximated by 
exponential function. Run No. 3 of Hewins, Chase, and Ruiz (1950). 
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Fig. 69 Effects of ship size and speed; computed time histories of distance during stopping (Crane, 1973) 

To show the effect of initial ship speed, ship speed 
and distance time histories during stopping maneuvers 
were computed for a number of approach speeds of 
the fully loaded 190,000-dwt tanker. These are shown 
in Figs. 69 and 70, together with the 27,000-dwt Esso 
Suez results. In Fig. 70 the final stopping time and 
head reach values of the 190,000-dwt tanker are sum- 
marized, together with results for different levels of 

demand astern RPM. Astern thrust predominates 
when stopping a large tanker on a straight path from 
moderate speed. Propeller cavitation, however, could 
cause a significant reduction of astern thrust when 
RPM astern is more than about 70 percent of maximum 
ahead. 

The important result is that there is only a decrease 
of about 20 to 25 percent of the original head reach 
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Fig. 70 Effect of approach speed on stopping time and headreach, with 
demand astern rpm as parameter (Crane, 1973) 

by increasing the absorbed astern horsepower by as 
much as 100 percent (i.e., by increasing horsepower 
from about 30 to 60 percent of maximum ahead). This 
is because astern thrust increases by only about the 
2/3 power of shp. Also, the time lag in reversing RPM 
tends to dilute the resulting thrust increase. 

The net effect of ship size on stopping head reach 
is shown on Fig. 71. Trial data points for full-scale 
vessels are shown, together with, computed curves. 
All the trial data are from ships’ service speeds which 
average around 15 knots (+1.5). Information is not 
available on heading and lateral deviations of these 
ships, so the data show only general trends. They are 
shortened to some extent by speed reduction effects 
of unintentional turning. 

Stopping head reach and time to stop vary almost 
directly with ship’s displacement, if we assume that 
astern thrust is affected only slightly by changes of 
propeller submersion. With this assumption, Fig. 72 
shows the effect of loading condition on stopping a 
191,000-dwt tanker from 16 knots. 

Stopping results from slow speeds of up to about 6 
knots are shown in Fig. 73. The independent variable 
is absorbed astern horsepower, with corresponding 
values of astern RPM and shaft torque shown. Head 
reach and time are normalized in the figure by dividing 
the results obtained at 55 RPM astern. 

For large tankers, stopping is relatively insensitive 
to time lag in reversing the engine. On the other hand 
it may be important for relatively light, high speed 
vessels, where thrust is large compared to ship’s mass. 

10.8 Coasting. Coasting with the propeller wind- 
milling consists of reducing the ahead power to that 
level necessary to cause the propeller to rotate without 
producing any thrust. In this case, the ship would be 
slowed solely bv its hull resistance. When coasting 
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Fig. 72  Effect of ship displacement on emergency stopping time and head- 
reach (Crane, 1973) 

Table 12-Coasting Equations 

2 1 - 1 

86 A V,’ 15 A V,’ 236 A V,“ 

- - Final speed - V - 

Distance 
traveled S, f t  

where Vo is in knots and Ro is the total resistance a t  speed 
Vo; i.e., with the ropeller windmilling it is the hull resistance 
only, and with t!e propeller locked it is the hull resistance 

- _ -  
Initial speed V 3 2 3 

RO Ro R D  

~ _ _ _  

. .  

with the propellkr stopped, the ship would be sloweld plus 6R. 
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by its hull resistance plus the resistance of the locked 
propeller. In practice, the propeller's RPM is likely to 
be slightly less than its zero-slip value, so that it exerts 
some sternward thrust. With feedback engine control 
it may cycle between very slow ahead and astern. A 
workable measure of coasting behavior is the distance 
traveled by the ship to reach a specified fraction of 
the initial steady ahead speed. 

Equations (92) and (93) for estimating stopping dis- 
tance and time apply also to coasting with the follow- 
ing exceptions: 

(a) The final speed is not zero but some specified 
fraction of V,. 

(b) With propeller windmilling, astern thrust, TI, is 
zero. 

(c) With the propeller locked, TI is also zero but 
the hull resistance R is augmented by the added drag 
of the propeller, SR, so that R = R, + SR. 

The ahead thrust To is assumed to go to zero in- 
stantaneously at "execute." As a result of this as- 
sumption, SD and ST of Equations (92) and (93) are 
taken as zero. 

Table 12 gives equations developed in Chase, et  a1 
(1957) from Equations (92) and Fig. 63 that are useful 
for estimating coasting distances. For this develop- 

ment, Xu was taken as -0.08 m, and n as 2, in accor- 
dance with earlier assumptions. An interesting result 
of the assumption that n = 2 is that the distance 
traveled in coasting to a given fraction of the initial 
speed is independent of the magnitude of the initial 
speed. This of course would not be true if n were other 
than 2 (see Table 10). 

The resistance augment, 6R, of a locked propeller 
needed in connection with Table 12 may be estimated 
from the conventional drag formulation: 

SR = CD(p/2)AVz (94) 
where 
A = the developed area of the propeller in square 

feet. 
V = velocity of flow in feet per second. In this case 

V corresponds to the speed of advance, V, = 
(1 - w)Vo. 

w = hull wake fraction. 
C, = is a nondimensional drag coefficient. Hewins, et  

a1 (1950) estimate the value of C, for a locked 
propeller as 1.0. 

p = is the mass density of sea water; p/2 = 1.0 for 
sea water. 

The added drag of a locked propeller computed on 
this basis is very large. Computations show that the 
ratio of SR/R, in the speed range when n = 2 ranges 
from less than 150 for very large, slow-speed ships to 
about 3.0 for large, fast twin-screw passenger liners. 
In other words, a locked propeller can constitute al- 
most as much drag, and in some cases several times 
as much, as does the ship itself. These values used in 
association with Equation (94) and Table 12 indicate 
that coasting distances may be reduced by a factor of 
between two and four if the propellers are locked in- 
stead of allowed to windmill. 

10.9 Backing Times, Distances, and Velocities. The 
survey of ship operator opinion conducted in connec- 
tion with Chase, et a1 (1957) indicated that while there 

ESSO 19l,OOO DWT TANKER 
DEMAND ASTERN R P M - 5 5  

RPM T I M E  LAG 90 SECONDS 

(TOTAL WATER RESISTANCE EXPRESSED AS MULTIPLE OF BASIC HULL RESISTANCEl 

0 1  5 lo 1s 7n -_ 
TOTAL WATER RESISTANCE/ BASIC HULL RESISTANCE 

Fig. 74 Added hydrodynamic resistance effect on headreach, showing im- 
portance of opproach speed; hull resistance supplemented by brake flaps, 

water parachutes, etc. 
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Fig. 75 Effect of nonhydrodynamic retarding force on stopping from 6,12, 
knots (Crane, 1973) 

16 

is agreement that ability to stop from harbor speed is 
important, many operators feel that backing time 
should be established primarily on the basis of ma- 
neuverability around docks. In the case of clearing a 
ship slip, the astern speed achieved after the ship has 
traveled one ship length may be an adequate criterion 
for judging backing speed. However, a poll of the op- 
erators did not suggest what that speed should be, but 
rather indicated that experience and the particular hy- 
drographic conditions would dictate the desirable as- 
tern speed. 

The astern speed, V, reached in differential time at 
starting from rest may be obtained by equating the 
product of the instantaneous accelerating force, X, 
times the distance traveled, S, to the kinetic energy 
of the ship at the speed V. Thus 

1 SX = 0 (A - X J V 2  (95) 
L 

10.10 Auxiliary Stopping Devices. Resistance is a 
major contributor to stopping force a t  high ship speeds 
and is roughly proportional to the square of speed. 
For this reason, devices such as water parachutes and 
brake flaps which utilize hydrodynamic resistance are 
relatively ineffective for ship stopping from moderate 
speeds, and that is where unplanned stops are most 
likely. 

In Fig. 74 the total resistance of a 190,000-dwt 
tanker (hull resistance plus added resistance) has been 
varied to represent effects of hydrodynamic stopping 
devices such as parachutes and brake flaps. Curves 
are drawn for stopping from 3, 6, 9, 12, and 16 knots. 
The total augmented resistance is expressed here as 
a multiplier of the basic hull resistance. The results 
show that ships moving at slow maneuvering speeds 
can benefit very little from added hydrodynamic re- 
sistance, even if as much as twenty times normal hull 
resistance (See also Clarke, 1971). 

To consider effectiveness of nonhydrodynamic stop- 

EKCH TUG EXERTING I S  TONNES ASTERN THRUST 
FOR STOPPING 191.000 O*.rNXR 

R P M  TIME L A G  90 SECONOS 

= 0  
0 2 4 6  0 2 4 6  

N U M B E R  OF TUGBOATS N U M B E R  OF TUGBOATS 

Fig. 76 Variation of head reach and stopping tie with number of 1500 hp 
tugboats and varied tanker approach speed and demand rpm 

ping devices, a fixed retarding force, such as a rocket 
motor is examined by simulation. In Fig. 75, the effects 
of adding as much as 400 tons retarding force (equiv- 
alent to the takeoff thrust of forty Boeing 707 jet 
engines) is shown for the case of the 190,000-dwt 
tanker stopping from 6, 12, and 16 knots. The added 
retarding force is assumed maintained until the tanker 
stops. Somewhat greater effect might be obtained by 
increasing the amount of force at the high speed be- 
ginning of the maneuver, and shortening its duration. 

Tugboats are regularly used to provide stopping 
forces a t  slow harbor speeds and are, therefore, part 
of the ship control system. Tugs are normally assumed 
fixed to the tanker in power tie-up so that the forward 
speed of the tanker and tugs is always the same. The 
effect of tugboats is essentially that of an added con- 
stant retarding force. 

Figure 76 shows results from a simulation of the 
effects of tugs stopping a 190,000-dwt tanker (Crane, 
1973). Tanker demand RPM is treated as a parameter. 
With fewer than two tugs and zero tanker RPM, stop- 
ping time and head reach are extremely long and not 
shown. The astern thrust of a 1,500-shp tug is repre- 
sented in the simulation as a function of the tug's 
astern RPM and forward speed. Effects of tug hull 
resistance, mass, and added mass are included, but 
hydrodynamic interaction effects with the tanker are 
neglected. Each tug is assumed fully utilized for re- 
tarding the tanker making no contribution to direc- 
tional control. From zero to six tugs are considered at 
tanker approach speeds of three and six knots. Above 
six knots, tugs are impractical due to the difficulties 
of tying up. 

Figure 76 emphasizes that approach speed and 
tanker astern RPM have much more effect than num- 
ber of tugs (provided that the tanker uses at least 40 
RPM astern). Also, the case of zero tanker RPM with 
six tugs hauling astern yields about the same head 
reach as with 55 RPM astern and no tugs. With mod- 
ern, more powerful tugs, of course, comparable tug 

Next Page 



264 PRINCIPLES OF NAVAL ARCHITECTURE 

braking force can be achieved with fewer units than 
in this case. Kroda (1977) provides some valuable work 

on the use of tugs in a braking situation. Adequate 
steering control is, of course, a separate consideration. 

Section 11 
Automatic Control Systems 

11.1 Introduction. Regardless of hull and appen- 
dage characteristics and pilot/helmsman proficiency, 
good controllability a t  sea in all weather may depend 
greatly on the design and use of automatic control 
systems to perform steering and positioning functions. 
Ship autopilots have been in practical use since the 
mid 1920s being a classical application of feedback 
control. See Franklin, et a1 (1986) for a treatise on 
feedback control. Automatic control systems are also 
widely used on offshore drilling vessels and platforms 
for dynamic positioning. Recently, highly sophisticated 
"adaptive autopilots" have been developed which adapt 
to situations such as weather variations and attempt 
to minimize speed losses due to excessive rudder action 
and distance traveled while maintaining a desired 
course. 

For both naval and merchant ships it is common 
practice to have a helmsman standing by at  all times 
ready to take over when rough seas may reduce au- 
topilot effectiveness. All-weather steering is thus a 
problem of control as well as ship design, and a system 
is required that will maintain desired heading under 
all sea conditions and ship courses. Furthermore, hull 
design and the control system must be tuned to min- 
imize the possibility of broaching under severe follow- 
ing and quartering sea conditions when automatic 
control systems are in operation. 

The elements of automatic control systems in han- 
dling basic course keeping will be discussed first fol- 
lowed by an approach to analyzing automatic control 
systems when applied to unstable vessels. 

11.2 Course-keeping With Automatic Control. One 
of the functions of ship control is to maintain a ship's 
heading. In performing this function, a helmsman de- 
flects the rudder in a way that will reduce the error 
between the actual and the desired heading, desig- 
nated as I) on Fig. 77. Since the actual heading angle 
can be determined by means of a compass, the mag- 
nitude of I/I can be readily displayed to the helmsman 
(Fig. 1). A good helmsman will not only deflect the 
rudder in response to the heading error, I), but he is 
also sensitive to the angular velocity of the ship, JI 
(=r), and he will ease off the rudder and apply a little 
opposite rudder in order to prevent overshooting the 
desired heading. It follows that an automatic pilot 
should also be-responsive to control signals measuring 
both I) and I$. (In some commercial autopilots for 
ocean-going ships, there is a feedback signal from the 
helm angle output to the heading error detector. By 
this means, the detector can anticipate the yawing of 

the ship in response to helm already applied. Such a 
feedback signal is not, however, the equivalent of a 
sensitivity to JI). Thus a rudder, under automatic con- 
trol, might be deflected in accordance with the follow- 
ing linear expression: 

(96) 8, = k1JI + k2$ 

where S,, JI, and $ are all functions of time and where 
k ,  and k ,  are the constants of proportionality of the 
control system. 

Following the sign convention of this chapter, both 
k, and k, should be positive for proper control. Sub- 
stituting Equation (96) into the equations of motion 
(12), the following equations are obtained: 

+ (N'$ + k2N',)$' + (N'$ - Ifz)* = 0 
Equations (97) are simultaneous differential equations 
of the first order in v' and of the second order in 3. 
The solution of these equations for v' and JI yields a 
third-order differential equation which as noted in Sec- 
tion 3.1 leads to the concept of directional stability or 
instability. The solutions to Equations (97) are 

(98) 
v' = v,e"lt + v2eUzt + v4eUit 

3 '  = JI,eUlt + &eUzt + JI4eUzt 
The equations of motion with automatic control, 

Equation (973, differ from the equations of motion with 
controls fixed at  6 ,  = 0, Equation (ll), in two major 
respects. Equation (97) implies a sensitivity to the ori- 
entation of the ship, JI, which is absent in Equation 
(11). This is, of course, implicit in the concept of di- 
rectional stability as opposed to straight-line stability. 
Secondly, two of the terms which appear in the cri- 
terion, C, Equation (14b), for controls-fixed, straight- 
line stability, are altered by the presence of the con- 
trols. The former term ( Y r  - A') now appears as ( Y v  
- A' + k,Y,)  and what was formerly ( N r )  now ap- 
pears as (N7 + k,N',). Thus the second effort of au- 
tomatic controls is to make the ship behave as if it 
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i 
Fig. 77 Definition diagram for heading error 

possessed differerent values of its inherent hydrody- 
namic derivatives. 

From Equation (14c) then, when Y',(N: + k&,) > 
N;,(Yr - A' + k, Yg,) the ship would be stable having 
negative stability roots (a, and a2) and exhibiting no 
hysteresis loop in a plot of + vs 6,. 

I t  follows that a ship that is unstable with controls 
fixed can be made to be stable in terms of both straight- 
line and directional stability by the use of automatic 
controls. According to Equation (14b), stability is im- 
proved as (Y fT  - A') increases in positive value, and 
as N' ,  increases in negative value. Since Y' ,  is always 
positive and N' ,  is always negative for rudders at the 
stern and since k, is positive, it follows that automatic 
controls designed in accordance with Equation (96) will 
improve stability. 

Although not practical for a number of ship types, 
a desired ship characteristic is that it be stable with 
controls fixed so that automatic controls should not be 
used to overcome the inherent instability of a ship but 
rather to provide it with directional stability in addition 
to straight-line stability. 

11.3 Automatic Control of Unstable Vessels. Eda 
(1971) has developed an approach for examining the 
effect of applying automatic control to vessels with 
varying degrees of inherent dynamic stability. 

The following rudder control model is an example 
of an idealized simple autopilot expressed in a non- 
dimensional manner: 

6, = kl($ - $R) + k,$' + 6, = 6, + t $ k  (99) 
where 

6, = rudder command 
6, = actual rudder angle 
t ' ,  = time constant in rudder activation = 0.1 
k ,  = yaw-gain constant 
k ,  = yaw-rate gain constant 

and subscript e indicates the value at the equilibrium 
conditions and yaw gain and yaw-rate gain constants 
2, k ,  and k ,  respectively, are based on nondimensional 
values (e.g., nondimensional time and shiplengths of 
travel, t UA). 

Stability of heading angle can be examined using 
this rudder control model and the following set of 
solutions of perturbation equations, which are derived 

from equations of yaw and sway motions and rudder 
control: 

+ = c $ne"'nt' (heading angle) (100) 
n= 1 

4 

v' = v;e''nt' (sideslip velocity) (101) 
n= 1 

4 

6, = c AneUnt (rudder angle) (102) 
n=l 

where $n, V ,  and A, are constants depending upon 
the initial conditions, and a', are the eigenvalues of 
the system, which are determined by nontrivial solu- 
tions of the following characteristic equations: 

p,a: + p,a? + p,a: + p,uk + p4 = 0 (103) 
If the real parts of all roots of the characteristic 

equation have a negative sign (Rpk < 0), the system 
is stable. In determining whether or not the system is 
stable, it is sufficient to know the sign of the real parts 
of the roots only. 

On the other hand, if all the roots are determined, 
more detailed characteristics of the system can be ob- 
tained. Time constants and frequencies of the system 
can be determined from the real and imaginary parts 
of the roots, respectively. Furthermore, the solution 
vector can be determined from the initial conditions, 
and the actual ship dynamic response to any distur- 
bance can be computed readily, if required. Accord- 
ingly, eigenvalues of the system can be directly 
determined on a digital computer for a wide range of 
control gain constants. 

Stability roots were determined in Eda (1974) for 
three ships: 

Ship A: Dynamically stable ship (stability index 

Ship B: Dynamically unstable ship (a; = 0.164, 

Ship C:  Very dynamically stable ship (u; = 0.425, 

= -0.377, l/B = 7) 

UB = 5 )  

l/B = 4) 

for the following range of 
istics: 

Yaw gain 

Yaw-rate gain 

Time constant 

control systems character- 

k ,  = 0 to 10 

k ,  = O t o 5  

t '  = O t o 2  
Fig. 78 shows examples of stability roots for one 

gain and time constant and Fig 79 shows the resulting 
directionally stable regions for the three ships. The 
abscissa and the ordinate represent yaw-rate and yaw 
gain, respectively. The figure reveals the .following: 
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Fig. 78 Directional stability root locus 

(a) Yaw gain must be positive to achieve directional 
stability whereas yaw-rate gain can be negative under 
certain conditions (i.e., when the ship has sufficient 
inherent dynamic stability or when sufficiently large 
yaw gain is simultaneously used). 

(b)  Three ships, having widely ranging degrees of 
dynamic stability, show a similar trend in stability 
change with changes in yaw and yaw-rate gains. Slopes 
of curves for neutral stability are roughly the same 
for these three ships; the only major difference is in 
the location of the intersection on the yaw-rate gain 
axis. 

(c)  Inherent dynamic instability can be eliminated 
by adding hydrodynamic damping through the rudder 
by mean of yaw-rate gain control. A ship with a greater 
degree of inherent instability requires a greater value 
of yaw-rate gain to achieve directional stability (when 
yaw gain is fixed). 

It should be recognized that stable regions shown 
in Figure 79 are results of the eigenvalue analysis of 
the linear system so that the results are only valid for 
the case where deviations from the equilibrium con- 
ditions are very small. For example, a limit in available 
rudder angle in an actual system is not included in the 
analysis. When large values of gain constants are 
used, there exists a possibility of saturation in rudder 
angle which can introduce the instability into the sys- 
tem during actual operation. 

Accordingly, results for the very unstable Ship C 
should be treated with caution because of the possi- 
bility of rudder angle saturation due to the large gain 
constants required for directional stability. Further- 
more, there are certain limitations in the magnitude 
of gain constants in actual operations depending on 
the kind of maneuver. For example, a large yaw-rate 
gain constant (e.g., k ,  > 0.75) would not be acceptable 
for operation in a seaway because excessive rudder 
activity could be introduced due to yawing in waves. 
(Although steering gear machinery can operate con- 
tinuously for hours, hunting or other high frequency 
movements caused by such wave induced yawing 
would be particularly hard on the system). These re- 
sults indicate possible difficulties in handling of a very 
unstable ship such as Ship C. 

11.4 Input Data and lime lag Effects. All auto- 
matic control systems operate using certain state, or 
input data such as heading, yaw rate. Heading and 
yaw rate can be readily determined using a gyro com- 
pass and rate gyro. Position, for dynamic positioning 
systems, or is usually determined using sonar sending 
units or pingers placed a t  known locations on the ocean 
bottom or by using a satellite-based inertial navigation 
system. 

Adaptive autopilots also use a number of additional 
methods to improve upon the relatively simple rudder 
control model, especially for use in severe bow seas, 
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Equation (99). These include: 
(a)  Addition of an acceleration gain term, k3$’ 

where 3 ’ is yaw aceeleration; 
(b )  Addition of a track error gain term, k,y’, where 

2’  is distance from desired track (nondimensional). 
(c) Use of low-pass and sophisticated filters to re- 

duce or eliminate high-frequency rudder motions due 
to wave forces particularly for head and bow seas. 

The additional data required such as integrated po- 
sition, and yaw acceleration, can be determined by 
integration or differentiation of measured data. The 
usual concerns about errors introduced by differentia- 
tion of measured data, exist, however. Ship velocity, 
relative to the bottom, can be determined using a two- 
axis Doppler system. 

Wind velocity and direction, when required as for a 
dynamic positioning system, can be readily determined 
from a shipboard anemometer. This anemometer must 
be so placed that there is negligible interference with 
ship structure regardless of wind direction. 

In the case of coursekeeping, although $ and 4 may 
be measured and signaled to the autopilot a t  time t ,  
there are lags in any control system and it requires 
finite time t ,  for the rudder to reach the deflection angle 
prescribed by Equation (96). Hence, the deflection of 
the rudder, 6, a t  time t is proportional to $ and I,$ at  
an earlier time, t ,  = t - t. In functional form, Equation 
(96) becomes: 

6,(t) = k,$(t - 2) + k2$(t  - t )  (104) 
where 3 is the time lag of the control system. 

Taylor expansion of (104) is: 
Following Equation (74  the linearized form of the 

6dt)  = k,[$(t) - M t ) l  + kz[I,$(t) - 33(t)l (105) 
Nondimensionalizing this equation, substituting it into 
Equation (12a), and dropping the functional notation 
( t )  which is implicit, the following is obtained: 

Y , v ’  + (Y’+ - A‘)+’ + k 1 Y &  

+ (Y’i - A‘ + k,Y‘, - k,3’Ys)$’ 

+ ( Y $  - k,t’Y‘,)$ = 0 (106) 

N,v’ + (NJW‘ + k,N& 

+ (N’G + k z N s  - k12N’s)$f 
+ (N’q - I‘, - k22’N’&’ = 0 

where 1’ = (?)(V/L). 
Again, comparing terms of the criterion, C, Equation 

(13b), it is noted that the term ( Y ,  - A‘) now appears 
as (Y’, - A ’  + k Z Y ,  - k,t’Y,)  and the term N ,  
appears as (NIT + kzN’ ,  - k,t’N,).  Two important 
facts emerge from these comparisons: 
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Fig. 79 Region of directional stability 
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Fig. 80 Hydrofoil craft in regular ahead waves (Abkowitz, 1964) 
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Fig. 81 Illustration of hydrofoil platforming and contouring modes 

(a) The existence of a time lag, ?, detracts from 
the stability of the ship compared to zero time lag. 

(b) If automatic controls were made sensitive only 
to +, and not to $, (k, = 0) and a time lag existed, 
the stability of the ship with controls would be less 
than without controls. It is conceivable that this de- 
crease in stability could cause a ship that was stable 
without controls to become unstable with controls. 

11.5 Automatic Control of Hydrofoils. It  is partic- 
ularly difficult, if not impossible, to manually control 
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a high-speed hydrofoil craft with a fully submerged 
foil system operating in rough water. Such craft there- 
fore depend on an automatic control system that con- 
stantly adjusts foil angle of attack, either through 
changes in foil incidence or flap angle. These adjust- 
ments are made to port and starboard, as well as fore 
and af t  foils to maintain trim and keep the hull a t  a 
given height above the mean water surface in the 
presence of disturbances. In order to achieve as high 
a lift-to-drag ratio as possible in the cruise condition, 
the foils are designed to operate with relatively small 
mean incidence or flap angles. This then provides ad- 
equate reserve to generate the required control forces. 
This is necessary because of the changes in foil angle 
of attack resulting from the orbital velocities of waves 
(see Fig. 80) which, if not compensated for, can produce 
significant craft excitations. 

In general, these excitations must be compensated 
for by the control system if the craft is to fly straight 
and level and remain foilborne in large waves without 
excessive cresting of the hull or broaching of the foils. 
Broaching refers to a condition when the foil breaks 
through the water surface, losing its lift, possibly caus- 
ing the craft to go hullborne. 

There are two modes in which a hydrofoil control 
system operates, namely, the platforming mode and 
contouring mode. As the name implies, in the former 
mode the craft flies at given height above the mean 
water surface, as illustrated in Fig. 81, and is con- 
trolled automatically so that there is minimum motion. 
The limit on this mode is a function of wave height 
and foil system strut length. When wave height and 
steepness exceed a value where the ship can no longer 
“platform,” the operator resorts to the contouring 
mode, in which the hydrofoil flies approximately par- 
allel to the smoothed contour of the sea surface or 
nearly follows the wave contour. 

In modern hydrofoils, such as the US Navy PHM, 
the time constants of the control system are sufficient 

to handle both of the above modes of operation. During 
early developments of hydrofoils, control systems uti- 
lized input sensors for spatial anticipation of oncoming 
waves. These mechanical devices were known as “feel- 
ers,” or a stinger projecting ahead of the craft. The 
modern hydrofoil control system uses either a sonic 
or radar height sensor, or both. These devices contin- 
ually measure the distance to the water surface and 
input signals to the control system, which, together 
with other autopilot inputs, provide signals to the hy- 
draulically actuated foil system. An improvement is 
currently being developed and is called a Forward 
Looking Radar Height Sensor. This device will deter- 
mine wave height well ahead of the hydrofoil and in 
sufficient time, switch from one mode to the other to 
minimize not only ship motion, but loads imposed on 
the foil, hydraulic systems, and hull. 

1 1.6 Dynamic Positioning Systems. Dynamic posi- 
tioning (DP) systems, which are described in Section 
1.7 of Chapter XI1 in Taggart (1980), are used to main- 
tain a vessel within a specified watch circle, or radius 
from a specified location, to facilitate operations such 
as offshore drilling for oil or mine hunting. A typical 
watch circle radius is five percent of water depth, a 
value based on extensive operating experience. 

Brink and Stuurman (1979), have provided a detailed 
description of a DP system for minehunters. This is 
termed a PID system which uses position (P), integral 
or cumulative time average of position (I), and differ- 
ential of position or velocity away from the desired 
position (D). The role of model test data in tuning the 
system is discussed, as is the important subject of feed- 
forward. Feed-forward is used to anticipate future mo- 
tions by sampling variables, such as wind velocity and 
direction, which vary slowly and thus have a direct 
influence on future events. To date, feed forward has 
been limited to wind effects, as wave and current char- 
acteristics are hard to measure, and wave elevation is 
highly transient. 

Section 12 
Effects of the Environment 

12.1 Introduction. Ship controllability can be sig- 
nificantly affected by the immediate environment 
(wind, waves, and current). Environmental forces can 
cause reduced coursekeeping stability or complete loss 
of ability to maintain a desired course. They can also 
cause increased resistance to a ship’s forward motion, 
with consequent demand for additional power to make 
good a given speed. 

12.2 Dynamic Behavior in Wind. When the ratio of 
wind velocity to ship speed is large, wind has an ap- 
preciable effect on ship control. Even a moderate wind 
can make a ship advancing at slow speed difficult to 
control. To provide adequate control of ships in wind, 

it is necessary to develop information concerning wind 
effects on ship controllability under various situations 
and to analyze the problem discovered to exist. A mea- 
sure of control can be achieved by varying the ship 
characteristics, such as hull profile, rudder size, and 
other design variables and by adding thrust devices 
(See Section 17). 

Effects of a given wind increase in a direct ratio to 
(a) above water area, ( b )  distance from the center of 
lateral area to the LCG, and (c) aerodynamic drag 
coefficients. Since some types of ships such as auto- 
mobile carriers, containerships, and LNG ships have 
relatively large windage areas due to high freeboard, 
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Fig. 82 Nondimensionol aerodynamic side-force coefficients for many ships 

the low-speed handling characteristics of such ships 
are critically influenced by wind. 

Fig. 82 shows examples of nondimensional aerodyn- 
amic side-force coefficients for many ships plotted 
against wind direction. These data show a fairly even 
pattern of distribution with respect to a coefficient 
amplitude of about 1.0. 

The equations of motion can be modified to include 
nondimensionalized aerodynamic surge and sway 
forces and yawing moments X, Y, and N,, respec- 
tively. These additional forces and moments are de- 
fined by the following equations: 

1 1 
2 

1 1 
2 2 

(107) x , = -  pau:A, = XL - pu2Lz 

Y, = - pav:Aay = Y, - pu2L2 (108) 

Na = Yuxuc = N, pu"2 (109) 
where 
p a  is air mass density 
U, and V, are longitudinal and transverse components 
of relative wind velocities, resp. 
A, and A,, are maximum longitudinal and transverse 
projections, respectively, of aerodynamic area. 
xac is the longitudinal coordinate of the center of trans- 
verse aerodynamic force relative to midships. 

When the magnitude and the direction of wind ve- 
locity relative to the x~ and yo axes fixed on the earth's 

10 

surface are given, as shown in Fig. 83 with reference 
to Fig. 2 the ship's x and y axis components of ship 
velocity relative to the air are: 

u, = u + U, (cos + + ql) 

v, = V - U, (sin ql, + 3) 
(110) 
(111) 

where 
U, is speed (velocity) of wind +, is direction from which wind arrives relative to the 
earth-fixed coordinate axes. 

When the wind/ship velocity ratio is moderate, op- 
eration in such wind is possible, using the rudder to 
maintain a desired course. But when this velocity ratio 
increases, stable coursekeeping may not be possible 
for wide ranges of wind heading angle, +,. 

Thus, in order to maintain a predetermined straight 
course in a moderate wind, some degree of rudder 
angle is required to counteract the aerodynamic and 
hydrodynamic forces and moments. When ship speed 
and heading, and wind velocity and direction are given, 
then the required rudder angle can be determined to 
produce the necessary sideslip of the ship for a straight 
course, if the following coefficient values are available: 

YL NE, - N i  YE, 
Nk YA - Y; NA Sideslip, ve = (112) 
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I d X  Typical computed results for required rudder angle 
and sideslip, as functions of wind velocity, are graphed 
in Fig. 84 for a Mariner  cargo ship. The figure shows 
that for a given wind-to-ship velocity ratio greater rud- 
der angles are  required when the wind is from the 
beam. 

Since the maximum rudder angle of many ships is 
limited to 35 degrees, the ship will not be generally 
controllable in a wind that requires a rudder angle 
close to this limit. For example, Fig. 84 shows that the 
ship (a mariner-class vessel a t  full-load condition) will 
not be controllable a t  some headings when beam-wind 
velocity is relatively large (U, = 1OV). The combined 
aerodynamic and hydrodynamic effects then exceed the 
capacity of the rudder. On the other hand, the ship 
may be controllable in wind of the same magnitude 
but from another direction. The directional stability of 
the system must then be examined further. Other com- 
puted results indicate that  the stability requirement 
presents a critical wind velocity lower than that re- 
sulting from the 35-degree rudder angle for maintain- 
ing the desired course. 

A stability analysis of a typical ship affirms other 
interesting aspects of ship behavior in wind. Eigen- 
values or stability roots of an unsteered ship in wind 
from the bow were solved for on a computer. Real and 

algebraically greatest real part is called the critical 
root) are shown on the basis of wind velocity in Fig. 
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Fig. 85 R e d  and l m v '  versus wind speed (unsteered ship) 

85. The horizontal axis in the figure represents relative 
wind speed (U',). The figure shows that the ship will 
be neutral at U', = 0, implying that the ship has no 
preferred heading under this condition of no wind. 

When the wind approaches the ship from the bow 
(U, > 0), this ship's motion may be characterized by 
three different properties of stability depending on the 
magnitude of U', as follows: 

(a )  0 < U', < 3 stable, nonoscillatory case 
( b )  3 < U', < 11 stable, oscillatory case 
(c) 11 < U', unstable, oscillatory case 
In cases ( a )  and ( b ) ,  the ship tends to maintain the 

original course without the application of control 
forces. When the bow wind exceeds certain values 
(U'aa, = 3), the imaginary parts of certain of the roots 
are not zero and increase with U', as shown in the 
figure. This behavior implies that the frequency of 
oscillatory motion increases with U',. 

The ship is always unstable in wind from the stern, 
or when U', < 0. With an increase in wind velocity 
from the stern, the instability of the ship increases 
monotonically. Imaginary parts of the critical roots in 
this case are zero, implying that ship motions in wind 
from the stern after perturbation tend to diverge, with- 

out oscillations. The rate of divergence increases with 
increasing values of U a .  

Stability analysis of automatically steered ships in 
wind from an arbitrary direction leads to solution of 
a fifth-order characteristic equation. Fig. 86 shows real 
parts of critical roots with variations of wind velocity. 
The figure indicates that the ship will be stable in wind 
that is not strong (U, 5 5V) and blows from near the 
bow (-50" 5 I+, 5 50 degrees, ship lateral symmetry 
assumed). The ship will be unstable in the same mag- 
nitude of wind from other directions. The degree of 
instability is greatest in wind from the stern (I+, = 
180 degrees). 

These results show that the unsteered ship will gen- 
erally be more unstable as wind velocity increases. I t  
can be shown that great improvement in stability in a 
wind can be achieved by using a well-designed auto- 
matic control system instead of a human helmsman, 
even one who is highly experienced. 

12.3 Current Effects. Ocean or waterway current 
affects controllability in a manner somewhat different 
from that of wind. The effect of current is usually 
treated by using the relative velocity between the ship 
and the water, particularly in maneuvering simulation 
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studies. Using a definition of current velocity vector 
analogous to that for wind in Fig. 83 relative velocities 
are defined as: 

u = u + U, cos (& + +) 
v = v + U, sin (+c + I+) 

(114) 
(115) 

Where U, and \cIc are current velocity (drift) and 
current direction (reciprocal to set) relative to earth- 
fixed coordinate axes. 

Local surface current velocities in the open ocean 
are generally modest and close to constant in the hor- 
izontal plane. Such currents do not present difficulties 
for open-sea controllability. Currents do, however, be- 
come important in restricted waters where ship op- 
erating speeds are often low and currents nonuniform. 
They are most likely to create a controllability problem 
for a vessel traveling downstream in a river or canal 
that carries significant current, particularly in bends, 
where significant spatial current velocity gradients 
tend to occur. Navigation safety often necessitates low 
operating speeds over the bottom and the resulting 
low relative speed through water, u-v,, may be too 
small to develop adequate rudder force and force on 
the hull. 

Ship handling simulators, Section 16.9, provide an 
ideal means for evaluating such effects. Miller (1978) 
describes a simulator study that included detailed mod- 

- 
Re C, < 0 STABLE MOTION 

eling of river currents and their effect on river tow 
safety. In fact, detailed water current studies are often 
a necessary input to simulator studies where a port 
entrance (or waterway with tributaries) has significant 
cross flows present from tides, etc. 

12.4 Stability and Control in Waves. Waves can 
have significant effect on coursekeeping and maneu- 
vering. A ship attempting to maintain a steady course 
in rough seas experiences wave-induced oscillatory mo- 
tions in all six degrees of freedom. In Chapter VIII it 
is shown that in the linear theory of ship motions in 
waves the coupled transverse responses of sway, yaw, 
and roll can generally be considered separately from 
pitch, heave, and surge. However, the main interest is 
in roll and to some extent in sway. This chapter con- 
cerns mainly yaw and sway, which have been seen to 
be closely related to each other even in calm water. 
Roll is also involved in controllability, especially in 
high-speed ships. Turning can cause roll (or heel) and 
rolling can affect steering. 

In the case of head and bow seas, where the fre- 
quency of encounter with waves causing yawing and 
swaying is comparatively high, and where course sta- 
bility is usually large, serious difficulties seldom occur. 
The experienced helmsman ignores the high-frequency 
yawing and steers in relation to the mean ship heading. 
In using automatic controls, the tendency is for the 
system to call for high-frequency rudder movements 
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++++-++ +P++ ++-+ ++ ++ Rudder ++ ++ 

+ + + + + + ++ ++ 
+ +  + + Angle + t +  
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+ 

+ + + + + 
+ + + ++ Tlrne + 

that produce increased resistance but have little effect 
on ship heading. Hence, it is desirable to select appro- 
priate control settings, or to introduce filtering into 
the system, to minimize unnecessary rudder motions, 
as done in adaptive autopilots (Section 11). 

As shown in Section 6.5, yaw-roll rudder coupling 
often occurs when a ship is turning. This effect is due 
to the rudder, which produces a heeling moment as 
well as a yawing moment. Fig. 87 presents a simulation 
of a vessel that shows yaw-roll coupling effects. Other 
coupling effects are often experienced when a ship 
proceeds a t  high speed in quartering or following seas. 
Serious rolling motions associated with steering in 
presence of waves are often observed in actual oper- 
ations of some ships and in model testing. Anomalous 
behavior of rolling and steering was clearly evident, 
for example, in full-scale tests of a high-speed con- 
tainership during cross-Atlantic operations (Taggart, 
1970). 

Under seagoing conditions a number of new factors 
enter, particularly in the path of long overtaking waves 
at high speeds, because: 

( a )  Frequencies of wave encounter are low, so that 
large roll as well as yaw moments can build up. 

( b )  High-speed ships generally have relatively low 
static transverse stability (low GM). 

(c) Significant changes in static stability occur in 
waves, which affect roll and hence yaw (Oakley, Paull- 
ing and Wood, 1974). For example, for following seas 
with wave crests at the bow and stern, the middle of 
the ship is in a trough. This portion, therefore, develops 
much less righting moment; hence large roll angles 
occur. 

(d )  Since the rudder has a large effect on roll as 
well as on yaw, the design characteristics of the au- 
tomatic control system are of critical importance (Tag- 
gart, 1970). 

( e )  High-speed ships have relative fore-and-aft 
asymmetry, which changes in rolling. 

For these reasons, the possibility exists of significant 
coupling among yaw, sway, roll, and rudder action, as 
reported by de Santis and Russo (1936), especially in 
high-speed operations. 

Figure 88 shows two sets of curves that indicate, 
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ROLL MOMENT APPLIED SUDDENLY TO INITIATE RESPONSE 1 Roll Angle 
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Fig. 87 Simulated roll-yaw-rudder coupled motion 
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over which the model was carried along a t  the wave 
crest speed. 

for a fast containership, the transverse distance of the 
CG (centrum) of the local sectional area from the lon- 
gitudinal centerline at roll angles 4 = 0 and 4 = 15 de- 
grees in calm water. The curves can be considered 
equivalent to the camberlines of a wing section. 

When heel angle is not zero, and ship speed is not 
zero, then the camberline is not a straight line (as 
shown in Fig. 88) and therefore introduces hydrody- 
namic yaw moment and side force. This trend is made 
more pronounced by the fore-and-aft asymmetry of 
the hull form, particularly during high-speed opera- 
tion. Most high-speed ships have a bulbous bow for 
the purpose of improving resistance characteristics. 
The increased fore-and-aft asymmetry due to this type 
of bow introduces greater athwartship asymmetry of 
underwater hull form when the ship is heeled. Auto- 
matic control systems as discussed in Section 11 can 
be designed to help overcome unfavorable coupling. 
Figure 89 shows how the motions smooth out when 
an automatic control system yaw rate gain of 1.0 is 
applied to the simulation represented in Fig. 87. 

12.5 Coursekeeping in Astern Seas. Much more se- 
rious steering and control difficulties are experienced 
by ship operators in quartering and following seas. 
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T, = period of encounter with component waves 
w ,  = angular frequency of encounter with component 

L, = length of wave components 
V = ship velocity 
Vw = component wave velocity 
x = angle from ship velocity vector to wave direction 

I t  is evident from Fig. 90 and Equations (114) that 
if the seas are approaching from ahead (90 deg < x 
<270 deg), cos x is negative and the frequency of 
encounter we, is higher than if the seas were approach- 
ing from the stern (0 deg < x < 90 deg and 270 deg 
< x < 360 deg). In astern seas, the term (V, - V 
cos x) can be very small indeed and hence the fre- 
quency of encounter very low. Largely because of this 
reduction in frequency of encounter, coursekeeping in 
astern seas usually poses more difficulty than in ahead 
seas even though it is by no means always easy in 
severe ahead seas. For this reason most studies of yaw 
motion in rough water have been concerned with as- 
tern seas. An exception is work of Rydill (1959), who 
applies linear theory to the steering of ships in ahead 
as well as astern seas. 

waves = 2.rr/Te 

of advance 

‘\ 
I \  

\ I \  

Wahab and Swaan ( 1964) investigated theoretically 
the problem of coursekeeping and broaching (turning 
broadside to the waves) in following seas by concen- 
trating on the above-cited limiting condition of ship’s 

counter). They assumed as self-evident that difficulty 
in steering-and danger of eventually broaching-is 

that “all unsteered ships appear to  be unstable some- 

\ 

1 

\ 
, ‘  

\ 
speed equal to wave velocity (zero frequency of en- 

caused by dynamic course instability. They concluded 

where on the downward slope of a wave.” Hence, they 
considered the characteristics of the autopilot to be 
very important. Nevertheless, “a reduction of the dan- 
ger of broaching can be attained by increasing the 
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I CG OF S E C T I O N A L  AREA 

\ ”  

\ I  

1 1  

I 
/ course stability of the ship in smooth water.” How- 

ever, no one has been able to specify exactly how much 
course stability is enough, or the optimal amount. In 
fact, some writers assert that a superior control sys- 
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CONDITIONS: I .  SHIP SPEED V = 33 KNOTS, L = 268.4 rn 
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3. GM = 0.76 m 

4. AUTOPILOT WITH YAW GAIN OF 3 
AND YAW-RATE GAIN OF 1.0 

To S t a r b o a r d  1 

I t  is important to distinguish the three possible sit- 
uations in astern seas: 

( a )  V cos x < V, (overtaking seas) 
( b )  V cos x = V, (semistatic case) 
(c) V cos x > V, (following seas) 

In (a) ,  the waves are overtaking the ship and the fre- 
quency of encounter is low. These are called overtak- 
ing seas (Mandel, 1960). In (b) ,  the frequency of 
encounter is zero and if the ship is poised on the down 
slope of a wave at time t = 0 it will remain so poised 
at time t = t,. In these respects, this is a steady-state, 
time-invariant condition. In (c), the frequency of en- 

counter may also be low [but of opposite sign to that 
in ( a ) ]  and the ship is overtaking the waves. These are 
called following seas (Mandel, 1960). To an observer 
aboard ship, the waves in this condition appear to be 
falling astern even though to an observer on land they 
appear to move in the opposite direction. 

In ahead seas (that is, seas approaching from ahead) 
and in situations ( a )  and (c), but not in situation (b) ,  
the sway exciting forces and the yaw exciting moments 
acting on a ship are oscillatory with time. This becomes 
evident from Fig. 90 if the orbital velocities of the 
waves are considered. When a ship is positioned as 
shown in Fig. 90 with its stern a t  a crest and its bow 
a t  a trough, the orbital velocities of the waves induce 
a destabilizing yaw moment on the ship unless x and 

1- WAVE LENGTH L~-= a 
-7-- 

1 WAVE ORBITAL 1 I 
VELOCITIES 

DIRECTION OF ADVANCE . 
OF WAVES AT VCLOCITY Vw - 

I a 
3 
0 
t- 

I 
W 

w 3 
P 
0 

I- 
a g 

Fig. 90 Definition diagram for a ship operting in regular waves 
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Fig. 91  Variation of speed with wavelength in uniform astern seos (DuCane and Goodrich, 1962) 

7 0.4 0.6 0.8 1.0 

Fig. 92  Static equilibrium values of 4 for o destroyer travelling at same 
speed as a wave as a function of wave omplitude h and position on wave, 

for p = -15 deg, Lw/L = 2, -, Fn = 0.565 (Wahab and Swaan, 1964) 

p are precisely zero. When, after a time interval of 
half the period of the encounter, the ship is positioned 
with its stern at a trough and its bow at a crest, the 
yaw moment induced by the waves is a stabilizing 
moment tending to return the ship toward its original 
heading. In situation (b) ,  since the ship does not change 
its position relative to the wave with time, the exciting 
forces and moments also do not vary with time. 

Experimental and predicted values of yaw ampli- 
tudes, phase lags, yaw exciting moments, and sway 
exciting forces with controls fixed are  given by Eda 
and Crane (1965) for a Series 60 model (C, = 0.60) 
in regular waves (0.5 < L, , /L  < 1.5) (x = 30 and 60 
deg) at low speeds (Fn 5 0.24 or V = 18 knots for a 
500-ft ship), which correspond in all cases to overtak- 
ing seas; that is, V cos x < Vz,. The results of Eda 
and Crane (1965) also show that the yaw amplitudes 
increase with increasing ship speed (as y e  -+ 0)  but 
fall off sharply as the wave length is decreased from 
L , / L  = 1.0. They also decrease slightly as the wave 
length exceeds L (LW/ L > 1 .O). Calculated results for 
variations in the longitudinal radius of gyration, k, 
show also that yaw amplitudes decrease significantly 
with increase in k.  While the effect of corrective rudder 
action in reducing yaw amplitudes in overtaking seas 
was not shown by Eda and Crane (1965), this effect 
would be very small, because in general, wave exci- 
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tations exert far larger forces than those that a rudder 
can exert. 

Although, theoretically, only small, fast ships can 
achieve the condition Vcos x = Vw[condition ( b ) ]  with 
wave components that are of significant length com- 
pared to the ship (Lw1 L 2 1 . O ) ,  Grim (1965) indicates 
that ships may inadvertently be accelerated to this 
condition if they are operating in regular, astern seas 
of significant wavelength and if their initial calm-water 
speed exceeds a Froude number of 0.25 (Vlv'L = 
0.84). or this reason, this condition is of great interest, 
and it has been extensively studied not only by Grim, 
but also by DuCane and Goodrich (1962) and Wahab 
and Swaan (1964). 

Results of the self-propelled model tests in astern 
seas reported by DuCane and Goodrich are reproduced 
in Fig. 91. This Figure shows model speed as a function 
of wave length in uniform astern seas for two levels 
of model power output. For both power levels, a sig- 
nificant surge amplitude exists with a mean speed 
fairly close to the calm-water speed in both the short 
waves corresponding to following seas and in the long 
waves corresponding to overtaking seas. However, in 
the range of wave lengths such that 1.25 < L,/L-< 
2.4 in Fig. 91, the surge amplitude is zero and the 
model is accelerated by the waves above its calm-water 
speed to the speed of the waves. That is, in a large 
range of wavelengths, the waves carry the model along 
at speeds higher than its calm-water speed independent 
of the power delivered by the propellers. This phenom- 
enon is, of course, well known to surf riders. 

Grim (1965) carried out a theoretical analysis of this 
phenomenon and in his discussion of the work of 
DuCane and Goodrich (1962) shows that his analysis 
yields excellent agreement with the experimental re- 
sults. 

The equations of motion used by Wahab and Swaan 
( 1964) with semistatic wave excitation functions can 
also be used to compute the static equilibrium orien- 
tations, the controls-fixed stability, and the stability 

Fig. 93 Positions along wave where destroyer of Fig. 92 is stable and 
unstable with controls fixed (from Wohab and Swoon, 1964) 
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Fig. 94 Oscillatory yaw motion and rudder angle 

with automatic controls working of a destroyer posed 
at various positions on the profile of a wave traveling 
at the same speed as the destroyer (V cos x = V,). 
Fig. 92 shows the computed values of the heading 
deviation, +, from the prescribed course required to 
maintain static equilibrium, as a function of the posi- 
tion of the destroyer on a wave profile with L, = 2L, 
if the destroyer were attempting to maintain a course 
angle, p = 15 deg, to the wave direction (see Fig. 90). 
Fig. 92 shows that the required heading deviation is 
greater when the ship has its bow in a trough than 
when its bow is in a crest. 

Whether the static equilibrium orientations corre- 
sponding to Fig. 92 are stable or unstable with controls 
fixed was also studied by Wahab and Swaan (1964) 
with the results shown in Fig. 93. These results confirm 
the observation made earlier in this section that the 
positions of a ship with its bow in the trough are 
unstable whereas the positions of the ship with its bow 
in the crest may be stable. The equations also show 
that no matter how much controls-fixed stability a ship 
may have in smooth water, it becomes unstable in long 
waves (Lwl L > 1.5) at position a /Lw = 0.25, where 
a is the distance of ship's CG ahead of a wave crest, 
as shown in Fig. 90. However, ships that are unstable 
in smooth water may become stable in long waves 
when their bows are near the wave crest. 

From their stability analysis of the destroyer poised 
on a wave with automatic controls working, Wahab 
and Swaan (1964) conclude the following: 

(a )  Even with controls working, there is a great 
danger of broaching (turning broadside to the waves) 
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for all ships when their bows are in the trough of an 
astern wave whose length is 1.5L or more if the ship 
is traveling at about the same speed as the wave. 

( b )  The likelihood of broaching in the condition just 
described increases as the wave height increases. 

(c) A reduction in the danger of broaching can be 
achieved by an increase in fin area aft  improving the 
smooth-water controls-fixed stability. 

(d )  An autopilot with a large control constant, k ,  
(Equation 96), can reduce the regions of instability 
shown on Fig. 93 for the controls-fixed case. 

( e )  The introduction of a sensitivity to $I (Equation 
96) does not reduce the regions of instability signifi- 
cantly, and an increase in the time lag, t in the controls 
does not significantly increase the region of instability. 

Results are presented here of a study made of ship 
motions in waves, on the basis of hydrodynamic data 
obtained in rotating-arm tests as reported by Wahab 
and Swaan (1964) and Eda (1972). 

Ship translational motions in the horizontal plane 
(yaw, sway, and surge) do not have a natural fre- 
quency, except possibly a very low frequency associ- 
ated with ship autopilot response. Therefore, the 
effects of encounter frequency on these motions are 
entirely different from those on pitch, heave, and roll, 
which do have natural frequencies. 

Computed results obtained a t  15 degrees and 30 
degrees in following seas are shown on the basis of 
speed and encounter frequency in Fig. 94. In this case, 
with L = L,, and when the encounter frequency is 
relatively high (ae' = o ,L /V  > 2), the difference 
between the oscillatory motions of steered and un- 
steered ships is insignificant, regardless of rudder mo- 
tions. This is due to a very small ratio of rudder force 
to wave excitation, and to the ship's inertia. 

When the encounter frequency is relatively low (0; 
< 2), the yaw motion of the unsteered ship becomes 
extremely large in this region of frequency, rudder 
effectiveness is greatly increased, and the advantage 
of steering is clearly indicated. 

A 
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Fig. 95 Effect of control system on stability (Eda, 1972) 

The research also showed that when wavelength 
decreases to less than one ship length, yaw response 
decreases significantly. At an encounter angle of 30 
degrees, yaw amplitude becomes almost zero when the 
wavelength is half the ship length. 

When the encounter frequency is relatively low, the 
effect on ship stability is greatly improved by intro- 
duction of the control system. Fig. 95 shows that the 
degree of instability decreases with an increase in gain 
constants ( yaw-gain constant = k,, yaw-rate gain con- 
stant = k,) in the control system. 

I t  was found that the choice of time constant, yaw 
gain constant, and yaw-rate gain constant for 60-de- 
gree quartering seas (where the encounter frequency 
is relatively high) had little effect on the control sys- 
tem, regardless of size of gain constant. Use of rela- 
tively large time constants can help to prevent the 
violent rudder activity often experienced in following 
seas. 

There was a great increase in rudder motion with 
increased yaw-rate gain constant, indicating the ad- 
vantage of small values of the constant in reducing 
rudder activity in waves, Section 11.3. 

I t  is known that increasing rudder size is an effective 
way of achieving both greater stability and better turn- 
ing ability. The effect of rudder size was examined by 
varying rudder-force rate (Y'8). Rudder-force rates for 
computations were varied as 0.7, 1.0, and 1.3 times the 
standard rudder-force rate. For a ship running in fol- 
lowing seas a t  the same speed as the waves the effect 
of rudder size is shown in Fig. 96. Significant improve- 
ment is indicated with increasing rudder-force rate, 
which is proportional to rudder area. 

If, however, the encounter frequency is relatively 
high, as in the case of running a t  low speed, (for 
example, Fr  < 0.30) in a quartering sea, the effect of 
rudder size is very insignificant for both steered and 
unsteered ships at high frequency, that is, a t  low 
speeds in following seas. This result is confirmed by 
solutions to the equations of motion. 

Oakley, et  a1 (1974) report on extensive model tests 
in astern seas and on the development of a time domain 
numerical simulation program for motions and capsiz- 

Next Page 
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ing (Section 5 of Chapter VIII discusses their work 
further). Perez and Perez (1974) and others have fo- 
cused on the problem of maneuvering in waves, and 
general time domain models addressing the total six- 

degree-of-freedom situation in waves and wind (in- 
cluding wave-induced motions) have been developed 
(see McCreight, 1985), (Hooft, 1987), and (Ankudinov 
and Jakobsen, 1987). 

OPERATING 
RULES 

13.1 General. Successful operation of a ship in re- 
stricted waterways depends on the ship, its pilot, the 
local environment, and informational factors as indi- 
cated in Fig. 97. 

Direct analysis of navigation in a restricted water- 
way is very complex. Decisions on maneuvering safely 
in waterways have been mainly based on rules of 
thumb, comparisons with successful practice, and 

seaman’s eye.” However, the problems of control of 
ships in confined waters, particularly in narrow water- 
ways, have been receiving a great deal of attention in 
recent years. Among the reasons for this heightened 
interest are the ever increasing size of ships-notably 
tankers and bulk carriers-the consequences of acci- 
dents involving hazardous cargoes, and the social costs 
of personal injury and property damage. In confined 
waters, potential hazards of collision and grounding 
attain their greatest concentration, and control errors 
may result in personal injury and costly damages to 
both the ship and the ruin of the environment. The 
accidents can have far-reaching effect. 

In regard to maneuvering performance, shallow 
waters may be defined as water in which the ratio of 

(4 

Section 13 
Vessel Waterway Interactions 

water depth to ship draft is three or less. At greater 
ratios, shallow-water effects on maneuvering perform- 
ance beomce rapidly less significant as the water deep- 
ens. Restricted waters may be defined as narrow 
channels or canals, waterways with vertical or over- 
hanging banks, or areas that include piers and break- 
waters which introduce a substantial change in 
maneuvering characteristics or requirements. Ob- 
viously, most restricted waters include shallow water, 
and many include significant current and tide. In re- 
stricted waters, areas available for navigation are nat- 
urally limited, thus further complicating the problems 
of maneuvering and control of the ship. 

When a ship is proceeding in very shallow or re- 
stricted waters, its dynamic behavior is much different 
from that of the same ship proceeding in wide stretches 
of deep water, because of changes in magnitude of the 
hydrodynamic forces and moments acting on it. Hy- 
drodynamic effects on control can be grouped in the 
following general categories: 

( a )  The effect of water depth relative to ship draft. 
( b )  The effect of channel width and topographic 

character relative to ship beam. 

WATERWA Y TRANSPORTATION SYSTEM 
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SYSTEM 
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Fig. 98 Nandimensianal side farce coefficient as a function of depth ratio and resultant flow angle (Yeh, 1964) 

(c) Significant changes in water depth or channel 

(d )  Interaction between two ships. 
( e )  Combinations of the foregoing. 
These categories are discussed in the following por- 

tions of this section. 
13.2 Shallow-Water Effects. Yeh (1964) reports 

the shallow-water current-induced forces a t  zero ship 
speed relative to the bottom. Model tests of seven 

width relative to ship size. 

14 1 

RESULTANT FLOW ANGLE DEGREES 

Fig. 99 Moment coefficient as a function of resultant flaw angle for various 
depth to draft ratios (Yeh, 1964) 

different hulls were carried out in varying depths of 
water a t  different current velocities, with hulls ori- 
ented at  various angles to the axis of flow of the cur- 
rent. 

Data in Yeh (1964) have been reduced to a series of 
curves of side force and yawing moment as a function 
of flow angle and depth-to-draft ratio (Figs. 98 and 
99). These curves provide an indication of the effect 
of shallow water on hydrodynamic forces. 

Figs. lOOa and 100b show examples of turning tra- 
jectories obtained in computer model simulations for 
various ships with changes in water depth. These fig- 
ures illustrate how significantly the turning trajectory 
can be influenced by water depth. 

Fig. 101 shows results of the 278,000-dwt Esso 
Osaka full-scale trials reported by Crane (1979) and 
carried out under various water-depth conditions. In 
comparing the trajectories obtained in computer sim- 
ulation runs, for example, those shown in Fig. 100 with 
those measured in ship trials, shown in Fig. 101, similar 
tendencies in shallow water effect on turning trajec- 
tory can be observed. A substantial increase in turning 
diameter is shown in shallow water ( D J T  = 1.2) as 
opposed to deep water in Fig. 100 and 101. This change 
in maneuvering characteristics is very important from 
the viewpoint of maneuvering safety, because maneu- 
vering ability becomes of critical importance in shallow 
water, as in harbors or other restricted waterways. 

Experimental data on turning rate can be summa- 
rized. Taking angular velocity in deep water as 100 
percent, the shallow water rates are generally: 

(a) In water depth 2.5 times ship draft, 90 to 95 
percent (that is, roughly ~~ 5 to 10 percent increase in 
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Fig. 100 (a and b) Effect of water depth on computed turning trajectory performonce (Eda and Waldtn, 1979) 

turning diameter) 
( b )  In water depth 1.25 times ship draft, 50 to 60 

percent (that is, roughly 60 to 100 percent increase in 
turning diameter) 

Nizerry and Page (1969) report trial data of a 
213,000-dwt tanker that indicates approximately a 30- 
percent increase of transfer and turning diameter a t  
a water depth 1.5 to 1.75 times ship draft. This result 
correlates fairly well with the above mentioned free 
running model test results. A similar tendency was 
also indicated in the captive model test reported by 
Fujimo (1968 and 1970) for a Mariner-Class ship and 
an oil tanker. 

From the Esso Osaka trials, checking and counter- 
turning ability were reduced as water depth decreased 
from deep to an intermediate depth (50 percent of draft 
as bottom clearance) and then increased a t  the shal- 
lower depth (20 percent of draft under keel). This 
phenomenon is related to an apparent reversal in con- 
trols-fixed course stability as shown in Fig. 102, where 
stability first decreases but then increases as water 
depth becomes very shallow. 

Stopping distance in the Esso Osaka trials was 
largely independent of water depth, Fig. 103. Heading 
deviation in stopping increased from 18 to 50 and then 
to 88 degrees in going from deep to medium and then 
to shallow water. Inoue, et a1 (1980) have also shown 
that stopping distance and lateral deviations become 
smaller and larger respectively with an decrease in 
water depth. 

It should be recognized that a keel clearance of 20 
percent of draft (as in the trials of the Esso Osaka) 
while difficult to test is not very shallow. Ships often 

operate with about 10 percent clearance in low water 
and with only 5 percent in berth at a pier or wharf. 

With the availability of the Esso Osaka shallow- 
draft trials, theoretical and experimental work has 
been accomplished in the determination of hydrody- 
namic forces acting in shallow water. Fujino, et a1 

F U L L - L D h D  C O N D I T I O N  

HALF h ' E h D  S P E E D  

3 5 - D E G  RUDDER 

Fig. 101 Effect of water depth on turning performance (Esso Osoko) 
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Fig. 102 Smooth spiral test results, showing dimensionless turning rate versus 
rudder ongle, from 7 knots 

(1987) report on the extension of a deep water model 
to predict motions in shallow water with particular 
attention to the shallow water effects on rudder effec- 
tiveness. A simple approach by Hirano and Takashina 
(1987) proposes estimating the linear derivatives in 
shallow water through use of an “effective ship aspect 
ratio,” K,. 

where 
k = is effective aspect ratio in deep water 
T = mean draft/mean length ship’s draft 

ESSO OSAKA. 2 7 8  k DWT 

LEFT 35’ 
RUDDER 

i -__ -_ - --_ - ~ _  
1 k m  

SHALLOW WATER i 
RUDDER 

RIGHT 35‘ 
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LEFT 35O_--- 

1 km 
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I 

Fig. 103 Rudder ongle effect on stopping in shallow water and deep water 
from 3.8 knots, with 45 rpm astern 

D, = depth of water 

Based on experimental results with a VLCC, a LNG 
carrier, and a passenger car carrier the followng val- 
ues for h are proposed, Fig. 104: 

h = an empirical parameter to be evaluated 

A = 2.3 for Y;  
A = 1.7 for N ;  
61 = 0.7 for both Y: and N: 

13.3 Effects of Narrow Channels. When a ship 
moves through water that is unrestricted in depth and 
in width, the lines of flow go not only around the sides 
of the ship but also along the bottom of the ship. If 
the water is shallow, the flow under the hull is re- 
stricted, causing greater flow along the sides. This 
change in flow in turn changes the side forces and 
moments acting on the ship and hence the hydrody- 
namic derivatives of the ship such as Y, N,, and Y,. 
are changed. 

If, in addition to being shallow, the channel is also 
restricted in width, as in a canal, the hydrodynamic 
derivatives are even more severely altered than they 
are in shallow water of unrestricted width. If a ship, 
symmetrical about its xx-plane, is restricted in its mo- 
tions so that its x-axis and its velocity vector, V, are 
exactly collinear with the centerline of the canal, and 
if the canal cross section is constant and symmetrical 
about its vertical centerline plane, then there is flow 
symmetry port and starboard and the ship is subjected 
to no yaw moment or side force. If, however, the same 
ship is moving along the same canal with its x-axis 
parallel to the centerline of the canal but displaced a 
horizontal distance yo from the canal centerline, the 
flow symmetry is disturbed as shown in Fig. 105. The 
increase in the velocity of flow between the hull and 
the near wall coupled with the decreased velocity of 
flow between the hull and the far wall creates a force 
that draws the ship toward the near wall and, as shown 
both by full-scale experience and by model experi- 
ments, a t  the same time sets up a moment tending to 
swing the bow toward the far wall; that is, the deriv- 
ative Yf l  is always positive and the derivative N, ,  is 
negative according to the sign convention of this chap- 
ter. The magnitude of the derivatives Y,,, and N,, in- 
creases as the canal width decreases. 

The derivatives Yfl  and Nyo imply the existence in 
canals of a sensitivity to position which does not exist 
in the open ocean. Operation in canals also leads to a 
heading sensitivity which does not exist in the open 
ocean. According to the flow diagram shown in Fig. 
106, the existence of an angle $ will create a moment 
N that tends to increase $; that is, the derivative N, 
is always positive. Term N,, like Y,,, is therefore a 
destabilizing derivative. Important to note is that if 
the path of the ship is restricted to being parallel to 
the centerline of the canal, it is impossible to make a 
distinction between Np and Nu and Yo and Y$ because 
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Fig. 105 Flow diagram in canal with ship and its velocity vector parrallel 
to canal wall (Abkowitz, 1964) 

v = y o -  ul+; v‘ = y;, - 4 J  (117) 

i, = y o  - u1 \ir i,‘ = y;, - $ 1  

.. 

and following Equation (ll), the equations of motion 
of a ship in restricted water are as follows: 

Yj,yh + Y:& + ( Y c  - A’)yA + (Y;  - Y:,)+ 

+ (YG - Y’i) $ 1  + Y’, ;i; = 0 
Y’. 

NjoyA + N:& + N:, vh + (N, - N , ) $  

+ (N& - NL)$’ + (”3 - I:) ;C;’ = 0 

Since both equations are of second order in both yo  
and +, their simultaneous solution leads to a fourth- 
order differential equation. In view of the nature of 
Y,,, N,,,, and N$ as discussed earlier, no ship can pos- 
sess controls-fixed positional stability with respect to 
the centerline of the canal and any ship operating on 
the canal centerline is in a position of unstable equi- 
librium. The only way of holding a ship’s path on the 
canal centerline is by use of controls, either manual 
or automatic. If automatic controls are employed, a 
continuous signal measuring the distance from each 
bank must be provided and Equation (96) has to in- 
clude an additional term that is sensitive to the dis- 
tance, yo. 

Extensive model testing has been conducted at the 
David Taylor Research Center to evaluate narrow 

~///////////////////////////////////// 
( - IN  ) in this case /3 = +. However, in the general case, the 

path of the ship is not parallel to the centerline of the 

canal as in Fig. 106, p may be zero while 4J is not zero. 
In this case, forces and moments may exist that cor- 
respond to Y&, Y,,, N&, and N,,y,. On the other hand, 
Y,p and NJ3 can only be zero since /3 is zero. 

canal. For example, if the ship is steering across the + x V ( P  -01 w 
-_I- ‘Q (-k-- q O&*” -- 

I Y  
& 

. . . . . . . . . . . . . . . . . . . .  \\\\\\\\\\\\\\\\\\\ Noting that for small motions; 
Fig. 106 Flow diagram in canal with ship and its velocity vector at angle 

yo = v + ul+; yo’ = v’ + 3 I// to canal wall 
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channel effect, much of it in connection with Panama 
Canal improvements (Garthane, 1946). A useful rean- 
alysis of basic results was made by Schoenherr (1960). 
The original tests were for distance ratios (distance 
to channel centerline divided by ship beam) ranging 
from about 0.23 to 2.6, while the ratios of channel depth 
to ship draft ranged from about 1.40 to 2.49. Schoen- 
herr has faired the data, generalized, and prepared 
design charts covering forces and yawing moments 
over a wide range. 

Moody (1964) presented the results of a series of 
model tests on the handling of deeply laden ships in a 
widened and asymmetrically deepened section of Gail- 
lard Cut in the Panama Canal. His data show that 
widening and deepening the channel greatly reduced 
the interaction forces over the greater part of the 
channel width, and that this effect was accompanied 
by a marked improvement in dynamic course stability 
of very large ships. Also concluded from this investi- 
gation is that the asymmetrical shape of the channel 
and the abrupt change in depth between the old cut 
on one side and the new cut on the other did not have 
any untoward effect on ship performance. 

Moody’s report (1964) is of interest to ship designers 
because it presents forces and moments as functions 
of lateral position and yaw angle together with obser- 
vations on control of the model. 

A series of analytical and experimental studies of 
ship control problems in canals was conducted by Eda 
(1971, 1973) under the Interoceanic Canal Study proj- 
ect. A nonlinear mathematical model formulated on a 
digital computer was used to examine the dynamic 
behavior of two ships, namely, a large tanker of 
250,000 dwt, 335 m (1085-ft) length, C, 0.83, and a 
cargo ship 188 m (600 ft)  length, C, 0.60. Available 

Canal Widrh 1585rn 
Water Dcpih 23Bm 

lkr - d - 0 )  

... 
I I 1 i 

IZW 

CARGO SHIP I 

-8 L 

Fig. 109 Heading change after yow disturbance of 2 deg in conol 

hydrodynamic results of captive model tests were em- 
ployed in order to establish realistic dynamic models. 

Figs. 107 and 108 show results in the form of esti- 
mated required rudder angles to maintain off-center- 
line course under equilibrium conditions with changes 
in water depth and channel width relative to ship di- 
mensions. The abscissas show the ratio of distance off- 
centerline to ship length. In all cases, equilibrium drift 
angle was relatively small. 

Figs. 109 and 110 show calculated heading changes 
of the cargo ship and tanker after a yaw disturbance 
of 2 degrees from the initial centerline course. Both 
ships were run at the same speed at 6 knots in a canal 
158 m (520 f t )  wide with a depth of 24 m (78 ft). 

6 8L Canal Width = 158.5m 

Water Depth = 23.8m 

-6 -8 t 
Fig. 110 Heading change ofter yaw disturbance of 2 deg in a canal-with control 
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Fig. 11 1 Composite limiting contours for directed stability in canals 

The oscillatory divergent motions shown in Fig. 109 
indicate that both ships are directionally unstable and 
that the degree of instability is greater for the tanker 
than for the cargo ship when the rudder is fixed (gain 
constants K, and K, = 0). When yaw gain K, = 4 and 
yaw-rate gain K2 = 0, for example, a rudder of 4 de- 
grees is ordered a t  the heading angle deviation of one 
degree. Fig. 110 shows the motions with activated rud- 
der (gain constants K, and K, = 4). It will be seen that 
both ships are now directionally stable. As shown in 
these figures, the dynamic behavior of the cargo ship 
is much better than that of the tanker, mainly because 
of its much smaller size relative to the specified canal 
dimensions. 

The dynamic simulations were continued for the 
ships in canals, with variations in canal dimensions and 
rudder control gain constants. Based on these results, 
the contours of neutral stability for various canal di- 
mensions were obtained. Fig. 111 provides the devel- 
oped guide to acceptable ship control parameters 
relative to ship size and canal dimensions on the basis 
of the following assumed study criteria (although the 
solution is certainly not a complete solution nor a uni- 
versally applicable one): 

( a )  Equilibrium rudder angle of 15 and 20 degrees 
at 5 percent and 10 percent ship lengths off-centerline. 

( b )  Neutral stability with K, = K, = 2, and 4. 
(c) 30 cm (1-ft) and 60 cm (2-ft) bottom clearance 

to allow for squat a t  limiting ship speed of 6 knots in 
full scale for the cargo ship and the tanker, respec- 
tively. 

The acceptable performance region of canal dimen- 
sions lies above and to the right of the contours in Fig. 
111. 

The importance of the operator-ship-steering system 
has been recognized by many investigators. For ex- 

ample, Brard (1950) said, “The difficulty of keeping 
the model off a solid boundary is the basic criterion as 
to its canal-transiting qualities. Naturally this whole 
operation depends on the operator. ” 

In an extension of Brard’s investigations, De- 
Verdiere and Audren (1951) offered the following two 
qualitative design observations which were derived 
from experimental tests with models steered by a hu- 
man helmsman in a simulated canal: 1. Ship forms that 
are full at the bow and sharp at the stern are more 
favorable to good handling qualities in a canal, and 2. 
Maneuvering qualities of a vessel with two propellers 
are improved when the rudder is placed abaft of the 
propellers. ” 

Similar trends for ships with one propeller were 
noted earlier by Baker (1924) who observed that rud- 
ders that deflect into the propeller race are more ef- 
fective in maneuvering, whether in a canal or in open 
water. 

River towboat pilots indicate an interesting approach 
to control. In some instances, they go through bends 
in a river by ordering rate of turn on the autopilot 
rather than ordering rudder angle. Such boats are 
equipped with gyrocompass rate-of-swing indicators, 
and this mode of control is apparently useful in fa- 
miliar locations with variable tows. 

Bindel (1960) presents test results for three tanker 
models in canals. Two of the models had a single screw 
and single rudder, and the third had twin screws and 
a single rudder. Different canal configurations were 
used during these tests; bed width and water depth 
were varied while bank slopes were kept constant a t  
a slope of 1:3. I t  was found that for a given ship and 
canal there may exist a critical speed from the point 
of view of ship maneuverability, that is, the speed that 
causes the greatest difficulty in passing through the 
canal. The intensity of the difficulty depends on both 
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the ship and the canal. For three different tankers Fig. 
112 indicates bands of critical speeds in knots plotted 
against the ratio of the cross-sectional area of the canal 
to the midship section area of the ship. The graph 
shows that the higher this ratio, the higher the critical 
speed. Above and below the critical speed band, ma- 
neuverability of the single-screw models was satisfac- 
tory. The performance of the twin-screw model, which 
was poorer, can be ascribed to a difference in rudder 
effectiveness, for the single centerline rudder was not 
located in the propeller race. 

Norrbin (1971) provides observations on a model for 
deep and confined waters, and Fujino (1976) offers a 
state-of-the-art survey of maneuverability in restricted 
waters with concentration on course stability. 

If the handling qualities of a ship are so poor that 
it is impossible to negotiate restricted waterways, 
Moody (1964) suggests that a practical solution is to 
attach a tugboat to the stern of the ship by towline. 
With the tugboat holding back on the stern, the ship's 
propeller slipstream velocity is increased, thus im- 
proving rudder effectiveness. Furthermore, the towline 
tension at the stern of the ship improves the stability 
of the ship, thus reducing the rudder action needed to 
maintain a straight course. 

13.4 Interaction Between Two Vessels. Just  as the 
passage of a ship near a channel boundary causes 
forces and moments to act on the ship that do not exist 
in unrestricted waters, so too does passage by another 
ship close aboard. The principal difference in discussing 
the two cases is that the channel boundary may be 
assumed to be long relative to the ship length and of 
constant cross-sectional shape; hence the interaction 
forces and moments in a channel may be assumed to 
depend only on the transverse distance, yo, and the 
ship's yaw angle, 3. In the case of one ship passing 
close to another, the interaction forces are functions 
also of the longitudinal distance, x,, separating the two 
ships as well as the lateral distance yo and the yaw 
angles, plus the relative sizes of the ships. 

Close passage of two ships and the resulting hydro- 
dynamic interactions between the two are operation- 
ally important for situations such as overtaking or 
meeting in a restricted channel, maneuvering to avoid 
collision, passing a ship moored adjacent to a narrow 
channel, and conducting underway replenishment at 
sea (UNREP). 

Some of the investigations of ship-to-ship interac- 
tions, including cases of overtaking, meeting (ships 
moving in opposite directions head on or nearly so), 
and a ship passing a stopped (or moored) ship are 
discussed in this Section. 

Figs. 113 and 114 summarize the most significant 
results reported by Newton (1960). To obtain the data 
shown on the upper part of Fig. 113, two models were 
towed without propellers and with p = 6 ,  = 0 on 
parallel straight courses a t  different longitudinal po- 
sitions relative to each other over a range of full-scale 
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Fig. 113 Measured interaction forces and moments (and correcting rudder 
angles) between two ships an parallel courses as larger ship overtakes the 

smaller (Fig 2, Newton, 1960) 
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speeds from 10 to 20 knots, and the Y-force and N- 
moment acting on each model in each position was 
measured. The longitudinal separation scale shown as 
the abscissa on Fig. 113 i's measured between the mid- 
length of the two ships. The rudder angle data shown 
in the lower part of the figure were obtained by com- 
puting the values of 6 ,  and needed to maintain equi- 
librium at each of the relative positions shown. The 
following assumptions, partly validated by free-run- 
ning, piloted model tests, were made in computing 6 ,  
and p,: 

( a )  That the system could be treated as one of 
steady motion. 

( b )  That interaction forces and moments are unaf- 
fected by the action of the propeller or by the small 
values of j3 and 6 ,  needed to maintain equilibrium. 

The magnitudes of the maximum forces of attraction 
shown on Fig. 113 are of interest. At a speed of 10 
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Fig. 115 Predicted and measured sway forces and yawing moments on two 

knots the maximum attraction force is 13kN (26 tons) 
for ship A and 17.5 kN (35 tons) for ship B for the 
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Fig. 116 Peak sway force on a fixed or moving ship as a function 
clearance from o passing ship 

of its 

15.5 m (59-ft) beam-to-beam separation, and these oc- 
cur when the two ships are very close to the fully 
abeam position 4. These forces would be quadrupled 
a t  a speed of 20 knots, and according to Fig. 114 would 
be decreased by about 40 per cent if the beam-to-beam 
separation were increased to 30 m (100 ft.) 

I t  is evident from Fig. 113 that there are positions 
when both the interaction force and the interaction 
moment tend to draw one ship toward the other. Such 
positions are 3 for ship A and 5 for ship B. Fig. 113 
shows that, in these positions, the rudder deflection 
angles are such that the rudder moments oppose the 
interaction moments. However, with these deflection 
angles, the rudder force tends to add to the force of 
attraction. Therefore, in these positions it is necessary 
to deflect the rudder sufficiently so that not only is the 
interaction moment overcome, but also a yaw angle, 
P,  is introduced that creates an outboard force that 
counteracts both the attraction force and the rudder 
force. By this means, the two ships should be able to 
avoid collision in positions 3 and 5 provided that the 
transverse separation between the two ships is not so 
small that the available rudder force cannot correct 
the inward swing caused by the interaction moment. 

It should be noted that position 3 immediately pre- 
cedes and position 5 immediately follows the directly 
abeam position when the two ships have to apply op- 
posite rudder to keep on parallel straight courses. 
Thus, in the short space of time between positions 3 
and 4 for ship A and between positions 4 and 5 for 
ship B, the rudder has to swing from a large port 
deflection to a starboard deflection. Obviously, the pre- 
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Fig. 118 Calculated sinkage and trim at finite canal width relative to infinite 
width 

cise timing when this has to be done is not easy to  
choose. I t  is therefore true that two passing ships 
suffer the greatest risk of collision in positions 3 and 
5, which would be augmented if the seas were rough 
and a heavy wind were blowing. Corrective action, if 
collision seemed imminent in position 3, would be for 
ship A to reduce speed and ship B to increase speed. 
If collision were imminent in position 5, Ship B should 
decrease speed and ship A increase speed. 

A number of theoretical methods (Tuck, 1974, Wang, 
discussion of Tuck, Dand, 1974, and Abkowitz et  al, 
1970) for predicting interaction forces and moments 
have been developed and are in reasonable agreement 
with available model test data. Fig. 115 presents typ- 
ical results for two ships moving a t  equal speed on 
parallel courses. Figs. 113, 114, and 115 illustrate the 
effect of parameters such as longitudinal and lateral 
separation and water depth on interaction forces and 
moments. Fig. 116 illustrates the variation of maxi- 
mum sway force with lateral separation and relative 
ship length, L,IL, for the case of a ship passing a 
stopped or moored ship (Wang, 1979). 

Applications of theoretical methods and results have 
included simulation of UNREP operations, ( Abkowitz, 
Ashe, and Fortson, 1970) and potential collision scen- 
arios, (Dand, 1974). Kaplan and Sankaranarayanan 
(1987) reported an efficient numerical method for pre- 
dicting lateral forces and yaw moments on ships on a 
parallel course at different speeds, operating at a given 
lateral and longitudinal separation distance in a shal- 
low asymmetric canal. Kijima (1987) also described an 
approach for handling ship to ship interactions in a 
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channel. Norrbin (1974) reports on tests of bank effects 0 5  0 6  0 7  0 8  0 9  1 0  1 1  1 2  I 3  1 1  1 5  

on a ship moving through a short dredged channel, F h  

and later (1985) on a tar-ker moving near a vertical 
wall and near a bank that has varying slope. 

Fig. 119 Comparison between theoretical and experimental sinkage and 
trim a t  D/L = 0.125 
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Fig. 120 Limiting speeds in canals based on squat 

13.5 Sinkage and Trim. Tuck (1966 and 1967) pre- 
sented results obtained from theoretical studies on the 
problem of sinkage and trim of ships in shallow and 
restricted waters. His calculations imply a nearly uni- 
versal nondimensional curve for sinkage and trim 
which is almost independent of ship form. Sinkage is 
defined here as the downward vertical displacement of 
ship’s center of gravity, and positive trim as the bow- 
up angle of rotation of the ship a t  its center of gravity. 
Squat is the resultant movement due to  sinkage and 
to bow-up rotation. In many cases, trim can be negative 
(that is, bow down) owing to low-speed operation in 
shallow water. 

As examples of computation of sinkage and trim, 
Tuck (1967) shows, as in Fig. 117, curves of sinkage 
against Froude number Fn for ratios of canal width 
to ship length ( W I L )  of infinity, 3.4, 1.0, and 0.5. 
Froude number here is based on water depth, Fn = 
U I q g D , .  The ship form used is a Taylor Standard 
Series with a prismatic coefficient of 0.64. The value 
3.4 for W I L  corresponds to the dimensions of the 
towing tank in which the measurements of Graff (1964) 
were performed. Clearly, at W I L = 3.4 and for mod- 
erate values of Fn, the departure from the result for 
infinite width is small, but it is already about 10 percent 
at Fn = 0.8, even for such a wide channel. Also shown 
by the broken line are the results of the hydraulic 
approximation at W / L  = 0.5 which give a slightly 
underestimated amount of sinkage compared to re- 
sults predicted by the theory. The following formula 
may be used to obtain the approximate value of vertical 
hydraulic force acting on the ship proceeding in a rel- 
atively narrow canal: 

where 
F is vertical force, positive downward 
So cross-sectional area of the canal 
S(x) is local cross-sectional area of the ship 
B(x) is local beam of ship 
p is mass density of canal water 

Tuck’s theory predicts the points on the curve shown 
in Fig. 118 for ships moving along the centerline of a 
channel that has vertical walls. Since the calculated 
points cover wide ranges of practical ship forms and 
ship speeds, the curves may be considered as theuni- 
versa1 curves of sinkage and trim. In the figure, W is 
the efedive width of the canal relative to ship length, 
that is W = ( W I L )  2/1 - Fn‘. The figure shows that 
the effect of finite narrow width is much greater for 
sinkage than it is for trim. 

Fig. 119 shows the comparison between Tuck’s com- 
puted sinkage and trim and the experimental results 
reported by Graff e t  a1 (1964) for a value of D J L  = 
0.125 with sidewalls at infinity. The agreement is good 
for values of Fn < 0.7, but the comparison deteriorates 
as Fn approaches 1, that is, as the ship speed ap- 
proaches the critical speed of U = 2/gDw. (This critical 
speed, the reader will notice, closely approximates the 
celerity of waves in water that is shallow in comparison 
to wave length). Lea and Feldman (1972) extended the 
theory for the case Fn = 1. This figure also shows that 
sinkage is the dominant phenomenon a t  subcritical 
speeds (Fn < l ) ,  whereas trim is dominant at super- 
critical speeds (Fn > 1). The figure also shows that 
the large subcritical sinkage is always positive (that 
is, downward), whereas the super-critical trim is like- 
wise positive (that is, bow up). 

Sufficient bottom clearance is one of the crucial re- 
quirements for ship operation in a canal. Fig. 120 
shows contours presented by Eda (1971) of speed as 
limited in canals of various size to enable the ship to 
clear the bottom of the canal. These curves were ob- 
tained by using the following semiempirical equation, 
which is based on model test results (Yamaguchi, 1967, 
1968): 

2pa(m - 1) 
m 

q( l  + me) - n 
where 
Fn, = limiting Froude number, U/m 

p = draftlship length, h/L 
q = ll(1 + e), where e = 0.24 from test results 
m = water depthlship draft, D,/T 

Next Page 
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Section 14 
Hydrodynamics of Control Surfaces 

14.1 Geometry, Forces, and Moments. The purpose 
in having a control surface on a ship is to control the 
motion of the ship. The control surface may be com- 
posed entirely of a single movable surface or of a 
combination of fixed and movable portions. It may typ- 
ically be a rudder used to control the horizontal motion 
of a ship, a diving plane to control the vertical motion 
of a submarine, or an activated fin to reduce the rolling 
motion of a ship. A control surface has one sole func- 
tion to perform in meeting its purpose, and that is to 
develop a control force in consequence of its orienta- 
tion and movement relative to the water. The control 
force exerted by a rudder, for example, at the stern 
of a ship creates a moment, N,6,, on the ship which 
causes the ship to rotate and to orient itself at an angle 
of attack to the flow. The forces and moments gen- 
erated as a result of this rotation and angle of attack 
then determine the maneuvering characteristics of the 
ship. 

The simplest and most common type of control sur- 
face is the all-movable surface as diagramed in Fig. 
121; other types are described in Section 14.7. The 
dimensions of a typical all-movable control surface are 
expressed as lying in three mutually orthogonal di- 
rections as indicated in Fig. 121: chord dimensions par- 
allel to the direction of motion, span dimensions normal 
to the direction of motion, and thickness dimensions 
normal to both the span and the chord. Since most 
control surfaces are neither rectangular in shape nor 
of uniform thickness, each of these dimensions may 
have several values. Following aeronautical nomencla- 
ture, the edge of a control surface adjacent to the hull 
to which it is attached is referred to as the root and 
the opposite edge as the tip. Hence, there is a root 
chord, c,, and a tip chord, c t ,  and their average is the 
mean chord, c (for straight-edged surfaces). There are 
similarly defined thickness dimensions as shown in Fig. 
121. The mean span, b is the average of the spans of 
the leading and the trailing edges of the rudder. The 
ratio 8/; is the geometric aspect ratio, the ratio L'E is 
the thickness chord ratio, and the ratio c, /c ,  is the 
- taper ratio. The profile area, A,, may be taken as 
b x c and A is the sweepback angle of the quarter- 
chord line. 

In contrast to an airplane wing, a control surface 
must usually be capable of developing lift in either of 
two opposed directions. Hence, the section shape 
shown is symmetrical about the centerplane of the 
control surface. 

For the sake of simplicity, this section will treat the 
rudder principally, although most of the discussion will 
apply with equal validity to any control surface. The 
additional complicating effects of propellers on the flow 
over control surfaces are addressed in Section 17. 

Consider a rudder as a separate body, completely 
immersed in a nonviscous fluid a t  an angle of attack, 
a, to the uniform flow velocity unaffected by ship hull 
or propeller, Fig. 122. According to the two-dimen- 
sional (infinite aspect ratio) theory developed in Chap- 
ter VI, Section 2.5, Vol. 11, the combination of forward 
velocity and angle of attack will induce a circulation 
about the rudder which in turn produces a lift force 
on the rudder. Since in the steady, two-dimensional, 
ideal, nonviscous, deeply-submerged flow considered 
in this paragraph there is no drag force, the total force 
due to the angle of attack will act normal to the di- 
rection of the free-stream velocity. 

However, because rudders have a finite aspect ratio, 
two-dimensional theory does not accurately predict the 
forces acting on them. When the rudder is at an angle 
of attack, vortices are shed over the root of the rudder 
(unless the hull is close enough to the root to prevent 
the formation of vortices) and over the tip of the rud- 
der, which induce velocities in the plane determined 
by the span and thickness. These velocities when added 
to  the stream velocity cause, among other effects, an 
induced-drag force in the direction of motion. 

In addition to the preceding two- and three-dimen- 
sional effects which can be predicted by frictionless 
flow theory, there exist friction and separation forces 
that arise because water is a viscous fluid. While the 
frictional force acts tangentially to the surface of the 
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Fig. 121 Dimensions of a typical all-movable control surface 
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Xrudder = L sin PR - D cos f l R  (121~) 
For the purposes of Equations (121a-c), the signs of 
L, D, and P R  must always be taken as positive, whereas 
xR should be negative if the rudder is aft  of the origin 
and positive if it is forward. With these assumptions, 
the sign of Yrudder in Equation ( 1 2 1 ~ )  will depend on 
the sign of 6,. If 6, is negative, Yrudder is negative; if 
6, is positive, Yrudder is positive. It is for this reason 
that the expression for Yrudder is preceded by a * sign. 
Since in Equation (121c) D cos P R  is always larger 
than L sin P,  X is always negative; that is, directed 
aft .  

Equations (121) are valid only for the special case 
of a rudder that is well isolated from the ship to which 
it is attached. In most practical cases, significant in- 
teraction takes place between the rudder and the ship 
so that the total Y-force created by rudder deflection 
acting on the combined ship-rudder system, is larger 
than that indicated by the equation and its center of 
action is forward of the center of pressure of the rud- 
der itself. In fact its center of action may not be on 
the rudder a t  all. 

For purposes of rudder design, the component of 
the total rudder force, excluding interaction effects, 
which is normal to the center plane of the rudder and 
designated, F, in Fig. 122 is of importance. The product 
of this component times the distance of the center of 
pressure from the centerline of the rudder stock yields 
the hydrodynamic torque experienced by the stock. 
Using the nomenclature of Figs. 121 and 122: 

Q H  = F(d - CP,) (121d) 
where d is the mean distance between the leading edge 
of the rudder and the centerline of the rudder stock. 
The sign of moments about the rudder stock should 
be determined on the basis of whether d is greater or 
less than (CP), and not on the basis of the right-hand 
rule. 

Similarly, the bending moment on the rudder stock 
about the root section is 

(L2 + D2)‘ x (CP)s 
where S denotes spanwise. The maximum anticipated 
values of these moments are used in the design of the 
rudder stock, the rudder bearings, and the steering 
engine. The rudder stock diameter, in turn, determines 
the root thickness of the rudder itself (see Section 
17.8). 

To permit ready comparison of rudder forces and 
moments among similar rudders of different size and 
operating at different speeds, it is convenient to ex- 
press the rudder forces and moments in nondimen- 
sional form as was done in Section 3 for the hull forces 
and moments. The parameters used for nondimension- 
alization in this case are p,  U, A ,  and c or b in lieu of 
p,  V, and L .  The following are the nondimensional 
forms of the most commonly used rudder forces and 

Fig. 122 Rudder force components 

rudder, the direction of the force caused b s  separation 
of the viscous boundary layer cannot be piedicted pre- 
cisely. One effect of viscosity is to prevent the achieve- 
ment of any positive incremental pressures a t  the tail 
of the control surface, thus introducing a so-called 
form or eddy drag into the force system acting on the 
control surface. 

The total resultant hydrodynamic force in a real fluid 
arising from the effects described in the preceding 
paragraphs is shown in Fig. 122 as acting a t  a single 
point called the center of pressure, CP. In contrast to 
the resultant force in ideal, two-dimensional flow which 
would be normal to the direction of motion, the total 
resultant force in a real fluid is more nearly normal 
to the centerplane of the rudder. This force may be 
variously resolved into any number of components. 
Three components of interest in ship control are a lift 
component, L, normal to the direction of motion, a drag 
component, 0, parallel to the direction of motion, and 
a y-component normal to the axis of the ship. This 
latter component is the reason for having a rudder. If 
there were no interaction between the pressure field 
around the rudder and the adjacent ship and its ap- 
pendages, this y-component would be the control force, 
Y6SR, introduced in Section 3.5, and the moment of this 
component about the z-axis of the ship would be the 
control moment, N6S,. According to Figs. 122 and 22, 
the y-component of the total rudder force, assuming 
no interaction between the ship and the rudder, is: 

(121a) y6 6, = Yrudder = t (L  cos P R  + D sin P R )  
and 

N6 SR = Nrudder = (Yrudder) (XR) (121b) 
where P R  is the drift angle at the rudder (see Fig. 22), 
X, is the distance from the origin of the ship to the 
CP of the rudder, and L and D are the lift and drag 
of the rudder. The x-component of the resultant rudder 
force is: 
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moments: 

Lift coefficient 

D 

F 
(p12)AR u2 Drag coefficient c, = 

- - 
(p/2)AR u2 Normal force coefficient CN = 

C, cos a + C, sin a 

- - Moment (torque) F(d - CP,) 
( c M ) H  = (p /2)A~ u2z coefficient about 

the rudder stock 
QH 

(pl2)AR u2E 
Moment coefficient about the quarter chord, Cmz,., = 

F(0.25E - CP,) 
(p12)AR U2E 

Bending moment coefficient about the root section = 

(L2 + D”%P* 
(p/2)A, U2F 

14.2 Flow Around Q Ship’s Rudder. A rudder on a 
ship performs its function in a highly complicated me- 
dium. Hydrodynamic flow phenomena such as stall, 
cavitation, and aeration exist which place definite limits 
on maximum achievable rudder performance. These 
are very involved phenomena, which are discussed only 
briefly in this chapter. For a fuller discussion of stall 
and cavitation the reader is referred to Thwaites (1960) 
and Breslin and Landweber (1961). 

Stall is defined as a more or less abrupt discontinuity 
in the lift versus angle-of-attack curve. As the angle 
of attack on a rudder is increased, the point where the 
flow separates on the downstream side of the rudder 
moves forward along the chord of the rudder. As the 
extent of the region of flow separation increases, the 
slope of the lift curve with respect to the angle of 
attack begins to decrease. Finally, if the angle of at- 
tack is further increased to a certain critical (stall) 
angle, there is an abrupt discontinuity in the growth 
of the lift (or normal force) with angle of attack, and 
the lift begins to decrease with increased angle of 
attack. Typical curves of normal force coefficient ver- 
sus angle of attack, carried through the stall point, 
for a rudder in the free stream as well as in the pro- 
peller race are shown in Figure 248. 

Cavitation and aeration are governed by the mag- 
nitude of the reduction of pressure on the downstream 
side of the rudder. Inception of cavitation is critically 
dependent on nuclei in the water and on roughnesses 
on the rudder surface. As described in Chapter VI, 
cavitation occurs when the sum of the maximum neg- 
ative pressure (below ambient) on the downstream 

side of the rudder, plus atmospheric pressure and hy- 
drostatic pressure, is less than the vapor pressure of 
the fluid. The effect of cavitation is shown in Fig. 123. 
The shaded area I shows for a particular section shape 
the extent of negative pressure that would not be 
achievable because of cavitation at  any angle of attack 
of 10 deg at a speed of 20 knots and a depth of sub- 
mergence of 3 m (10 ft). The shaded area I1 shows 
similar data for an angle of attack of 15 deg, a speed 
of 15 knots, and a submergence of 10 ft. It is clear 
from Fig. 123 that by limiting the growth of the neg- 
ative-pressure region around a rudder, cavitation re- 
duces the rate of increase of lift as the angle of attack 
is increased a t  any given speed, but cavitation alone 
does not stop the growth of the lift curve with angle 
of attack; it only slows growth. Thus a t  moderate 
speeds, cavitation is not as restrictive of rudder per- 
formance as stall is. However, Fig. 123 shows that as 
speed is increased, the inhibiting effect of cavitation 
on lift becomes greater. Furthermore, a t  any speed, 
cavitation can cause erosion of the surface of the rud- 
der. Some authorities have also ascribed a serious case 
of rudder-induced vibration on a ship to cavitation 
around the rudder (Macovsky, Duerr, and Jewell, 
1959). 

As its name implies, aeration (also called ventilation) 
involves the drawing of air from the atmosphere into 
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Pressure distributions on downstream side of a rudder (Mandel, Fig. 123 
1953) 
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the suction (downstream) side of the rudder. I t  usually 
occurs when the rudder is at or near the surface of 
the water and when the difference in pressure between 
the atmosphere and the suction side of the rudder 
exceeds the resistance to air drawing from the surface. 
Thus if the resistance to  air drawing is low, aeration 
will occur at lesser angles of attack or at lower speeds 

than will cavitation. Rudder aeration occurs frequently 
in model turning tests and is immediately recognizable 
a t  the rudder. In some tests the very bottom of a model 
rudder has been seen to be clear of water, that is, the 
air bubble is carried all the way down the suction side 
of the rudder. 

The occurrence of stall, cavitation, and aeration is 
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difficult enough to predict for a rudder in a free stream 
where the velocity and angle of attack are precisely 
known. When the rudder is located under the stern of 
a ship, these fundamental quantities are not known 
with accuracy unless very special instrumentation is 
used, because the ship’s hull and appendages ahead 
of the rudder influence both the direction and speed 
of the flow to the rudder. This altered flow is part of 
the interference effect mentioned in Section 14.1. This 
interference effect for a ship in a turn is shown in Fig. 
22 by use of a straightening influence, angle E ,  which 
tends to increase the angle of attack on the rudder 
beyond that which it would have if there were no in- 
terference effects. The velocity at the rudder is also 
generally different from the ship’s velocity because the 
presence of the ship slows the flow to the rudder; on 
the other hand, if the rudder is located abaft a propeller 
and nearly in line with it, the flow velocity is increased 
by the race of the propeller. Furthermore, since the 
wake field is usually nonuniform a t  the stern, the rud- 
der undergoes different magnitudes and directions of 
velocity vector throughout its span. Thus the rudder 
passes through a complicated flow environment a t  the 
stern of a ship that is similar to that undergone by a 
propeller. In addition, the complicated flow environ- 
ment a t  the stern of a model of a ship may be quite 
different from that at the stern of the ship itself. 

14.3 Scale Effects. Each of the phenomena dis- 
cussed in the previous subsection is governed by dif- 
ferent laws of similitude. These laws are discussed in 
Chapters V and VI of Vol. 11. 

Very important scale effects on rudder performance 
occur with the typical small-scale free running models 
run in compliance with Froude’s Law. Neither full- 
scale Reynolds number nor Weber number (defined 
later in this section) can be simulated; and the effect 
of Reynolds number on maximum lift and stall angle 
is serious. 

For actual ships, Reynolds number for the rudder 
is roughly of the order of lo7. Since model tests are 
usually conducted a t  the speed determined by Froude’s 
Law, Reynolds number for the model rudder is much 
smaller than that for the actual rudder, that is: 

Reynolds number for model = a3/2 x Reynolds num- 
ber for ship where a is the scale ratio of the model to 
the ship. 

Wind tunnel test results as reported by Shiba (1960) 
for the NACA sections as shown in Figs. 124 and 125 
illustrate the important trends affecting the correlation 
of model test results to full scale ships: 

( a )  Maximum lift coefficient increases with Rey- 
nolds number because of the delay of stall angle. 

(b)  Lift curve slope varies little with Reynolds 
number (also with section shape). 

(c) Drag coefficient decreases with increase of Rey- 
nolds number. 

Surface roughness must also be reviewed, because 
it has an important effect on maximum lift coefficient 

(Lofton and Smith, 1949, and Whicker and Fehlner, 
1958). 

Free stream rudder tests, where compliance with 
Froude’s Law is not necessary, also indicate qualita- 
tively that the higher the Reynolds number, the 
greater the angle of attack at which stall occurs. Fig. 
126 shows this relationship for foils of various aspect 
ratio. (Dieudonne, 1953). Concurrent with this delay 
of the stall angle of attack is an increase in the max- 
imum lift coefficient developed by the rudder. This ef- 
fect is shown in Fig. 125, which also shows the 
important effect of surface roughness on maximum 
lift coefficient. 

The preceding deals with the effect of Reynolds num- 
ber on stall in fully turbulent flow. At low Reynolds 
numbers, the flow about a model rudder may be lam- 
inar rather than turbulent. Since laminar flow is much 
more susceptible to separation than is turbulent flow, 
laminar flow may be a factor in inducing premature 
stall in model tests of rudders. 

As a result of the foregoing considerations, model 
test results at low Reynolds numbers may be con- 
servative in predicting the magnitudes of maximum 
lift coefficients for actual ships, which operate at com- 
paratively high Reynolds numbers. 

In addition to scale effect on stall because of different 
Reynolds numbers, there is the possibility of scale 
effect because of dissimilar cavitation indexes between 
model and full scale. However, in contrast to stall scale 
effect, cavitation occurs at lower rudder angles or 
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Fig. 127 Effect of rudder submergence ratio / / b  on rudder normal force coefficient (Shiba, 1960) 

speeds on ships than on models run in accordance with 
Froude's Law. 

Froude's Law dictates that the model speed be less 
than the ship speed, with the model speed equal to 
ship speed times the square root of the scale ratio. As 
long as geometric similitude is adhered to, the negative 
pressure on the downstream side of the rudder in coef- 
ficient form, - p  / ( p  / 2)V2 will be identical between 
model and ship. This will also be true of the hydrostatic 
pressure pgh / ( p  / 2)V2. However, atmospheric pres- 
sure and vapor pressure have the same absolute value 
for both model and ship, hence in coefficient form they 
will be much larger for the model than for the ship. 
Since atmospheric pressure is usually the larger of 
these pressures, it delays the onset of cavitation to a 
higher Froude number on the model than that corre- 
sponding to the speed of the full-scale ship. In any 
case, as noted earlier, the scale effect due to cavitation 
is not likely to be as severe as the scale effect due to 
stalling. 

If the rudder penetrates the free surface, as it does 
in the light condition for some ships, the occurrence 
of air drawing is a function of the Reynolds number 
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Fig. 128 Effect of propeller slip ratio on rudder moment derivative 
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and Weber number of the experiment, as well as of 
the angle of, the attack and the geometric properties 
of the rudder. Shiba (1960) states that separation is a 
necessary but not sufficient condition for the occur- 
rence of air drawing; that its occurrence in the model 
range also depends on the Weber number, W, defined 
here as 

% 
W = V ( $ R )  
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\ 

r------ 
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where 
R is radius of leading edge of rudder 
S is surface tension of water (force/unit length) 
p is mass density of water 
Vi s  velocity 

Shiba states that if W 2 0.15 x lo-’, the occurrence 
of air drawing ceases to be a function of the Weber 
number. Thus if this condition is met and separation 
(stall) is not occurring (Fig. 126) then presumably air 
drawing will not occur even if the rudder penetrates 
the free surface. 

Meijer ( 1964), however, indicates that no satisfac- 
tory criteria have been established that relate the var- 
ious factors that influence aeration. Gertler (1965) 
further indicates that there have been several high- 
speed naval vessels for which the full-scale turning 
diameters are much larger than those obtained from 
free-turning model tests and that the cause is believed 
to be aeration occurring on the full scale but not on 
the model. 

Fortunately, when aeration does occur it is usually 
readily visible and can be remedied by installing a 
physical barrier between the water surface and the 
top of the rudder. Discussion by G. R. Hagen of Mandel 
(1953) indicates that aeration rarely, if ever, occurs 
on single-rudder ships if the top of the rudder is well 
submerged and is shielded from direct access to the 
free surface by the ship’s hull. 

Even if aeration does not occur, proximity to the 
free surface can cause a degradation in rudder per- 
formance because of wave generation. Quantitative 
data on this effect are shown in Fig. 127. In the or- 
dinary free-running model test, this effect is properly 
scaled provided the model speeds are determined in 
accordance with Froude scaling laws. 

Usually, the ship’s turning path or tactical diameter 
is practically independent of speed at Froude numbers 
less than about 0.30, but at higher ship speeds, the 
tactical diameter begins to increase, primarily because 
of the consequences of wavemaking. This increase for 
the full-scale ship could also be partly attributable to 
rudder cavitation. As the tactical diameter increases, 
the inflow angle at the rudder, P R ,  Fig. 122 decreases, 
with a consequent increase in the angle of attack of 
the rudder, which is being held at a constant deflection 
angle. The cause of severe rudder stall in free-turning 
tests is, then, very likely the increased angle of attack 

Fig. 129 Control surface against groundboard 

Fig. 130 Control-surface model mounted over ground board in wind tunnel 

(a] With faired tip (b) Withoui faired tip 

ASPECT RATIO, a 
5.0 2 0  1.33 

01 I I I I I I I I I I 
0 5 10 15 20 25 30 35 40 45 50 

RUDDER ANGLE IN DEGREES 

Fig. 131 Effect of rudder aspect ratio on lift coefficient (VanLarnrneren, 
Troost, and Koning, 19481 
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Fig. 132 Free-stream characteristics of an NACA 0015 section in ahead 
condition of a Reynolds number of 2.70 X lo6 (Whicker and Fehlner, 1958) 

resulting from higher speed and not necessarily the 
high speed in itself. 

In addition to these kinds of scale effects, free-run- 
ning maneuvering tests of models of multiple rudder, 
multiple-propeller ships where the rudders are located 
in the propellers' slip streams are subject to additional 
scale effects because the velocity of the model propeller 
race relative to the free-stream velocity is larger than 
that of the ship propeller race. This is a Reynolds 
number effect; the much smaller Reynolds number of 
the model compared to that of the ship causes the 
model to have a larger drag coefficient, which in turn 
requires that the model propeller operate at a larger 
slip ratio than does the ship propeller, Fig. 128. For 
such ships, it might be expected that free-running 
model tests would underpredict the maneuvering char- 
acteristics of the full-scale ship. 

This scale effect applies also to single-propeller, sin- 
gle-rudder ships. However, these ships have a com- 
pensatory scale effect, because the rudder (and 
propeller) of these ships operate in flow heavily influ- 
enced by the hull ahead of the rudder. Again as a 
result of the lower Reynolds number of the model, its 
frictional boundary layer and its stern separation zone 
are relatively thicker on the model than on the ship. 
This greater relative thickness reduces the velocity of 
the flow to the propeller and to  the rudder relative to 

ASPECT RATIO 3 
TAPER RATIO 
SWEEPANGLE 0 
TIPSHAPE SQUARE 16 

0 DIRECTION OF FLOW 

1 4  THEORETICAL 

c--- 

I 2  

0 72 

0 6 4  

0 5 6  

0 4 8  

-4 0 4 8 12 16 20 24 28 32 36 40 4 4  
ANGLE OF ATTACK, a IN  DEGREES 

Fig. 133 Free-stream characteristics of an NACA 0015 section in astern 
condition at a Reynolds number of 3.00 X lo6 (Whicker and Fehlner, 1958) 

the free-stream velocity more on the model than on 
the ship. Since this change in velocity is opposite to 
the one caused by the difference in propeller slip ratio, 
these two scale effects tend to cancel each other in 
free-running maneuvering tests of models of single 
screw, single-rudder ships (Shiba, 1960). 

However, in free-running maneuvering tests of 
models where the flow to the rudder is not influenced 
by the hull ahead of it but the rudder is not abaft a 
propeller this cancelling effect would not take place. 
This lack of cancelling is shown by many commercial 
multiple-screw, single-rudder ships. Brard ( 1951) 
states that model tests of these ships will overpredict 
the tactical diameter (for example) of the full-scale 
ship, possibly by as much as 10 to 15 percent, because 
of the failure of the hull wake to scale properly. 

14.4 Effect of Aspect Ratio. A control surface of 
infinite aspect ratio has the same flow pattern in all 
planes perpendicular to the span. In other words, there 
is no flow component along the span and the flow over 
any section of the control surface is strictly two di- 
mensional. However, as noted in Section 14.1, in the 
case of a finite aspect-ratio, cross flow does occur over 
the root and over the tip from the high-pressure side 
to the low-pressure side, thus causing the flow over 
all sections to be three dimensional. This cross flow 
increases with decreasing span, and causes a concom- 
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itant decrease in the lift generated by the rudder for 
any given angle of attack. 

The preceding physical picture leads to the concept 
of eflective aspect ratio. If the root section of a control 
surface is sufficiently close to the hull that all cross 
flow over the root is prevented, the lift coefficient de- 
veloped by that control surface for any given angle of 
attack is identical to that of a control surface of twice 
its geometric aspect ratio. Fig. 129 shows this doubling 
effect by projecting a “mirror image” of a control 
surface flush against a groundboard. In computing the 
lift generated, the area of control surface to use is 
that bounded by the solid lines, but its effective aspect 
ratio, a, is 2s/E rather than S I C .  

On the basis of this discussion, the control surface 
in Fig. 125, for example, described as “geometric as- 
pect ratio = 1; with groundboard,” has an effective 
aspect ratio, a, of 2. Photographs of two control sur- 
faces like those reported on in Fig. 125, mounted 
against a groundboard in a wind tunnel are shown in 
Fig. 130 (Fig. 137, presented in the next section, also 
shows directly the effect of aspect ratio on lift-curve 
slope). 

In the middle 1920’s, Prandtl of Germany developed 
a reasonably accurate theory for predicting the effect 
of aspect ratio on lift and drag. This theory applies to 
control surfaces whose spanwise load-distribution 
curve is elliptical in shape. The theory shows that for 
such control surfaces, the following simple expressions 
relate the drag coefficient and the angle of attack in 

radians to aspect ratio for any constant lift coefficient: 

(122a) c,‘ C ’ = C  + -  _ - _  

(122b) CI. 1 

where C, and a correspond to an aspect ratio a, and 
C ,  and a’ correspond to an aspect ratio a’. Fig. 131 
shows the relationship between lift coefficient and as- 
pect ratio (down to %) as computed from Equation 
(122b) based on experimental data for an aspect ratio 
of 5.0. Fig. 131 shows clearly that the slope of the lift- 
coefficient curve versus angle of attack decreases 
sharply with decreasing aspect ratio. This relationship 
is consistent with theoretical formulations of lift-curve 
slope (Weinig, 1947) as well as experimental data (Lof- 
ten and Smith, 1949, and Larson, 1946). The latter is 
shown in Fig. 18 of Mandel (1953). 

As computed from Equation (122b), Fig. 131 shows 
the maximum lift coefficient to be independent of as- 
pect ratio. This independence is not borne out by ex- 
periment. For example, Fig. 125 shows that a control 
surface with an effective aspect ratio (twice the “geo- 
metric” aspect ratio) of 2 achieves a larger maximum 
lift coefficient than does an effective aspect ratio of 3. 
However, Fig. 125 also shows that the effect of Rey- 
nolds number and of surface roughness are much more 

(Continued on page 302) 
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Fig. 134 Theoretical relationship between taper ratio and sweep angle to achieve on elliptical spanwise load distribution (Whicker 
and Fehlner, 1958) 
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Table 13-Effect of Aspect Ratio, Sweep Angle and Tip Shape on the Free-Siream 

(all control surfaces tested against 

Item 
Xo. Profde 

l w  

jw- 

4 

c 
--c 

4 

c - 
4 

c 
4 

4 

c 
4 

4 

c 

4 

4 

c 
4 

4 

c 
4 

4 

c 

4 

4 

c 
4 

d 

Item 
NO. 

1 

2 

3 

4 

5 

Profile 

4 v- + 
-L v -  

- i r +  
T r -  

- 
4 

ili- e 

€ 9  

ft 

2 . 0  

2 . 0  

2 .0  

2 .0  

2 . 0  

2 . 0  

2 .0  

2 . 0  

2 .0  

3 . 0  

€2 

ft 

2.0 

2.0 

2 .0  

2 .0  

2.0 

a 

1 

2 

3 

1 

2 

3 

1 

2 

3 

2 

A, 
deg 

-8 

-8 

-8 

0 

0 

0 

11 

11 

11 

22.5 

-A 

0.45 

0.45 

0.45 

0.45 

0.45 

0.45 

0.45 

0.45 

0.45 

0.45 

x 
0.45 

0.45 

0.45 

0.45 

0.45 

l l c  

0.15 

0.15 

0.15 

0.15 

0.15 

0.15 

0.15 

0.15 

0.15 

0.15 

Section 
Shape 

NACA 
0015 

NACA 
0015 

NACA 
0015 

NACA 
0015 

NACA 
0015 

NACA 
0015 

NACA 
0015 

NACA 
0015 

NACA 
0015 

NACA 
0 1 5  

Tip 
Shape 

Square 
Square 
Faired 

Square 
Square 
Faired 

Square 
Square 
Faired 

Square 
Square 
Faired 

Square 
Square 
Faired 

Square 
Square 
Faired 

Square 
Square 
Faired 

Square 
Square 
Fnired 

Squnre 
Square 
Fnired 

Square 

Rn X lod 
of test 

2 .25 
3.00 
2.28 

2.72 
3.00 
2.72 

2.26 
3.00 
2.26 

2.70 
3.00 
2.29 

2.72 
3.00 
2.72 

2.70 
3.00 
2.26 

2.28 
3.00 
2.28 

2.72 
3.00 
2.72 

2.26 
3.00 
2.26 

3.00 

Direction 

Ahead 
Astern 
Ahead 

Ahead 
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Ahead 
Astern 
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Table 14-Effect of Section Shape on Free-Stream Characteristics of 

(all control surfaces tested against 
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0.15 
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0.167 

0.15 

Tip 
Shape 

Square 

Square 

Square 

Square 
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Section 
Shape 

NACA 
0015 
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NSS 
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No. 7 
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Rn X 10-6 Per 
Direction of test, degree 

Ahead 2.72 0.0412 
Astern 3.00 0.0388 

Ahead 2.70 0.0382 
Astern 3.00 0.0325 

Ahead 2.70 0.0332 
Astern 3.00 0.0362 

Ahead 2.77 0.04 
Astern 3.00 0.046 

Ahend 2.77 0.0481 
Astern 3.00 0.0487 
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Characteristics of All-Movable Control Surfaces (Whicker and Fehlner, 1958) 

groundboard with gap = 0.00s) 
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All-Movable Control Surfaces (Whicker and Fehlner, 1958) 
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does not start until somewhat higher angles are 
reached. 

A general finding for aircraft flaps is that gaps pre- 
cipitate stalling of the flap. Fig. 153 shows results for 
various sealing of vertical gaps in rudders. In each 
case, the lift developed with either the high or the low 
pressure side of the gap sealed is only slightly lower 
than with all gaps sealed, but is much higher than for 
all gaps open. 

As shown in Fig. 154, the rudder-plus-skeg combi- 
nation has less lift increase for increasing angles of 
attack than has the all-movable rudder. The stall angle, 

however, is delayed by about 12 degrees, and the max- 
imum lift coefficient achieved is only 10 percent less. 
For the same lift the skeg rudder does have a much 
higher drag. For zero and negative skeg angles the 
maximum lift coefficient developed by the skeg rudder 
is a little less than for the all-movable rudder. A re- 
versal of the rudder while the ship is in a turn, how- 
ever, results in the adding of the angles and a higher 
maximum lift coefficient produced by the skeg rudder. 

The differences among the three skeg rudders of 
Fig. 149 as tested were not large. Increasing the taper 
ratio improved the lift a t  the larger angles of attack. 

Section 15 
Maneuvering Trials and Performance Requirements 

15.1 Introduction. Every ship must have at least 
some inherent control qualities that enable it to main- 
tain its intended course in the open sea, to maneuver 
safely in ports and restricted waterways, and to stop 
within a reasonable distance. These minimum capabil- 
ities are needed under all conditions of loading, a t  both 
high speeds and the moderate speeds associated with 
restricted water, and in wind and waves as well as in 
calms. 

With reference to the material introduced in Sections 
4 and 5, good coursekeeping means ability to maintain 
a steady course or heading without excessive rudder 
activity, whether in manual or automatic control, par- 
ticularly under adverse weather conditions. Continu- 
ous helm corrections lead to unnecessary wear and 
tear on steering gear, add to hull drag, and may create 
an undesirable and potentially dangerous work load 
for the helmsman in restricted waters where the risk 
is greatest. Dynamic stability is a desirable but not 
always a necessary ship characteristic for good course- 
keeping. The requirement varies according to a ship’s 
geometry, size, and speed. This relationship has much 
to do with the relative reaction times of ship and con- 
trollers. For example, the heading of a very large 
tanker a t  slow speed tends to change quite slowly 
because of the ship’s great inertia and slow forward 
speed. The tanker can, therefore, tolerate moderate 
levels of dynamic instability, because it will diverge 
course only slightly in the time required for corrective 
rudder action. This response is consistent with the slow 
reaction times of rudder and steering machinery, 
equipments which are massive and not highly powered 
in large vessels. Conversely, a small, fast vessel like 
a high-speed patrol boat cannot tolerate much, if any, 
instability. 

Maneuverability requires reliable and prompt 
changes of heading on demand, which implies predict- 
able turning response to rudder movement and cor- 
respondingly prompt checking of the turn when rudder 

position is reversed. Although a small steady-turning 
diameter (Section 6) may be an indication of good ma- 
neuverability, it does not define a ship’s ability to make 
the short and frequent transient course changes that 
are so often required in restricted channels. 

Finally, a ship’s ability to stop reliably, particularly 
in an emergency, is obviously desirable. However, it 
is difficult to specify what is a “reasonable” or safe 
distance for stopping, except to match usual practice. 
In unrestricted water, turning is often a better way 
to avoid trouble than attempting to stop. A rudder 
cycling maneuver in which the rudder is alternated 
between left and right (see section 10.5) may also be 
more effective in slowing a vessel than the reversing 
of engines in restricted waterways. 

15.2 Controllability Performance Require- 
ments. Although the desirable qualities of controlla- 
bility are well known, it is difficult to specify 
adequately the required or minimum coursekeeping 
and maneuvering capabilities. Still, as discussed in Sec- 
tions 4 through 6, certain guidelines have been avail- 
able to aid the designer, and several definitive trial 
maneuvers have been adopted to various extents. 
Sometimes the criteria may be qualitative and require 
only that the ship be able to hold course without ex- 
cessive attention to the helm, and that the ship have 
turning and stopping ability comparable to that of 
other ships of like size and type. 

For most conventional displacement ships some 
quantitative performance criteria are required. The 
most frequently specified criterion is the maximum 
allowable tactical diameter in a full-rudder turn. Some- 
times, allowable head reach in a crash stop from full 
speed is specified, and other performance criteria (de- 
scribed subsequently) are used, especially for high- 
speed merchant and naval vessels, and for submarines. 
Other concerns are the potential danger associated 
with machinery malfunctions, and the need to dem- 
onstrate ability for timely recovery from an emer- 
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Table 19-Principal Maneuvering Trial Codes in 1988 

Maneuvering Trial 
Crash stop (ahead) at full 

Stopping trial a t  low speed 
Coasting stop test 
Crash-stor, (astern) 

speed 

Stopping by use of rudder 

Turning test a t  full speed 
Turning test at medium 

(cycling) 

speed 

stopped 

Turning test at slow speed 
Turning test with propulsion 

Turning test from zero 
speed 

Pullout (from turn) 
Weave maneuver 
2 maneuver 
Direct spiral 
Reverse spiral 
Statistical method 
Change of heading 
Lateral thruster: 

w Turning test 
8 Turning test 
w Turning test 
w Coursekeeping test, 

astern 

BMT SNAME DnV 

0 w 8 

8 

w 

w 

8 w 8 

w w 

w 
w 

w 

w w w 
8 

w w 

w 

0 

w 

w 

8 

[TTC 

8 

w 

w 

0 

w 

w 

8 

w 

0 

w 

0 

w 

w 

w 

gency. A typical emergency to be anticipated is sudden 
and unplanned excursion of the rudder hard over, or 
other failure of the steering gear system such as that 
which caused the catastrophic 1972 Seawitch collision 
and fire in New York Harbor. 

Fortunately the problem of quantifying criteria for 
acceptable controllability has been clarified in recent 
years by application of the analyses, model tests, full- 
scale trials, and computer simulations described in the 
previous sections. Work by groups such as the U.S. 
Coast Guard, International Maritime Organization 
(IMO), and SNAME Panel H-10 (Ship Controllability) 
has led to tentative national and international criteria 
as summarized by Panel H-10 (1975) and Landsburg, 
et  a1 (1983). Such developments are discussed in this 
section, first for conventional displacement ships and 
then for high-speed craft. 

15.3 Maneuvering Trial Codes and Guide- 
lines. Ship controllability continues to be evaluated 
by means of full-scale trials and analyses, involving 
either a few definitive maneuvers or a complete set of 
tests. Ideally, this assessment of adequacy should be 
based on numerical measures or indexes that are de- 
rived from these maneuvers and those that can be 
calculated during design. 

At least four authoritative organizations have de- 
veloped maneuvering trials codes, but these codes do 
not agree in details. Table 19 shows the proposed cov- 
erage of maneuvering trials codes of British Maritime 

Technology (BMT), SNAME, Det norske Veritas 
(DnV), and the International Towing Tank Conference 
(ITTC). All four organizations agree on the need to 
conduct three specific types of maneuvers, and so these 
three are included in a great many trials: 

(a )  Turning maneuver from full speed. 
(b )  Zigzag or Z-maneuver. 
( c )  Crash stop from full ahead speed. 

Two or three organizations also agree on the need to 
conduct three additional trials: 

(d)  Direct or reversed spiral tests. 
( e )  Pullout (from turn). 
(f) Turning maneuver at low speed. 

With the purpose of developing an approach to deter- 
mining a ship’s trials program, Glansdorp (1976) pro- 
vided a very instructive survey of the various trials, 
and rated their general value for scientific, nautical, 
and experience-gained purposes. He has also developed 
a general rating system with weighting factors for use 
in deciding which trials would be useful to run for 
various types and sizes of vessels, with concern given 
to their intended cargo, voyage itinerary, and environ- 
ment. 

In 1985 as a preliminary action to enable the collec- 
tion of standardized data and the development of cri- 
teria and minimum standards, the International 
Maritime Organization (IMO) published MSC/Circ. 
389, “Interim Guidelines for Estimating Maneuvering 
Performance in Ship Design.” These guidelines pro- 
vide that the maneuvering performance of all new 
ships of 100 meters in length and over, are to be es- 
timated, tested, and verified. The guidelines state that 
all ships should have maneuvering qualities which per- 
mit them to keep course, to turn, to check turns, to 
operate a t  acceptably slow speeds and to stop, all in 
a satisfactory manner. Definitive trials were specified 
and the following characteristics were called out for 
estimation and verification for both fully loaded and 
trial conditions: 

( a )  Turning circle characteristics. These can be 
determined from the turning circle tests using a rudder 
angle of 35 degrees. 

( b )  Yaw checking ability. This can be determined 
by the first overshoot angle and the time to check the 
yaw in a zigzag maneuver. 

( c )  Initial turning ability. This can be deter- 
mined a t  the beginning of the zigzag maneuver from 
the change of ship’s heading angle per unit rudder 
angle and the distances traveled ahead and to the side 
after a rudder command is executed. 

( d )  Coursekeeping ability. While no single mea- 
sure of coursekeeping ability has yet been developed, 
this quality may be evaluated for ships of comparable 
type, size, and speed by comparison of Z-maneuver, 
direct or reverse spiral, and pullout (from turn) tests. 
If the ship is expected to be dynamically unstable, the 
degree of human (or automatic) control needed to steer 
the ship should be considered in the design stage. Con- 
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sideration should also be given during design to the 
neutral rudder angle necessary for proceeding on a 
straight course. 

( e )  Slow steaming ability. The ability to proceed 
at steady slow speed is a desirable quality. It is usually 
determined only from the ship’s speed associated with 
the lowest possible engine RPM. 
(f) Stopping ability. This can be determined 

from the distance the ship travels along its track once 
a crash-astern order is given. Turning while stopping 
from higher speeds is also of concern, and should be 
measured and recorded. 

The adoption of such a code will be welcomed by 
ship designers both as a guide to the specification of 
trials and as a future source of statistical performance 
data. 

15.4 Basic Trial Considerations. Although the in- 
dexes from the definitive maneuvers may offer suitable 
measures to use in developing criteria and standards 
for different ships, they give little information on how 
much space a ship requires. Figs. 155, 156, and 157 
show the turning circle, zigzag, and stopping maneu- 
vers with the ship outline plotted. This swept pa th  

presentation is most useful for ship handlers when 
estimating potential clearance with respect to water- 
ways, other vessels, obstructions, etc. 

In developing standards, the relationships between 
swept path and movement of a reference point must 
be appreciated. For example, a tanker has a small 
turning circle relative to its length, but it requires 
substantially more turning area than indicated by the 
path of its reference point. This requirement for 
greater area is due to the tanker’s great length and 
drift angle, which together cause the tanker to sweep 
a considerably larger swath of water area when turn- 
ing than when going straight ahead. 

Nevertheless, statistical analyses of results of swept 
path extremities may not show smooth functions of 
control settings or ship design parameters. For this 
reason, the traditional measures using the measured 
path of the ship’s center-of-gravity or midships ref- 
erence point are used for comparative purposes, and 
they provide useful information when related to the 
ship type and size. 

Different parameters have been used in the definitive 
maneuvers for various purposes. In the turning ma- 
neuver, maximum rudder angle capability is some- 
times greater than the 35 degrees required. While it 
is helpful to know turning characteristics a t  the max- 
imum angle, characteristics a t  35 degrees provide con- 
sistent parameters for comparison. Similarly, 
variations in the zigzag maneuver have proved useful. 
The alternate 10 - 10 zigzag and other variants (20- 
degree rudder, 10-degree change of heading, for ex- 
ample) are sometimes used; either to keep the maneu- 
ver in the hydrodynamically linear range, or to enable 
a free-running model test to take place between the 
walls of a straight-line towing tank. A variation using 
only 5-degree rudder angles and l-degree course 
changes has also been suggested and tried by simu- 
lation. However, as a ship trial this may be impractical 
because of the difficulty in achieving sufficiently pre- 
cise settings. The 20 - 20 zigzag maneuver is generally 
preferred because: 

It has been used for many years, so that a con- 
siderable body of statistical data now exists. 

Ship handlers often use 20 degrees of rudder 
when initiating and checking turns. 

With some ships, 10 degrees of rudder may not 
suffice for checking turns; that is, no data will be ob- 
tained. 

Inexact setting of the rudder angle in a trial is 
less harmful in a 20-20 than in a 10-10 degree zigzag 
maneuver. 

The crash stop maneuver is a good test for trying 
out extremes for the machinery and as an index to 
relative stopping ability. For ship handlers’ informa- 
tion, a stopping trial from a more likely maneuvering 
speed would be more useful. That speed depends on 
a ship’s size and power. For traditional “full ahead” 
maneuvering the engine order corresponding to about 
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12 knots may be reasonable for bulk carriers and 16 
knots for higher speed cargo vessels. 

The direct or reversed spiral test has not been tra- 
ditionally specified. It does not provide a test of the 
machinery extremes can require significant trials time. 
The data gathered, however, are critical to determining 
the controls-fixed dynamic stability of the ship. 

Practical considerations usually limit maneuvering 
trials to the fewest number that can reliably show a 
ship to have adequate controllability. 

Maneuvering trials for oil tankers should be made 
at summer full load draft. Experience and trial data 
show that maneuvering and coursekeeping a t  other 
drafts is generally superior. This is because trim by 
the stern and reduced mass in lighter operating con- 
ditions result in greater dynamic stability and quicker 
response. These conclusions may not be true in strong 
wind, but such conditions are not covered in basic 
trials. 

For uniformity in selecting ballast drafts, consid- 
eration should be given drafts specified by the IMO 
1973 Marine Pollution Convention (MARPOL). 

t s  -+ 

Except for tankers, ore-bulk-oil carriers, and other 
vessels with large tankage it is generally impractical 
to ballast to summer full-load draft before delivery 
from the construction yard. Therefore, some other 
standard draft is needed. For containerships and other 
ship types with relatively light draft and high free- 
board, trials should be conducted at a draft where the 
greatest maneuvering problems are experienced. It 
may be necessary instead, however, to compare trial 
performance at light draft with that of similar ships 
of known merit. 

The most demanding maneuvering requirements for 
many ships are those for operations in shallow water 
during coastal and port navigation. The practical dif- 
ficulties of finding a broad testing area of nearly con- 
stant shallow depth are usually insuperable. Ship trials 
are thus usually run in deep water. Therefore, the 
adequacy of a ship’s maneuvering capability in shallow 
water must usually be inferred from its success in 
deep water and its capabilities relative to other known 
vessels. The full scale trials of the 278,000-dwt Esso 
Osaka in shallow water as reported by Crane (1979) 

--s 
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Table 20-Trial Indexes of Basic Controllability Qualities 

Required Trial Maneuver 
Quality 

Course stability Spiral 

M Pullout* 

e 

6 

F: 

Q, 
3 
3 Turn Checking Zigzag Maneuver 
s 

.- 

sl 

Turn initiation Initial turning 
Turning Minimum turning 

Circle 

2 Turn Checking Zigzag maneuver 
.C 
sl 

Stopping Crash astern from a 
standard maneu- 
vering speed 

Indexes 

1. Loop width and 
height 

1. Convergence 
small; turning 
rate same from 
each side. 

1. First overshoot 
angle 

2. Time to check 
Yaw 

1. Time 
1. Advance 

2. Transfer 
3. Tactical diameter 
1. First overshoot 

2. Time to check 

3. EGimum width 
of path 

4. Overshoot width 
of path 

1. Headreach 
2. Lateral deviation 

angle 

* Obtainable from zigzag maneuver for a particular rudder 
angle. 

provide valuable data on the prediction of tanker ca- 
pabilities in shallow water. 

15.5 Relating Controllability Indexes to 
Tests. Basic performance criteria for ship controlla- 
bility together with the appropriate tests for evalu- 
ating each criteria are summarized in Table 20. 
Coursekeeping ability depends on the ship’s dynamic 
stability, its rudder effectiveness in turning its control 
system characteristics, and its size and speed. Thus, 
coursekeeping ability is not indicated directly by any 
one definitive trial. However, a ship’s dynamic stability 
can be directly demonstrated by the pullout or spiral 
test, as discussed previously. 

The zigzag maneuver is the traditional maneuvering 
trial that provides the greatest amount of directly use- 
ful information on the combined effect of hull form 
parameters (including draft and trim), rudder per- 
formance, and control system. Yaw-checking ability, 
which is important for both coursekeeping and ma- 
neuvering, is indicated directly by the first overshoot 
angle a, and by the time to check yaw, t, (See Figs. 
156 and 18). Although the test does not indicate course- 
keeping capability directly, the Nomoto-Norrbin pa- 
rameter T’ which is indicative of dynamic stability can 
be calculated from the zigzag maneuver, along with 
K’ which is indicative of turning ability. As discussed 
in Section 5.4, the K’  and T’ parameters should be 
used as rough comparative measures because of their 

linear development. The ratio of K’/T’ is an indicator 
of overall controllability. 

A ship’s turning ability is indicated in general by 
the characteristics of the simple turning circle (ad- 
vance, transfer, and tactical diameter). However, most 
maneuvers involve only transient phases of turning. 
Hence, quantities such as quickness of initiating a turn 
may be more important for maneuvering in waterways 
than the overall turning circle dimensions. Quickness 
of response is indicated in the zigzag maneuver by the 
time, t,, required for the ship’s heading to reach the 
first rudder shift angle (20 deg in Fig. 156). Similarly, 
yaw-checking ability is directly signified by the time 
to check yaw, t,, and indirectly by the overshoot angle 
magnitudes (mainly the first yaw overshoot angle a,, 
as noted above). 

Ship motions during large maneuvers cannot be de- 
scribed accurately by linear functions; hence values of 
K’ and T’ are not constant but are functions of am- 
plitudes of motion. Therefore, it is essential to estimate 
the values of both of these indexes for the same op- 
erating conditions. 

Stopping capability, head reach, and lateral deviation 
in stopping are easy to measure, but are much harder 
to improve after construction, even with significant 
changes in propulsion power. In practice, ample stop- 
ping capability is achieved by the operator’s careful 
management of ship speed. 

Status on Development of Minimum Inherent 
Controllability Standards. In response to “The Presi- 
dential Initiative to Reduce Maritime Oil Pollution of 
March 1977,” the U.S. Coast Guard began an intensive 
evaluation of means for improving the maneuvering 
and stopping ability of large tankers (Card, Cojeen, et 
a1 1979). Their main conclusion was that all vessels of 
more than 1,000 gross tons intended for the normal 
transport of cargo or passengers should meet reason- 
able minimal standards of maneuvering performance 
in normal turns, crash stops, and zigzag maneuvers. 
They also concluded that minimum continuous maneu- 
vering speed capability and the controllability of ships 
with high freeboard in wind are worthy of standards 
development, although controllability in wind is more 
difficult to set and to predict during design. 

At the same time, SNAME Panel H-10 (Ship Con- 
trollability) addressed the subject, including aspects 
of piloted controllability in Crane, et a1 (1975), Lands- 
burg, et a1 (1978), Notes, (1983), and Landsburg, et 
a1 (1983). As previously noted, the IMO is working on 
international standards, having already provided ma- 
neuvering test guidelines and recommendations. 

The U.S. Coast Guard approach assumes that most 
oceangoing ships do perform adequately in the hands 
of trained and- experienced shiphandlers. Nonetheless, 
even poor performers should not be tolerated. Ship- 
handlers should not have to stretch their “windows of 
adaptability” to accommodate unnecessarily poor-per- 
forming vessels. 

15.6 
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Correlation of zigzag maneuver performance parameters K’ and T’ Fig. 162 

At the outset of its work, the USCG established a 
data base of performance measures for various ships 
(Barr, et  a1 1981). Values of the various controllability 
indexes were collected from trade journals and pub- 
lications, shipowners, shipyards, and IMO reports. 
Tankers are by far the largest group of ships in the 
data base, followed by other bulk carriers. Few other 
ship types are found. In Barr, et  a1 (1981), ships are 
identified only by ship number, because some of the 
data are proprietary. A complete discussion of the 
USCG data base and the approach to analyses is also 
given. Although the data base is limited, the maneu- 
vering responses are useful as guides to levels of per- 
formance for the general ship classes. 

To illustrate the variability of the results, four plots 
are presented showing: 

Non-dimensional ratio of tactical diameter to 
length, plotted against displacement, for 35-degree 
rudder turns (Fig. 158). Note that this ratio is roughly 
proportional to 1 / K’ (Equation 77). 

Head reach divided by the product of ship length 
times Froude number, plotted against displacement, 
for crash stop (Fig. 159). 

Ratio of overshoot angle to rudder angle, plotted 
against block coefficient, for 20-20 zigzag maneuvers 
(Fig. 160). 

Relationship of steering quality indices, T’ and 
K’ (Fig. 161). 

Figs. 158 through 160 illustrate the variability of 
the data. Shown are the data points, mean curves, and 
standard deviation of the mean. Fig. 161 shows a some- 
what similar array of data, but with the upper and 
lower curves set at 1.25 times the mean and 0.75 times 
the mean. One approach to setting standards might be 
to assign ratings ranging from superior to marginal. 

Rating curves parallelling the mean curve could be 
developed from statistically assessments of certain 
vessels that were commonly referred to as being par- 
ticularly good or bad. 

The scatter of data for overshoot angle in Fig. 160 
makes performance ratings based on such data highly 
suspect. Nomoto (1966) has shown, as pointed out in 
Section 5.4, that overshoot angle is nearly proportional 
to K’/T’  with rudder angle 6, fixed. Fig. 161 confirms 
his suggestion that the parameters K’ and T’ probably 
provide a more useful basis for analyzing results of 
zigzag maneuvers than does overshoot angle. Param- 
eters K‘, T’, and rudder area, AR, are related as shown 
in Fig. 162. This relationship may also be useful as a 
design tool in selecting rudder area. Fig. 162 indicates 
that K’-T‘ data available for ships in the USCG data 
base are generally in good agreement with data from 
other sources. 

15.7 Submarines and Submersibles. Submarines 
and submersibles must have adequate depth keeping 
and vertical plane maneuvering ability, in addition to 
stopping, coursekeeping and horizontal plane maneu- 
vering ability. Fig. 163 shows some of the design con- 
siderations. Stern diving planes provide major control 
forces and moments in the vertical plane. For addi- 
tional control, forward fairwater or bow planes are 
often installed. When the submarine operates close to 
the ocean surface or ocean floor, forces of attraction 
come into play that are similar to those that cause 
surface ship bank effects. 

The height of the fairwater (sail) is an important 
design element. First, the problem to settle is how high 
should the periscope sight line be above mean wave 
height. After that, the taller the sail the less the dis- 
turbing force on the hull. However, a tall sail has large 
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Fig. 163 Schematic submarine control surfaces elevation view 

drag and induces larger snap roll when the submarine 
turns. A large snap roll can be highly undesirable for 
submarine maneuvers and depthkeeping. A snap roll 
occurs when the transverse velocity from yawing in a 
turn combines vectorially with the fore-and-aft velocity 
to create a lift force on the fairwater, thus producing 
a rolling moment. The snap roll also affects submarine 
depth, because with the submarine at a heel angle, the 
rudder acts as a diving plane. The diving planes sim- 
ilarly provide a partial yawing effect. 

CONTROL SURFACE 
ANGLE FOR 

LEVEL FLIGHT 

The vertical overshoot maneuver, is much like a zig- 
zag maneuver but is terminated after the first over- 
shoot (Fig. 164). The maneuver is similar to that in the 
horizontal plane except that a submerged submarine 
also has some metacentric stability. For the vertical 
overshoot maneuver, the maximum depth change is 
analagous to about one-half the swept path in a hor- 
izontal zigzag maneuver. This depth change and the 
pitch overshoot angle are important measures of the 
submarine’s controllability and safety. 
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Fig. 164 Definition diagram for overshoot maneuver in vertical plane (Arentzen and Mandel, 1960) 
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The meander maneuver provides a measure of how 
well the submarine’s depth stabilizes following exe- 
cution of a depth-changing maneuver. The depth ov- 
ershoot distance, and time required for depth to 
become constant, provide a measure of depth checking 
ability. In the meander as well as in the overshoot 
maneuver, metacentric stability helps to maintain level 
flight, particularly at low speeds. 

Ability to recover from a stern plane jam, without 
exceeding allowable maximum operating depth, is cru- 
cial. The submarine should be able to recover from a 
stern plane jam that occurs a t  a typical operating speed 
and depth. The maneuver is complex because it may 
include control of propellers, rudders, bow planes, and 
ballasting system. For this reason, stern plane jam 
recoveries are usually investigated through mathe- 
matical simulations as shown, for example, by Gid- 
dings and Louis (1966). 

For these reasons, requirements for submarine con- 
trollability are not only more extensive but also gen- 
erally more stringent than those for surface ship 
controllability. 

15.8 High-speed Vessels. High-speed ships usu- 
ally experience large roll motions or heel in turns. This 
roll or heel is of particular concern because in extreme 
cases it can lead to roll instability and capsizing. There- 
fore, high-speed vessels usually roll into a turn. That 
is, they heel toward the center of a turn to assure roll 
stability and keep the resultant forces perpendicular 
to the deck. 

Controllability can be adequately characterized by 
the same four basic maneuvers as used for conven- 
tional ships, that is, the turn, spiral, zigzag, and crash 
stop. Because performance is so sensitive to speed, it 
is desirable to conduct turns, spirals, and zigzags at 
several speeds. In the case of hydrofoil craft, it is 
important to characterize controllability in both the 
hull and foil-borne modes. 

Hydrofoil craft and surface effect vessels have spe- 
cialized control requirements. These vessels are not 
displacement type ships in their underway modes. 
Rather, the hull of a hydrofoil craft is supported by 
dynamic lift from its submerged hydrofoils and a sur- 
face effect vessel is supported by an air cushion re- 
strained by fixed and/or flexible walls or skirts. 

A fundamental control problem for hydrofoil craft 
concerns vertical plane operations in waves. A decision 
has to be made whether the craft is to follow the 
contour of waves or try to fly level through them, and 
whether active lift control or passive (ladder foils) will 
be used. Hydrofoil craft with automatically controlled 
foils can generally operate in rougher seas than the 
area-stabilized type. Loss of height or hull clearance 
during maneuvering is another problem unique to hy- 
drofoil craft. Loss of foil lift during turning can lead 
to undesirable turning characteristics or, in extreme 
cases, to hull impact. It is important to insure that no 
significant loss of hull clearance or change of trim 

occurs during turning of a hydrofoil craft. No quan- 
titative criteria exists in this area. 

15.9 Piloted Controllability. Little mention has yet 
been made in this section of performance in real op- 
erating circumstances. The emphasis has been on pro- 
viding a hull with good basic coursekeeping 
characteristics. Many additional factors also affect nav- 
igational safety. Expected traffic situations, environ- 
mental conditions (primarily wind, current, waves, and 
visibility), vessel-waterway geometry, the placement 
of navigational aids, and, of course, human variability 
have profound influences on what amount of controll- 
ability is prudent for a given design. The most impor- 
tant element of ship control is the human controller, 
who must be considered seriously during ship design 
and operations. 

Panel H-10 (Ship Controllability) of SNAME (1975) 
proposed a “Design, or ABC harbor” as a standard 
scenario approach for examining the combined effects 
of ship design and piloting factors in realistic water- 
way settings. An ABC harbor can incorporate many 
of the critical components of a variety of real world 
ports where the particular ship is to be handled. Study 
of the ship’s ability to transit the ABC harbor through 
simulations using the controllability characteristics of 
the vessel design in “fast-time” or “manned real- 
time” situations can then show acceptability of oper- 
ations (Section 16.9). 

Reviewing the various interactions further, Veld- 
huyzen and Strassen (1977) and Glansdorp (1977) have 
schematically traced the main interactions among ship, 
environment, and human controller in a manner similar 
to that illustrated in Fig. 165. We may conclude that 
a shiphandler’s functions may be separated into an 
estimator, an internal prediction model, and a decision- 
making element. This division of functions provides a 
framework for studying and understanding human 
control in shiphandling simulations. However, it does 
not provide information on mean response or the var- 
iability of human functions which are best studied by 
using a research shiphandling simulator (as described 
in Section 16.9). 

A maneuvering emergency is an urgent immediate 
need for control action. In such a case, a pilot would 
prefer to have the ability to turn or stop instantly. 
These preferences are unrealistic, as are many other 
arbitrary suggestions for large increases in inherent 
controllability for use only in emergencies. Even if 
they could be provided and were provided, shiphan- 
dlers might be tempted to take greater risks, and still 
be unprepared to use the extra forces. The correct 
alternative is to provide a good design and properly 
train the operator so that he knows the ship’s capa- 
bilities and will exercise prudence. 

Miller, et  a1 (1981) considered various types of ma- 
neuvering emergencies extracted from U.S. Coast 
Guard casualty reports. Crane ( 1973) demonstrated 
the relative benefits of alternate control equipment and 



326 

ACT UA LLY 
RESULTING/ 2 

PRINCIPLES OF NAVAL ARCHITECTURE 

I- i- 
-z d 

g o z z :  
K PREDICTED z 

!Z w n z  
t u n 2  VI w a r z  
w w a e  o n u =  
o n u ~  n m x i -  n w s t  ,I  I L , 

FUTURE / a 0  

ESTIWTED 

n ACTUAL 

HUMAN 

PREDICTED FUTURE 

WIND 

CURRENT 
- TRAFFIC 
- ETC. 

- 

Fig. 165 Man-ship control loop (Crane, 1983) 

actions in possible emergencies of large tankers. Other 
studies by Clarke (1971) have shown similar results. 

For lack of data, emergency maneuvering require- 
ments are difficult to analyze realistically. A large va- 
riety of singular emergencies can be speculated upon, 
and these will vary from port to port. System safety 
studies, however, can be performed on a port-specific 
basis. Attempting to do so is discussed by Crane 
(1983), and Grose (1980). 

Conventional maneuvering trial indexes are gener- 
ally not useful for rating piloted controllability per- 
formance in realistic waterways. Several additional 
indexes have been developed for statistical analyses 
of channel navigation. Included are the “clearance dis- 
tance,” ‘(safe speed margin,” and “rudder use” in- 
dexes suggested by Panel H-10 (1973, and a channel 
based grid system for ranking track-keeping perform- 
ance described by Keith, et  a1 (1977). Similar criteria 
are regularly used at the Computer Aided Operations 
Research Facility (CAORF) and other shiphandling 
simulation research facilities. 

Among the thousands of existing research studies 
on ship control, few relate ship control design param- 
eters to performance in real waterways. Some excep- 
tions are discussed here. Atkins and Gaffney (1980) 
describe a shiphandling simulator investigation of a 

proposed increase in maximum ship size for an existing 
“tight but manageable” port. In this study, harbor 
pilots accustomed to the particular port piloted the 
simulated ships. The buoys, lighted ranges, and other 
visual cues were simulated, and water current velocity 
was varied between runs. This type of study is now 
common for analyzing port approaches or modifica- 
tions. Only recently have applications to specific ship 
design characteristics been undertaken. In one CAORF 
research project (Aranow, 1983), the size of a tanker’s 
rudder was halved to determine the extent to which 
experienced pilots could adapt and compensate for this 
drastic reduction of inherent controllability. The find- 
ing was that, by using larger rudder angles and more 
anticipation, the expected reduction in performance did 
not occur. Of course, the maneuvering margins de- 
creased somewhat and the pilot’s stress level must 
have increased greatly. 

A study of optimum spacing and configurations of 
buoy placements was made for the U.S. Coast Guard 
(Bertsche, 1982). This study assigned relative risk fac- 
tors to channels according to configurations of turns, 
channel widths, ship size, currents, buoy placement, 
and visibility. Although not intended for assessing ship 
design changes, the study may prove useful in that 
application. 

Next Page 
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Section 16 
Application to Design 

16.1 Controllability in the Ship Design Spiral. AS 
stricter performance standards are developed and 
greater emphasis is placed on having a ship that ma- 
neuvers well, it becomes increasingly important to pay 
attention to controllability throughout design. Tradi- 
tionally, analysis of controllability has been performed 
late in a design, to check acceptability. Controllability 
now, however, has become an important item in the 
ship design spiral, requiring analysis and review at 
each successive stage (Landsburg, e t  a1 1983). This 
section reviews procedures and analysis tools that can 
be used at various stages of design to help ensure 
development of an adequately controllable vessel. Sec- 
tion 17 will provide further information on design of 
the rudder and other control surfaces, and on the ap- 
plication of auxiliary maneuvering devices. The intro- 
duction to control systems given in Section 9 also needs 
to be conscientiously applied in developing a good de- 
sign. 

Clarke (1987) put the design process into perspective 
as shown in Fig. 166. As noted in Section 5.4, the more 
maneuverable ships have lower T’ and higher K’ val- 
ues, with tankers tending to be found in the upper 

right part of the scatter diagram, and cargo vessels 
in the lower left (see also Section 15.6). Clarke has 
used systematic experimental data from the Technical 
Research Center of Finland (1984) to show the trends 
caused by CBB/L and A,/LT (AR = rudder area). The 
figure shows that the “obesity” coefficient, CBB/L, is 
responsible for most of the diagonal spread of the data, 
whereas the relative rudder area, A,/LT, causes little 
shift by comparison. (This obesity coefficient should 
not be confused with the volumetric coefficients, also 
known as fatness ratio, which is defined as V I ( L / 1 0 ) 3 ;  
see Section 3.2 of Vol I). 

The major controllability criterion to be considered, 
even at the earliest design stage when selecting basic 
dimensions, is thus the measure of dynamic course 
stability, ul. To emphasize the effect of dynamic sta- 
bility on vessel performance, an example of three ves- 
sels is taken from Eda (1983). Characteristics of the 
three hulls are given in Table 21, and their steady 
turning rates are plotted against rudder angles in Fig. 
167. Basic concepts relating to controllability were in- 
troduced in Sections 3 and 4. 

Digital simulations were performed for these three 
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Fig. 166 Nornoto K’ and T’ for tankers and cargo ships (Clarke, 1987) 

Previous Page 



328 PRINCIPLES OF NAVAL ARCHITECTURE 

Table 2 1 -Principal Model Particulars 

Design 
Stability 

Hull Form 
LBP/B 
LBP/T 
B/T - 
C'B 

LCG fwd a I L B P  
A,/LBP x T 
C P  

A 
Stable 

Slender, Fine 
6.95 

19.56 
2.81 
0.613 
0.625 

-0.015 
0.022 

ships to examine the effect of various degrees of in- 
herent course stability on ship maneuvering perform- 
ance. The analyses are based on the hydrodynamic data 
of yaw moment and lateral force that were obtained 
in a series of captive model tests on a rotating arm. 
The mathematical model used in this study was a fairly 
realistic representation of ship dynamic motions and 
similar to that developed in Section 8.1. 

The solid-line curves in Fig. 167 show steady-turning 
rates (r') predicted for ships A, B, and C. Arrows along 
the curves show the sequence of results predicted for 
the spiral tests. Dotted lines indicate the jump in 
steady-turning rate during spiral tests of dynamically 
unstable ships B and C. 

To show the operational effects of excess instability, 
zigzag maneuver trajectories were computed for the 
three ships a t  an approach speed of 14.5 knots (+ = 
heading angle). Results of a series of digital simula- 

YAW -RATE 

r 'aL/R 
-#- 0.8 

I I I I  
I 
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RUDDER ANGLE, 8,DEG. 
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Fig. 167 Steady turning rate versus rudder angle 

B B 
Unstable Very Unstable 

Wide, Full Very Wide, Full 
5 4 

16.2 16.2 
3.24 4.03 
0.820 0.810 
0.823 0.813 
0.026 0.019 
0.019 0.021 

tions indicated dynamic behavior of these ships during 
the zigzag maneuvers as follows: The dynamically sta- 
ble ship A has a small overshoot angle and can quickly 
finish a zigzag maneuver. The unstable ship B has a 
larger overshoot angle and it takes more time to finish 
the test than does ship A. While ship B finished the 
15 to 15 deg zigzag test in a stable fashion, it could 
not finish zigzag tests of 7.5-7.5 and 5-5 deg (Fig. 168) 
in a stable manner (the heading angle was oscillatory, 
divergent in unstable patterns). For the very unstable 
ship C, for which heading angle is divergent after the 
first executioin of rudder angle, recovery cannot be 
achieved by the use of the opposing rudder angle a t  
the second execution. Ship C did finish the 15-15 deg 
zigzag maneuver test in stable fashion because of the 
significant contribution of the nonlinear terms. 

Since unstable ships cannot finish ordinary zigzag 
tests in a stable manner when contributions of nonlin- 
ear terms are relatively small, as in the case of 5-5 
deg zigzag shown in Fig. 168, the modified zigzag can 
be used to obtain test results in a stable manner for 
better comparison of capability. Fig. 169 shows pre- 
dictions of heading angle response during a modified 
zigzag maneuver in which the rudder angle of 5 deg 
is shifted to the opposite direction when heading angle 
deviations reach only 1 deg instead of a heading change 
equal to the rudder angle. Both ships A and B may 
thus be acceptable performers in full-scale operations, 
but ship C remains problematical. 

One useful design technique for simultaneously as- 
sessing both turning ability and dynamic stability of 
the hull-propeller-rudder arrangement is to make use 
of the Diagram of Steering. This diagram, based on 
the design's steady turning motion characteristics, 
plots rate of turn (r ') drift angle (p), residual speed 
ratio in the turn (V), and turning diameter (STD/L) 
all against steady rudder angle (a,) as shown in Fig. 
170. 

The diagram of steering is convenient to use in de- 
sign tradeoff studies since it reflects any significant 
change in hull configuration or rudder parameters. 
Tracing the change of the diagram of steering form 
and principal characteristics (a,,, slope of branches, 
minimum STD/L ratio, maximum drift angle, maxi- 
mum angular velocity) the designer can investigate 



CONTROLLABILITY 329 
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Fig. 168 Zigzag moneuver response: J-deg/J-deg 

the impacts of hull appendages, skeg stabilizers, pro- 
peller modifications, and variations in rudder efficiency. 
For example, Fig. 171 shows several typical situations. 
In Curve 1, where the zone of instability is large and 
slope of the branches is small, the ship is slow in 
response to a rudder angle change when the “meeting 
rudder” maneuver (opposite rudder ordered to counter 
turn) is executed. When the zone is smaller (Curve 2) 
the meeting rudder characteristics are better, as well 
as all of the other maneuverability parameters. Curve 
4 is a design that has more than minimum stability 
and offers degraded performance over the ship of 
Curve 3 which also has adequate stability. 

The diagram of steering is useful throughout the 
design cycle for evaluating performance options and 
can be effectively used in retrofit situations after a 
vessel has been in service. In the early phases of de- 
sign, maneuvering prediction models such as those 
described in Section 16.7, based only on major char- 
acteristics, can be used to predict elements of the dia- 
gram of steering. As the design is refined, more 
sophisticated prediction models based on coefficients 
developed from theory or from model testing can be 
used. Finally, spiral and turning trials can provide data 
from the full-scale ship for direct comparison with 
design predictions. 

While greatest attention needs to be placed on the 
hull-propeller-rudder arrangement in ensuring that the 
ship shall have the inherent capabilities necessary for 
a good handling vessel, many other variables are also 
important. Fig. 172 notes many of the major design 
variables that have impact on controllability. Variables 
such as house location and bridge layout with attention 
to details affecting visibility and ease of operation can 

have major affect on the piloted controllability of the 
vessel. Not all these aspects of design are covered 
here, but Vantine (1976) provides guidelines on bridge 
layout to ensure conning effectiveness. Marino and 
Cooper, (1982), Van Donselaar, et a1 (1979) and Draft 
Guidelines (1985) also address the bridge design prob- 
lem. 

Only approximate rules are provided for reader 
awareness in Fig. 172. Each design presents its own 
peculiar problems requiring earlier or later detailed 
analysis of capabilities. The appropriate strategy for 
solving them will vary depending on ship type, size, 
cargo route, port situation, and other considerations. 

L”,, 0 

-5  t 
-10 L 

Fig. 169 Zigzag moneuver response: J-deg/l-deg 
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Table 22-Controllability 

Rules of thumb-Rough Buides based on individual experience or other 

Design guides-Formulas, tables, or figures recommending sizes or desirable 
commonsense “truisms’ 

parameter ratios and warning of potential problem areas (based on experience 
of existing vessels, series model tests, or simulation studies). 
These may be merely somebody else’s published rules of thumb, but a t  least 
rules that have been satisfactory for years 

Design data sheets and engineerzng principles-Detailed procedures (available 
generally only for machinery items) and equations for predicting performance, 
as prepared by groups or recognized experts with technical backgrounds 

Di  i tal  computer predictions-Mathematical models (simple or sophisticated) 
{ased on similar ship model coefficients used to predict maneuvering 
trajectory performance 

Free-running selfpropelled models-Small models of the new design run in 
basins with trajectories scaled up to predict at-sea performance 

Captive model tests and digital computer simulation-Series of captive model 
tests [rotatin arm and planar motion mechanism (PMM)] using the hull form 
result in coegcients that are then used in mathematical models to predict 
maneuvering trajectory performance 

Hydraulic waterway model with selfpropelled shi  models-Shi models run 
in accurately modeled waterways to gain knowled3ge of bank and? constrained 
water effects 

Man-in-the-loop simulation-Bridge simulations using sophisticated di ital 
computer ship maneuvering models to show trajectory performance w a en 
operator variability and performance under stress are included 

PORT 8 sTo, 
I 

Fig. 170 Diagram of Steering of an unstable ship (Asinovsky, 1989) 
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Fig. 171 Transformation of the diagram of steering (Asinovsky, 1989) 

Types of design analysis tools may be classified as 
shown in Table 22. The level of design at which the  
tools are normally utilized is indicated in the  table, but 
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Table 23-Effect of Increasing Fin Area, Holding Aspect Ratio Constant, or of 
Increasing Aspect Ratio, Holding Fin Area Constant, on the Hydrodynamic 

Derivatives, on Controls-Fixed Stability, and on Steady Turning Radius 

(a) For Fixed Fins Located Forward of a 
Effect on the Effect on 

derivative stability 

more negative favorable 

favorable more negative 

unfavorable more negative 

(58) 

(594 

(less Dositive) 
@a) A 

(59b) 
less positive unfavorable 

(b)  For Fixed Fins Located Aft of a 
more negative favorable 

(58) 
\ - - I  

more negative 

less negative 
(594 

(more Dositive) 
@a) A 

more ositive 
(598 

favorable 

favorable 

favorable 

(c) For Movable Fins (Rudders) Aft of 

more negative 
(58) 

more positive 
more negative 
more negative 

(59d 
less negative 

(more positive) 
(59a) 

more ' ositive 
(598 

their actual application may need to be earlier or later 
in any particular case. 

If the design is based on a previous class, the naval 
architect should review the historic controllability 
characteristics of that class. These characteristics will 
be affected by changes in ship geometry, control sur- 
faces provided, propulsion type installed, and the ar- 
rangements of the vessel. Because alterations can have 
large effects, they require thorough analysis. 

An evaluation of trade routes and ports of call, to 
include restrictions present in harbors and approach 
waters, will help establish the operating environment 
of the vessel and identify whatever special capabilities 
may be needed in meeting design operational goals. 
Various historical and comparative ratios may be use- 
ful. Glansdorp (1976) suggested the use of three of 
these service ratios: 
Slow-Speed Service Ratio 

favorable 

. . .  
faiorable 

favorable 

favorable 

Effect on 
steady turning 

radius 
unfavorable 

unfavorable 

favorable 

favorable 

unfavorable 

unfavorable 

unfavorable 

unfavorable 

unfavorable 

favorable 
favorable 
unfavorable 

unfavorable 

unfavorable 

- Voyage time in difficult areas at maneuvering speed 

Dense-Traffic-Service Ratio 
- Voyage time in areas of dense traffic flows 

Total voyage sailing time 
Difficult-Geography Service Ratio 
- Voyage time in geographically difficult areas 

- 
Total voyage sailing time 

- 

- 
Total voyage sailing time 

He also proposed that use of a ship's risk factor (or 
potential for serious difficulties) be considered during 
design. The factor could incorporate the nature of the 
cargo and quantity, crew capability, vessel protection, 
nature of prime mover (nuclear for example), and other 
items that might affect risk. 



HOUSE . Location on the midships is best for 
rateof-turn perception and navigating 

minimizes turning moments in wind 

on ranges . Aft visibility needed for tight 
maneuvering conditions . Small house in central location 

. Higher helps visibility forward 

0 

h) 
BRIDGE w . Arrange for easy conning . Indicators should be easy to read day 

and night . Rateof-turn indicator and other 
devices helpful 
Forward visibility important: Window 
sunscreening, and self-cleaning size, 
location 

. Abovewater aree and trim conditions 
effect wind-induced turning moments 
lateral drift, and visibility 

RUDDER 
e Increased size yields better 

coursekeeping and responsiveness in 
turning 

mechanical or electronic transmission 

. Increased rate provides faster 
response 
Type and balance affects torque 
requirements . Must be inflow from propeller for 
effectiveness at low speed . Redundant means of power and 

critical in emergencies 

. Twin rudders better if twin screw 
(propeller should turn outboard) . Controllable-pitch propellers (CPP) 
may improve degree of controllability 
but lose steering ability at O-deg 
angle blade position; strong 
paddlewheel effects at slow speeds 

AFTBODY . Fineness improves flow to the rudder 
and its effectiveness . Cutaway stern and lack of skeg 
reduce dynamic stability 
Excessive lateral plane aft may make 
ship hard to turn, with a larger 
turning diameter . Lateral plane centroid affects turning 
ability, course keeping, and rotational 
effect of current on vessel 

‘ANCHORING AND TOWING . Ease of use of anchor and reliability 
of equipment can be critical in 
emergency . Arrangement of towline leads and 
access to lines important in an 
emergency (bow and stern) - Anchors are useful maneuvering 
devices if adequately sized 
Emergency towing requirements 

for maneuvering of diesels without 

PROPULSION . shp/A affects maximum response 
abiiity 
Time to reverse affects stopping . Number of starts available is critical 

CPP . Minimum speed for slow ship 
operation - Ratio of ahead to astern power 

\ 

affects stopping control 
Engine response can vary 
significantly according to prime 
movers . Reliable machinery very important 

GENERAL . Lower B/L, B/T or C. Improves 
directional stability - Large heavy ships react slower then 
small ships and can tolerate more 
dynamic in stability . Trim by stern increases turn diameter 
and directional stability . Broad beam decreases steering 
without propeller wash 

FOREBODY . Fineness may slightly improve 
directional stability . Fatness can cause trim forward in 
shallow water . Bulb can interfere with use of anchor 
if bowflare is not carefully considered . Bulb can prohibit working a bow 
against a pier . Flare at bow can prohibit working 
against a pier and using a tug 
alongside well forward 
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Fig. 172 Some controllability design notes 
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A particular waterway or special mission such as 
cable laying may force consideration of a bow or stern 
thruster for positive control of a vessel at low speeds 
without tug assistance. For some vessels careful con- 
sideration of harbor maneuvering requirements is im- 
portant at the very beginning of a ship design. 
Knowing of potential vessel handling difficulties can 
help the naval architect and owner select a propulsion 
plant, propeller, and rudder arrangement to improve 
the handling characteristics of the vessel where diffi- 
cult maneuvering situations are anticipated. With this 
knowledge in mind, the owner and designer should list 
the required vessel handling capabilities, considering 
items such as: 
(a) Harbor environment: 

special maneuvering requirements 
location of dock, etc. 
currents or winds 
water depth 
maneuvering speeds 
traffic lane or passage width 
tug assistance and mode of tug use 

(b) Maneuvering devices: 
bow or stern thruster 
number of propellers 
controllable-pitch propeller 
rudder type and arrangement 
rudder or steering augments 
maximum rudder angle 
rudder rate 
Kort nozzle 
anchors 

echo sounder 
Doppler sonar 
radar 
SAT NAV (satellite navigator) 
rate of turn indicator 

(d) Manning requirements: 
deck personnel 
machinery personnel 

(e) Degree of bridge system integration and ease of 
navigation and controllability related operations 
(f) Owner experience or preferences in manning, 

equipment, and maintenance policies. 
Although a guide to analyzing performance of a 

design is presented here, specific requirements and 
standards to be met using the criteria described in the 
previous section are currently few. Generally the stan- 
dard for performance will be that the vessel operate 
in a fashion similar to that of a previous design. 

With the recent proliferation of special-purpose 
ships and with the increased concern for safety and 
environmental protection, careful attention must be 
paid to controllability design. This attention often 
needs to start in the early stages of design, and it may 
lead to performing model tests to establish accepta- 
bility. Even before a hull shape is defined, decisions 

(c) Navigating devices: 

made about principal dimensions can have serious ef- 
fects on controllability. 

The next three parts of this section (16.2, 16.3, and 
16.4) will describe the effects of major design param- 
eters on controllability. The process of comparing with 
an existing design and using basic characteristics to 
predict performance capability will be addressed in 
Part 16.5. An example prediction method for deter- 
mining dynamic stability will be presented in Part 16.6. 
Use of trajectory prediction models based on major 
characteristics, and the more advanced approaches us- 
ing model testing and design-oriented modular models 
will follow in Parts 16.7 and 16.8. Finally, in Part 16.9, 
shiphandling simulation involving man-in-the-loop con- 
siderations will be addressed as a design tool for both 
ships and waterways. 

Effect of Fixed and Movable Fins on Controls- 
Fixed Stability and on Turning Equations (58)) (59a- 
c) permit evaluation of the effect of fin area, aspect 
ratio, and location on the major stability derivatives. 
This information, in conjunction with that in Table 1, 
can be used to determine the qualitative effect on con- 
trols-fixed stability and on the radius of the steady 
turn within the range where linear theory is applicable. 

16.2 

0 3  
VERY UNSTABLE SHIP 4 I I 

-40 -20 0 20 40 60 
-AFT ORIGIN FORWARD- 

DISTANCE OF FIN FROM ORIGIN < IN X L 

Fig. 173 Effect of fin area and fin location on cantrols-fixed stability for 
typical ships 
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This information is summarized in Table 23 for three 
common situations: 

(a) Fixed fins located forward of the midlength. 
(b )  Fixed fins located af t  of the midlength. 
(c) Movable fins (rudder) located aft  of the midlength. 

In all three of these situations, the qualitative effects 
on the hydrodynamic derivatives (not on stability and 
turning) of increasing fin area or fin aspect ratio at a 
fixed location or of moving a fin of constant area and 
aspect ratio toward the extremities of the ship are the 
same, except for the effect of Y,. and Ys. While these 
two derivatives increase negatively (decrease algebra- 
ically) with increased fin area and aspect ratio, they 
are independent of fin location. Thus while (a) and (b)  
of Table 23 show that adding fin area anywhere along 
the ship length may improve stability, they also show 
that moving a fin of constant area and aspect ratio 
forward may impair stability because the favorable 
effect of a negative increase in Y, is lost. 

These effects are illustrated by the computed results 
shown in Fig. 173 for the stable Mariner Class, the 
marginally stable, the unstable, and the very unstable 
hull forms described in Section 8.7 and Fig. 45. The 
effect of added fin area and changes in fin location 
were computed from Equations (14a), (122b), (58), 
(59a-c), (62a-c), and (78). The two fin areas, 
A ;  = 0.008 and 0.016, were in both cases assumed to 
have a square profile as shown in Fig. 173; that is, 
both have an effective aspect ratio of 2.0. I t  is seen in 
Fig. 173 that, for these hull forms, adding fin area 
anywhere along the model length except in the region 
of the bow improves stability compared to the no-fin 
ease but with much diminished effect as the fin is 
moved forward. Furthermore, the stability is dimin- 
ished as a fin of constant area is moved forward until 
a location close to the bow is reached corresponding 
to the pivot point discussed in Section 6.1. At this point, 
adding fin area tends to impair stability very slightly. 

Fig. 174 shows corresponding information for the 
linear turning parameter ar ’ ld6,  whose most mean- 
ingful physical interpretation in the current context is 
degrees change of heading per ship length of travel 
per degree rudder deflection. 

As explained in Section 6.4, a negative ar ‘ la6,  is 
associated with stable ships, and a positive ar’ la6, 
with unstable ships. The following equation developed 
from Equation (26a) was used to compute ar’la6,: 

Figure 169 like Fig 173, confirms the trends noted 
in Table 23(a, b). It also shows that locating the fin 
anywhere between the bow and forward quarter point 
of the stable and marginally stable ships improves 
turning relative to the no-fin case. Furthermore, in- 
creasing fin area in this vicinity has a small favorable 
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Fig. 174 Effect of fin area and fin location on &’/Xi for typical ships 

effect on turning. These effects are not, however, dis- 
played by the unstable and very unstable ships of Fig. 
174, which shows that they are not universally appli- 
cable. 

The effect of fin location on ar ’ la6,  for the margin- 
ally stable ship in Fig. 174 is extraordinarily pro- 
nounced near the bow. This relationship arises from 
the fact that according to the figure the stability index 
and hence the stability criterion C hovers near zero 
for fins located in this region. Since in (127) the expres- 
sion for ar ’ las,  contains only C in the denominator, 
it increases without limit as C approaches zero. This 
pronounced effect on ar ’ la6,  predicted by linear theory 
is not observed in practice, for strong nonlinear effects 
take effect as the angular velocity departs substan- 
tially from zero. Thus, according to the nonlinear re- 
sults shown in Fig. 45, the angular velocity at 6 ,  = 
10 deg is not significantly different for the marginally 
stable ship as compared to the stable ship. 

A practical example of the effect of adding forward 
profile area in the form of “filling” in the forefoot of 
a ship is shown in the comparison between Models 60P2 
and 60P1 in Table 24 taken from Eda and Crane (1965). 
The experimental values of the derivatives follow pre- 
cisely the trends indicated in Table 23. In this case the 
stability is slightly improved by the additional forefoot 
area and presumably the turning would be impaired 
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slightly. This result is in accord with those shown in 
Table 23. The slight improvement in stability is due 
entirely to the very large increase in Y,. If the value 
of Y, for Model 60P1 were assumed to be intermediate 
between those of Models 60P2 and 2,1,1, its stability 
would be almost identical to that of Model 60P2. 

Another practical example is noted by Arontzen and 
Mandel (1960). There the effect of a fairwater (sail) on 
the controls-fixed stability in the horizontal plane of a 
submarine in the submerged condition is also shown 
to be favorable. In this case, the centroid of the fair- 
water profile area was located about 15 percent of the 
length of the submarine forward of its midlength. 

Table 23(b) shows that the effects on all of the de- 
rivatives of increasing the area of a fixed fin aft  or of 

-0.1 
I 
I - EXPERIMENTALLY DETERMINED DERIVATIVES ---- THEORETICALLY PREDICTED DERIVATIVES 

- O 2 I  

-0.3 

-0.4 

b- 

-0.5 

-0.6 

LCG VARYING; Cg* 0.60 
[ F R O M  TABLE 25) /- 

I I 

- 0.8 
6.0 6.5 , 

I I ! 
7.0 75 60 
LIB 

L/T 

I I I I I I 
I4 16 18 20 22 24 

I I I I I I I I J 
0475 0 4 8  0 49 0 50 051 0515 

LCG/L AFT BOW 
I I I I I 

0 60 0 65 0 70 075 0 80 

I I I I I I 1 -  

CB 

AR 

0012 0014 0016 0018 0 0 2 0  0022 0024 

Fig. 175 Effect of hull-form parameters and rudder area on stability index 
IT]; Series 60 with propeller and rudder 

increasing its aspect ratio are decidedly favorable to 
controls-fixed stability and unfavorable to the radius 
of the steady turn. Figs. 173 and 174, show similar 
effects for moving a fin of constant area and aspect 
ratio aft. All of these effects, except that on Y,, are 
confirmed for practical changes in ship profiles aft  by 
the comparison between Model 2,1,1 and Model 60P1 
in Table 24. Figs. 52 and 53 also show quantitative 
evidence of the favorable effect on the stability index 
of fixed fin area aft  added in the form of skeg area. 
Fig. 175 shows similar evidence for fin area added in 
the form of rudder area (see Fig. 54) rather than skeg 
area. 

Bilge keels are another example of additional fixed 
fin area. These usually improve stability, but their ef- 
fect on turning depends on their fore-and-aft location 
and on their longitudinal extent. 

The effect of changes in trim of a ship may be pre- 
dicted on the basis of fin area considerations. Trim by 
the stern results in additional profile area aft, which 
is favorable to stability and unfavorable to turning, 
and in reduced profile area forward, which has little 
effect on either stability or turning. On the other hand, 
trim by the bow decreases profile area aft which has 
a decidedly unfavorable effect on stability and a fa- 
vorable effect on turning, while the increased profile 
area forward has little effect on either. 

The fact that the addition of fixed fin area of constant 
aspect ratio aft  has the universal effect of improving 
stability but impairing turning and the fact that in- 
creasing the stability criterion C impairs turning ac- 
cording to linear theory have led to the generally held 
belief concerning ships-that good stability and good 
turning are mutually incompatible qualities; that 
changes made to improve one of these qualities inev- 
itably impair the other. Table 23(c) shows however, 
that if the increase in aft  fin area or aspect ratio is 
due to a change in movable rudder characteristics 
rather than to a change in fixed fin characteristics, the 
additional area or aspect ratio not only has a decidedly 
favorable effect on stability but may also have a fa- 
vorable effect on turning. This possibility is shown in 
Fig. 213. 

However, the trends determined from the linear the- 
ory displayed in Table 23(c) show that the effect of 
increasing rudder area, holding aspect ratio constant, 
on each of the derivatives, is not universally favorable 
as far as turning is concerned; only the effects of Y6 
and N6 are favorable. Hence, it is entirely possible that 
in some cases increasing the rudder area and holding 
aspect ratio constant will not improve turning. 

To summarize, four important conclusions based on 
linear theory but also borne out in practice have been 
reached in this subsection: 

(a) Adding fixed fin area and holding aspect ratio 
constant, either af t  or forward, has a favorable effect 
on stability but with vanishing effect as the fin location 
approaches the pivot point. 
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(b) Adding fixed fin area af t  or increasing fixed fin 
aspect ratio aft  has a decidedly unfavorable effect on 
turning. Adding fixed fin area or increasing fixed fin 
aspect ratio in the vicinity of the pivot point may im- 
prove turning. 

(c) The qualities of controls-fixed stability and small 
turning radius are not necessarily incompatible either 
in theory or in practice, and a ship may in fact possess 
both qualities in superior measure. 
(d) Increasing rudder area does not in all cases re- 

duce the turning radius of a ship. 
The preceding are the important direct effects of 

fixed and movable fins on stability and turning. Fixed 
fins can also exert important indirect effects on sta- 
bility and turning. For example, fixed fins in the form 
of skegs like those shown in Fig. 52 strongly influence 
the magnitude of the straightening effect, E ,  (see Fig. 
22) and hence influence the rudder force and moment 
exerted during steady turns. Experimental data re- 
ported by Eskigian (1956) for Model 842 of Table 5, 
fitted with twin screws, show that for rudders located 
on the centerline with their midchord about 0.45L aft  
of a, the straightening effect, E ,  amounts to: 

(a) 20 percent of the geometric drift angle at the 
rudder for the ease of no skeg. 

(b) 55 percent of the geometric drift angle for the 
case of a skeg extending to within 0.08L of the leading 
edge of the rudder. 

(c) 70 percent of the geometric drift angle for a skeg 
extending to within 0.03L of the rudder. 

16.3 Effect of Hull Configuration on Controls-Fixed 
Stability. Jacobs (1964) and Eda and Crane (1965) de- 
scribe an extensive study of the effect of hull shape 
and proportions on controls-fixed stability, based on 
systematic variations of the Series 60 form. Results 
are given in Tables 6, 24, and 26, and some of tthe 
data are plotted in Figs. 175 and 176. Three general 
trends concerning hull shape and proportions are dis- 
played in these figures, both by theoretical predictions 
and by experimental results using models without rud- 

der and propeller and models with rudder and propel- 
ler. 

(a) Stability is in general impaired as the block coef- 
ficient is increased. 

(b )  In almost all cases, the stability index is im- 
proved by increasing the L/B  ratio. 

(c) In almost all cases, stability is impaired by in- 
creasing the L/T ratio, i.e., by decreasing the draft. 
Theory seriously overpredicts this effect compared to 
experiment, but the trends are the same. 

The block coefficient (C,) series shown in Table 6 
includes a substantial variation in LCG (0.475L to 
0.515L aft of the bow) associated with the primary 
variation in block coefficient. The more forward loca- 
tion of LCG is associated with the large C, while the 
aft  location is associated with the low C,. These LCG 
locations stem from minimum resistance consideration 
and are in accord with usual ship design practice. In 
order to show the separate effects of these two vari- 
ations on the stability index, use was made of Equa- 
tions (14) and (14a) which permit evaluation of the 
effect of LCG location on the stability index. The re- 
sults of these calculations showing the stability index 
as a function of LCG location for a constant block 
coefficient (C, = 0.60) and showing the stability index 
as a function of C, value for a fixed LCG position 
(0.505L aft) are tabulated in Table 25 and plotted in 
Figs. 175 and 176. These figures show that the gen- 
erally unfavorable effect on the stability index of in- 
creasing the block coefficient, evident in Table 6, is 
accentuated if the LCG location is held compared to 
the case where the LCG location is moved forward. In 
Table 25 the origin location remains unchanged for 
each of the three models, but the physical character- 
istics of the three models, but the physical character- 
istics of the three models are assumed to be changed 
by the change in the location of the center of gravity. 
Hence the results show, as they should, that the sta- 
bility index is affected by the change in LCG location. 
However, as long as the location of the origin is not 
changed, the values of the hydrodynamic derivatives 

Table 24-Experimentally Determined Effects of Changes in Profile Area and in 
Profile Area Distribution on the Hydrodynamic Derivatives 

Model 60P2 60P1 2.1.1 

Description 
Bow cutaway" 

per cent L x T 
Stern cutaway" 

percent L x T 
YV' 
Nu' 
Y,' 
N,' 
u1 

1.12 

1.88 
-0.284 
-0.108 
+0.0542 
-0.0621 
-0.19 

0.15 

1.88 
-0.315 
-0.126 + 0.577 
-0.0718 
-0.25 

0.15 

0.97 
-0.305 
-0.0954 
+0.0896 
-0.0701 
-0.51 

" Relative to a rectangle of length L and width T. 
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Table 25-Stability Index and Turning Parameter &'/a6 as a Function of LCG Location and Block Coefficient-Series 60 

Model 
cL7 
LCG/L from Table (7) 
Selected variation of LCG 
Corresponding xtG 
Corresponding x ' ~  
ul with rudder and 

propeller 
ul without rudder 

and propeller 
&-'la8 with rudder 

and propeller 

. / L  G + 0.040 
+0.015 

Theory -0.65 

Theory -0.25 

Theory -0.60 

Exper. - 0.60 

Exper. - 0.07 

Exper. -0.77 

2,L1 
0.60 
0.515 - - 
0.505 

+0.010 
+0.015 
- 0.57 
-0.53 
-0.17 
-0.10 
-0.66 
-0.85 

given in Table 6 apply without change, regardless of 
LCG location. 

To gain insight into the effect of hull parameters on 
the stability index, it is useful also to examine their 
effect on the hydrodynamic derivatives. Table 6 shows, 
for example, that an increase in the length-beam ratio 
causes hardly any change in the theoretical values of 
the hydrodynamic derivatives but does cause a sub- 
stantial decrease in the mass coefficient, A'. 

With a fixed-length model, changes in the L I B  ratio 
must be accompanied by either changes in the B/T 
ratio or in the L/T  ratio. The latter ratio is, however, 
considered to be of far greater importance insofar as 
the effect on the stability derivatives in the horizontal 
plane is concerned. Therefore, the L/T  ratio appears 
as a separate series in Table 6, but both it and the 
L / B  series also involve changes in the B/T  ratio. 

In accord with Table 1, the decrease in mass coef- 
ficient improves stability as the L / B  ratio is increased. 
In view of the scatter in the experimental values of 
the hydrodynamic derivatives of Table 6, they cannot 
be said to confirm the theoretical results; but neither 
do the experimental data exhibit any consistent trend 
with the L / B  ratio that disagrees with the theoretical 
results. I t  is therefore concluded that the major effect 
of increasing the L / B  ratio is to decrease the mass 
coefficient, which in turn improves stability. 

The theoretical and experimental values of the de- 
rivatives of Table 6 show that the effects of increasing 
the length-draft, L/T,  ratio are: 

(a) I", is less negative (destabilizing) 
(b)  N ,  is less negative (stabilizing) 
(c)  N', is less negative (destabilizing) 
The theoretical values of Y ,  becomes less positive 

(also destabilizing according to Table 1) with increas- 
ing L / T  ratio, but the experimental values exhibit a 
very small opposite trend. The value of A' = 
A./(p/2)L2T did not change with the L/T ratio in Table 
6 because A was changed in direct proportion to T. 
Since the changes in at least two of the derivatives 
are destabilizing and the change in only one derivative 
is stabilizing, the stability is impaired as the length- 
draft ratio is increased. Thus, a ship a t  light draft will 
have less controls-fixed stability than the same ship at 

-TA 
0 

-0.54 
-0.51 
-0.15 
- 0.08 
-0.68 
-0.88 

+0.015 

7 , l J  
0.70 

0.505 
0.505 
0 

+0.005 
-0.35 
-0.31 + 0.03 
+0.07 
-0.94 
- 1.44 

8,171 
0.80 

0.475 
6 5  --Eh 

0 - 0.030 
-0.025 -0.025 
- 0.33 -0.26 
-0.28 - 0.20 
+0.005 + 0.06 
+0.03 + 0.09 
-0.80 -1.03 
-2.03 - 2.99 

deep draft, provided the trim by the stern in the light 
draft condition is not greater than in full load condition. 

The experimental data of Fig. 175 show the inter- 
esting fact that the change in relative rudder area AIR 

*0.2 
I 

c,e LCG VARYING 
(FROM TABLE 6b 1 

-o,4,,/:- M i  6b: I I 
- EXPERIMENTALLY DETERMINED DERIVATIVES 

-0.5 

THEORETICALLY PREDICTED DERIVATIVES 

6.0 6.5 7.0 25 ao 
L/B 

L/T 
1 I I I I I I I I 

1 I I I I I 
14 1.6 is 2.0 2.2 2.4 

0 48 0 49 0.50 0.51 
LCG/L AFT BOW 

L I I I I 
0.60 0.65 0.70 0.75 0.80 

Effect of hull-form parameters on stability index u,; Series 60 

CB 

Fig. 176 
bare hull 
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Table 26-Effect of Ship Section Shape on the Hydrodynamic Derivatives and on the Stability Index 

Model No. from 

How Determined Experiment Theory Experiment Theory 

1 9 1 s  9 , u  1,070 9,0,0 1,0,0 9,0,0 
Normal Vee Normal Vee Normal Vee 

-Without Propeller and Rudder - 9,LI Table 10 1,171 
Section Shape Normal Vee 

Reference No. -(Eda and Crane, 1965)- / (Jacobs, 1964) -- Condition 

y, 
y', + 0.088 +0.081 +0.077 N.A. N.A. N.A. f0.052 N.A. 
", 

u1 -0.41 -0.39 -0.59 -0.62 N.A. -0.17 - 0.20 -0.17 
", 

-With Propeller and Rudder -\ 

-0.270 -0.266 -0.335 N.A. N.A. N.A. -0.303 N.A. 
-0.108 -0.117 -0.088 N.A. N.A. N.A. -0.112 N.A. 

-0.067 -0.075 -0.066 N.A. N.A. N.A. -0.055 N.A. 

from 0.012 to 0.024 exerts greater influence on the 
stability index than do the displayed changes in the 
L / B  and L/T ratios. From a practical design point of 
view, it is therefore usually preferable to attempt to 
alter controls-fixed stability by adjusting rudder area 
or fin area rather than by changing the basic dimen- 
sions of a ship. 

Table 26 shows that a change in the section shape 
from normal Series 60 shape to an extreme Vee shape, 
in ships of normal proportions (L/B = 7.5, L/T = 
18.75, C, = 0.60)) has little effect on the hydrodynamic 
derivatives or on the stability index. This result is 
obtained whether the derivatives are determined ex- 
perimentally or calculated theoretically and whether 
the model is equipped with rudder and propeller or not. 

To show the effect of block coefficient on the hydro- 
dynamic derivatives, it is necessary to correct the lat- 
ter values given in Table 6 so that they apply to a 

common origin. The common origin selected for all 
three block coefficients was the 0.505L position of the 
LCG of Model 7. The values of the derivatives about 
this origin were computed by the following equations, 
which can be derived from Equations (14a-c): 

where 

(a) The numerical subscripts refer to the origin lo- 
cation as function of the ship length. 

Table 27-Stability Derivatives, Stability Indexes, and Turning Parameter a r ' / a S ,  as a Function of Block Coefficients- 
Series 60 

(Fixed Origin and LCG; x ' ~  = 0; x ' ~  = +0.005) 
(a) Model With Propeller and Rudder 

Model 2 7 8 

A' 0.171 0.200 0.229 C B  0.60 0.70 0.80 

Theory Exper. Theory Exper. Theory Exper. 

Y", 

- 0.335 
- 0.083 

-0.066 
-0.57 + 1.45 
+0.038 
- 0.019 
- 0.67 

f0.079 

-0.305 
-0.092 + 0.093 
- 0.070 
-0.53 + 1.41 + 0.050 
-0.024 
-0.85 

-0.335 
- 0.097 

- 0.068 
-0.35 + 1.07 + 0.038 
-0.019 
-0.94 

+ 0.075 

-0.324 
-0.104 
+0.083 
-0.066 
-0.31 
+0.92 
+0.052 
- 0.025 
- 1.44 

- 0.335 
-0.105 
+0.079 
- 0.077 
-0.26 + 1.00 
+0.038 
- 0.019 
- 1.03 

-0.354 
-0.097 
+0.075 
-0.060 
-0.20 
+0.63 
+0.065 
-0.035 
- 2.99 

( b )  Model Without Propeller or Rudder 

- 0.303 -0.245 -0.306 -0.287 - 0.309 -0.256 
-0.107 -0.112 -0.121 -0.121 -0.130 -0.101 
+0.055 + 0.072 $0.051 +0.051 + 0.055 +0.067 
-0.054 -0.055 - 0.056 -0.056 - 0.066 -0.053 
-0.17 -0.10 + 0.03 + 0.07 + 0.06 +0.09 



CONTROLLABILITY 339 

-1.0 

(b)  x' = +0.010 in the case of Model 2 (C, = 0.60) 
where the origin initially is at 0.515L aft  of the bow. 

(c) x' = -0.030 in the case of Model 8 (C, = 0.80) 
where the origin initially is at 0.475L aft of the bow. 

The results of these computations are shown in Ta- 
ble 27. The values of the stability indexes shown in 
Table 27 are of course identical to the values shown 
in Table 25. 

Table 27 reveals the following trends: 
(a) I",-Theory indicates no significant change with 

C,. Experimental results with propeller and rudder 
show that I", increases negatively with increasing C,. 
This is a stabilizing trend. 

(b )  ",-Theory indicates that it should increase 
negatively (destabilizing), but experimental values do 
not in some cases confirm this trend. 

(c) I",-Theory indicates no consistent trend, but 
the experimental data for the model with propeller and 
rudder show a decrease in the positive value of this 
derivative with increasing C,. This is a destabilizing 
trend. 
(d) ",-Theory indicates that it should increase 

slightly in negative value (stabilizing), but the exper- 
imental values show a slight opposite trend. 

The preceding trends indicate that the reduction in 
stability associated with an increase in block coeffi- 
cient, as shown in Figs. 175 and 176, results largely 
from the increase in the mass coefficient A' associated 
with increased C, and not from changes in the hydro- 
dynamics derivatives. This same conclusion was 
reached in evaluating the effect of the L/B ratio. On 

(b) WITH RYDDER AND PROPELLER 
I 

(EXPERIMENTAL POINTS ARE IDENTIFIED BY MODEL NUMBER) 

----- FROM THEORY 

A 0 0 FROM "LEAST SOUARES" FIT 
OF EXPERIMENTAL DATA 
A L / T  : 14 5 
0 L / T  : I8 75 
0 L/T  :230 

0 FROM EOUATION 128 

""'a 

this basis Jacobs (1964) merged the effects of C, and 
L/B and chose to display cr as a function of A' with 
the L/T ratio as a parameter. The pertinent data are 
tabulated in Table 28 and plotted in Fig. 177. 

Jacobs fitted the following empirical expression to 
the data shown in Fig. 177(b) which she suggested was 
appropriate for stable ships with large skegs a t  the 
stern: 

This relationship is also plotted in Fig. 177 where it 
agrees reasonably well with the cr-values computed 
from the theoretically calculated derivatives. 

Equation (128) has three major weaknesses that se- 
riously limit its applicability: 

(a)  Although it ostensibly depends only on A', I"u, 
and the L/T ratio, it also includes the spurious effect 
of a variation in LCGIL as discussed in this section. 

(b)  It fails to include the effects of differences of fin 
area, rudder area, and propeller influences, which are 
important even in stable ships. 

(c) It applies only to stable ships; it cannot, there- 
fore, predict whether a given design will be stable or 
unstable, which is often the important question in de- 
sign. 

Hence, the equations of Section 9 are preferable for 
use in predicting the controls-fixed stability of a new 
design. 

16.4 Effect of Hull Configuration on Nonlinear and 
Linear Maneuvers. Because of the high cost of the 
experiments needed to predict nonlinear maneuvers 
and because of the lack of universality of the results 
of those experiments, the effect of hull configuration 
on nonlinear maneuvers has not been extensively stud- 
ied. Two of the available studies, Shiba (1960) and 
Davidson Lab (1965), report results of free-running 
model tests. Eda and Crane (1965) employ a simplified 
version of the nonlinear equations of motion [(36), (371, 
and (38)] along with results of rotating-arm experi- 
ments. The limited number of terrms included in the 
nonlinear equations are shown in Table 4. 

Steady turning diameters as a function of hull con- 
figuration taken from these sources (at a constant rud- 
der angle of 30 deg) are compared in Table 29 with 
two results predicted from linear theory Equation 
(26a). The first linear theory result uses the experi- 
mental derivative values given in Tables 6(a)2 and 27. 
The second linear theory result uses the theoretical 
derivative values given in Table 6(a)l and 27. [The 
partial derivative ar'/dSR of Table 6(a) is related to 
D / L  at 6, = 30 deg in Table 29 by the expression, 

- x -  a6, 57.3 
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-Davidson ( 1 9 4 4 )  
Shiba (1960) 

I 1 

I 0  
I I 

---- Eda and Crane ( 1 9 6 5 )  

In the case of the block-coefficient variation, all sources 
except the second linear theory agree that an increase 
in block coefficient significantly improves turning. Ex- 
amination of Equation 26(a) and of the experimental 
derivative values in Table 6(a)2 shows that the de- 
crease in turning diameter with increasing C, is as- 
sociated with two factors: 

1 The reduction in the stability criterion C. 
2 The large increase in N', and Y',. 

Of these two factors, the first is the more important. 
The second factor is caused by the more highly loaded 
propeller on a single-screw (C, = 0.80) ship compared 
to a single-screw (C, = 0.60) ship as shown in Fig. 128. 
Because the theoretical method developed in Section 
9 ignores propeller interaction, the results of the sec- 
ond linear theory shown in Table 29 do not confirm 
the general trend. Interesting to note is that this effect 
of block coefficient on turning would not be duplicated 
on multiple-screw ships if the rudders were not located 
in the propeller race. 

While there is some disagreement in Table 29(a) 
concerning the effect of L/B  ratio on turning, both the 
trends and the magnitudes shown by the free-turning 
tests of Davidson Lab (1965) agree remarkably with 
results from the second linear theory. The opposite 
trend exhibited by the linear predictions based on the 
experimental derivatives of Table 6(a)2 is caused by 
the exceptionally poor stability of the (L/B = 7.5) 
model compared to that of the (L/B = 7.0) and (L/ 
B = 8.0) models shown in Table 6(a)2 [see also Table 
28 and Fig. 177(b)]. This trend may be delusive, for it 
is not confirmed by the theoretical derivatives of Table 
6(a)l. I t  is concluded from Table 29(a) that while low 
values of L/B  are favorable for turning, the effect of 
increasing the L/B ratio to very high values is also 
somewhat favorable. 

As for the effect of L/T ratio, Table 29(a) again 

shows remarkable agreement between the free-turn- 
ing results of Davidson Lab (1965) and the second 
linear theory. The improvement in turning caused by 
increasing the L/T ratio as well as by moving the LCG 
aft  is associated with the impairment of stability 
caused by these two changes as shown in Fig. 175. 

As far as the effect of profile shape is concerned, 
Table 6(a) shows that the linear theory based on the 
experimental derivatives of Table 24 exaggerates the 
favorable effect of cutting away stern area compared 
to the results from Davidson Lab (1965). 

The data shown in Table 29(b) taken from several 
sources and the data shown in Fig. 219 taken from 
Shiba (1960) display clearly the saturation effect 
reached as rudder area is increased. Shiba (1960) as- 
sociates this anomaly entirely with the decrease in 
rudder aspect ratio as rudder area is increased, and 
Table 29(c) shows that the magnitudes of Y', and N', 
do decrease for the largest rudder area. As noted in 
Section 16.2, however, this is not a necessary condition 
for the existence of the anomaly, and in principle it 
can be encountered even when rudders of constant 
aspect ratio are increased in area. Further discussion 
of the important information shown in Fig. 219 is con- 
tained in Sections 17.4 and 17.5. 

Fig. 178 shows data on speed loss in a turn. The 
data from Eda and Crane (1965) disagree quantita- 
tively with the data from the other sources largely 
because of the very limited number of terms included 
in their X-equation [see Table 4(a)]. The trends, how- 
ever, from all three references do agree. For example, 

C a = 0 8 O  

F! 

SPEED LOSS IN TURN t I  ca= 0.80 

I I  
I RESISTANCE CURVES FOR 2 

w' a ~ = v = O ,  C.=080.0.70 80.60\ 

RESISTANCE CURVES IN A 
TURN, a,# O,v+O; C,=O8 

SPEED LOSS IN TURN 

'SPEED~=SS;; TURN 

I I 

"APPRo A c n  SPEED - 
Fig. 179 Effect of block coefficient on speed loss in a turn 



Table 28-Stability Index as a Function of Mass Coefficient and I / T  Ratio 

With propeller and rudder--, -Without propeller and rudder- ' Davidson Stability index, u1 Davidson r Stability index u l l  
Laboratory ' Theory Ex er. ' Laboratory Theory Ex er. 

Model Table E uation Taile Model Table Take  
h' C, L/B  L/T AIR LCGIL No. 6(a)l 1128) 6(@ No. 6(b)l 6(bE 

0.150 0.60 8.0 18.75 0.016 0.515 4 , l J  - 0.61 -0.63 -0.56 4,0,0 -0.20 -0.26 
0.160 0.60 7.5 18.75 0.016 0.515 1,1,1 - 0.59 -0.58 - 0.41 1,0,0 -0.20 N.A. 
0.171 0.60 7.0 14.50 0.016 0.515 6,1,1 -0.76 - 0.73 -0.52 6,090 -0.38 -0.22 
0.171 0.60 7.0 18.75 0.016 0.515 2,191 - 0.55 -0.54 - 0.51 2,0,0 -0.15 - 0.09 

0.200 0.60 6.0 18.75 0.016 0.515 3 J J  - 0.41 -0.45 -0.42 3 ~ 0  -0.03 f0.19 
0.171 0.60 7.0 23.00 0.016 0.515 5,171 - 0.33 -0.42 - 0.45 5,090 +0.075 - 0.045 
0.200 0.70 7.0 18.75 0.016 0.505 7,171 -0.35 -0.41 -0.31 7,0,0 +0.03 +0.07 
0.229 0.80 7.0 18.75 0.016 0.475 8 J J  -0.33 - 0.32 -0.28 8,0,0 + 0.005 +0.03 

5 
5 
5 Over- 

shoot r Width r 

of -Reach- $ 
Time to Yaw-Angle Overshoot, Path, Time Dist = 

Labor at o r y Stability 1st Exec de Y,/L x,lL Period 2 

Table 30-Computed Zigzag Maneuver Responses as Functions of Ship Configuration [from Eda and Crane (19631 
(I = 152 m (500 ft), V = 14.8 kts, 6, = 20 deg) 

" 8  
Davidson 

Series Model Variation Index ul - sec 1st 2ni  3rd 1st sec sec 
Rudder Area, 

Block coefficient, 

A ' T  

C B  

Draft, L/T 

Profile Shape 

cutaway 

bow cutaway 

Section Shape 

0.012 
0.016 
.025 
0.60 
0.70 
0.80 

23.00 
18.75 
14.50 
Standard 
Stern 

60P2 Stern and 

(See Table 24) 
1, 1, 1 Unmodified 
60V1 Vee 

-0.45 
-0.51 
-0.62 
-0.51 
-0.31 
-0.28 
-0.45 
-0.51 
-0.51 
-0.51 
-0.29 

-0.19 

-0.41 
-0.39 

- 0.82 
- 1.09 
-1.41 
- 1.09 
- 1.05 
-1.29 

- 1.09 

- 1.09 
- 1.00 

- 

- 

- 1.03 
- 

60 
50 
47 
50 
46 
39 
45 
50 
53 
50 
44 

44 

51 
49 

5.89 
6.97 
6.03 
6.97 
9.55 

10.22 
6.40 
6.97 
6.28 
6.97 

10.04 

8.85 

8.10 
7.51 

5.88 6.31 1.46 160 7.30 
5.86 6.27 1.33 139 6.30 
5.69 5.15 1.11 127 5.70 
5.86 6.27 1.33 139 6.30 
8.80 9.23 1.53 139 6.18 

10.36 10.70 1.34 120 5.34 
6.50 6.80 1.20 126 5.68 
5.86 6.27 1.33 139 6.30 
5.65 6.50 1.31 143 6.52 
5.86 6.27 1.33 139 6.30 
9.00 8.74 1.52 135 5.98 

9.35 8.69 1.42 131 5.82 

8.32 7.52 1.42 142 6.36 
7.48 7.19 1.406 140 6.30 

305 
267 
251 
267 
268 
243 
249 
267 
277 
267 
262 

263 

276 
274 
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Table 29(a)-Values of Steady Turning Diameter as a Function of Hull Configuration for Single-Screw Ships From Four 
Different Sources (A', = 0.016 and 6 ,  = +30 deg) 

Hull Configuration Turning Diameter/Ship Length- 

C, L/B 

0.60 7.0 
0.70 7.0 
0.80 7.0 
0.60 7.0 
0.70 7.0 
0.80 7.0 
0.60 6.0 
0.60 7.0 
0.60 7.5 
0.60 8.0 
0.60 7.0 
0.60 7.0 
0.60 7.0 
0.60 7.0 
0.60 7.0 
0.60 7.0 
0.60 7.0 
0.60 7.0 
0.60 7.0 
0.60 7.5 
0.60 7.5 

L/T 

18.75 
18.75 
18.75 
18.75 
18.75 
18.75 
18.75 
18.75 
18.75 
18.75 
14.50 
18.75 
23.00 
18.75 
18.75 
18.75 
18.75 
18.75 
18.75 
18.75 
18.75 

LCG/L 

0.515 
0.505 
0.475 
0.505 
0.505 
0.505 
0.515 
0.515 
0.515 
0.515 
0.515 
0.515 
0.515 
0.515 
0.505 
0.475 
0.515 
0.515 
0.515 
0.515 
0.515 

Profile Shape 
Bow Stern 

cutaway, cutaway, 
Pet Pct 

note 1 
0.15 0.97 
0.15 0.97 
0.15 0.97 
0.15 0.97 
0.15 0.97 
0.15 0.97 
0.15 0.97 
0.15 0.97 
0.15 0.97 
0.15 0.97 
0.15 0.97 
0.15 0.97 
0.15 0.97 
0.15 0.97 
0.15 0.97 
0.15 0.97 
1.12 1.88 
0.15 1.88 
0.15 0.97 
0.15 0.97 
0.15 0.97 

Section Shape 
note 2 

Normal 
Normal 
Normal 
Normal 
Normal 
Normal 
Normal 
Normal 
Normal 
Normal 
Normal 
Normal 
Normal 
Normal 
Normal 
Normal 
Normal 
Normal 
Normal 
Normal 
Vee 

Free-Turning 
Tests 

note 3 note 4 
5.1 5.3 
4.2 3.7 
3.3 2.75 

4.2 3.7 

4.7 - 
5.1 
6.3 - 
5.8 
6.9 
5.1 - 
4.4 - 

- - 

- - 

- 

- 
- 

4.9 - 
4.8 
5.1 
6.3 
6.3 

- 
- 
- 
- 

Nonlinear 
Theory 
note 5 
7.5 
6.3 
5.25 

6.3 
- 
- 
- 
- 
- 
- 

7.4 
7.5 
7.0 
- 
- 
- 
- 
- 
- 
- 
- 

Linear 
Theory 

Equation (26a) 
note 6 note 3 
4.3 5.6 
2.6 4.1 
1.9 4.8 
4.5 5.8 
2.6 4.1 
1.35 3.9 
- 4.7 
4.3 5.6 
3.6 5.9 - 5.8 
- 6.7 
4.3 5.6 - 4.2 
4.3 5.6 
4.5 5.8 
5.25 6.4 

2.1 
4.3 
3.6 

- - 
- 
- 
- - - 

NOTE 1 See Table 23 for more complete description of profile shapes. 
NOTE 2 Normal section shapes are those corresponding approximately to the Series 60. Vee-shaped sections are those 

of Davidson Laboratory Model No. 9,1,1 of Table 5. 
NOTE 3 Davidson Lab (1965). 
NOTE 4 The C, and A', series of Shiba (1960) have the following characteristics: L/B = 7.3, L/T = 18.25, LCG not 

specified, normal section shapes, stern cutaway = 1.25 percent L x c  and bow cutaway = 2.0 percent for C, = 0.60, 1.3 
Dercent for C, = 0.70 and 0.7 Dercent for C ,  = 0.80 (Shiba. 1960). 

NOTE 5 Eda and Crane (1965). 
NOTE 6 This is real1 a pseudo-linear theory because it utilizes experimentally determined derivatives [Tables 6(a)2 and 

NOTE 7 This linear theory utilizes the theoretically determined derivatives of Table 6(a)l and Table 27. 

., 

271 in conjunctin with txe linear equation (26a). 

the lesser speed loss in a turn resulting from increased 
C,, as shown by Shiba (1960), is confirmed by the 
simplified nonlinear prediction of Eda and Crane (1965). 
As shown in Fig. 179, this favorable effect can be 
explained by the much steeper resistance-as-a-func- 
tion-of-speed curve of high-block-coefficient ships, on 
the assumption that the added drag in a turn does not 
change with increase in block coefficient. 

On the other hand, the lesser speed loss in a turn 
resulting from a decrease in draft (increase in L/T 
ratio) as shown by the data of Eda and Crane (1965) 
in Fig. 178 is directly associated with the decrease in 
drag in a turn caused by the decreased draft. 

Computed values of $, and $, and other parameters 
during the transient phase of a turn as a function of 
hull configuration are shown in Fig. 180, taken from 
Eda and Crane (1965). These curves show that the 

higher the turning ability of a ship, the greater is the 
reduction in the turning rate after a peak value is 
achieved early in the turn. According to Fig. 180, the 
first phase of a turn $ # 0 and 4 = 0) described in 
Section 6.2 is over in a very few seconds, whereas the 
second phase of a turn (q  # 0, 4 # 0) lasts for more 
than three minutes for ships of this length and speed. 
In general, the trends with changes in hull configu- 
ration exhibited in Fig. 180 confirm those of Table 29. 

The predictions in Fig. 180 were made for a 152-m 
(500-ft) ship running at  an approach speed of 14.8 
knots. The response for ships of other lengths and 
speeds can be readily estimated from the results shown 
in the figure, in this manner: 

Time, t, sec t, = t, X - (E: ;) 
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Table 29(b)-Values of Steady Turning Diameter as a Function of Block Coefficient, 
Rudder Area, and Rudder Aspect Ratio for Single-Screw Ships From Four Different 

Sources [a, = + 30 deg) 

CB 
0.60 
0.60 
0.60 
0.60 
0.60 
0.70 
0.70 
0.70 
0.70 
0.70 
0.80 
0.80 
0.80 
0.80 
0.80 

A', 
0.012 
0.016 
0.020 
0.025 
0.0285 
0.012 
0.016 
0.020 
0.025 
0.0285 
0.012 
0.016 
0.020 
0.025 
0.0285 

Rudder Aspect 
Ratio 

note 8 note 8 
2.50 2.33 
1.90 1.75 
- 1.40 

1.20 1.12 
- 0.98 
- 2.33 

1.90 1.75 
- 1.40 
- 1.12 
- 0.98 
- 2.33 

1.90 1.75 
- 1.40 
- 1.12 
- 0.98 

Turning Diameter/Ship Length - 
Free-Turning Nonlinear Linear Theory 

Tests Theory equation (26a) 
note 3 note 4 note 5 note 6 note 7 

6.9 6.8 8.5 5.3 5.6 
5.1 5.3 7.5 4.3 5.6 

4.5 
6.7 4.6 6.1 4.9 4.25 - 4.35 - 

- 5.0 
4.2 3.7 6.3 2.6 4.1 
- 3.2 
- 3.1 
- 3.15 
- 3.9 
3.3 2.75 5.3 1.9 4.8 

2.4 
- 2.45 
- 2.65 

- - - - 

- - 
- - - 
- - - 
- - - 
- - - 
- - - 

- - - - 
- - - 
- - - 

NOTE 8 The effective aspect ratio and the geometric aspect ratio of the rudders 
reported on by Eda and Crane (1965) and Shiba (1960) are identical because, as shown 
in Fi 54, the rudders are not close enough to the hull for it to form a groundboard 
(see gection 14.6). 

where L and U are length and speed, and subscripts 
A and B designate the original ship and the proposed 
ship, respectively; e.g., LA = 152 m and VA = 14.8 
knots. 

Path characteristics of the ship (longitudinal and 
lateral position in multiples of ship length, x/L and 
y/L)  remain identical for the same Froude number and 
remain generally the same regardless of changes in 
ship length and speed (on both of which Froude number 
depends). For example, advance and transfer, AD/L 
and TR/L, remain unchanged. Angles, such as ship's 
heading and drift angle do not change when results 
are scaled. The ratios, x/L and y/L, depend weakly 
on Froude number as shown in the development of 
nonlinear equations of motions. 

The increase in turning ability with an increase in 
rudder size is clear in Fig. 180. It should be noted that 
transient turning rate behavior depends upon final 
turning ability. For a ship that has the ability to turn 
quickly, the turning rate increases rapidly to a peak 
and then gradually decreases to a final steady value, 
with the greatest rates of turn taking place during the 
transient phase of the turn. Section 17 will address 
this area further. The curves for advance and transfer 
indicate a trend showing saturation of improvement 
in turning quality for relatively large rudder sizes. The 
same saturation of turning quality for large rudder 
size is also demonstrated in computation of zigzag 
maneuvers. Additional rudder area is almost always 
useful in turning. 

Predicted results show that turning quality is sen- 
sitive to the fullness of a ship's hull and increases 
appreciably with increasing block coefficient. For or- 
dinary ship forms, an increase of ship mass should be 
expected to improve turning quality, because of the 
destabilizing eccentricity of centrifugal force and lat- 
eral hydrodynamic force. The changes in both inertial 
and hydrodynamic terms with block coefficient tend to 
give greater turning ability. Also, quickness of re- 
sponse with large rudder angles as indicated by the 
time at which peak turning occurs is little affected by 
an increase in block coefficient or ship mass. 

Hydrodynamic terms vary significantly with ship's 
draft, as expected in view of the relation of draft to 
the important aspect-ratio variable in wing theory. Ac- 
cording to response predictions, these terms, together 
with corresponding mass and inertia changes, produce 
good turning qualities for vessels that have large 

Table 29-(c) Theoretical Values of Y',  and N', for the 
Models of Shiba (1960) 

5 (l/deg) 
a d a  Y'6 "6 A', 

(Shiba, 1960) Fig. 41 47(4 47(4 
Equation Equation 

0.012 2.33 0.0475 0.0326 -0.0163 
0.016 1.75 0.038 0.0349 -0.0175 
0.020 1.40 0.0315 0.0361 -0.018 
0.025 1.12 0.0265 0.0380 -0.019 
0.0285 0.98 0.0225 0.0368 -0.0184 
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Fig. 181 Effect of length-beam ratio variation on nondimensional measures 
associated with a 35-degree-rudder starboard turn 

length-draft ratio. There is little change in response, 
however, for length-draft ratios less than about 18. 

Figs. 181 and 182 show predicted variations of turn- 
ing performance with beam-draft and length-beam ra- 
tios for a systematic series of full form, restricted 
draft hulls as reported by Roseman (1987). These hulls 
are much more representative of current full-form (C, 
> 0.80) hulls than are the C, = 0.80 Series 60 hulls. 
The curves indicate rather small variations of turning 
performance with length-beam ratio. Variation of turn- 
ing performance with beam-draft ratio for these forms 
is larger, with the best turning performance occurring 
for beam-draft ratios near 3.5. The worst turning per- 
formance occurs for the maximum (and extreme) 
beam-draft ratio of 4.5. 

Table 30 shows computed zigzag maneuver re- 
sponses as functions of hull configuration, from Eda 
and Crane (1965). Parameter, W8/(I; - N?), used by 
Arentzen and Mandel(l960) is introduced in this table. 
It is a convenient index of rudder effectiveness related 
to the inertia of the ship and its hydrodynamic added 
inertia. The rudder area and the profile-shape series 
of Table 30 show that both stability and rudder effec- 
tiveness improve with increased rudder area and with 
decreased stern cutaway. According to the findings of 
Arentzen and Mandel(l960) as reported in Section 5.3, 
these attributes conflict as far  as their influence on 
time to execute and yaw-angle overshoot is concerned, 
but the overshoot width of path should decrease as 
both of these attributes increase. The results shown 
in Table 30 are entirely consistent with these findings. 

In the block-coefficient series, the stability is de- 
creased with increased C,, but the control effective- 
ness of the (C, = 0.80) is much better than the 

@ CB = 0.85. L/B = 5 .00  

0 CB = 0.80. L/B = 5.00 -1 
I I 1 
I I I I 
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I 
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Fig. 182 Effect of beam-draft ratio variation on nondimensional measures 
associated with a 35-degree-rudder starboard turn 

(C, = 0.70) or the (C, = 0.60) models. According to 
Arentzen and Mandel (1960), both of these features 
should decrease time to execute and increase the ov- 
ershoot yaw angle but they conflict as far as the ov- 
ershoot width of path is concerned. Again, these 
findings are confirmed in Table 30. 

In summary, it is concluded from this section and 
from Section 16.3 that for single-screw merchant ships: 

(a) Increasing the block coefficient, L/T ratio, or 
stern cutaway area, or decreasing the L/B ratio im- 
pairs stability, improves turning, and decreases the 
time to change heading a specified number of degrees. 

(b)  Increasing the block coefficient or increasing the 
stern cutaway area increases the yaw-angle overshoot. 

(c) Increasing the stern cutaway area increases the 
overshoot width of path. 
(d) Changing block coefficient or the L/T ratio has 

an indecisive effect on overshoot path width, and 
changing the latter ratio also has an indecisive effect 
on the over-shoot yaw angle. 

(e)  Changes in section shape from normal to ex- 
treme V exert a very minor influence on all maneu- 
vering characteristics. 
(f) If the initial rudder area is small, increasing the 

rudder area will improve stability, reduce turning di- 
ameter, decrease the time to change heading, decrease 
the overshoot width of path, and have an indecisive 
effect on overshoot yaw angle; but if the initial rudder 
area is large, some of the preceding effects may be 
reversed with a further increase in rudder area. 

Comparison with Existing Vessels and Simple 
Prediction Equations. Early in concept design, poten- 

16.5 
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S I N G L E  SCREW SHIPS 

0 s z ( A C T U A L )  
0 s 1 0  L 

Fig. 183 Nondimensional values of steady turning diameter (STDJ and tac- 
tical diameter (TD) for single-screw ships (Lyster, 1979) 

tial controllability faults should be investigated by re- 
viewing the capabilities of similar vessels. Available 
trials or model test data for maneuvers such as turns, 
zigzags, spirals, and crash stops for an existing ship 
that geometrically resembles very closely a proposed 
design can be used to estimate maneuvering perform- 
ance. The data must be for the correct speed-length 
ratio or Froude number, and the existing ship must 
closely approximate the proposed design in all impor- 
tant geometric characteristics, including: 

Block coefficient 

Length-to-beam and beam-to-draft ratios 
Longitudinal center of submerged lateral plane 

area as percent of length from the forward perpen- 
dicular 

Rudder area divided submerged lateral area 
Same number of propellers and rudders, same 

types of rudders, and very nearly the same relative 
placement of propellers and rudders. 

Even with all the foregoing characteristics identical, 
variations in the stern lines or amount of cutaway at 
the stern can result in markedly different performance. 

Table 3 1 -General vessel hull form coefficients 

Typical Form Coefficients 
and Ratios 

Vessel Type 
Harbor tug 
Tuna seiner 
Car ferry 
Container high speed 
Container high speed 
Ca;F;iners 

Barge carrier 
Container Med. Speed 
Offshore supply 
General cargo low speed 
Lumber low speed 
LNG (125 000 m3) 
OBO (Panamax) 
OBO (150 000 dwt) 
OBO (300 000 dwt) 
Tanker (Panamax) 
Tanker 100 000 to 

350 000 dwt 
Tanker 350 000 dwt 
U.S. river towboat 

Speed Number of 
Froude Propellers/ 

Rudders 
v, 

C, L/B B/T knots No. V/,,@ 
0.50 3.3 2.1 10 0.25 1/1 
0.50 5.5 2.4 16 0.31 1/1 
0.55 5.1 4.5 20 0.34 2/2 
0.55 8.3 3.0 28.5 0.53 2/2 
0.55 8.3 3.0 28.5 0.53 2/1 
0.58 6.9 2.4 21 0.29 1/1 
0.59 6.9 3.0 22 0.26 1/1 
0.64 7.5 2.9 19 0.20 111 
0.70 7.1 2.8 22 0.25 1/1 
0.71 4.7 2.75 13 0.28 2/2 
0.73 6.7 2.4 15 0.20 1/1 
0.77 6.7 2.6 15 0.20 1/1 
0.78 6.8 3.7 20 0.20 1/1 
0.82 7.5 2.4 16 0.17 1/1 
0.85 6.4 2.4 15 0.15 1/1 
0.84 6.0 2.5 15 0.14 1/1 
0.83 7.1 2.4 15 0.16 1/1 

0.84 6.2 2.4 16 
0.86 5.7 2.8 16 
0.65 3.5 4.5 10 

0.15 
0.13 
0.25 

1/1 
1/1 
2/2 

Rudder 
Area 

Ratios" 
0.025 
0.025 
0.020 
0.015 
0.025 
0.015 
0.015 
0.015 
0.015 
0.016 
0.015 
0.025 
0.015 
0.018 
0.017 
0.015 
0.015 

0.015 
0.015 
. . .  

Dynamic 
Course 

Stabilityb 
S 
S 
S" 
S 
S C  

S 
S 
S 
S 

S 
S 
U 
U 
U 
U 
U 

U 
U 

Sd,e 

Ud, e 

a Not for design guidance. 
* U = unstable course stability; S = stable course stability. 
Although the vessel is directionally stable, maneuvering is difficult at low speeds when the propeller wash is not effective 

Maneuverability is good owing to installation of Kort nozzles, flanking rudders, and other capabilities. 
Twin screw because of restricted draft. 

over the rudder. 
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Fig. 184 Dynamic stability boundaries for various hull geometries (Clarke, 1977) 

Table 31 summarizes various vessel types and pre- 
sents a guide for “nominal” hull form coefficients and 
geometric proportions. As a rule of thumb, a variation 
from the norms of 10 percent either way would not 
vitiate the proportions. If the contemplated design has 
proportions or characteristics outside the range of 
those vessels considered normal, the designer should 
immediately plan to undertake additional studies to 
assure adequate maneuverability. 

For normal ships the designer can also make prelim- 
inary estimates of maneuvering characteristics 
through a number of approximation methods and thus 
see if his design presents the likelihood of meeting 
desired needs. Lyster (1979) developed some empirical 
estimating equations for ship turning characteristics 
based on regression of statistical data for both twin- 
and single-screw ships. The equations are useful in the 
early design process since they require the nondimen- 
sional parameters of only major characteristics, which 
are estimated early on. In developing the relationships, 
characteristic data from a number of ships are plotted, 
and coefficients for the equations are obtained through 
regression techniques. A typical plot of relationships 
is shown in Fig. 183. The corresponding predictor equa- 
tions for steady turning diameter (STD) along with 
predictor equations for advance, transfer, and reduced 
velocity ratio (sometimes called speed loss, although 
“speed remainder’’ would be more accurate) deter- 
mined as linear functions of STD are as follows: 

STD 
(a) Single-Screw Vessels 

Trim 13.OB 194 + 47.4 - - - + -  - 4.19 - __ 
203CB -- 

L 6,  L L 6 ,  

- 35.8 ??.!?!! (ST - 1) 
LT 

A* (ST - 2) + 7.79 - 
LT 

SpCh + 3.82 - LT 

TD 
L L 
- -  - 0.519 - + 1.33 
AD 

TD 
- 0.497 - - 0.065 TR 

L L 
_ -  

TD V T  

V A  L 
- 0.074 - + 0.149 _ -  

(b) Twin-Screw Vessels 

-- STD - 0.727 - 197- C B  + 4.65- B + 41.0- Trim + 188- 1 
L I’RI L L 1% 

- 218- S p  Ch (NR - 1) + 3.20 - V A  + 25.56 A, - 
LT 1 /L  LT 

STD 
- 0.140 + 1.000 - 

TD 
L L 
_ -  

TD - -  AD - 1.100 + 0.514 - 
L L 

TD TR 
L L - -0.357 + 0.531 - -- 
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Fig. 185 Example B / T  versus U B  dynamic course stability guide 

VT TD - = 0.543 + 0.28 - VA L 

Where in English units: 
STis  Stern type (ST=1 for closed stern; ST=2 

N R  is Number of rudders 
for open water stern) 

L is Length between perpendiculars, f t  
C, is Block coefficient 

* 6, is Rudder angle, degrees (negative if to star- 
board) 

A ,  is Submerged bow profile area considered 
positive if projecting forward of the for- 
ward perpendicular and negative if corre- 
sponding to ‘cutaway’ as in the case of a 
conventional raked stem 

B is Beam molded 

T is Draft on trial 
T, is Design load draft 
VA is Velocity of approach, knots 
V, is Velocity on steady turn, knots 
S, is Span of rudder 
Ch is Chord of rudder 

Circle 

TD is Tactical diameter 
AD is Advance a t  90 deg of turn 
TR is Transfer a t  90 deg of turn 

STD is Steady turning diameter 

VT/VA is Reduced velocity ratio on steady turn 

The weighted factor (; - - 1 >(;)(ST- 

is included to take account of the difference in size 
that was found to exist between circles to port and 
circles to starboard in single-screw vessels with open 
water sterns. The difference was found to depend not 
only on the direction of rotation of the propeller, but 
also on the fractional draft, T/TL, and to be markedly 
greater a t  light drafts than a t  deep ones (see Section 
13.2). The circle to port tends to be smaller in ships 
with right-handed propellers. The single-screw ships 
from which the data were obtained all had right- 
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Fig. 186 Maximum beam-draft ratio vs. block coefficient for L / B  = 5.0 (Roseman, Gertler, and Kuhl, 1974) 
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Fig. 187 Universal stopping curve for tankers (Clarke, 1977) 

handed propellers, except for a possible few in which 
the direction of rotation was not known. 

Eda (1974) and Fedyayevskly (1964) also have 
methods for calculating approximate turning diame- 
ters early in design. These turning circle characteris- 
tics are useful in obtaining limiting values and 
comparisons of what may be possible. Further studies 
are necessary to assure that these capabilities can be 
obtained and to assure good coursekeeping and turn- 
ing abilities. 

Use of a fullness criterion during early design can 
provide a guide to potential acceptability of the basic 
hull proportions. Fig. 184 from Clarke (1977) shows 
boundaries of stability of a particular hull and appen- 
dage configuration for C, varying from 0.6 to 0.8. 
From this figure the degree of stability of a proposed 
vessel design can be approximated if basic dimensions 
are known. The diagram applies only to the one hull 
form but indicates general trends. Stability is sensitive 
to many properties such as hull shape, rudder effec- 
tiveness, and speed. Based on these trends, designers 
can use as a guide plots such as Fig. 185 showing 
B/T versus L/B of existing vessels for particular ship 
type and size groups. When the shape of the curves 
for Fig. 184 are applied to Fig. 185, one can conclude, 
for instance, that existing bulk carriers of L/B = 6, 
while adequate in real piloted conditions, are most 
likely inherently unstable. Those existing with 
L/B  = 7.5, on the other hand, can probably tolerate 
a larger B/T than indicated to have an equivalent 
capability. With existing vessel data, the designer can 
thus surmise at an early stage whether a design can 
attain a reasonable range of course stability without 
the addition of skegs or special attention to the design 
of the lateral plane area. A similar fullness criterion 
was proposed by Roseman, et  a1 (1974) in their study 
of restricted draft bulk carriers. Fig. 186 adapted from 

their paper, illustrates how candidate designs can be 
compared with known models or ships. Falling above 
the trend indicates a potential for controllability trou- 
ble. Such an indication by itself does not mean that 
with proper attention to design of hull form and rudder 
an acceptable design cannot be achieved. I t  merely 
forewarns that special attention may become neces- 
sary. 

Figs. 187 and 188, adapted from Clarke (1977) are 
useful in estimating tanker stopping distances. Fig. 
188 can be derived from Fig. 187, and indicates the 
relationship of stopping distance to approach speed 
and reverse power. The time contours on Fig. 188 in- 
dicate the number of minutes required for each stop- 
ping maneuver. Information such as that provided on 
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Fig. 188 Stopping curves for 210,000-dwt tanker (Clarke, 1977) 
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Sea disturbance Wind Wave 
relative to ship Direction (deg) Speed (m/s) Direction (deg) Height (m) 
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To evaluate the coursekeeping performance of these 
s_hips, root-mean-square values of course deviation 
JI and rudder angle, a,, were plotted on a graph as 
in Fig. 203 and 204. The results suggest that course- 
keeping performance was impaired, as shown by in- 
creases in both course deviation and applied rudder 
angle due to reduction of either rudder area ratio or 
bare-hull dynamic stability, but rudder area was the 
more important. Also suggested is that a hysteresis 
loop width of 4 deg should cause no appreciable diffi- 
culty for manual coursekeeping, provided that the rud- 
der is of adequate size. The loop width could thus serve 
as a practical stability design criterion for this class 
of ship. 

Ohtagaki and Tanaka (1984) looked a t  the effects of 
wind on LNG vessels of differing tank concepts. Rud- 
der angles necessary to maintain course in straight 
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and bent channels were evaluated with rudder angle 
margin defined as 

6 ,  = 35 deg - (S + 6,) (118) 

where 8, and SSD are the mean value and standard 
deviation of rudder angles applied for keeping the ini- 
tial course. 

For vessels having a variety of controllability needs, 
such as oceanographic vessels and salvage ships, the 
simulator can be used in studying maneuvering ca- 
pability and operational procedures to determine ves- 
sel adequacy. One such study was reported by Miller, 
e t  a1 (1984). Comparative measures such as the time 
to carry out a 360-degree standing turn can be eval- 
uated by trying different machinery and propeller ar- 
rangements and bow thruster options. 

Section 17 
Design of Rudder and Other Control Devices 

“The rudder serves the twofold function 
of stabilizing a straight motion by fin 

effect and controlling the ship in steering 
and maneuvering,” (Norrbin, 1960) 

17.1 Rudder and Control Device Design Proc- 
ess. The rudder, other control surfaces, and control 
devices such as bow thrusters are critically important 
features in achieving vessel controllability goals. Al- 
though other control devices can assist in achieving 
controllability, the rudder is nearly always the most 
prominent. Accordingly, the rudder receives the great- 
est attention in this section, which outlines the design 
process. 

At the concept design stage, the naval architect has 
little on which to base decisions. In sketching the vessel 
profile, what may temporarily suffice is to allow room 
for what merely looks right: a reasonably shaped rud- 
der of the size and type commonly seen for ships of 
the anticipated class and service. Thrusters should be 
sketched in if they are commonly used. If possible, 
mission requirements should be defined by this stage, 
and tradeoff s brought under consideration. 

During the preliminary design development of the 
hull form, decisions must be made regarding the shape 
of the underbody, distribution of buoyancy, shapes of 
sections, and the underwater profile. Propeller, rudder, 

and thruster sizes and placement can then be defined. 
All of these items affect the controllability of the ship 
and are coupled as noted in earlier sections. Therefore 
the type of stern, the shafting supports, the type of 
rudder, its hydrodynamic efficiency, its structural sup- 
ports, and clearances between propeller and rudder 
should be evaluated. 

Toward the end of the preliminary design stage, the 
rudderstock location should be examined to see 
whether structural supports can be provided and 
whether steering gear can be arranged as normal in 
past practice. If not, special arrangements should be 
considered. (For example, the steering gear rams may 
be located a deck below the pumps and motors that 
drive them.) 

The contract design stage generally includes an 
early review of the previous design work. This review 
is to check whether typical “last-minute refinements,” 
particularly of the hull form, require changes in the 
rudder shape, efficiency, or location. These changes 
are made along with the usual effects of continuing 
design developments (for example, changes in the pro- 
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peller location). The results of tests ordered earlier are 
also used, and there may still be time to order addi- 
tional maneuvering design studies. 

The designer is limited in design of the rudder and 
other control surfaces by four major constraints: 

(a) In profile, the rudder should fit within the di- 
mensions dictated by the shape of the hull. Its maxi- 
mum span should fit within the vertical distance 
measured from the bottom of the deepest projection 
below the baseline of the ship permitted by draft or 
docking restrictions upward to the bottom of the hull 
immediately over the rudder or to the minimum pre- 
scribed depth below the water surface (see Section 
17.2), whichever is lower. If the rudder is abaft the 
propeller, its chord should fit within the horizontal 
distance from the extremity of the ship to a line cor- 
responding to a prescribed clearance from the propel- 
ler. (Control surfaces that extend significantly beyond 
the block dimensions of a ship, such as fin stabilizers, 
or the bow planes on some submarines, are almost 
always designed to be retractable.) 

(b) The rudders, in maintaining a straight course, 
should minimumize speed loss at every level of ship 
powerplant output. 

(c) The rudder, the rudder stock, the rudder sup- 
port, and the steering engine, considered together, 
should be of minimum size, weight, complexity, and 
initial cost, consistent with needed effectiveness and 
accepted standards of reliability and low upkeep costs. 
(d) Undesirable effects of the rudder on the ship 

such as rudder-induced vibration should be kept to a 
tolerable level. 

Speed loss and angle of heel during limit maneuvers 
are excluded from the last constraint since for con- 
ventional ships fitted with the usual appendages both 
of these items are mainly functions of the severity of 
the maneuver. They should be considered when the 
limiting design maneuvers are selected. Speed loss dur- 
ing maneuvers is a function of the type of propulsion 
plant and of the ship configuration; it is not a direct 
function of the rudder design. Angle of heel during 
maneuvers is a function of hull configuration and the 
mass distribution of the hull, and only secondarily of 
rudder design. 

Violation of any of the four listed constraints con- 
stitutes a misjudgment in rudder design. Because of 
the influence of the rudder on ship power [constraint 
(b)] adherence to a minimum total ship cost [constraint 
(c)] requires consideration of the entire ship design 
process. 

From a hydrodynamic point of view, the basic con- 
siderations of rudder design are summarized as fol- 
lows: 

(a)  Type of Rudder: All-movable rudders are de- 
sirable for their ability to produce large turning forces 
for their size (Section 12). The following ranges of 
numerical values can be used as a rough first guide 
in selecting a balance ratio according to block coeffi- 

cient (by “balance ratio” is meant the rudder area 
forward of the rudder stock divided by the total rudder 
area): 

Block coefficient, C, Balance ratio range 
0.60 0.250 to 0.255 
0.70 0.256 to 0.260 
0.80 0.265 to 0.270 

Structural considerations, cost, the need for additional 
stabilizing side forces provided by a horn, and the 
considerations may require use of other types of rud- 
ders such as the semisuspended (or horn) rudder. The 
horn type is also favored for operations in ice. 

(b) Location: Every effort should be made to 
place the rudder abaft of the propeller at the stern. 
Combinations such as twin rudders with single screw 
or single rudder with twin screws should be avoided. 
At zero or low ship speed, the propeller ship stream 
increases rudder effectiveness to a great extent. The 
stern rudder is far more effective than the bow rudder 
for maneuvering ahead. The main reason for this dif- 
ference in effectiveness is the direction of drift angle, 
which makes a substantial contribution to the turning 
of the ship when the rudder is located at the stern. 
The contribution of drift angle is in the opposite di- 
rection if the bow rudder is used, reducing ahead ma- 
neuvering performance. For astern maneuvering, the 
bow rudder becomes the more effective, for the same 
reason. 

(c) Area: A suitable rudder area for a given hull 
form can be selected to satisfy desired degrees of 
dynamic stability and maneuvering performance in 
calm water. Since full-form ships are generally less 
stable, relatively more rudder area for these ships is 
helpful for meeting stability requirements. The final 
determination of rudder area should reflect the fact 
that relatively large rudders provide superior perform- 
ance under adverse conditions of wind and wave. 

(d) Height: Although rudder height is generally 
limited by the stern shape and draft, rudder height 
should be increased as much as possible, to obtain the 
more efficient higher aspect ratio. The bottom of the 
rudder is kept above the bottom of the keel for pro- 
tection, with high clearances in cases where there is 
frequent operation with trim by the stern. 

(e) Section Shape: Relatively thick streamlined 
sections (e.g., NACA 0018 and 0021) are desirable, 
because these sections have a relatively constant cen- 
ter of pressure. Thick sections are also superior from 
a structural point of view, and they offer reasonable 
drag characteristics. 

(f) Rate of Swing: In addition to the size and hy- 
drodynamic efficiency of the rudder design, the rate 
of swing should be considered. The effect of an increase 
over the 2% deglsec standard rate is greatest on fast 
and responsive vessels. 
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Fig. 205 Effect of location of steering force (Crone, 1973) 

Large full-form ships benefit more from having 
large-area rudders than from an increase in rate of 
swing. 

The following sections address these basic items in 
more detail and review other control devices that can 
be used to improve the controllability of the basic ves- 
sel. 

17.2 Rudder Types and location. The type of rud- 
der and its location and placement relative to the pro- 
peller have significant influence on rudder 
effectiveness and ship controllability. Rudders should 
be located near the stern and should be located in the 
propeller stream for good controllability. 

Both experience and theory show that for a dynam- 
ically stable forward-moving ship a t  all speeds except 
dead slow, lateral control forces should be exerted a t  
the stern and not at the bow. This assertion can be 
demonstrated as follows: 

The formula for a ship’s dimensionless turning rate 
(ignoring nonlinear effects) as derived from the linear 

equations of ship motion for dynamically stable ships 
(Section 6.4) is: 

Y,’N,’ - N,‘(Y,‘ - A’) 1 (26b) 
L [ Y,”,’ - N,’Y,’ 

Turning rate = - = aR R 

where L is ship length, R is turning radius, and 6, is 
rudder angle. Although Equation 26b relates properly 
only to dynamically stable ships, it illustrates the point 
for any vessel. 

With conventional rudder location a t  the stern, the 
dimensionless turning rate is proportional to the sum 
of the magnitudes of the two numerator terms (as a 
result of canceling signs, etc.). But if the rudder is 
located a t  the bow, the sign of the factor N’, is re- 
versed, and turning rate is then proportional to the 
difference in the magnitudes of the two terms. 

Physically this relationship is explained as follows: 
A lateral control force at the stern produces two ac- 
tions-rotation of the hull in one direction and trans- 
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lation to the opposite side (Fig. 205). When combined 
with forward ship motion these actions generate drift 
angle in the same direction, and drift angle brings into 
play the large hydrodynamic side force and consequent 
yaw moment that actually causes the turning. If, in- 
stead, the lateral control force acts at the bow, the 
contributions to drift angle due to yaw rotation and 
lateral translation are in opposite directions and tend 
to cancel each other. Because both contributions are 
large, their difference is small, and turning rate is 
much smaller than in the rudder-aft case. 

Locating rudders a t  the stern in the propeller race 
takes advantage of the added velocity of the race both 
a t  normal ahead speeds and a t  zero ship speed. This 
advantage is significant and may not require any in- 
crease in propulsion power over what would be re- 
quired if the rudder were not in the race. The reason 
for this fortunate circumstance is that a properly 
shaped rudder in the race can recover some of the 
rotating energy of the race which would otherwise be 
lost. There are, however, some negative aspects as- 
sociated with locating a rudder in the propeller race. 
One is the possibility of rudder-induced ship vibration. 
For this reason, clearances of one propeller radius or 
more are common between the propellers and rudders 
of high-powered ships. Weinig (1947) further cautions 
against locating a rudder directly behind the centerline 
of the propeller shaft on high-speed ships, because at  
high speeds the propeller hub sheds a vortex or cav- 
itation cone which tends to erode a rudder located 
directly abaft the hub. Because of this effect, twin 
rudders of high-speed ships are sometimes displaced 
a short distance athwartships from the centerline of 
the propeller shaft, but are nevertheless still substan- 
tially in the propeller race. Locating twin rudders off 
the shaft centerline may also be desirable to permit 
shaft withdrawal during repair or overhaul of the ship. 

Some kinds of ships with specialized functions have 
bow control surfaces as well as stern control surfaces. 
For example, double-ended ferry boats, which do not 
turn around a t  their terminals, have a bow rudder as 
well as a stern rudder so that no matter which way 
the ferry goes, it has a rudder at its “stern.” 

Submarines have horizontal bow planes and stern 
planes to control their motion in the vertical plane. 
Bow planes are moderately effective in this case be- 
cause they either extend beyond the hull lines or are 
located on a superstructure above the main hull and 
hence do not interact too unfavorably with the hull. 
Bow planes extending beyond the hull lines are usually 
made retractable. The primary function of bow planes 
is to improve control at low speed at periscope depth 
under a rough sea. In the case of submarines that are 
very unsymmetrical about the xy-plane, bow planes 
are also useful to control depth a t  very low speeds 
deeply submerged; in this case the stern planes can 
cause ambiguous effects for reasons associated with 
the existence of the hydrostatic moment, MOO. This 

topic is more fully discussed by Arentzen and Mandel 
(1960). 

If possible, surface-ship rudders should be located 
so that the hull of the ship at the waterline covers the 
top of the rudder throughout its arc of swing. Keeping 
the rudder covered acts to  prevent aeration even if the 
depth of submergence of the top of the rudder is small. 
On some ships this covering is easily achieved. 

The trend towards wide stern and transom-stern 
merchant ships, initiated primarily to increase propel- 
ler-hull clearance as ship speed increases (Hadler and 
Cheng, 1965), facilitates permitting the hull to com- 
pletely cover the rudder. 

On some merchant ships, the top of the rudder 
should be kept as far below the water surface as pos- 
sible. Shiba (1960) indicates that the depth of submer- 
gence ( I )  to the midspan of the rudder should be not 
less than about 0.9 of the span (b)  to avoid the dele- 
terious effects of the free surface on rudder lift. If the 
submergence ratio is less than 0.9, the effect on the 
rudder normal force coefficient is reduced as was 
shown in Fig. 127 (See also Section 14.3). 

Usually the shape of a ship’s hull is developed with- 
out particular regard to the rudder. In that event the 
rudder location should conform to the shape of the 
hull. 

With few exceptions, the axes of ships’ rudders are 
vertical and the axes of submarines’ bow and stern 
planes are horizontal. Exceptions are the canted rud- 
ders used on a few large tankers and the “X-stern” 
used on certain submarines with the four control sur- 
face axes located at 45 deg to the horizontal and ver- 
tical. 

Fig. 206 shows the major rudder types available to 
the designer. The performance characteristics of some 
have been discussed in Section 14. The following four 
rudder types will be examined in the light of the four 
constraints of Section 17.1: 

(a) All-movable rudder [c, g, h of Fig. 206, see also 
Figs. 54, 121, 142(a), 207, and 1491 

(b) Horn rudder [e and f,  see also Figs. 143(b) and 
2081 

(c) Balanced rudder with fixed structure [d, see also 
Fig. 143(a)] 

(d) All-movable rudder with tail flap [see Fig. 

Each of these types has been used as a single or 
multiple rudder on single and multiple-screw ships. As 
noted in Section 14 the fourth type is most commonly 
used as stabilizer fins on ships and only rarely as a 
rudder, even though any specified level of course- 
changing ability (but not controls-fixed stability) can 
be achieved with less rudder area with this than with 
any of the other types. The main disadvantages of this 
type of rudder are the complexity and cost of its con- 
struction and maintenance, and its being less effective 
astern than the simpler, all-movable rudder. 

With the possible exception of the large, fast ships 

1 4 w ) i  
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Various rudder-fin arrangements (Saunderr, 1965) Fig. 206 

discussed in the next paragraph, the all-movable rud- 
der is preferable for ships that possess controls-fixed 
stability without a rudder. For ships that are unstable 
without a rudder, the rudder area needed to achieve 
controls-fixed stability may be larger than that nec- 
essary to provide the specified course-changing ability. 
If so, the horn rudder or balanced-with-fixed-structure 
rudder may be an attractice alternative to the all-mov- 
able rudder because the total (fixed plus movable) area 
of either of these rudders can be adjusted to provide 
the necessary controls-fixed stability while the mova- 
ble area can be adjusted independently to provide the 
required limit-maneuver characteristic. Minimum total 
area generally satisfies the second but not necessarily 
the third constraint of Section 17.1, while minimum 
movable area should satisfy the third constraint. 

The principal disadvantage of an all-movable rudder 
is that unless structural support is provided to the 
bottom of the rudder (see Figs. 54 and 207) the rudder 
stock must withstand a substantial bending moment 
as well as the torque moment. The bottom-supported 
type of rudder was common on slow- and medium- 
speed single-screw merchant ships, but its use is 
avoided on high-speed ships because the cantilevered 
support is a potential source of vibration. Also, its 
contribution to the support of the rudder may be struc- 
turally complicated. 

While the required rudder stock size is not excessive 
for most ships, it tends to become excessive on large, 

fast ships. On these ships, a reduction in required rud- 
der stock size can be achieved by extending the lower 
support bearing down into the rudder as far as prac- 
tical, or by using either the horn rudder or the balanced 
rudder with fixed structure. With these rudders, the 
bending moment on the stock is substantially reduced 
because bearing support is provided close to the span- 
wise location of the center of pressure of the rudder. 

17.3 Number of Rudders. The use of more than one 
rudder can increase controllability. Consider twin rud- 
ders athwartship of each other in the free stream. The 
total lift and drag produced should be identical to that 
of a singie rudder, provided that each of the twin 
rudders is geometrically similar to the single rudder 
and that the area of the single rudder is twice the area 
of one of the twin rudders. As the spacing between 
the twin rudders is reduced, they become less effective 
because of the interference (cascade) effect between 
them. In practice, however, two rudders can usually 
have a much higher aspect ratio than that of a single 
rudder of equal total area. Hence, a t  any given angle 
of attack below the stall angle, twin rudders may have 
a higher total lift coefficient and therefore larger val- 
ues of Ys and N', than a single rudder in spite of the 
interference effect. Furthermore, on multiple-screw 
ships, twin rudders can each be located in a propeller 
race, whereas a single centerline rudder ordinarily can- 
not. 

Another, subtle difference between twin and single 
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r 

Fig. 207 All-movable rudder without bottom support 

rudders has more important influence than the pre- 
ceding on both course-keeping and course-changing 
ability. Figs. 47(a) and 47(b) show that for a single 
rudder in the free stream, I", and N', are equivalent 
to ( Y,)fand(N',)f the situation of a fixed fin a t  an angle 
of attack. Comparison of Fig. 209(a) with Fig. 209(b) 
shows that this is not true for twin rudders even if 
only free-stream effects are considered. Because of the 
location of the twin rudders relative to the flow in Fig. 
209(b) the interference effects between them is larger 
than it is in Fig. 209(a). To keep interference effects 
to a minimum, the location relative to the flow shown 
on Fig. 209(e) would be best. (This is the conventional 
location of the two wings of a biplane.) Since in Fig. 
209(b) the two rudders are in just the opposite posi- 
tions, the lift developed by the flow conditions corre- 
sponding to that figure is less than that of Fig. 209(a). 

When the straightening effect of the hull and pro- 
peller, E ,  (see Fig. 209(b) on the flow to twin rudders 
is considered, the lift developed by the flow conditions 
of Fig. 209(b) is even less than in the free stream. Fig. 
3 of Surber (1955) shows that the value of E at the 
athwartship location of the rudder on the inside of a 
turn is larger than at the location of the outside rudder 
over the lower half of the rudder span. This inequality 
arises because the flow to the inside rudder is some- 
what straightened by the intervening propeller and 
hull, whereas a t  least the lower half of the outside 
rudder is subjected to the full geometric drift angle. 
As a result of this effect, and the effect described in 
the previous paragraph, the ( Y S  )f and (N'& values of 

the rudder on the inside of the turn are substantially 
less than its Y', and N', values. 

As a result of this distinction between twin and sin- 
gle rudders, the effect of increasing rudder area or 
rudder aspect ratio on the stability index and on the 
steady turning diameter is also different. Results of 
linear computations are shown in Fig. 210 for the twin- 
screw model of Gertler and Bradley (1948). For sim- 
plicity, the effect of rudder area in the race was neg- 
lected. 

The experimental data of Shiba (1960) and Gertler 
and Bradley (1948) indicate that the relative improve- 
ment in steady turning diameter attributable to twin 
rudders compared to a single rudder shown Fig. 210 
for a rudder deflection angle of 15 deg also exists a t  
the maximum deflection angle of 35 deg. Hence, the 
trends observed in Fig. 210 are true for severe limit 
maneuvers. I t  follows that twin rudders are likely to 
be preferable to a single rudder for ships that have 
very stringent limit-maneuver requirements. For ex- 
ample, the fourth and fifth scales show that twin rud- 
ders with a total area of 2.5 percent of L x T and a 
span of 17.3 percent of (L x 2')''' have a STD/L value 
26 percent less than that of a single rudder of identical 
area and span. Furthermore, Fig. 210 shows that this 
reduction is achieved with no sacrifice in stability in- 
dex. Conversely, if the turning diameter associated 
with a single rudder is adequate, the figure shows that 
the same tunring diameter might be achieved with far 
less total rudder area with twin rudders. However, in 

Fig. 208 Horn rudder 
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Fig. 209 Single and twin lifting surfaces relative to flow velocity 
(side view) 

this case, the twin-rudder ship would exhibit a marked 
reduction in controls-fixed stability compared to the 
single-rudder ship. 

For most ships, constraints (b) and (c) of Section 17.1 
dictate the selection of a single rudder. An exception 
is the case where the specified course-changing ability 
cannot be achieved with a rudder that fits within the 
dimensional constraint (a). However, no single-screw 
merchant ship is in this category, nor are most mul- 
tiple-screw merchant ships. Thus some multiple-screw 
ships do have single centerline rudders, but with the 
consequent penalty in turning characteristics shown 
in Fig. 210, along with the significant penalty in low- 
speed maneuvering ability associated with not having 
a rudder in the propeller race. 

Vessels of low to moderate draft often require mul- 
tiple rudders to provide adequate maneuverability, 
since a reasonable aspect ratio cannot be obtained with 
only one rudder. For example, multiple rudders are 
utilized on river towboats that must maneuver a large 
flotilla of barges, many times their own size, in a nar- 
row river channel. Some of these rudders, forward of 
the propellers, are called "flanking" rudders. Also, be- 
cause of the first constraint of Section 17.1 and because 
of the requirements for outstanding maneuvering per- 
formance, the majority of naval combatant ships have 
two or more rudders. 

Fig. 211 shows an unusual triple-rudder arrange- 
ment, that achieves most of the maneuvering advan- 
tages of twin rudders but at less cost. While the 
horizontal struts needed to support the wing blades 
add to the drag of this installation, only a single steer- 
ing engine is required, and by properly choosing the 
fore-and-aft location of the wing blades the torque 
required to deflect the rudder can be kept to modest 
levels. This arrangement has been used on a twin 
screw ship built with a single centerline rudder. 

17.4 Rudder Size. The rudder area should be cal- 
culated and verified during the initial ship arrangement 
study. A good first step is to use the Det norske Veritas 
(DnV) value for minimum rudder area (Rules, 1975): 

LBp [I + 25 (&I] (156) 100 
A ,  = 

where 
A,  = area of rudder 

T = draft 

B = beam 
LBP = length between perpendiculars 

The formula applies only to rudder arrangements in 
which the rudder is located directly behind the pro- 
peller. For any other rudder arrangement, DnV re- 
quires an increase in the rudder area of at least 30 
percent. A twin-screw (or more) arrangement should 
be combined with rudders located directly behind the 
propellers for maximum low-speed maneuverability. A 
single rudder placed between two propellers may be 
inadequate because the rudder blade does not swing 
sufficiently into the flow of a propeller to generate the 
needed turning moment. 

The bracketed quantity in the preceding formula is 
essentially a rudder area coefficient. The value of this 
quantity should be compared with an independent es- 
timate made by: 

(a) Selecting a tentative value from design expe- 
rience such as in Tables 31 and 36 or similar tables 
prepared by Lamb and Cook (1961) or others. Fig. 212 
may also be used which shows a plot of rudder areas 
against the underwater profile areas for vessels in the 
USCG maneuvering data base (Barr, Miller, Ankudi- 
nov and Lee, 1981). The mean lines indicate average 
rudder area by vessel type and underwater profile. 
Rudder areas lying much below the mean line should 
be avoided. 

(b) Modifying the tentative value in light of pub- 
lished sources and other historical experience. 

Many potential maneuvering troubles can be avoided 
early in the design stage by providing a margin of 
extra rudder area. For some vessel types, however, 
the benefits may diminish after the rudder profile has 
reached 2 percent of the lateral underwater area. The 
designer must realize that the effectiveness of extra 
rudder areas is directly dependent on the inherent dy- 
namic course stability of the vessel class. Vessels with 
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Fig. 210 Effect of rudder area and aspect ratio on the calculated steady- 

turning diameter, stability criterion, and stability index for single and twin 
rudders for twin-screw model (Gertler and Bradley, 1948) 

Table 36-Rudder area coefficients 
Vessel Type Percent of 

L X T  
Single-screw vessels 1.6 to 1.9 
Twin-screw vessels 1.5 to 2.1 
Twin-screw vessels with two rudders (total 2.1 

area) 
Tankers 
Large passenger vessels 
Fast passenger vessels for canals 
Coastal vessels 
Vessels with increased maneuverability 
Fishing trawlers and vessels with limlted 

sailing area 
Seagoing tugs 
Sailing vessels 
Pilot vessels and farries 
Motorboats 
Keeled launches and yachts 
Centerboard boats 

1.3 to 1.9 
1.2 to 1.7 
1.8 to 2.0 
2.3 to 3.3 
2.0 to 4.0 
2.5 to 5.5 

3.0 to 6.0 
2.0 to 3.0 
2.5 to 4.0 
4.0 to 5.0 
5.0 to 12.0 
30 or more 

marked stability will benefit least, while vessels with 
instability will benefit most. 

These values should be compared and the selected 
rudder area drawn to scale on the stern outline, using 
the lines, propeller, and rudderstock location. 

Table 29(b) and Fig. 180 in Section 16, along with 
Fig. 212, show the effects of rudder size in relationship 
to turning diameter and rudder area for models that 
have different block coefficients. Table 29(b) lists re- 
sults from Shiba (1960) which were obtained in free- 
running model tests of models 2.5 m long (L/B = 7.30, 
B/T = 2.5). As shown in the test results, the effects 
of speed on turning diameters are very small in a speed 
range corresponding to Froude numbers as high as 
0.25. Fig, 212 shows that the best turning performance 
for the Series 60 design is obtained when rudder area 
is roughly 1/50 to 1/40 the product of length times 
draft (LT). Since the standard size of the rudder for 
the Series models is 1/62 of LT, the maneuvering per- 
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w w  
Fig. 21 1 Triple-bladed rudder on a twin-screw ship (Fig. 10 of Gertler and 

Bradley, 1948) 

formance can be further improved by increasing rud- 
der area up to 1/50 to 1/40 of LT. As discussed in 
Section 14.4, however, rudder effectiveness may not 
increase significantly if only rudder chord is increased, 
for rudder effectiveness depends more heavily on rud- 
der span length than on chord length. The data in Table 
29(b) show this anomalous saturation effect as rudder 
area is increased. Shiba (1960) associates this anomaly 
entirely with the decrease in rudder aspect ratio as 
rudder area is increased, but decreasing aspect ratio 
is not a necessary condition for the existence of the 
anomaly and in principle it can be encountered even 
when rudders of constant aspect ratio are increased 
in area. Table 37 provides further examples of geo- 
metry on several existing ships. Rudder size versus 
effectiveness was studied relative to the importance of 
rudder deflection rate and is discussed in Section 17.6. 
Depending on hull form and powering, a larger rudder 
with slower deflection rate may be as effective as a 
smaller rudder with faster rate. 

Previous analyses of directional stability and control 
under adverse conditions in wind and waves indicate 
that performance with a relatively larger rudder is 
superior. Such a rudder may also be effective in ex- 
treme maneuvers such as those required to avoid a 
collision in an emergency. These important factors 

GENERAL CARGO. - -*-----  
CONTAINER, ETC. 

AREA of UNDERWATER PROFILE (LxTJ Metersz 

(Landsburg, et al 1983) 
Fig. 212 Rudder area versus underwater profile area (USCG data base) 
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Fig. 213 Effect of rudder area and deflection angle on turning diameter (Shiba, 1960) 

should be reflected in the final determination of rudder 
size in conjunction with constraint (c) of Section 17.1, 
which urges economy. 

One approach to determining the needed rudder area 
and aspect ratio is to start with a value of the stability 
index thought necessary and use linear methods to 
determine areas and aspect ratios that will meet the 
requirement (See Section 16.6). Also, if the most severe 
limit-maneuver characteristic is required, such as the 
rate of change of heading or the steady turning diam- 
ter, a similar approach can be taken in meeting those 
requirements. For a more limited group of hull forms, 
available series model test data can be used such as 
those reported by Eda and Crane (1965), Taylor’s Stan- 
dard Series (using Jacobs, 1962), and Roseman (1987). 
The all-movable rudder area needed in association with 
a fixed span to achieve specified nonlinear limit-ma- 
neuver characteristics for single-screw merchant 
forms may also be approximated from the experimen- 
tal data of Figs. 180 and 213. Empirical guidance for 
selecting the rudder area of single-screw merchant 
ships to provide controls-fixed dynamic stability and 
specified turning characteristics is given in Figs, 1 and 
2 of Thieme (1965). 

The vital effect of changes in hull form on the rudder 

area needed to achieve a specified turning diameter is 
shown in Fig. 213. For example, this figure indicates 
that 40 percent more rudder area is required to achieve 
a turning diameter of three ship lengths at aR = 45 
deg with the (17, = 0.60) model than with the (C, = 
0.80) model. If a turning diameter of two ship lengths 
were required, it could not be achieved on the (C, = 
0.60) model with a single rudder, regardless of area. 
Increase in rudder effectiveness through using an im- 
proved section or adding fins or mounting twin rudders 
may be required. 

For most single-rudder ships, the limit on rudder 
span imposed by the first constraint of Section 17.1 is 
much more severe than the restriction on rudder chord. 
As a result, the rudder span permitted by the first 
constraint is usually chosen. For any given rudder area 
this span determines the aspect ratio. Increasing the 
rudder chord, particularly the part in the propeller 
race, may solve the problem. As area is increased, the 
aspect ratio is decreased. Only on some twin-rudder 
ships is there any real freedom to alter rudder area 
and rudder aspect ratio independently of each other. 

Where this freedom does exist, the designer must 
note that the rudder area that is in the propeller race 
may change with aspect ratio. If the restriction on 
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Table 37-Parameters of 

1 2 3 4 

Tactical 
diam/L, Type No. of No. 
a t  low 
V/$ 

2.4 
2.5 
2.6 
2.7 
2.8 
2.8 
2.9 
3.0 
3.0 
3.0 
3.0 
3.0 
3.1 
3.2 
3.2 
3.3 
3.3 
3.4 
3.4 
3.4 
3.5 
3.5 
3.6 
3.7 
3.7 
3.8 
4.0 
4.2 
4.3 
4.3 
4.7 
4.9 
5.1 
5.2 

of 
rudder 

All movable 
All movable 
All movable 

Horn 
Horn 
Horn 
Horn 
Horn 
Horn 
Horn 
Horn 
Horn 

All movable 
Horn 
Horn 
Horn 
Horn 
Horn 
Horn 
Horn 
Horn 

All movable 
All movable 
All movable 
All movable 
All movable 

Horn 
Horn 
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Flap 

All movable 
Horn 
Horn 
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ders screws 
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Hull and Appendage Geometry of Several Existing Ships (Mandel, 1953) 

5 

Length/ 
beam 

6.2 
5.5 
6.7 
8.8 
6.6 
8.0 
9.5 
9.1 
9.2 
7.1 
6.2 

10.1 
4.9 
8.4 
9.4 
8.7 
8.0 
9.3 
6.7 
8.8 

10.0 
9.5 
8.2 
9.1 
9.3 
9.2 
9.0 
9.4 

10.2 
9.4 
7.2 
9.5 
9.4 
8.3 

6 

Length/ 
draft 
26.1 
20.9 
29.9 
29.7 
21.9 
24.1 
29.2 
25.0 
28.3 
22.6 
19.6 
26.6 
15.6 
25.8 
27.4 
27.8 
27.7 
28.4 
25.1 
25.6 
25.9 
31.8 
25.2 
30.2 
31.7 
29.7 
27.9 
27.9 
29.0 
28.1 
17.5 
26.7 
29.3 
27.8 

7 

'Aver- 

r,"db"r 
overlap, 
percent 

54.4 
83.3 
67.9 
11.1 
72.3 
62.1 
24.2 
13.7 
15.4 
0 

72.2 
20.0 
58.4 
13.7 
10.1 
6.5 

58.3 
6.5 

50.0 
13.9 
26.8 
62.3 
58.8 
4.4 
5.0 

64.9 
77.7 
5.2 

28.0 
73.8 
19.2 
6.8 
5.2 
7.7 

8 9 10 
3cut- 

area/ away Lenfth 0 
'Propeller L x T, cut- 

outside per- away 
of Hull cent L, percent 

Low 7.3 8.1 
Low 6.5 10.8 
Low 7.8 17.5 
Low 7.5 13.1 
Low 5.5 8.0 
Low 6.6 9.0 
Low 7.1 12.6 
LOW 7.1 15.7 
LOW 6.9 14.9 
Low 4.6 7.6 
LOW 8.2 9.9 
Low 7.4 15.3 

Medium 9.2 13.6 
Low 7.4 15.7 
Low 8.2 15.4 
Low 6.8 14.2 
Low 7.1 8.5 
Low 7.0 14.2 
Low 5.7 10.8 
Low 6.7 10.6 

Medium 7.6 13.9 
High 9.6 16.0 

Medium 6.9 14.9 
Medium 7.2 17.3 
Medium 7.5 17.0 

High 7.7 16.0 
High 8.5 15.1 
High 8.0 15.1 
High 10.3 16.7 
High 8.4 14.5 
Low 2.7 3.2 
High 7.6 13.7 
High 8.8 15.1 
Low 2.4 5.0 

11 

Skegs 
Single 
Single 
Single 
Single 

Twin mb'd 
Twin inb'd 

Single 
Single 
Single 
Single 

Twin outb'd 
Single 
Single 
Single 
Single 
Single 

Twin inb'd 
Single 
Single 
Single 
Single 
Single 
Single 
Single 
Single 
Single 
Single 
Single 
Single 
Single 
Single 
Single 
Single 
Single 

12 

Movable 
rudder 
area/ 

L x T, 
percent 

3.2 
2.3 
2.6 
1.9 
2.6 
2.3 
1.9 
1.9 
2.0 
2.2 
2.4 
2.1 
3.6 
2.0 
2.0 
1.9 
2.4 
1.9 
1.5 
2.0 
1.9 
3.1 
2.0 
2.1 
2.1 
3.3 
2.4 
3.0 
3.0 
2.3 
1.9 
2.0 
2.2 
2.4 

A 8 
0 

CUTAWAY A R E A  a A D C D A  

LENGTH OF CUTAWAY a A 8  

rudder span is imposed by proximity to the free sea 
surface, then a study of the relative advantages of 
conserving aspect ratio and increasing submergence 
may be desirable. These can be evaluated for all-mov- 
able rudders within the range of geometric aspect ra- 

tios of 1.1 to 1.7 by reference to Figs. 26.1, 26.2, and 
26.3 of Shiba (1960) from which Fig. 127 was con- 
structed. 

If, within the limits of a fixed span, the rudder area 
necessary to achieve controls-fixed stability is larger 
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Fig. 214 Drift angle, 0, as a function of L/R  

than the all-movable rudder area required to achieve 
the most severe specified limit maneuver, then, as in- 
dicated in Section 17.2, a horn rudder or a balanced 
rudder with fixed structure should be employed. Fig. 
144 may be used to determine the area of the movable 
part of a zero-balance rudder with fixed structure for 
equal effectiveness with an all-movable rudder a t  p = 
0. Calculation of the required movable area of balanced 
rudders with fixed structure for the general case of /3 
f 0 and nonzero balance, and of the required movable 
area of horn rudders, is not yet possible for the reason 
noted in the previous section. 

Free-stream information useful in the selection of 
rudder profile shape (sweep angle and taper ratio), 
section shape, tip shape, and thickness-chord ratio for 
all-movable rudders is contained in Section 14.5 and 
Tables 13 through 17. While this information is useful, 
it is not necessarily decisive. For example, considera- 
tion of rudder area in the propeller race should also 
influence selection of rudder profile shape. For all-mov- 
able rudders, structural rather than hydrodynamic 
considerations may dictate the selection of the root- 
thickness/chord ratio because the thickness is deter- 
mined by the diameter of the rudder stock. Structural 
considerations are treated in Section 17.8. In practice, 
root-thickness/chord ratios greater than about 0.25 are 
avoided, to prevent flow separation and the possibility 
of vortex-excited vibration. 

17.5 Maximum Rudder Deflection Angle At least 
three meanings of “maximum” rudder deflection angle 
are important to distinguish from one another: 

(a) Design maximum. The maximum angle to 
which the steering engine can turn the rudder. 

(b) Maneuver maximum. The maximum angle that 
is specified to be used in any particular maneuver. 

(c) Maximum useful. For certain operationally im- 
portant maneuvers such as the steady turn (Section 
6.1) or the depth-changing maneuver for a submarine, 
there exists a deflection angle which if exceeded yields 
no significant improvement in the characteristics of 
the maneuver. This is the maximum useful deflection 
angle. Deciding of both (a) and (b) depends on (c); 
hence, most of the discussion of this subsection con- 
cerns the maximum useful rudder deflection angle. For 
rudders that experience an abrupt decrease in lift a t  
the stall angle, maximum useful deflection angles are 
likely to approximate the stall angle, but as shown in 
this subsection, a maximum useful rudder deflection 
angle may exist at angles of attack less than that of 
stall. 

The possibility of the rudder’s achieving an angle of 
attack exceeding the stall angle is far more likely dur- 
ing transient maneuvers such as the overshoot ma- 
neuver than during a steady turn. For example, when 
the rudder is laid over in the opposite direction to check 
an overshoot maneuver (see Fig. 18), the angle of at- 
tack on the rudder may be larger than the deflection 
angle if the rudder deflection rate is fast enough. On 
the other hand, Fig. 22 shows that in a steady turn, 
the angle of attack on the rudder is far less than the 
deflection angle. For this reason, deflection angles that 
are useful in a steady turn are likely to be far greater 
than those that are useful in an overshoot maneuver. 
Thus, consideration of the steady turn will, in almost 
all cases, determine the magnitude of the design max- 
imum rudder deflection angle. 

The angle of attack at the rudder in a steady turn 
is 

a = 6 ,  - P R  (157) 
with symbols as defined on Fig. 22. The value of the 
geometric drift angle a t  the rudder, PR + E is a func- 
tion of the radius of the turning circle. For a rudder 
located a distance L/2 aft  of the origin, P R  + E is 
related to the drift angle at the origin of the ship, p, 
by 

( 158) 
L 

2R cos p tan (0, + E )  = tan j3 + 
Measurements of /3 made during the turning experi- 
ments of the single-screw merchant ship models re- 
ported in Fig. 213 indicate that 

/3 ‘Y, 22.5 L/R ( p  in degrees) (159) 
which as shown in Fig. 214 is intermediate between 
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a function of SR and STD/L as computed from Equa- 
tion (161) for aj-value of 0.23. 

This is the approximate value of j for the single- 
screw, single rudder models of Shiba (1960) as com- 
puted from Table 5 of the same author. The j-values 
computed from Eskigian (1956) and Surber (1955) are 
considerably larger. Equation 161 can be used to com- 
pute values of a for any value of j for the models of 
Shiba (1960). 

Some results of the turning tests with the (C, = 
0.60, 0.70, and 0.80) models from Fig. 219 are super- 
imposed on these dashed contours and displayed on 
Fig. 215 as solid curves. These curves show, for ex- 
ample, that the (C, = 0.60) = 0.0125) model has 
a steady turning diameter of 6% ship lengths a t  a 
rudder deflection angle of 30 deg, which corresponds 
to an angle of attack of 18 deg on the rudder. 

One of the most striking features of Fig. 215 is that 
with the assumption of j = 0.23, the angle of attack 
on the rudder is zero or negative for STD/L values as 
low as 1.5 for the (C, = 0.80) model. In other words, 
this model turns in a very small diameter with the 
rudder exerting little or no control force. This, in con- 
junction with the fact that the (C, = 0.80) model of 
Shiba (1960) turns with zero rudder, suggests that this 
model may be unstable. To a lesser extent, the same 
comment applies to the (C, = 0.70) model. 

The approximate rudder stall angles as measured in 
the propeller race for the two rudders included in Fig. 
215 are also shown in that figure. The effect of stall 
which otherwise should be discernible on Fig. 215 for 
the (C, = 0.60) (A’, = 0.0125) model is not perceptible. 

In general, Fig. 215 shows that stall does not play 
a dominant role in determining the maximum useful 
rudder deflection angle in a steady turn for the models 
of Shiba (1960). For example, the (C, = 0.80) (A’R = 
0.0125) model shows almost no reduction in steady 
turning diameter as a result of increasing the rudder 
deflection angle from 35 to 45 deg. Yet the angle of 
attack on the rudder even a t  S, = 45 deg is below 
stall. Clearly then, on some of the models, the nature 
of the hull forces and moments and not the occurrence 
of stall is what limits the maximum useful rudder 
deflection angle. 

It is seen from Fig. 215 that for the three models 
with the larger rudders, rudder deflection angles 
larger than the common design maximum of 35 deg 
result in smaller diameter steady turns with no in- 
crease in rudder area. For some of the models, deflec- 
tion angles larger than 50 deg result in significant 
reductions in turning diameter. Information shown in 
Fig. 19 of Mandel(l953) indicates that deflection angles 
as large as 65 deg may be useful for some ships. Thus, 
it is not possible to generalize concerning the maximum 
rudder deflection angles that are likely to be useful. 

As a result, considering the state of the art  of rudder 
design, it is preferable during development of a new 
ship design for which maneuvering performance is of 

utmost importance, to determine the adequacy of any 
proposed rudder, including its design maximum de- 
flection angle, by means of model tests. This general 
preference for model tests prevails even though scal- 
ing difficulties will arise as noted in Section 14.3. The 
maneuvering performance of any proposed ship design 
and guidance for design modification to improve ma- 
neuvering performance can be accurately determined 
during the design stage by means of the experimental 
and semi-theoretical techniques described in Section, 
8, 9, 16.6 and 16.7. 

Constraint (c) of Section 17.1 tends to impose an 
upper limit on rudder deflection angle which is inde- 
pendent of turning considerations. For example, cer- 
tain types of otherwise efficient and suitable steering 
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Fig. 216 Effect of rudder deflection rate on ship response for two Series 60  
ships, L = 152.4rn and (500 ft) and V = 14.8 knots (Eda and Crane, 1965) 
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engines may not be suitable for mechanical reasons 
for deflection angles larger than about 35 deg. Since 
other relatively inexpensive means of achieving a spec- 
ified turning diameter may be available, such as in- 
creasing rudder area, the problem of selecting the 
design maximum rudder deflection angle may require 
detailed cost studies of alternative means for its ul- 
timate resolution. Interesting to note is that most 
Great Lakes ships and many naval vessels are built 
with design maximum rudder deflection angles up to 
45 deg. 

17.6 Rudder Deflection Rate. Whereas desired 
steady turning characteristics are a guide to the choice 
of the design rudder deflection angle, transient ma- 
neuvers (in which the period of time that the rudder 
is in motion is relatively long compared to total ma- 
neuver time) are the major ingredients in determining 
needed rudder deflection rate. Such limit-maneuver 
abilities as zigzag overshoot characteristics and time 
to change heading a small number of degrees are in- 
fluenced by rudder deflection rate. The rate, however, 
has no influence on the diameter of the steady turn, 
although it may have a very minor effect on the tactical 
diameter. 

Mandel (1953) explored quantitative relationships 
between rudder deflection rate and pertinent maneu- 
vering characteristics using full-scale turning trajec- 
tory data. Subsequently, predictions of nonlinear ship 
maneuvers were made by Eda and Crane (1965) to 
evaluate the effect of rudder rate on maneuvering per- 
formance for two ship designs (Series 60 hull forms 
with block coefficients 0.60 and 0.80). Zigzag maneuver 
trajectories at 35 deg-35 deg were computed for the 
152m long ship at approach speed of 14.8 knots. Figure 
216 shows variations in time to reach 35 deg heading 
change from the original course, yaw angle overshoot, 
and lateral overshoot as functions of rudder rate, to- 
gether with a sample time history of ship response as 
a definition diagram. It can be seen that quickness of 
response, an overshoot in yaw and sway, improve with 
increased rudder rate, but at the higher rudder rates, 
further improvements are insignificant. The pattern of 
behavior is almost identical for the two ships of dif- 
ferent block coefficients despite their quite different 
steering qualities. 

At present, a minimum rudder rate of 2% deg/sec, 
which is independent of ship parameters, is required 
by regulatory agencies and classification societies. As 
shown in Fig. 216 the rudder rate of 2% deg/sec pro- 
vides zigzag-maneuver response reasonably close to 
what might be achieved if the rudder rate were made 
arbitrarily high, at least for vessels of 152 ml (500-ft) 
length at 14.8-knot approach speed. The law of dimin- 
ishing returns tends to apply a t  rates beyond this pre- 
scribed rudder rate. 

Dimensional analysis leads to the expectation that 
the rudder rate should be directly related to ship size 
and speed. Effort has been made to evaluate the effect 
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Fig. 219 Effect of rudder rate on turning trajectory (Eda, 1983) 

of rudder rate as well as rudder size on the perform- 
ance of a large tanker (250,000 dwt) in a series of 
digital computer simulations (Eda, 1976). Available 
captive model data were utilized to formulate a real- 
istic mathematical model. 

Fig. 217, for example, shows turning trajectories 
with application of 35-deg rudder angle at approach 
speeds of 16 knots and 4 knots. These trajectories show 
that the effect of rudder angular rate is much less a t  
the lower speed (4 knots) than at the higher speed (16 
knots). Fig. 218 shows 20 deg-20 deg zigzag maneuver 
response at approach speeds of 16 and 4 knots. These 
figures also indicate an effect of rudder angular rate 
that is much like that shown for turning. 

A summary chart is shown in Fig. 219 as a result 
of a series of entering-turn maneuvers. Advance and 
transfer in units of ship length are shown on the basis 
of rudder angular rate for three different approach 
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Fig. 220 Effect of rudder rate during zigzag maneuver (Eda, 1983) 

speeds (16, 8 and 4 knots). Advance and transfer are 
longitudinal and lateral distances traveled from the 
time of rudder command to the time of 90 deg heading 
change, as shown in Fig. 217. 

The figures show that the advance is reduced with 
an increase of rudder angular rate but that the rate 
of reduction becomes insignificant in the higher range 
of rudder rates, and that the effect of rudder rate on 
advance becomes insignificant at low speeds. At all 
speeds examined, transfer is influenced very little by 
the rudder angular rate. 

Fig. 220 shows summary charts from a series of 20 
deg-20 deg Z-maneuvers a t  speeds of 16,8, and 4 knots. 

Time to the second and third rudder executions, yaw 
overshoot, and lateral path overshoot are shown on 
the basis of rudder angular rate in these charts. It is 
seen that quickness of response and overshoots in yaw 
and sway are all improved with an increase of rudder 
rate, but that these improvements become unimpor- 
tant a t  rudder rates greater than approximately 2 deg/ 
see. This tendency is like that shown in Fig. 216 except 
that the tendencies appear a t  lower rudder rates owing 
of course, to longer ship length without much differ- 
ence in speed. In addition the large full-form tanker 
loses more speed in turning than does the cargo ship 
(16 to 6 knots, versus 14.8 to 9 knots). 
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Fig. 221 Zigzag tests at 14 knots comparison for 20, 30, and 35 degree 
rudder angle at varying rudder rate (Taplin and Atkinson, 1987) 

Taplin and Atkinson (1987) performed some full- 
scale tests on the effect of rudder rate on the highly 
maneuverable U.S. Coast Guard cutter Gallatin. 
Many test variations were tried, and the effectiveness 
of higher rudder rates in correcting a “helmsman er- 
ror” was studied. Fig. 221 shows overshoot angles in 
a zigzag maneuver for various rudder angle commands 
(overshoot was measured after a 20-deg change of 
heading was achieved). When larger rudder angles are 
applied, it is seen that increased rudder rate is even 
more advantageous. Effectiveness in checking swings 
was studied further with angles and times required to 
check steady turns as shown in Fig. 222. 

“Helmsman’s error” tests were also developed and 
performed to measure the effects of turning the rudder 
in the wrong direction. From a steady base course, an 
initial rudder execute is made followed by corrective 
opposite helm after a delay representing the time to 
discover the helm error and commense corrective ac- 
tion. Results show that for this highly maneuverable 
ship, a higher rudder rate results quickly in a higher 
rate of swing that is difficult to check in the “shifted 
rudder’’ phase. With the prudent application of mod- 
erate rudder angles, however, early detection of error 
and higher rudder rates can result in smaller excur- 
sions. Future trials with other vessel types should yield 
further information in this area. 

If an acceptable rudder rate for a given vessel design 
can be decided on, then the rudder rate for similar 
vessels of different size and speed may be estimated 
by use of the relationship, 

& = rudder turning rate 
L = ship length 
V = ship speed 

Subscripts A and B refer to the separate vessels. 
The results for the cargo ship and large tanker dis- 
cussed in this section might therefore be applied to 
other similar vessels. However, vessel with different 
propulsion and rudder arrangements might merit sep- 
arate attention-possibly based on earlier full-scale 
trial results with different rudder rates. Acquiring 
such trial results is not difficult if more than one steer- 
ing unit is provided, as is the usual case. 
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Fig. 223 Rudder angle and drift angle at rudder position during zigzag 
maneuver (Eda, 1983) 

When the rudder is not located abaft a propeller or 
integral skeg, the effective rudder angle can be con- 
sidered as an algebraic sum of actual rudder angle 
and drift angle at the location of rudder 

(This simple summation is not applicable to the rud- 
der abaft a propeller because of the predominant effect 
of the propeller stream onto the rudder, making the 
local drift angle effect insignificant). 

Fig. 223 shows the relationship between actual rud- 
der angle 6, and geometric drift angle at the rudder 
stock; the data are from full-scale zigzag maneuvers. 
Possible in this maneuver is to have a situation in which 
the effective rudder angle exceeds the stall angle, 
thereby introducing the possibility of substantial loss 
in rudder force. 

The ideal rate of rudder deflection is one that allows 
the rudder to generate its maximum possible lift when 
required, that is, fully utilizing the rudder without 
exceeding the stall angle. The rudder should be de- 
flected at the maximum rate to just below the stall 
angle to initiate or check a maneuver. Then the rudder 
angular rate should be reduced to the rate of change 
of P R  as indicated by a dotted line in Fig. 223. This 
deliberate variation in rudder rate pertains especially 
to vessels constructed to allow very large rudder an- 
gles, say 45 deg or greater. As with the rudder de- 
flection angle, constraint (c) of Section 17.1 imposes 

an upper limit on the rudder deflection rate. Increased 
rate not only increases the power demand on the steer- 
ing engine, but it also increases rudder torque slightly. 
Except for high-speed ships with special response re- 
quirements, few ships exceed the regulatory 2% deg/ 
sec rate. On high-speed containerships with concern 
for cargo damage from tight turns a t  high speed, a 
rate limiting mechanism is someiimes installed to re- 
duce the rate when the ship is travelling fast. 

17.7 Selection of Section Shape. The selection of 
chordwise section shape, given rudder location and 
size, among other concerns, is governed by the follow- 
ing ideal considerations: 

Highest possible maximum lift, 
maximum slope of the lift curve with respect to 
angle of attack, 
maximum resistance to cavitation, 
minimum drag and shaft power, 
favorable torque characteristics, 
ease of fabrication 

The comparison of wind-tunnel test results reveals 
that the NACA symmetrical section shape (OOXX Se- 
ries where XX represents a two-digit number indicat- 
ing thickness as a percent of chord length) is one of 
the most desirable sections for rudders (See also 
Thieme, 1965, for other desirable choices). 

Table 38 shows the results of free-stream wind-tun- 
nel tests of the NACA symmetrical section. A section 
shape is shown in Fig. 224. Results are given for the 
highest test Reynolds number of 2.7 x lo6 for all- 
movable foils having a thickness ratio of 6.7 and an 
effective aspect ratio of 2.0. 

The trailing edge of the rudder is deliberately in- 
tended to have noticeable thickness rather than to ta- 
per to a knife or feather edge. The bluntness of the 
trailing edge allows increased ruggedness of construc- 
tion, which is especially useful for astern operation. 
The bluntness is also believed, in some cases, to cause 
appreciably greater lift with little penalty in increased 
drag, although the slope of the curve of lift versus 
angle of attack is but slightly affected. 

Fig. 225 shows the basic rudder foil chord-wise cross 
section with a table of ordinates, for a rudder with a 
thickness of 20 percent of the chord. (Points obtained 
from the Gottingen 398 and the Clark Y sections are 
also plotted on the figure, for comparison.) 

The ordinate of the profile is given by an equation 
of the form 

? y = a, & + a,x + a$ + a,$ + a4x4 (163) 

where the chord is expressed in fractions of chord 
length along the x-axis from 0 to 1. The constants were 
determined from imposed conditions; e.g., the maxi- 
mum ordinate was set a t  0.1 chord length a t  abscissa 
0.3 chord length. NACA sections having any desired 
maximum thickness, t ,  can be obtained by multiplying 
the basic ordinates by the proper factor, as follows: 

Next Page 
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result shown in Fig. 9 of Eda and Crane (1965) shows 
that this influence is likely to: 

(a )  Increase negative magnitude of Y u .  
(b) Slightly increase positive magnitude of Y',.. 
(c) Decrease negative magnitude of N v .  
(d) Increae negative magnitude of 

These are the same effects as those of a fixed fin aft. 
To summarize, the following direct and indirect ef- 

fects of a rotating propeller are all favorable to sta- 
bility but unfavorable to turning: 

(a)  The direct influence of a rotating propeller due 
to a horizontal inflow angle, 

(b )  the indirect effect of a rotating propeller on a 
rudder in its race treated as a fixed fin, and 

(c) the indirect effect of a rotating propeller on the 
hull derivatives. 

In contrast, the indirect effect of a propeller on a 
rudder treated as a movable control surface is favor- 
able to turning. 

17.10 Use of Other Control Devices. While the hull- 
propeller-rudder design approach provides the basic 
parameters available to the designer through which 
to develop an adequately maneuverable ship, addi- 
tional control devices and operational techniques may 
be applied to complement and provide a greater degree 
of maneuverability than would otherwise be attaina- 
ble. Use of additional control devices may become a 
necessity in meeting special purposes that require con- 
trol in a seaway at virtually zero ship speed. Cable 
layers, drill rigs, and oceanographic research ships, 
for instance, often face this need. Other control devices 
are frequently installed because they provide maneu- 
verability at  slow speeds, especially in restricted har- 
bor situations, where the vessel's hull-propeller-rudder 
capabilities are not as effective as at higher speeds in 
deeper water. The other devices can facilitate mooring 
and getting underway without use of tugs, and they 
can provide good maneuverability astern and good ma- 
neuverability under unfavorable harbor and wind con- 
ditions. The types and characteristics of a number of 
these devices, and general information on their limi- 
tations and applications, are briefly outlined in this 
section, comprehensively by Wilson, e t  a1 (1979). 

In reviewing devices and operational techniques that 
are available to improve maneuvering and stopping 
ability, Card, et a1 (1979) made an extensive listing as 
shown in Table 44. They then subjectively rated each 
with regard to improvement in maneuverability, cost 
and effect on vessel design, practicality and reliability, 
and experience with the installation on large tankers. 

Under rudder augmentation, a number of the items 
listed in the table have already been covered in this 
chapter in some detail. Rudder area, angle, rate, lo- 
cation, and number are basic to a design. The advan- 
tages in using balanced rudders with fixed structure 
have also been addressed. Special rudder designs, how- 
ever, provide higher efficiency of operations through 
hydrodynamic design or use of flow controlling plates. 

I 

Fig. 251 Schilling Rudder shown on a 1000 DWT coastal tanker 

Fig. 252 The Pleuger active rudder in tandem abaft the main propeller 

The Schilling rudder shown in Fig. 251 is a good ex- 
ample of use of large horizontal plates to reduce flow 
losses and a special highly effective section with flared 
trailing edge. Installations on smaller vessels have 
shown high effectiveness. 

An active rudder as shown in Fig. 252 has a sub- 
merged motor and propeller as an integral part of the 
trailing edge of a standard rudder. It is particularly 
useful a t  low speeds where flow across the rudder from 
the main propeller is low. 

The shutter rudder consists of three or more rud- 
ders which are mechanically linked as shown in Fig. 
253. Although the maximum amount of the propeller 
race is utilized, this arrangement is most suitable for 
tugs and work boats fitted with ducted propellers. For 

Previous Page 
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L of the cylinder and on its end conditions. Fig. 255, after 
Steele and Harding (1970), shows the lift coefficient i 

I 

curves and their labels, Betz obtained twice the lift 
(comparing favorably against the curve of much higher 
aspect ratio from Reid) by simply adding end plates. 

As suggested by the nearly linear parts of the curves 
on Fig. 255, the lift coefficient can be expressed ap- 
proximately as: 

C, = Mu/V - N (177) 
where M and N are constants. Thus the lift, 

L = 1 pAV2(Mu/V - N) 
2 

= IpA(MuV - NV2) 

If, a t  the speeds of interest, lift is obtained, then MuV 
> NV2. As the speed is reduced the numerical value 
D f  V 2  will decrease faster than that of V. Thus, 
a t  low speed MuV > > NV2 and L 

2 

L' 
Fig. 253 A Shutter Rudder installation on the 40-m tug S o h i  

= - 1 pAMuV approximately. 
2 

This last equation shows the advantage in using the 
rotating cylinder a t  low ship speeds. Rather than fall- 
ing off as the square of forward speed, the side force 
of the rotating cylinder falls off only as the forward 
speed. 

Located along a leading edge of the rudder, the 
rotating cylinder can be used to control the boundary 
layer, energizing it with fluid of increased velocity. 
Rotated slowly, the cylinder permits larger angles of 
incidence before stall. The control available is a func- 
tion of the rotational speed of the cylinder. 

The so-called Kitchen or clam shell rudders are 
similar to the thrust reversing devices on jet aircraft, 
where clam shell deflectors are moved to turn astern 
thrust from the jets (corresponding to propeller race 
on ships) to other directions. Proposals to use this 
device or the rotating-cylinder rudder introduce addi- 

Fig. 254 Rotating cylinder rudder fitted to a radio-controlled maneuvering 
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Fig. 256 Bulk carrier Ralph Misener (25,000 DWT) with steerable Kort 
nozzle 

tional mechanical problems that must be addressed 
during design of the ship. 

The basics of propulsion augmentation and rudder 
augmentation have been covered in the previous sec- 
tion. These approaches increase maneuverability by 
increasing the flow across the rudder. The steerable 
nozzle is a special topic that has received detailed at- 
tention by Asinovsky (1985) and others. Fig. 256 shows 
a steerable Kort nozzle installed on a 25,000-DWT 
Great Lakes bulk carrier. 

The Voith Schneider vertical-axis propeller system 
is a special form of propulsion that provides extraor- 
dinary maneuverability for a vessel. Fig. 257 shows a 
typical unit. By controlling the angle of attack of the 
blades as they orbit, thrust can be applied in any di- 
rection. These units have proved very effective on tugs, 
workboats, and ferries. 

The effect of drag augmentation devices has been 
covered in Section 10.10, and operational techniques 
and methods as listed in Table 44 are available to the 
mariner for use as needed, provided, of course, that 
the necessary equipment is available and in working 
condition. 

Aside from rudders, thrusting devices are the most 
popular control device. The tunnel thruster (Fig. 258) 
is most common and consists of a transverse duct with 
an impeller in the middle. The power offered by man- 
ufacturers in standard sizes ranges from 10 to several 
thousand hp. 

The thrust required for a given application of a ma- 
neuvering device depends on the particular operating 
needs. For oceanographic or offshore drilling and min- 
ing vessels and other special-purpose craft, the thrust 
requirement must be met if the mission is to succeed. 
Accordingly, within limits, the initial cost, added re- 
sistance at ahead speeds, and other factors are of sec- 
ondary importance to performance. The influence of 
economic factors is much greater, however, in consid- 
ering the use of maneuvering devices on merchant 
ships. An installation that would always eliminate the 
need for tugs or always meet maneuvering needs in 
the face of very high wind and current forces would 
probably be prohibitively expensive and space consum- 
ing. Therefore, maneuvering devices for merchant ves- 
sels are usually sized to achieve the greatest increase 
in maneuverability consistent with limits of economic, 
space, and resistance considerations as prescribed by 
the ship owner. 

Gurovich et  al. (1967) suggest that statistical data 
be used in the first stages of design to estimate thrus- 
ter power needed. To determine needed thrust analyt- 
ically, they recommend using computations for solving 
specific problems when maneuvering is to be assured. 
The authors examine the following problems and pro- 
vide computational approaches for solving them: 

(a) Determining thrust necessary to clear the ves- 
sel from a wall, such as a quay face, with wind pressing 
the vessel toward it, 

determining the angular velocity of a turn in 
place a t  a given thrust of the thruster, 

( b )  

Fig. 257 A Voith-Schneider unit with blades 1.6m long 
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Table 44-Devices and Operational Techniques to Improve 
the Maneuvering and Stopping Ability of Vessels 

the different types of devices can be segregated and 
a line of proportionality more readily defined for each. 

Rudder Augmentation ProDulsion/Rudder Augmentation 
Increased Rudder 

Increased Rudder 
Area 

Angle 
Increased Rudder 

Rate 
Twin Rudders 
Schilling Rudder 
Balanced Rudder with 

Fixed Structure 
(BRWFS) 

Steerable BRWFS 
Active Rudder 
Shutter Rudder 
Rotating Cylinder 

Rotating Cylinder 

Kitchen Rudder 
Clam Shell Rudder 
Jet Flap (Fluidic) 
Bow Rudder 

Propulsion 

Rudder 

with Flap 

Augmentation 

Steerable (Kort) Nozzle 
Voith Scheider (Vertical Axis) 
Steerable Propeller 

Thrusting Devices 
Fixed (bow,stern) Thruster 
Trainable Thruster 
J e t  Engine Thruster 
Rockets 

Drag Augmentation Devices 
Stern Anchor 
Stern Flap (abaft screw) 
Twin (s layed) Rudders 
Brake Asps 
Bow Opening 
Parachute 

Twin Screw (and 

Increased Astern 

Controllable Pitch 

Contra-Rotating 

Rudder) 

Power 

Propeller 

Propeller 

ODerational Techniaues and Methods 
Slower Approach Speed 
Hard-over Turn 
Pro eller Kick 
Rujder Cycling 
Tug Assistance: 

Rudder Tug 
Braking Tug 
Alongside Tug 

Traditional Tug 
(Card, e t  a1 1979) 

The factor of proportionality is the nondimensional 
parameter 

"c" = ~ ( T / P ) ~ / ~ J ~  (179) 
where T is thrust 

P is power 
A is disk area of the propeller 
p is the mass density of water 

The thruster devices discussed here are essentially 
dead-pull propulsion devices, but this is not to say that 
they are of no value when the ship is moving. Although 
their value changes and usually decreases dramatically 
as speed increases, maneuvering propulsion devices 
have some effect at ahead and astern speeds, partic- 
ularly those ship speeds a t  which the rudder is least 
effective. A tunnel thruster at the bow is generally 
effective a t  ahead ship speeds as high as about 4 knots. 
At higher ship speeds, the flow around the hull distorts 
the thruster outflow, and it becomes practically inef- 
fective (Chislett and Bjorheden, 1966). To indicate such 
changes in the bow thruster effectiveness with ship 
speed, turning trajectories in Fig. 260 were computed 
by Eda for a 250,000-dwt tanker with bow thruster, 
using captive model test data. 

A tunnel thruster a t  the stern, however, is in bound- 
ary layer flow, and is effective at higher ship speeds. 
For a 250-m (806-ft) Great Lakes ore carrier, the stern 
tunnel thruster was reported effective at  ship speeds 
up to 10 miles per hour (9.7 knots) by Nielson and 
Kendall (1974). 

Various limitations or other considerations concern 
the application of maneuvering devices. A few of the 
more important ones are mentioned here. Maneuvering 
devices should be located to achieve the greatest pos- 
sible turning moment. This concern implies a position 
well forward or aft, but space and hydrodynamic con- 
siderations often necessitate locating the device closer 
to the center of gravity. A bow thruster usually has 
a slightly greater lever arm to the ship center of grav- 

(c) evaluating the possibility of mooring or moving 
broadside against the wind, and 
(d) Determining the thrust necessary to keep a ves- 

sel moving on steady heading a t  low speed under the 
influence of wind. 

Unfortunately, full-scale trial results are available 
for only a few maneuvering-device installations. Most 
of the available data on the thrust-producing capabil- 
ities of these devices are based on design estimates. 
Further, these are estimates of the thrust delivered 
at the propeller and do not take other important hy- 
drodynamic effects into consideration. Nevertheless, 
the published data are of value. Fig. 259 shows a plot 
of thrust to power ratio versus power loading or shaft 
horsepower to swept area ratio. In plots such as these, Fig. 258 Bow thruster 
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Fig. 259 Thrust/Power Ratio versus Power/Swept Area Ratio for Various 
Special Maneuvering Devices (Aucher, 1972) 
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ity than has a stern thruster. This difference is sig- 
nificant for moments at virtually zero ship speed. If, 
however, the thruster is intended to operate at a few 
knots of ship speed, advantages may begin to favor a 
stern location. This shift is pointed out by Crane (1973). 
Essentially, hull forces come into action as a result of 
the low forward speed and the hull drift angle. For 
the stern thruster these forces combine favorably, 

whereas for the bow thruster there is some cancella- 
tion of effectiveness. 

Maneuvering devices require a degree of submer- 
gence to operate effectively. Often this requirement 
necessitates the use of two units side by side to avoid 
excessive vertical dimensions, as is the case with some 
oil tankers and passenger ships. For ships with wide 
ranges of draft variation, the minimum submergence 
is an important consideration. The consensus is that 
the centerline of the maneuvering device propeller 
should be at least one diameter below the waterline 
and that it should be as low in the hull as space permits. 

For merchant vessels and certain other types, draft 
limitations may eliminate from consideration devices 
that extend below the hull baseline. 

The added resistance that may result from instal- 
lation of a maneuvering device will depend on the type 
and location of the device. For tunnel thrusters, model 
test experiments indicate that a carefully designed tun- 
nel entrance will keep the added resistance to roughly 
1 to 5 percent of the effective propulsion power, de- 
pending on the size of the ship. Actual experience with 
full-scale ships on the Great Lakes has revealed that 
in most instances, the speed loss due to the added 
resistance of the tunnel openings is small and difficult 
to determine precisely, because of the presence of 
other influencing factors. 

Very little information is available on the added re- 
sistance characteristics of other types of maneuvering 
devices such as active rudders and fixed right-angle 
drives. Presumably, a drag coefficient can be assumed 
and the added resistance estimated. 

The selection of maneuvering propulsive devices re- 
quires consideration of many technical, operational, 
and economic factors, some of which have been cov- 
ered briefly here (see also Hawkins, 1965; English, 
Rowe, and Bain, 1972; Stuntz and Taylor, 1964; En- 
glish, 1963; and Taniguchi, 1966). The hydrodynamic 
features of tunnel thrusters are covered by Beverdge 
(1972). A total ship performance analysis under thrus- 
ter control is shown by Wise and English (1975) and 
by Eda (1975). 
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Nomenclature 
Controllability 

The following symbols apply to Chapter IX only. 
The phrase “stands for” is understood between the 
symbol and its definition. 

Arranged Functionally 
Control-Surface Geometry 

A ,  area of flap of control surface 
A ,  movable area of control surface 
A ,  total area of control surface 
A ,  rudder area 

a effective aspect ratio 
aG geometric aspect ratio 

b mean span 
c mean chord 

c, root chord 
c, tip chord 
d 

- 

- 

chordwise distance from leading edge 
a t  mean geometric chord to axis of 
rotation 

CP center of pressure 
(CP); chordwise distance from leading edge 

at  mean geometric chord to center 
of pressure; usually given as a per- 
centage of mean chord ‘Z 

spanwise distance from root chord to 
center of pressure; usually e v e n  as 
a percentage of mean span b 

(CP); 

- 
t mean thickness 

A (lambda) taper ratio, c,/c, 
A (Lambda) sweepback angle of the quarter-chord 

line 
Axes and Distances 

a, 

G 
0 

amplitude of transverse linear oscil- 

position of center of gravity of a ship 
origin of reference axes fixed in the 

ship (0 may, but need not, coincide 
with G or a) 

lation in planar motion tests 

a 
x, y, z 

position of midlength of ship 
system of reference axes through 0 

whose directions remain fixed in the 
ship 

system of reference axes whose origin 
and direction remains fixed in the 
earth 

components of distances from 0 to G, 
measured along x, y, and x-axes, re- 
spectively 
components of distance from origin 
of earth axes to G, measured along 
x,, yo, and xo-axes, respectively 

distance from 0 to center of pressure 
of control surface, measured along 
x-axis 

xf distance from 0 to center of pressure 
of fin, measured along x-axis 

x a  distance from 0 to a, measured along 
x-axis 

xo, yo, zo 

xG, yG, Z, 

xOCt YOG, ] 

xR 

xO G 

Inertia Characteristics 

k ,  Lamb’s coefficient of accession to mass 
in the longitudinal (x) direction, for 
an ellipsoid; k,m = -X ,  

Lamb’s coefficient of accession to mass 
in the lateral (y) direction, for an 
ellipsoid 

Lamb’s coefficient of accession to in- 
ertia in rotation about the x-axis, for 
an ellipsoid 

mass moments of inertia of a ship 
about the x, y, and x-axes, respec- 
tively 

A; lateral “added” mass, nondimension- 
alized by XpL‘T; A2’ = - Yc’ 

A: actual plus “added” mass in the lon- 
gitudinal direction, A,’ = A‘(1 + kJ; 
nondimensionalized by X p  L2T 

rotational “added” mass; A’, = (k’/ 
k,)A;; nondimensionalized by %pL2 T 

k ,  

k’ 

Z,, Z,, Z, 

A; 
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Angles 
(P (Phi) 

8 (theta) 

a (alpha) 
a (alpha) 

P R  

6 ,  (delta) 

6 ,  (delta) 

E (epsilon) 
E (epsilon) 

Translational 
tions 

U 

VO 

u ,  6, w 

roll angle, measured from the vertical 
XZq plan to the z-axis of the ship; 
positive in the positive sense of ro- 
tation about the x-axis 

pitch angle, measured from the hori- 
zontal $,yo plane to the x-axis of the 
ship; positive in the positive sense 
of rotation about the yo-axis 

yaw angle, measured from the vertical 
x0zq plane to the x-axis of the ship; 
positive in the positive sense of ro- 
tation about the 2,-axis 

amplitude of yaw oscillation in planar 
motion tests 

angle of attack on a control surface 
angle of attack in pitch on the hull, 

measured from the resultant ship 
velocity I' to the xyo-plane 

angle of attack in yaw on the hull (or 
drift angle), measured from the re- 
sultant ship velocity V to the xzo- 
plane 

inflow angle at the rudder (see Fig. 22) 
angular displacement of the rudder, 

measured from the xz-plane of the 
ship to the plane of the rudder 

angular deflection of the control-sur- 
face flap, measured from the plane 
of the control surface to the plane 
of the flap 

phase angle 
straightening influence of hull and 

propeller on the flow to the rudder 
and Angular Velocities and Accelera- 

resultant velocity of the fluid relative 
to a control surface or a fixed fin 

resultant velocity, relative to the 
earth, of the origin 0. (In general, 
except for fluid motions induced 
either by movement of the ship or 
by waves, the fluid in which the ship 
is moving is assumed to be station- 
ary relative to the earth.)t 
components of resultant angular ve- 
locity of the ship about the x, y, and 
z-axes, respectively 

components of V along the x, y, and 
z-axes, respectively 
components of resultant angular ac- 
celeration of the ship about the ship 
axes 

components of resultant linear accel- 
eration of the ship, V along the ship 
axes 

u1 
vl 
uo 

8, (delta) 

initial equilibrium value of u 
initial equilibrium value of v 
component of V along the xo-axis 
rate of deflection of rudder or other 

control surface 
Forces 

D drag force; component of a resultant 
total force parallel to the direction of 
motion, developed as a result of an 
angle of attack 
(CD, drag coefficient, = D/XpAV) 

component of the total force on a con- 
trol surface normal to the center- 
plane of the surface 
(CN, normal force coefficient, = F/ 

lift force; component of a resultant total 
force normal to the direction of mo- 
tion, developed as a result of an angle 
of attack 
(CL, lift coefficient, = L/'/,pAU2 
components of a resultant total force 
acting at the origin 0 directed along 
the x,, yo, z, and x, y, z-axes, respec- 
tively 

values of X, Y,  and Z a t  v = r = w = 
w = q = O a n d V  q = V = P =  

F 

2pA-W 
L 

"'322 1 
X o ,  Yo, Zo 

= u, 
Force Derivatives 

Y, 

y+ 

Y, 

yi 

Y, 

Y,' 

2, 
2 6  

partial derivative of Y with respect to 

partial derivative of Y with respect to 

partial derivative of Y with respect to 

partial derivative of Y with respect to 

partial derivative of Y with respect to 

partial derivative of YO with respect to 

partial derivative of z with respect to w 
partial derivative of z with respect to 

w 
etc. 

2, 

v 

r 

P 

SR 

the ahead velocity component u 

Linearized Force Components 

Y,v 

y$ 

Y,r 

linearized Y-component developed as a 
result of a drift angle, fi =: -,vlV 

linearized Y-component developed as a 
result of an acceleration, 6 

linearized Y-component developed as a 
result of an angular velocity, r 
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Yj 

ySSR 

zww 

zww 

Moments 

K,” 

M”, 

Q a 4  

QH 
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linearized Y-component developed as a 
result of an angular acceleration, i- 

linearized Y-component developed as a 
result of a rudder angle, SR 

linearized z-component developed as a 

result of an angle of attack, a z - 
V 
W 

linearized z-component developed as a 

etc. 
result of an acceleration, w 

components of a resultant total moment 
acting on a ship about the x, y , and 
x-axes, respectively; referred to as 
the rolling, pitching, and yawing mo- 
ments, respectively 

values of Mand N a t  v = r = w = q 
= i, = j- = w = q = O a n d V =  
u1 

surface about quarter chord; 
moment of normal force on a control 

moment of hydrodynamic normal force 
about rudder stock; 

QH 

(p/2)AVE ern = 

Moment Derivatives 

partial derivative of N with respect to 

partial derivative of N with respect to 

partial derivative of N with respect to 

partial derivative of N with respect to 

partial derivative of N with respect to 

partial derivative of M with respect to 

partial derivative of M with respect to 

partial derivative of M with respect to 

partial derivative of K with respect to 

V 

r 

ir 

r 

8 R  

W 

9 

e 

V 

Linearized Moment Components 

N,v linearized N-component developed as a 

result of a drift angle, f l  z -- V 
V 

N,r 

N,i, 

N, r 

NsS, 

M,w 

linearized N-component developed as a 
result of an angular velocity, r 

linearized N component developed as a 
result of an acceleration, 6 

linearized N-component developed as a 
result of an angular acceleration, i- 

linearized N-component developed as a 
result of a deflection angle, aR 

linearized N-component developed as a 
result of an angle of attack, 

a = -  V 
linearized M-component developed as a 

result of an angular velocity, q 
linearized M-component developed as a 

result of a pitch angle, 8 
linearized K-component developed as a 

result of a drift angle, p = -- V 

W 

M,q 

Me8 

Kvv 
V 

Notes 
1. Signs of all directions, forces, distances, veloc- 

ities, and accelerations are positive downward along 
the x-axis, positive to starboard along the y-axis, and 
positive forward along the x-axis, and similarly along 
the xo, yo, and xo-axes 

2.  Signs of all signs, angular velocities, angular 
accelerations and moments (except control-surface 
torques and bending moments) are positive if clockwise 
when facing in the positive direction of the appropriate 
axis. Rudder torques are positive if the center of pres- 
sure is forward of the point about which the torques 
are taken. 

3. All inertia and mass characteristics are assumed 
as positive. 
4. The prime superscript (‘), except where other- 

wise stated, indicates the value of an item nondimen- 
sionalized on the basis of a combination of p, L (or T), 
and V or powers thereof. 

5. The subscript (1)) except where otherwise stated, 
indicates the initial equilibrium value of a distance, 
velocity, or angle. 

6. The supscript (0)) except where otherwise stated, 
indicates force, distance, velocity, and acceleration 
components along the earth’s (xo, yo, 2,) axes rather 
than along the ship’s (x, y, x )  axes. 

Arranged Alphabetically 

area of flap of a control surface 
movable area of a control surface 
total area of a control surface 
rudder area 
effective aspect ratio 
geometric aspect ratio 
span of a control surface (see Fig. 27) 
mean span of a control surface 
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c 
c - 

c v  

ct 
C D  

CL 

civ 
CP 
D 
d 

F 

I 
K 

k 
L 
M 

N 

m 
0 

P 

Q 

R 
r 

U 
V 
U 

V 

W 
X 

X 
Y 

Y 
2 

Z 
a (alpha) 

P (beta) 
P R  

chord of a control surface (see Fig. 27) 
mean chord of a control surface 
root chord 
tip chord 
drag coefficient = D / ( p  / 2)AU2 
lift coefficient = L / ( p  / 2)AU2 
normal force coefficient = F / ( p  / 2)AU2 
center of pressure 
drag force, parallel to direction of flow 
distance from leading edge of a control 

component of total force normal to cen- 

mass moment of inertia of the ship 
component about the x-axis of the total 

moment acting on the ship (rolling 
moment) 

surface a t  F to axis of rotation 

terplane of control surface 

Lamb's coefficients of accession 
lift force, normal to the direction of flow 
component about the y-axis of the total 

moment acting on the ship (pitching 
moment) 

component about the z-axis of the total 
moment acting on the ship (yawing 
moment) 

mass per unit length 
origin of reference axes, fixed in the 

component of angular velocity about 

component of angular velocity about 

turning radius 
component of angular velocity about 

component of V along the x-axis 
component of V along the y-axis 
resultant velocity of the fluid relative 

to a control surface or a fixed fin. 
resultant velocity of 0, relative to the 

earth 
component of V along the z-axis 
component of total resultant force 

longitudinal axis through 0 
component of total resultant force 

transverse axis through 0 
component of total resultant force 

vertical axis through 0 
angle of attack in pitch; 

angle of attack in yaw (drift angle) 
inflow angle at the rudder 

ship 

the x-axis (rolling) 

the y-axis (pitching) 

the z-axis (yawing) 

along the x-axis 

along the y-axis 

along the z-axis 

angle of attack on a control surface 

A (Delta) 
6 (delta) 

Sf (delta) 
e (epsilon) 

8 (theta) 
A (lambda) 
h (lambda) 
u (sigma) 

4 (Phi) 
1cI (psi) 

mass displacement 
angle of deflection of a control surface; 

angle of flap relative to control surface 
straightening influence of hull and pro- 

phase angle 
angle of pitch 
sweepback angle 
taper ratio 
stability index 
angle of roll 
angle of yaw 

increment 

peller on flow to rudder; 

Special Symbols 

c denotes baseline 
k centerline a middlength, in general 
V vol volume of displacement 

Mathematical Symbols 

a 
i - - 

< 
> 
x 

x 

a 

03 

S (delta) 
Z (Sigma) 

(Pi) 

s 
f 
-+ 
- - - 
- - 
# 
2 
I 
$ 

is a partial derivative sign 
is J--r 
approximately equal to 
less than 
greater than 
(one dot over a variable) is the first 

(two dots over a variable) is the second 

proportional to 
infinity 
a finite increment 
summation of 
ratio of circumference of circle to di- 

ameter 

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 

derivative of the variable 

derivative of the variable 

Acronyms Used in References 
ABS American Bureau of Shipping 

Aeronautique, Paris 
ATMA Association Maritime Technique et  

ASME American Society of Mechanical En- 
- gin e e r s 
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ASNE 
ASCE 
A'M'C 
BMT 

DTNSRDC 

IESS 

IME 
IMO 

ISSC 

ITTC 

JSR 
JSTG 

.American Society of Naval Engineers 
American Society of Civil Engineers 
American Towing Tank Conference 
British Maritime Technology (for- 

merly BSRA) 
David Taylor Naval Ship Research and 

Development Center (formerly EMB 
DTMB) (now DTRC, David Taylor 
Research Center) 

Institute of Engineers and Shipbuild- 
ers in Scotland 

Institute of Marine Engineers 
International Maritime Organization 

International Ship Structures Con- 

International Towing Tank Confer- 

SNAME Journal of Ship Research 
Jahrbuch des Schiflautechnischen 

(formerly IMCO) 

gress 

ence 

Gesellschaft 

MARIN 

NASA 

NAVSEA 
NECI 

NMI 

NTSB 
ONR 

OTC 
RINA 

RSE 
ssc 

SNAME 

SSPA 

WEBB 

Maritime Research Institute Nether- 

U.S. Space Administration (formerly 

U.S. Naval Ship Systems Command 
Northeast Coast Institute of Engi- 

National Maritime Institute (formerly 

National Transportation Safety Board 
Office of Naval Research, U.S. Navy 

Offshore Technology Conference 
Royal Institute of Naval Architects, 

Royal Society of Edinburgh 
Ship Structures Committee 
Society of Naval Architects and Ma- 

Swedish State Shipbuilding Experi- 

Webb Institute of Naval Architecture 

lands (formerly NSMB) 

NACA) 

neers and Shipbuilders 

NPL), London 

Dept. 

formerly (INA) 

rine Engineers 

mental Tank 



International System of Units (Syrteme International d'Unites, or SI) Useful quantities for Naval Architecture 

Conversions 
English to SI SI to English Quantity 

Base Units 

SI Unit Definition 

Length 
Mass 
Time 

meter, m 
kilogram, kg 
second, s 

1 ft = 0.305m 
1 lb = 0.454 kg 

l m  = 3.28 ft 
1 kg = 2.20 lb 

Supplementary Units 

Angle, plane radian, rad 1 rad = lW/tt 

kg / cm3 or t / m3 
kg/L 

Density of solids 
of liquids 

Distance 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 

1.852 km 1 knot = 6,080 f t  

1 N = 0.225 lb Force 1 kg-m/s2 
103 kg-m / s2 

1 lb (force) = 4.45N 

Frequency cycle / sec, cps 

1 long ton (weight) = 1.016 t I t  = 0.98 long tons Mass lo3 kg 

Power 1 N-m/s 
1 kN-m/s 1 hp = 0.746 kW 

1 lb/in2 = 6.895 kPa 

1kW = 1.34 hp 

lkPa = 0.15 lb/in2 Pressure lo3 N/m2 

Specific vol. m3/t 

Stress MN/m2 = N/mm2 1 long ton/in2 = 15.44 MPa lMPa = 0.065 long tons / in2 

Volume of solids 
of liquids 

lft/sec = 0.305 m / s  lm / s = 3.28 f t  /sec Velocity m / s  
1 nmi/hr = 1.852 km/kr. 

b 
h) w 
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ABC Harbor  325 

Acceleration 

 effect of propeller on 397 

 instantaneous propeller 253 

 fin derivatives 235 

 time and distance required 251 

Accelerations 

 amplitudes of 125 

 due to rolling 73 

 forces due to 125 

 heaving  99 

Added Mass 

 hydrodynamic 51 

 coefficient of 53 57 

 coefficients 238 248 

 concept  198 

 of a fin  235 

 on a turning ship 194 

 forces  194 

 (vertical acceleration) 42 

Added resistance 

 effects of 119 

 spectrum of 119 

Advance, turning definition 209 

Aeration of rudders 293 367 

Airfoil sections 

 control surfaces 291 

 rudders  382 

Amplitudes 

 exciting  58 

 forces and moments 124 

Angle of attack 
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 control surface 236 

 fixed fine 234 

Anti-pitching devices 136 

Anti-rolling devices, active 133 

 control of 133 

 fin stabilizers 134 

 gyroscopic stabilizers 133 135 

 tanks  136 

Anti-rolling devices, passive 79 127 

 bilge keels 170 

 sails   127 

 tanks  127 

Appendages 

 effect of  234 333 

Aspect ratio (control surface) 

 effective  235 299 

 effect of  298 

 of a fin  235 

 of a bare hull 236 

Astern seas 

 effect of  274 

Augmentation (control) 

 drag   404 408 

 operational techniques 404 

 propulsion 404 

 rudders  404 

 thrusting devices 404 407 

Automatic control; see control automatic 

Auto pilots  264 

 adaptive  266 

 tuning  264 

Auxiliary stopping devices 263 

B 

Backing maneuvers 251 

 times, distances, velocities 262 

Balance of rudders 383 

Bech spiral maneuver 204 
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Bending moment 

 in waves, hull 102 109 

 rudder stock 292 

Bernoulli’s Theorem 

 applied to waves 7 

 equation  48 

Bilge keels  79 127 170 

Bow 

 effect of flare 115 

 impact on 116 

 planes (submersible) 323 367 

 rudders  366 

Bow motions 

 influence of shape on 115 

 kinematic solution 112 

 relative  112 

 shipping water 112 

Braking flaps 262 

Bretschneider wave spectrum 37 

Bridge simulators 360 

Broaching 

 definition 274 

 danger of 277 

C 

Canals 

 course-keeping in 282 326 

 interaction with 279 

Canted rudders 367 

CAORF Simulator 359 

Capsizing  83 

Cavitation, rudder 293 

Celerity, wave 4 6 

Center of pressure (control surface) 221 292 

Climatology, wave 34 

Coasting (to a stop) 251 261 

Coefficients 

 added mass 53 57 



Index Terms Links 

 

This page has been reformatted by Knovel to provide easier navigation. 

 damping  53 57 

 diffraction 53 

 equations of motion 53 57 65 

 Ogilvie & Tuck 53 

Coefficient (control surface) 

 drag   234 295 

 lift   234 295 

Coefficients (nonlinear) 

 added mass 238 248 

 equations of motion 227 228 264 

Coefficients (model) 249 

 drift   250 

 error cancellation 250 

Computations, response 92 

Compound gravity waves 11 

Computers 

 simulation of stopping 259 

Computer programs, motion 

 Frank’s method 60 

 Lewis-forms 60 

 hybrid method 63 

 3-dimensional methods 65 

 seakeeping data base 109 

Confidence level 91 

Conformal mapping 61 

Constant pressure 7 

Contours, wave 7 

Control, automatic 264 

 unstable vessels 265 

 hydrofoils 267 

Control considerations 317 

 device design 364 

 requirements 320 

Controls-fixed motion stability 195 199 265 

Control forces and moments 

 derivatives 198 

 experimental determination 221 

Control loops (the) 192 
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Control, ship motions 126 

 roll   127 

 pitch  136 

Control surface (also see rudder) 292 

 center of pressure 221 

 design of 221 364 

 effect of  221 

  aspect ratio 236 299 

  fixed structure 310 

  profile shape 305 

  thickness 305 

 experimental techniques 221 

 forces and moments on 221 292 

 free-stream characteristics 302 

 geometry of 291 

 hydrodynamics of 291 

 planar-motion mechanism 221 

 rotating-arm technique 222 

 section shapes 303 

 stall   227 293 375 

Control surface coefficients; see 

  coefficients 

Control systems 

 automatic 192 264 

 input data 266 

 time-lag effects 266 

Controllability 

 application to design 327 

 piloted  325 

 of submarines 323 

 of high-speed craft 325 

 standards 

  relation to tests 320 

  status of development 320 

Correlation 

 maneuvering prediction of 232 

Course (ship’s) 

 changing ability 191 317 
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 keeping ability 

  in astern seas 274 

  evaluation of 317 

  in proximity to another ship 287 

  in restricted waters 279 

Crash astern maneuver (stop) 251 258 317 318 397 

Criteria 

 stability  200 317 

 discussion, prescribed values 142 144 

 governing 144 

 limiting valves 142 

 seakeeping performance 3 137 223 

 maneuvering 200 317 

 swept path 318 

Cross spectral analysis 103 

Currents 

 effect of local 271 

D 

Damping 

 coefficients, motion 53 57 60 

 dynamic  118 

 estimation of roll 81 

 hydrodynamic 43 51 

 of roll  100 

 wave system 24 

 wave radiation 101 

d’Alembert forces 122 194 

Deadwood (fixed fin) 

 derivatives of 242 

 effect of  241 314 

Decrement of roll 82 

Definitive maneuvers 206 

Degrees of freedom 45 

Derivatives control 

 prediction of 236 

Derivatives, hydrodynamic 

 comparison prediction 243 
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  control force 198 

  full-scale tests 231 

  model tests 243 

 contribution, fixed fin 241 

 determination of 236 

  bare hull 236 

  ship-fin configuration 241 

 of stability 200 

Derived responses 2 

Design for seakeeping 109 160 

Det norske Veritas 370 

Diagram of Steering 328 

Diameter, tactical 209 297 348 

Dieudonne spiral maneuver 202 

Diffraction problem 49 

 coefficients of 53 

Directional stability, see stability, motion 

Doppler shift  22 24 

Drag 

 coefficient 234 

 control surface 234 

 locked propeller 262 

Drift 

 angle of  193 

 effect  398 

Dutch roll  83 

Dynamic behavior 

 in wind  268 

 in shallow water 280 

 in narrow channels 282 

Dynamic impulse 255 256 

Dynamic positioning 268 

Dynamic potential 255 256 

Dynamic stability 

 discriminant 201 

 prediction of 350 
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E 

Effective wave length 105 

Encounter frequency 22 41 80 104 

Energy 

 of waves  8 

 dissipation by rolling 82 

Environmental operability 137 

Environmental effects 

 currents  271 

 wind  268 

 waves  272 

Equations of motion 2 41 

 coefficients of 53 57 65 

 controls fixed 198 193 264 

 linear  196 

 linearized 51 

 maneuvering 196 217 

 Newton’s 193 

 nonlinear 217 

 pitching and heaving 42 

 with automatic control 

 with six degrees of freedom 45 

Esso Osaka tests 319 

Exciting forces, wave 67 

F 

“Feelers”, hydrofoil 268 

Fetch   5 24 

Fins, fixed 

 added mass of 235 

 aspect ratio 235 

 contribution of 234 

 effect on 

  stability in turning 235 333 350 

  maneuvering 235 

Fins moveable; see rudders, planes 

Flanking rudders 370 
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Flaps 

 braking  262 263 

Following seas 

 effect of  274 

Forces 

 components 196 

 control and moments 198 

 d’Alembert 194 

 derivatives 197 

 during maneuvers 194 

 wind and wave 194 

 hydrodynamics 194 

 inertial reaction 194 

Forces, ship motions 124 

 exciting  42 50 58 67 123 

 d’Alembert 122 194 

 fluid  46 

 hydrostatic 47 

 hydrodynamic 49 194 

 radiating  42 51 

 restoring  42 

Forces and moments, rudder 292 

Fourier technique 4 14 

Frank’s method 60 

Freeboard 

 bow   113 

 nominal  114 

 ratio  167 

Frequency, also see Period 

 natural  103 

 of pitch and heave 69 103 

 of roll  78 103 

 of encounter 22 41 104 

Froude number 202 

Froude number (synchronism) 104 

Froude’s law  295 

Froude-Krylov 

 approximation 50 
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 exciting forces 50 58 

 sectional amplitude 58 

Full-scale measurement 

 pitch-heave 70 

 rolling  82 

G 

Gallatin tests  380 

Gaussian process 84 

Gyroscopic stabilizers 133 135 

H 

“Harbor” speed 251 

Haskind relations 51 58 

Head reach  254 

Head seas 

 motions in 42 

 exciting forces in 67 

Heave 

 acceleration variance 99 

 in irregular waves 95 

Heaving 

 coupled with pitching 65 

 forces due to 124 

 general considerations 65 

 natural period of 103 

Heel 

 angle in a turn 212 

 during maneuvers 228 

Helmsman error tests 381 

High-speed vessels 

 control requirements 325 

Horn rudder  314 367 393 

Hovgaard effect 401 

Human factor 325 

Hydrofoils, control of 267 325 
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I 

Indexes 

 K and T coursekeeping and turning 207 327 

 stability  207 

 controllability 320 

 trial   320 

 motion stability 199 337 

Instability 

 in turning 199 

 in waves  272 

 transverse 203 

Interactions 

 between two vessels 287 

 hull and rudder 292 

 vessel and waterway 279 326 

Irregular waves 

 heave acceleration in 99 

 heave in  95 

 motions in 92 

 pitch in  96 

 rolling in 100 

 speed reduction in 105 

J 

Joessel’s formula 302 384 

Jones’ formula 236 

JONSWAP wave spectrum 38 

K 

Kalman filter  249 

Kempf overshoot maneuver 206 

L 

Lateral motions 285 

Leeway angle 83 193 

Lewis-forms  60 
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Lift coefficient, control surface 234 295 

Linear random theory 

 validity for ships 102 

 validity for other than normal ship 

  forms 103 

Linear superposition theory 84 

Loads, wave  122 

Longitudinal Center of Buoyancy (LCB) 164 

M 

Machinery characteristics 

 effects of maneuvering 258 397 

Magnification factor 78 

Mass transport 9 

Maneuvers, definitive 206 

 crash astern 258 

 Dieudonne spiral 202 

 rudder cycling 258 

 thrust during 228 

 turning test 209 

 overshoot (zigzag) 206 

 pullout spiral 204 

 submersible 324 

Maneuvering model techniques 

 oscillator 224 

 planar motion mechanism 221 

 rotating-arm tests 221 224 243 

 straight-line tests 222 

Maneuvers nonlinear 

 captive model tests 221 

 effect of hull configuration 339 342 

 free-running model tests 215 

 nonlinear equations of motion 217 229 

Maneuvers, prediction of 

 bare hull derivatives 236 

 control derivatives 236 

Maneuverability 

 high-speed vessels 325 
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 submersibles 323 

 trial codes 317 318 

Maneuvering 

 characteristics 317 

 criteria  317 

 devices  333 

 effect of 

  fixed fins 235 

  block coefficient 327 

  hull configuration 333 336 

  moveable fins 333 

  propellers 397 

  propulsion plants 397 

  full-scale tests in 258 317 

  wind 269 

  current 271 

  astern seas 274 

  restricted waters 279 

 standards 318 

 test code  318 

 trials  318 

Meander maneuver 324 

Measurements, full-scale 

 pitch, heave 70 

 roll   82 

Metacentric height 

 effect on roll 78 80 170 

 variation in 83 

Mission effectiveness 3 152 138 

Model coefficients; see coefficients 

Model tests 

 bending movement in waves 102 

 pitching and heaving 69 70 

 speed loss in waves 120 

 seakeeping 69 

Model tests, maneuvering 

 captive  217 221 243 

 comparison of results 243 
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 free-running 215 

 full-scale data comparison 232 

 hydraulic 217 

 in astern seas 277 

 in restricted waters 280 283 

 nonlinear prediction from 229 

 rudders  315 

 Series 60 tests 245 

Model testing (perturbation) 357 

Moment, bending; see Bending Moment 

Moments, motion 

 exciting  42 58 

 radiating  42 

 restoring  42 

Motion stability; see Stability Motion 

Motion, equations of; see Equations of 

 Motion 

Motions of ships in regular waves 2 

 control of 126 

 linear theory of 41 

 local and relative 109 

 longitudinal 65 

 sinusoidal 42 

 with six degree s of freedom 45 109 

 yawing and broaching 116 

Munk moment 237 

N 

Natural period; see Period natural 

Newton’s Law 46 

Norrbin parameter 208 

O 

Observations, maneuvering 232 258 280 

Ochi wave spectrum 40 

Oscillator technique (pmm) 224 

Operability index 151 

Overshoot (zigzag) maneuver 206 317 
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 angle of  208 

P 

Path ship’s 

 changing ability 317 

 keeping ability 317 

Performance prediction 108 

Performance requirements 316 

Period/length ratio 105 

Period, natural 

 effect of GM , GZ  78 170 

 heaving  103 

 pitching  103 

 rolling  103 

 magnitude of 105 

 of waves  8 

Pitch 

 radius of gyration 69 

Pitching 

 effect on controllability 195 

Pitching (motion) 

 coupled with heaving 65 

 effect of speed and hydrostatic 

  coefficient 66 

 effect of wavelength 105 

 effect on resistance 118 

 forces due to 124 

 full-scale measurements 105 

 in irregular waves 97 

 in oblique seas 109 

 subcritical 105 

 supercritical 108 

 synchronous 105 

Pitching, natural period 105 

 means of shortening 106 

Pitching and heaving 

 control of 136 

 coupled  67 
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Pitching and heaving (Cont.) 

 guidance fo r design 160 166 

Pivot point (turning) 209 

Planar motion mechanism 224 221 

Powering in waves 120 

Prandtl’s theory 299 

Pressure, fluid 48 

Profiles, wave 7 

Propellers 

 effects of 397 

 effect on 

  maneuvers 228 397 

  stability 397 

  turning 348 

  turning moment 400 

 thrust  228 

 transverse forces 400 

 vertical-axis 407 

Properties, wave 8 
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