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Foreword

The publication of the second edition of Aircraft Engine Design is particularly
timely because it appears on the eve of the 100th anniversary of the first powered
flight by the Wright brothers in 1903 that paved the path to our quest for further
development and innovative ideas in aircraft propulsion systems. That path led to
the invention of the jet engine and opened the possibility of air travel as standard
means of transportation. The three authors of this new volume, Dr. Jack Mattingly,
Dr. William Heiser, and Dr. David Pratt produced an outstanding textbook for
use not only as a teaching aid but also as a source of design information for
practicing propulsion engineers. They all had extensive experience both in teaching
the subject in academic institutions and in research and development in U.S. Air
Force laboratories and in aerospace manufacturing companies. Their combined
talents in refining and expanding the original edition produced one of the best
teaching texts in the Education Series.

The 10 chapters in this text are organized essentially along three main themes:
1) The Design Process (Chapters 1 through 3) involving constraint and mission
analysis, 2) Engine Selection (Chapters 4 through 6), and 3) Engine Compo-
nents (Chapters 7 through 10). Thus the present text provides a comprehensive
description of the whole design process from the conceptual stages to the final in-
tegration of the propulsion system into the aircraft. The text concludes with some
16 appendices on units, conversion factors, material properties, analysis of a variety
of engine cycles, and extensive supporting material for concepts used in the text-
book. The structure of this text is tailored to the special needs of teaching design
and therefore should contribute greatly to the learning of the design process that is
the crucial requirement in any aeronautical engineering curricula. At the same time,
the wealth of design information in this text and the comprehensive accompanying
software will provide useful information for aircraft engine designers.

The ATAA Education Series of textbooks and monographs, inaugurated in 1984,
embraces a broad spectrum of theory and application of different disciplines in
aeronautics and astronautics, including aerospace design practice. The series in-
cludes also texts on defense science, engineering, and management. It serves as
teaching texts as well as reference materials for practicing engineers, scientists,
and managers. The complete list of textbooks published in the series can be found
on the end pages of this volume.

J. S. PRZEMIENIECKI
Editor-in-Chief
AlIAA Education Series



Preface

On the eve of the 100th anniversary of powered flight, it is fitting to recall how
the first successful aircraft engine came about. In 1902 the Wright brothers wrote
to several engine manufacturers requesting a 180-1b gasoline engine that could
produce 8 hp. Since none was available, Orville Wright and mechanic Charlie
Taylor designed and built their own that produced 12 hp and weighed 200 1bs.
How far aircraft engines have come since then! Only a generation later Sir Frank
Whittle and Dr. Hans von Ohain, independently, developed the first flight-worthy
jetengines. Subsequent advances have produced the high-tech gas turbine engines
that power modern aircraft.

Over the past century of progress in propulsion, one constant in aircraft en-
gine development has been the need to respond to changing aircraft requirements.
Aircraft Engine Design, Second Edition explains how to meet that need. You have
in your hands a state-of-the-art textbook that is the distillation of 15 years of
improvements since its original publication. Five primary factors prompted this
revised and enlarged edition:

1) Altogether new concepts have taken hold in the world of propulsion that
require exposition, such as the recognition of throttle ratio as a primary designer
engine cycle selection, the development of low pollution combustor design, the
application of fracture mechanics to durability analysis, and the recognition of
high-cycle fatigue as a leading design issue.

2) Classroom experiences with the original textbook have led to improved
methods for explaining many central concepts, such as off-design performance and
turbomachinery aerodynamic performance. Also, some concepts deserve further
exploration, for example, uninstalled/installed thrust and some analytical demon-
strations of engine behavior.

3) Dramatically new software has been developed for constraint, mission, and
component analyses, all of which is compatible with modern, user-friendly, menu-
driven PC environments. The new software is much more comprehensive, flexible,
and powerful, and it greatly facilitates rapid design iteration to convergence.

4) The original authors became acquainted with Dave Pratt, an expert in the
daunting field of combustion, and persuaded him to place the material on combus-
tors and afterburners on a sound phenomenological basis. This required entirely
new text and computer codes. They were also fortunate to be able to solicit out-
standing material on engine life management and engine controls.

5) The authors felt that a second example Request for Proposal (RFP) would
add an important dimension to the textbook. Moreover, their experience with a
wide variety of example RFPs revealed the need for several new constraint and
mission analysis cases.

With more than 100 years of experience in propulsion systems, the authors have
each contributed their own particular expertise to this new edition with a resultant

xiii
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synergy that will be apparent to the discerning reader. One experience that the
authors have in common is service in the Department of Aeronautics at the U.S.
Air Force Academy where I was department head. It was also my privilege to
have worked with Bill Heiser and Jack Mattingly as a coauthor on the original
edition of Aircraft Engine Design. I am pleased that Dave Pratt has joined Bill and
Jack to contribute his knowledge of combustion to this new edition. The result is a
much improved and very usable textbook that will well serve the next generation
of professionals and students.

In preparing this new edition of Aircraft Engine Design, the authors have drawn
upon their vast experience in academia. Dr. Heiser served 10 years in the Depart-
ment of Aeronautics of the Air Force Academy and has taught at the University
of California, Davis, and the Massachusetts Institute of Technology. Dr. Mattingly
taught for seven years at the Air Force Academy. In addition, he has taught at the
Air Force Institute of Technology, the University of Washington, the University
of Wisconsin, and Seattle University, where he served as Department Chair.
Dr. Pratt has been a faculty member at the U.S. Naval Academy, Washington State
University, the University of Utah, the University of Michigan, and the University
of Washington, including eight years as Department Chair at Michigan and
Washington. He also spent a sabbatical at the Air Force Academy. In recogni-
tion of their academic contributions, the authors have all been named professors
emeriti.

The authors’ considerable experience in research and industry also contributed
to their revision of Aircraft Engine Design. Dr. Heiser began his industrial experi-
ence at Pratt and Whitney working on gas turbine technology. Subsequently he was
Air Force Chief Scientist of the Wright—Patterson Air Force Base Aero Propulsion
Laboratory in Ohio and then at the Amold Engineering Development Center in
Tennessee. Later he directed all advanced engine technology at General Electric.
He was the principal propulsion advisor to the Joint Strike Fighter Propulsion
Team that was awarded the 2001 Collier Trophy for outstanding achievement in
aeronautics. Dr. Heiser was Vice President and Director of the Aerojet Propulsion
Research Institute in Sacramento, California, where Dr. Pratt was also a Research
Director. Dr. Pratt was a Senior Fulbright Research Fellow at Imperial College
in London and spent time at the Los Alamos Laboratories. He has consulted for
more than 20 industrial and government agencies. While at the Air Force Aero
Propulsion Laboratory, Dr. Mattingly directed exploratory and advanced develop-
ment programs aimed at improving the performance, reliability, and durability of
jet engine components. He also led the combustor technical team for the National
AeroSpace Plane program. Dr. Mattingly did research in propulsion and thermal
energy systems at AFIT and at the Universities of Washington and Wisconsin.

In addition to this new edition of Aircraft Engine Design, the authors have
published other significant textbooks and technical publications. Dr. Heiser and
Dr. Pratt received the 1999 Summerfield Award for their AIAA Education Series
textbook Hypersonic Airbreathing Propulsion. Dr. Mattingly is the author of the
McGraw-Hill textbook Elements of Gas Turbine Propulsion and has published
more than 30 technical papers on propulsion and thermal energy. Dr. Heiser has
published more than 70 technical papers dealing with propulsion, acrodynamics,
and magnetohydrodynamics (MHD). Dr. Pratt has more than 100 publications
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in pollution formation and control in coal and gas-fired furnaces and gas turbine
engines, and in numerical modeling of combustion processes in gas turbine, auto-
motive, ramjet, scramjet, and detonation wave propulsion systems.

Just as important as the depth and breadth of the authors’ expertise is their
ability to impart their knowledge through this textbook. I am confident that this
will become apparent as you use the second edition of Aircraft Engine Design.

As we embark on the second century of powered flight, let us recall the words
of Austin Miller inscribed on the base of the eagle and fledglings statue at the U.S.
Air Force Academy:

“Man’s flight through life is sustained by the power of his knowledge.”

Brig. Gen. Daniel H. Daley (Retired)
U.S. Air Force
August 2002
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AB
AOA
AR

B

BCA
BCM
Cp
(05
Cpr
Cpre
Cpo

exp

Nomenclature (Chapters 1-3)

area

afterburner

angle of attack, Fig. 2.4

aspect ratio

speed of sound

quantity in quadratic equation

quantity in quadratic equation

best cruise altitude

best cruise Mach number

coefficient of drag, Eq. (2.9)

coefficient of drag at maximum L/ D, Eq. (3.27a)
coefficient of additional drags

coefficient of drag for drag chute

coefficient of drag at zero lift

coefficient of lift, Eq. (2.8)

coefficient of lift at maximum L/ D, Eq. (3.27b)
coefficient in specific fuel consumption model, Eq. (3.12)
coefficient in specific fuel consumption model, Eq. (3.12)
quantity in quadratic equation

drag

infinitesimal change

planform efficiency factor

exponential of

fuel specific work, Eq. (3.8)

acceleration

Newton’s gravitational constant

acceleration of gravity

height

coefficient in lift-drag polar equation, Eq. (2.9)
coefficient in lift-drag polar equation, Eq. (2.9)

inviscid drag coefficient in lift-drag polar equation, Eq. (2.9)
viscous drag coefficient in lift-drag polar equation, Eq. (2.9)
velocity ratio over obstacle, Eq. (2.36)

velocity ratio at touchdown, (Vrp = krpVsrarr)

velocity ratio at takeoff, Eq. (2.20)

lift

natural logarithm of

Mach number

best cruise Mach number

number of turns

Xix



= load factor, Eq. (2.6)

= pressure

= total pressure, Eq. (1.2)

= weight specific excess power, Eq. (2.2b)

= dynamic pressure, Eq. (1.6)

= additional drags; gas constant

radius

wing planform area

distance

installed thrust; temperature

total temperature, Eq. (1.1)

TR = throttle ratio, Eq. (D.6)

TSFC = installed thrust specific fuel consumption, Eq. (3.10)
t = time

u = total drag-to-thrust ratio, Eq. (3.5)

14 = velocity

w = weight

Ze = energy height, Eq. (2.2a)

o = installed thrust lapse, Eq. (2.3)

B = instantaneous weight fraction, Eq. (2.4)

r = empty aircraft weight fraction (= Wg/Wrp)
14
A
8

NN® Yy e yyus
|

= ratio of specific heats
= finite change
= dimensionless static pressure (see Appendix B)

8o = dimensionless total pressure, Eq. (2.52b)

€ = infinitesimal quantity

6 = dimensionless static temperature (see Appendix B)

OcL = angle of climb

6y = dimensionless total temperature, Eq. (2.52a)

Gobreak = theta break, 6, where engine control system sets simultaneous maxima
of T4 and 7. (see Appendix D)

A = wing sweep angle

7 = coefficient of friction

£ = drag coefficient for landing, Eq. (2.32)

Ero = drag coefficient for takeoff, Eq. (2.24)

I = mission leg weight fraction, Eq. (3.46)

if

p = density

= = summation

o = dimensionless static density (see Appendix B)

@ = angle of thrust vector to wing chord line, Fig. 2.4

Q = angular velocity

Subscripts

avg = average

B = braking

BCA = best cruise altitude

CAP = combat air patrol



max
mid

obs

PE
PP

SL
STALL
std
D
T0
TR
wet
A—>J
a—c¢
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climb

critical

quarter chord

drag

without afterburning
empty

fuel

free roll

final

ground roll

initial

landing; lift
maximum

mid point
minimum

obstacle

payload

expended payload
permanent payload
rotation

sea level static
corresponding to stall
standard day
touchdown

takeoff

transition

with afterburning
mission segments
integration intervals
mission phases

XXi



Nomenclature (Chapters 4—10 and Appendices)

exp

8c
8o

area; pre-exponential factor, Eq. (9.25)

aspect ratio; area ratio, Eq. (9.61)

speed of sound; axial interference factor, Fig. L.4

constant in swirl velocity equation, Eq. (8.24)

speed of sound at station i

rotational interference factor, Fig. L.4

ratio of Prandtl mixing length to shear later width, Eq. (9.53);
afterburner blockage D/H, Eq. (9.87)

best cruise altitude

best cruise Mach number

constant in swirl velocity equation, Eq. (8.24)

constant

nozzle angularity coefficient, Eq. (10.24)

coefficient of drag; nozzle discharge coefficient, Eq. (10.22)

nozzle gross thrust coefficient, Eq. (10.21)

coefficient of lift

pressure recovery coefficient, Eq. (9.62); power correlation
parameter, Eq. (L.18)

ideal power coefficient, Eq. (L.9)

thrust correlation parameter, Eq. (L.17)

ideal thrust coefficient, Eq. (L.8)

power takeoff shaft power coefficient for high-pressure spool,
Eq. (4.21b)

power takeoff shaft power coefficient for low-pressure spool,
Eq. (4.22b)

nozzle velocity coefficient, Eq. (10.23)

shear layer growth constant, Eq. (9.54)

airfoil chord

specific heat at constant pressure

diameter; drag; diffusion factor, Eq. (8.1)

additive drag, Eq. (6.5)

disk shape factor, Eq. (8.68)

infinitesimal change

modulus of elasticity

polytropic efficiency of component i

exponential of

uninstalled thrust, Eq. (4.1)

fuel-to-air mass flow ratio

Newton’s gravitational constant

acceleration of gravity
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HP
hpr
hyi

IMS

height; enthalpy of a mixture of gases, Eq. (9.8)

horsepower

altitude; static enthalpy

Heating value of fuel

height of rim

total enthalpy at station i

impulse function, Eq. (1.5); air loading, Eq. (9.31)

integral mean slope, Eq. (6.11)

ratio of jet-to-crossflow momentum flux or dynamic pressure,
Eq. (9.40); advance ratio, Eq. (L.20)

forward, reverse rate constant for jth reaction, Egs. (9.14)
and (9.15)

length

natural logarithm of

Mach number; mean molecular weight

mass flow parameter, Eq. (1.3)

static pressure mass flow parameter, Eq. (1.4)

mass flow rate

corrected mass flow rate at station i, Eq. (5.23)

rotational speed (rpm); number of moles, Eq. (9.26); number
of holes, Eq. (9.113) and (9.118); number of nozzle
assemblies, Eq. (9.105)

number of blades

corrected engine speed at station i, Eq. (5.24)

rotational speed of high-pressure spool

rotational speed of low-pressure spool

number; exponent

mass-specific mole number of ith species

sum of mole number in mixture

pressure; power

external pressure

pressure at station i

reduced pressure, Eq. (4.3¢c)

shaft power takeoff

total (or stagnation) pressure at station i

wetted perimeter of duct

torque

dynamic pressure, Eq. (1.6)

gas constant

universal gas constant

forward volumetric rate of jth reaction, Eq. (9.14)

volumetric reaction rate of fuel, Eq. (9.24)

radius; shear layer velocity ratio, Eq. (9.52)

uninstalled thrust specific fuel consumption, Eq. (4.2)

swirl number of primary air swirler, Eq. (9.48)

entropy; spacing; shear layer density ratio, Eq. (9.55)

temperature

adiabatic flame temperature, Fig. 9.3, Eq. (9.23)
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Tact
TR
TSF

0

JI<®TE oSy

“EEET

~ %

NRspec
NTH

activation temperature, Eq. (9.24)

throttle ratio, Eq. (D.6)

thrust scale factor (Section 6.3)

total (or stagnation) temperature at station i

residence time or stay time at blowout, Eqgs. (9.76) and (9.129)

residence time or stay time, Eqs. (9.76) and (9.129)

velocity component in direction of flow

axial or throughflow velocity

velocity; volume, Eq. (9.19)

turbine reference velocity, Eq. (8.38)

tangential velocity

weight; thickness; width

power absorbed by the compressor

power produced by the turbine

axial component of distance along jet trajectory, Fig. 9.14,
Eq. (9.40)

axial location

radial component of distance along jet trajectory, Fig. 9.14,
Eq. (9.40)

mole fraction of ith species, Eq. (9.25)

Zweifel coefficient

engine bypass ratio, Eq. (4.8a); angle; coefficient of thermal
expansion; area fraction, Eq. (9.108)

mixer bypass ratio, Eq. (4.8f)

off-axis turning angle of swirler blades, Eq. (9.48)

stoichiometric coefficients of ith species in jth reaction, Eq. (9.13)

bleed air fraction, Eq. (4.8b); angle

blade angle

function defined by Eq. (8.7)

ratio of specific heats; angle

finite change

enthalpy of formation of ith species, Eq. (9.7) and Table 9.1

small change in; dimensionless static pressure (see Appendix B);
time-mean width of shear layer, Figs. 9.12 and 9.19, Eq. (9.54)

exit deviation of compressor blade, Eq. (8.18)

dimensionless total pressure at station i, Eq. (5.21)

time-mean width of mixing layer, Eqgs. (9.37) and (9.58)

exit deviation of turbine blade, Eq. (8.55)

combustion reaction progress variable, Eq. (9.21)

rate of dissipation of turbulence kinetic energy, Eq. (9.74)

cooling air #1 mass flow rate, Eq. (4.8¢)

cooling air #2 mass flow rate, Eq. (4.8d)

adiabatic efficiency of component i

engine overall efficiency of engine, Eq. (E.3)

engine propulsive efficiency of engine, Eq. (E.4)

inlet total pressure recovery (Section 10.2.3.2)

mil spec inlet total pressure recovery, Eq. (4.12b—d)

engine thermal efficiency of engine, Eq. (E.4)



2] =
o =
Oobreak =

I

cHA
I

Oblade =
O =
Op =
OR =
Otr =
O =
oy =
T =
T; =
T =
T =
T)AB =
[0 =
¢ =
Dintes =
¢nozzle =
1// =
Q =
w =
ORC =
ORt o

Subscripts
A =
AB =
A/C =
add =
avail
b

bl

bp
break =

o
1l

cc
ce
cH =

li
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dimensionless static temperature ratio (see Appendix B); angle

dimensionless total temperature at engine station i, Eq. (5.22)

theta break, 6, where engine control system sets simultaneous maxima of
T:4 and 7, (see Appendix D)

weight fraction, Eq. (3.46)

total pressure ratio of component i

isentropic freestream recovery pressure ratio, Eq. (4.5b)

density

solidity; stress; static density ratio (see Appendix B); time-mean
conical half-angle of round jet, Fig. 9.12, Eq. (9.37)

average blade stress, Eq. (8.66)

rotor airfoil centrifugal stress, Eq. (8.62)

disk stress

rim stress

disk thermal differential stress in radial direction, Eq. (8.71)

disk thermal differential stress in tangential direction, Eq. (8.72)

ultimate stress

enthalpy ratio; temperature ratio

total enthalpy ratio of component

adiabatic freestream recovery enthalpy ratio, Eq. (4.5a)

enthalpy ratio of burner, Eq. (4.6¢)

enthalpy ratio of afterburner, Eq. (4.6d)

cooling effectiveness, Eq. (8.56)

entropy function, Eq. (4.3b); equivalence ratio, Eq. (9.3)

inlet external loss coefficient, Eq. (6.2a)

nozzle external loss coefficient, Eq. (6.2b)

turbine stage loading coefficient, Eq. (8.57)

dimensionless turbine rotor speed, Eq. (8.38)

angular velocity

degree of reaction for compressor stage, Eq. (8.8)

degree of reaction for turbine stage, Eq. (8.36)

air; annulus

afterburner

aircraft

additive drag

available

burner; bleed air

boundary layer bleed

bypass

location where engine control system has simultaneous
maximums of T34 and 7,

core flow

compressor; centrifugal; capture; corrected; chord; cooling

compressor corrected

engine corrected

high-pressure compressor
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cL
cl
c2

DP
Dz

dd
design

mPH
mPL

low-pressure compressor
cooling air #1

cooling air #2

diffuser

pressure drag

dilution

diffuser or inlet; disk

drag divergence

at design value

disk rim

disk shaft

existing

exit; external; exhaust; engine
bypass flow

fuel; fan

fuel at afterburner

gross; gas

hub; hole

highlight

inlet; ideal; inner; index number
jet; index number

index number

liner

mixer

main burner

mean; intermediate; micromixing; metal
maximum

mechanical, high-pressure spool
minimum

mechanical, low-pressure spool
mechanical, power takeoff shaft from high-pressure spool
mechanical, power takeoff shaft from low-pressure spool
coolant mixer |

coolant mixer 2

new (or updated) value of
nozzle; number of stages
nacelle

overall

overall; outer

optimum

propulsive

preliminary design

products to reactants

primary zone

propeller

reference; relative; rim

radial direction

reference
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Superscripts
n =
O
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relative

required

mean radius

shaft

secondary zone

stage

spillage

with respect to reference ram recovery
standard day sea level property
stoichiometric

tip

thermal

power takeoff

turbine; total; tip
high-pressure turbine

throat

low-pressure turbine

axial velocity

tangential velocity

upstream of normal shock
downstream of normal shock
station location

tangential direction

power
corresponding to M = 1; ideal
average
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PART I
Engine Cycle Design



1
The Design Process

1.1 Introduction

This is a textbook on design. We have attempted to capture the essence of the
design process by means of a realistic and complete design experience. In doing
this, we have had to bridge the gap between traditional academic textbooks, which
emphasize individual concepts and principles, and design handbooks, which pro-
vide collections of known solutions. The most challenging and productive activities
of the normal engineering career are at neither end of the spectrum, but, instead, re-
quire the simultaneous application of many principles for the solution of altogether
new problems.

The vehicle employed in order to accomplish our teaching goals is the airbreath-
ing gas turbine engine. This marvelous machine is a pillar of our modern techno-
logical society and comes in many familiar forms, such as the turbojet, turbofan,
turboprop, and afterburning turbojet. With such a variety of engine configurations,
the most appropriate for a given application cannot be determined without going
through the design process.

1.2 Designing Is Different

It should be made clear at the outset what is special about the design process,
for that is what this textbook will attempt to emphasize. Every designer has an
image of what elements constitute the design process, and so our version is not
likely to be exhaustive. Nevertheless, the following list contains critical elements
with which few would disagree:

1) The design process is both started by and constrained by an identified
need.

2) In the case of the design of systems, such as aircraft and engines, many
legitimate solutions often exist, and none can be identified as unique or optimum.
Systematic methods must be found to identify the most preferred or “best” solu-
tions. The final selection always involves judgment and compromise.

3) The process is inherently iterative, often requiring the return to an earlier step
when prior assumptions are found to be invalid.

4) Many technical specialties are interwoven. For example, gas turbine engine
designinvolves at least thermodynamics, aerodynamics, heat transfer, combustion,
structures, materials, manufacturing processes, instrumentation, and controls.

5) Above all, the design of a complex system requires active participation and
disciplined communication by everyone involved. Because each part of the sys-
tem influences all of the others, the best solutions can be discovered (and major
problems and conflicts avoided) only if the participants share their findings clearly
and regularly.
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1.3 The Need

Gas turbine engines exert a dominant influence on aircraft performance and must
be custom tailored for each specific application. The usual method employed by
an aircraft engine user (the customer) for describing the desired performance of an
aircraft (or aircraft/engine system) is a requirements document such as a Request
for Proposal (RFP). A typical RFP, for the example of an Air-to-Air Fighter (AAF),
is included in its entirety in Sec. 1.11 of this chapter. It is apparent that the RFP
dwells only upon the final flying characteristics or capabilities of the aircraft and
not upon how they shall be achieved.

The RFP is actually a milestone in a sequence of events that started, perhaps,
years earlier. During this time, the customer will have worked with potential sup-
pliers to decide what aircraft specifications are likely to be available and affordable
as a result of new engineering development programs. Issuance of the RFP implies
that there is a reasonable probability of success, but not without risk. Because the
cost of development of new aircraft/engine systems as well as the potential future
sales are measured in billions of dollars, the competitive system comes to life, and
the technological boundaries are pushed to their known limit.

Receipt of the RFP by the suppliers, which in this case would include sev-
eral airframe companies and several engine companies, is an exciting moment. It
marks the end of the preliminary period of study and anticipation and the beginning
of the development of a product that will benefit society and provide many with
the satisfaction of personal accomplishment. It also marks the time at which the
“target” becomes relatively stationary and a truly concerted effort is possible,
although changes in the original RFP are occasionally negotiated if the circum-
stances permit.

A member of an engine company will find his or her situation complicated
by a number of things. First, he or she will probably be working with several
airframe companies, each of which has a different approach and, therefore, requires
a different engine design. This requires some understanding of how the aircraft
design influences engine selection, an aspect of engine design that is emphasized in
this textbook. All of the engine commonalties possible among competing aircraft
designs should be identified in order to prevent resources from being spread too
thin. The designer will also experience a natural curiosity to find out what the other
engine companies are proposing. This curiosity can be satisfied by a number of
legitimate means, notably the free press, but each revelation will only make the
designer wonder why the competition is doing it differently and cause his or her
management to ask the same question. With experience, the RFP will gradually
change in ways not initially anticipated. Slowly but surely, the constraints imposed
by each requirement, as well as the possible implications of such constraints, will
become evident. When the significance of the constraints can be prioritized, the
project will be seen as a whole and the designer will feel comfortable with his
choices.

The importance of the last point cannot be overemphasized. Once received, the
RFP becomes the touchstone of the entire effort. It must be read very carefully at
first so that a start in the right direction is assured. The RFP will be referred to
until it becomes ragged, leading to complete familiarity and understanding and,
finally, a sense of relaxation.
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1.4 Our Approach

To bring as much life as possible to the design process in this textbook, the Air-to-
AirFighter RFP is the basis for a complete preliminary engine design. All of the ma-
terial required to reach satisfactory final conclusions is included here. Nevertheless,
itis strongly encouraged that simultaneous detailed design of the airframe by a par-
allel group be conducted. The benefits cascade not only because of the technical in-
terchange between the engine and aircraft people, but also because the participants
will come to understand professional love-hate relationships in a safe environment!

To make this textbook reasonably self-contained for each step of the design
process, a fully usable and (within limits) proper calculation method has been
provided. Each method is based on the relevant physical principles, exhibits the
correct trends, and has acceptable accuracy. In short, the material in this textbook
provides a realistic presentation of the entire design process.

And that is what happens in the case of the AAF engine design as this textbook
unfolds. At each step of the design process, the relevant concept is explained, the
analytical tools provided, the calculated results displayed, and the consequences
discussed. There is no reason that other available tools cannot be substituted, other
than the fact that the numbers contained herein will not be exactly reproduced.
Moreover, when the detailed design of individual engine components is considered,
it will be found that some have been concentrated upon and others passed over.
Specific investigations as dictated by interest or curiosity are to be encouraged.

Indeed, when sufficiently familiar with the entire process, it is recommended that
the reader consider the Global Range Airlifter (GRA) RFP presented in Appendix P
or develop an RFP based on personal interest, such as a supersonic business jet
or an unpiloted air vehicle (UAV). The approach and methods of this textbook
are also ideally suited to the AIAA Student Engine Design competition, which
provides novel challenges annually.

1.5 The Wheel Exists

One of the main reasons that this textbook can be written is that the groundwork
for each step has already been developed by previous authors. Our central task has
been to tie their material together in a systematic and comprehensive way. It would
be inappropriate to repeat such extensive material, and, consequently, the present
text leans heavily on available references—in particular, Aerothermodynamics of
Gas Turbine and Rocket Propulsion by Gordon C. Oates,! Elements of Gas Turbine
Propulsion by Jack D. Mattingly,? and Aircraft Design: A Conceptual Approach
by Daniel P. Raymer.> These pioneering contributions share one important char-
acteristic: They have made the difficult easy, and for that we are in their debt.

A persistent problem is that of the often overlapping nomenclature of aerody-
namics and propulsion. Because these fields grew more or less independently, the
same symbols are frequently used to represent different variables. Faced with this
profusion of symbology, the option of graceful surrender was elected, and the
traditional conventions of each, as appropriate, are used. The Table of Symbols
encompasses all of the aerodynamic and propulsion nomenclature necessary for
this textbook, the former applying to Chapters 1-3 and the latter to Chapters 4-10,
respectively. Our experience has shown that in most cases readers with appropriate
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backgrounds will have little difficulty interpreting the symbology and, with prac-
tice, recognition will become automatic.

1.6 Charting the Course

There is no absolute roadmap for the design of a gas turbine engine. The steps
involved depend, for example, on the experience of the company and the people
involved, as well as on the nature of the project. A revolutionary new engine will
require more analysis and iteration than the modification of an existing powerplant.

Nevertheless, there are generalized representations of the design process that
can be informative and useful. One of these, which depicts the entire development
process, is shown in Fig. 1.1. This figure is largely self-explanatory, but it should
be noted that the large number of studies, development tests, and iterative loops
reveal that it is more representative of what happens to an altogether new engine.

Market research Specification —‘ Customer requirements

Preliminary studies,
choice of cycle,
type of turbomachinery

layout
S l
1 r Vv F
Thermodynamic
design point studies
Mods re
. I >
aerodynamics P
L 2 { A Off-design
erformance
- Aerodynamics of P
Component test compressors, turbine, inlet,
(os le, etc
rigs: compressor, nozzle, etic.
. Mods re
turbine, combustor, L stressing
etc.
F i Mechanical design: __ A 4
stressing of discs, blades, Control
casings; vibration, whirling, system
bearings studies
i v
AF ; b +
Uprated Detail design
and Design and
modified mods manufacture
versions [
Test and development J

Fig. 1.1 Gas turbine engine design system.’
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Design Specification (RFP)

Constraint Analysis
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Mission Analysis
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|
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Engine Performance
Analysis

|

' Engine Cycle Selection

| Engine Performance

Reoptimization < Size Engine
< Component Design

< Predicted A/C Performance <

Revised A/C
Drag Polar

l Final Report l

Fig. 1.2 Preliminary propulsion design sequence.

The portion of Fig. 1.1 enclosed by the dashed line is of paramount importance
because that is the territory covered by this textbook. Although the boundary can
be somewhat altered, for example by including control system studies, it can never
encompass the hardware phases, such as manufacturing and testing.

Figure 1.2 shows the sequence of gas turbine engine design steps outlined in this
textbook. These steps show more detail, but directly correspond to the territory just
noted. They include several opportunities for recapitulation between the engine
and airframe companies, each having the chance to influence the other.

It will not be necessary to dwell on Fig. 1.2 at this point because this textbook is
built upon this model and the chapters that follow correspond directly to the steps

found there.
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1.7 Units

Because the British Engineering (BE) system of units is normally found in
the published aircraft aerodynamic and propulsion literature, that is the primary
system used throughout this textbook. Fortuitously or deliberately, many of the
equations and results will be formulated in terms of dimensionless quantities, which
places less reliance on conversion factors. Nevertheless, the AEDsys software that
accompanies this textbook (see Sec. 1.10.1) automatically translates between BE
and SI units, and Appendix A contains a manual conversion table.

When dealing with BE propulsion quantities, it is particularly important to keep
in mind the fact that 1 1b force (Ibf) is defined as the force of gravity acting on a
1-1b mass (Ibm) at standard sea level. Hence, 1 Ib mass at (or near) the surface of
the Earth “weighs” 1 1b force. Thus, the thrust specific fuel consumption, pounds
mass of fuel per hour per pound of thrust, can be regarded as pounds weight of
fuel per hour per pound of thrust and traditionally appears with the units of 1/time.
Also, specific thrust, pounds of thrust per pound mass of air per second, can be
regarded as pounds of thrust per pound weight of air per second. The situation is
less complex when dealing with SI units because the acceleration of gravity is not
involved in conversion factors.

1.8 The Atmosphere

The properties of the approaching air affect the behavior of both the airplane and
the engine. To provide consistency in aerospace analyses, the normal practice is
to employ models of the “standard atmosphere” in the form of tables or equations.
The equations that describe the standard atmosphere are presented in Appendix B
(based on Ref. 4). The properties are presented in terms of the ratio of each property
to its sea level reference value. Note that the property values at sea level are also
included and are denoted by the subscript “std.”

The standard atmosphere is, of course, never found in nature. Consequently,
several “nonstandard” atmospheres have been defined in order to allow engine
designers to probe the impact of reasonable extremes of “hot” and “cold” days
(Ref. 5) on engine behavior. In addition, the “tropical” day (Ref. 6) has been
defined for analysis of naval operations. The information in Appendix B or AEDsys
software that accompanies this textbook (see Sec. 1.10.1) will allow you to select
either the standard, cold, hot, or tropic atmospheres when testing your engines.

1.9 Compressible Flow Relationships

The external and internal aerodynamics of modern aircraft are dominated by
compressible flows. To cope with this situation, we will take full advantage
throughout this textbook of the analytical and conceptual benefits offered by the
classical steady, one-dimensional analysis of the flow of calorically perfect gases
(Refs. 1, 2, and 7).

Six of the most prominent compressible flow relationships will now be sum-
marized for later use. Their value to designers and engineers is easily confirmed
by their frequent appearance in the literature, as well as by the simple truths they
tell and their ease of application. They share the important characteristic that they
are evaluated at any point or station in the flow, rather than relating the properties
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at one point or station to another. The ratio of specific heats y is constant in this
formulation.

1.9.1 Total or Stagnation Temperature

The total or stagnation temperature 7, is the temperature the moving flow would
reach if it were brought adiabatically from an initial Mach number M to rest at a
stagnation point or in an infinite reservoir. The total temperature is given by the
expression

_1
n:T(1+VTM2) (1.1)

You may find it helpful to know that the term (y — 1)M?/2 that appears in a
myriad of compressible flow relationships can be thought of as the ratio of the
kinetic energy to the internal energy of the moving flow. Hence, the ratio of total
to static temperature increases directly with this energy ratio.

1.9.2 Total or Stagnation Pressure

The total or stagnation pressure P, is the pressure the moving flow would reach if
it were brought isentropically from an initial Mach number M to rest at a stagnation
point or in an infinite reservoir. The total pressure is given by the expression

Y

_1 ]
P = P(l + ZZ—MZ)V (1.2)

This relationship serves as a reminder that the pressure of the flow can be in-
creased merely by slowing it down, reducing the need for mechanical compression.
Moreover, because the exponent is rather large for naturally occurring physical pro-
cesses (e.g., the pressure ratio for air can be as much as 10 when the Mach number
is 2.2), no mechanical compression may be required at all. The corresponding
propulsion devices are known as ramjets or scramjets because the required pres-
sure ratio results only from decelerating the freestream flow.

1.9.3 Mass Flow Parameter

The mass flow parameter based on total pressure MFP is derived by combining
mass flow per unit area with the perfect gas law, the definition of Mach number,
the speed of sound, and the equations for total temperature and pressure just given.
The resulting expression is

v+l
/T, —1 \E
MEp ="V pp [YEe (1 Y T )T (1.3)
PA R 2

The total pressure mass flow parameter may be used to find any single flow
quantity when the other four quantities and the calorically perfect gas constants
are known at that station. The MFP is often used, for example, to determine the
flow area required to choke a given flow (i.e., at M = 1). The MFP can also be
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used to develop valuable relationships between the flow properties at two different
stations, especially when the mass flow is conserved between them.

Because the MFP is a function only of the Mach number and the gas properties,
it is frequently tabled in textbooks. Unfortunately, each MFP corresponds to two
Mach numbers, one subsonic and one supersonic, and the complexity of Eq. (1.3)
prevents direct algebraic solution for Mach number. Finally, the MFP has the
familiar maximum at M = 1, at which the flow is choked or sonic and the flow per
unit area is the greatest.

1.9.4 Static Pressure Mass Flow Parameter

The mass flow parameter based on static pressure MFp can be derived by
combining Egs. (1.2) and (1.3). The resulting expression is

tit/T, Y& y—1
MFp=—Y"=M 1+ 22— M2 1.4
P PA R \UT 2 (14

The static pressure mass flow parameter is commonly used by experimentalists,
who often find it easier to measure static pressure than total pressure. Fortunately,
each MFp corresponds to a single Mach number, and the form of Eq. (1.4) permits
direct algebraic solution for Mach number.

1.9.5 Impulse Function
The impulse function [ is given by the expression

[ =PA+mV =PA(l + yM?) (1.5)

The streamwise axial force exerted on the fluid flowing through a control volume
is Iyir — ILonry, While the reaction force exerted by the fluid on the control volume
is Lentry — Lexir-

The impulse function makes possible almost unimaginable simplification of
the evaluation of forces on aircraft engines and their components. For example,
although one could determine the net axial force exerted on the fluid flowing
through any device by integrating the axial component of pressure and viscous
forces over every infinitesimal element of internal wetted surface area, it is certain
that no one ever has. Instead, the integrated result of the forces is obtained with
ease and certainty by merely evaluating the change in impulse function across the
device.

1.9.6 Dynamic Pressure

Most people are introduced to the concept of dynamic pressure in courses on
incompressible flows, where it is the natural reference scale for both inviscid and
viscous forces caused by the motion of the fluid. These forces include, for example,
stagnation pressure, lift, drag, and boundary layer friction. It is surprising, but
nevertheless true, that the dynamic pressure serves the same purpose not only for
compressible flows, but for hypersonic flows as well. The renowned and widely
used Newtonian hypersonic flow model uses only geometry and the freestream
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dynamic pressure to estimate the pressures and forces on bodies immersed in
flows.
The dynamic pressure g is given by the expression

pV: 1P , VvPM?
= Tap?MM=

where the equations of state and speed of sound for perfect gases have been substi-

tuted. The latter, albeit less familiar, version is greatly preferred for compressible

flows because the quantities P and M are more likely to be known or easily found,

and because the units are completely straightforward. Consequently, the latter

version is predominantly used in this textbook.

(1.6)

1.9.7 Ratio of Specific Heats

The constant ratio of specific heats used in the preceding equations must be
judiciously chosen in order to represent the behavior of the gases involved re-
alistically. Because of the temperature and composition changes that take place
during the combustion of hydrocarbon fuels, the value of  within the engine can
be considerably different from that of atmospheric air (y = 1.4) Two commonly
occurring approximations are ¥ = 1.33 in the temperature range of 2500-3000°R
and y = 1.30in the temperature range 3000-3500°R. The computational capabil-
ities of AEDsys (see Sec. 1.10.1) may also be used in a variety of ways to determine
the most appropriate value of y to be used in any specific situation.

1.10 Looking Ahead

In the following chapters, we have made a substantial effort to reduce intu-
itive and qualitative judgment as much as possible in favor of sound, flexible,
transparent—in short, useful—analytical tools under your control. For example,
the next two chapters are based on only two equations of great generality and power.
They can be applied to an enormous diversity of situations with successful results.

Even though good analysis can minimize the need for empirical and experi-
mental data, it cannot be altogether avoided in the design of any real device. We
have therefore tried to clearly identify when data must be employed, what range
of values to chose, and where the data are obtained. We believe that this has the
advantage of pinpointing the role of experience in the design process, as well
as allowing for sensitivity studies based upon the expected range of variation of
parameters.

1.10.1 AEDsys Software

A CD-ROM containing an extensive collection of general and specific computa-
tional software entitled AEDsys accompanies this textbook. The main purpose of
AEDsys is to allow you to avoid the complex, repetitive, tedious calculations that
are an inevitable part of the aircraft engine design process and to instead focus on
the underlying concepts and their resulting effects. The AEDsys software has been
developed and refined with the sometimes involuntary help of captive students
from all walks of life over a period of more than 20 years, and it has become a
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formidable capability. Put simply, the AEDsys software plays an essential role in
achieving the pedagogical goals of the authors.

With practice, you will find your own reasons to be fond of AEDsys, but they
will probably include the following six. First, the input requirements for any cal-
culation automatically remind you of the complete set of information that must
be supplied by the designer. Second, units can be effortlessly converted back and
forth between BE and SI, thus evading one of the greatest pitfalls of engineering
work. Third, all of the computations are based on physical models and modern
algorithms that make them nearly instantaneous. Fourth, many of the most impor-
tant computational results are presented graphically, allowing visual interpretation
of trends and limits. Fifth, they are compatible with modern PC and laptop presenta-
tion formats, including menu- and mouse-driven actions. Sixth, and far from least,
is the likelihood that you will find uses for the broad capabilities of the AEDsys
software far beyond the needs of this textbook.

Because the CD-ROM contains a complete user’s manual for AEDsys, no ex-
planations will be provided in the printed text. The table of contents is listed next.

1.10.2 AEDsys Table of Contents

AEDsys Program
This is a comprehensive program that encompasses Chapters 2-7. It includes
constraint analysis, aircraft system performance, mission analysis of aircraft
system, and engine performance. User can select from the basic engine models
of Chapters 2 and 3 or the advanced engine models of Chapter 5 with the instal-
lation loss model of Chapter 6 or constant loss. Calculates engine performance at
full and partial throttle using the engine models of Chapter 5. Interface quantities
can be calculated at engine operating conditions.

ONX Program
This is a design point and parametric cycle analysis of the following engines
based on the models of Chapter 4: single-spool turbojet, dual-spool turbojet
with/without afterburner, mixed-flow turbofan with/without afterburner, high
bypass turbofan, and turboprop. User can select gas model as one with constant
specific heats, variable specific heats, or constant specific heats through all
components except for those where combustion occurs where variable specific
heats are used. Generates reference engine data for input to AEDsys program.

ATMOS Program
Calculate properties of the atmosphere for standard, hot, cold, and tropical days.

GASTAB Program
This is equivalent to traditional compressible flow appendices for the simple
flows of calorically perfect gases. This includes isentropic flow; adiabatic, con-
stant area frictional flow (Fanno flow); frictionless, constant area heating and
cooling (Rayleigh flow); normal shock waves; oblique shock waves; multiple
oblique shock waves; and Prandtl-Meyer flow.

COMPR Program
This is a preliminary mean-line design of multistage axial-flow compressor.
This includes rim and disc stress.

TURBN Program
This is a preliminary mean-line design of multistage axial-flow turbine. This
includes rim and disc stress.
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EQL Program
This calculates equilibrium properties and process end states for reactive mix-
tures of ideal gases, for different problems involving hydrocarbon fuels and
air.

KINETX Program
This is a preliminary design tool that models finite-rate combustion kinetics in
a simple Bragg combustor consisting of well-stirred reactor, plug-flow reactor,
and nonreacting mixer.

MAINBRN Program
This is a preliminary design of main combustor. This includes sizing, air parti-
tioning, and layout.

AFTRBRN Program
This is a preliminary design of afterburner. This includes sizing and layout.

INLET Program
This is a preliminary design and analysis of two-dimensional external compres-
sion inlet.

NOZZLE Program
This is a preliminary design and analysis of axisymmetric exhaust nozzle.

The AEDsys Engine Pictures folder also contains numerous digital images of the
external and internal appearance of a wide variety of civil and military engines.
These are intended to help you visualize the overall layout and the details of
components and subsystems of vastly different engine design solutions. You should
consult them frequently as a sanity check and/or to reinforce your own learning
experience.

1.11 Example Request for Proposal

The following Request for Proposal (RFP) was developed by the authors working
with the U.S. Air Force Flight Dynamics Laboratory and has been used in numerous
propulsion design course at the U.S. Air Force Academy. This RFP will be used as
the specification step in the design process for the example design that is carried
through this textbook. The reader is reminded that an RFP for the Global Range
Airlifter, an altogether different mission and aircraft, can be found in Appendix P
along with the basic elements of a solution found on the CD-ROM.

Request for Proposal for the Air-to-Air Fighter (AAF)

A. Background

Now into the 21st century, both the F-15 and F-16 fighter aircraft are physically
aging and using technology that is outdated. Although advances in avionics and
weaponry will continue to enhance their performance, a new aircraft will need to
be operational by 2020 in order to ensure air superiority in a combat environment.
Recent advances in technology such as stealth (detectable signature suppression),
controlled configured vehicles (CCV), composites, fly-by-light, vortex flaps, super-
cruise (supersonic cruise without afterburner operation), etc., offer opportunities
for replacing the existing fleets with far superior and more survivable aircraft. The
F-22 Raptor will take its place in the fighter inventory by 2010 and capitalize on
advanced technologies to provide new standards for fighter aircraft performance.
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There will be a pressing need, however, for a smaller, less expensive fighter to
complement the F-22 as the low end of a “high/low” fighter mix. It is the purpose
of the RFP to solicit design concepts for the Air-to-Air Fighter (AAF) that will
incorporate advanced technology in order to meet this need.

B. Mission

The AAF will carry two Sidewinder Air Intercept Missiles (AIM-9Ls), two
Advanced Medium Range Air-to-Air Missiles (AMRA AMs), and a 25 mm cannon.
It shall be capable of performing the following specific mission:

Subsonic Cruise Climb

Escape g
9  Dash

Combat

Supersonic

Descend Deliver Expendables Pezelration

12
Loiter
4
) Subsonic Cruise Climb
Descend
Descend
And
A
Land pocelerare Combat Ar Patrol
2
L—’ 14
1 Warm-up
and Takeoff
Mission profile by phases®
Phase Description

1-2 Warm-up and takeoff, field is at 2000 ft pressure altitude (PA) with air
temperature of 100°F. Fuel allowance is 5 min at idle power for taxi and
1 min at military power (mil power) for warm-up. Takeoff ground roll plus 3 s
rotation distance must be < 1500 ft on wet, hard surface runway (iro =
0.05), Vio = 1.2 VrarL.

2-3 Accelerate to climb speed and perform a minimum time climb in mil power to
best cruise Mach number and best cruise altitude conditions (BCM/BCA).

34 Subsonic cruise climb at BCM/BCA until total range for climb and cruise climb
is 150 n miles.

4-5 Descend to 30,000 ft. No range/fuel/time credit for descent.

5-6 Perform a combat air patrol (CAP) loiter for 20 min at 30,000 ft and Mach
number for best endurance.

(continued)
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Mission profile by phases® (continued)

Phase Description

6-7 Supersonic penetration at 30,000 ft and M = 1.5 to combat arena. Range =
100 n miles. Penetration should be done as a military power (i.e., no
afterburning) supercruise if possible.

7-8 Combat is modeled by the following:

Fire 2 AMRAAMs
Perform one 360 deg, 5¢ sustained turn at 30,000 ft. M = 1.60
Perform two 360 deg, 5g sustained turns at 30,000 ft. M = 0.90
Accelerate from M = 0.80 to M = 1.60 at 30,000 ft in maximum power
(max power)
Fire 2 AIM-9Ls and 1/2 of ammunition
No range credit is given for combat maneuvers.
Conditions at end of combat are M = 1.5 at 30,000 ft.

8-9 Escape dash, at M = 1.5 and 30,000 ft for 25 n miles. Dash should be done as a
mil power supercruise if possible.

9-10 Using mil power, perform a minimum time climb to BCM/BCA. (If the initial
energy height exceeds the final, a constant energy height maneuver may be
used. No distance credit for the climb.)

10-11  Subsonic cruise climb at BCM/BCA until total range from the end of combat
equals 150 n miles.

11-12  Descend to 10,000 ft. No time/fuel/ distance credit.

12-13  Loiter 20 min at 10,000 ft and Mach number for best endurance.

13-14  Descend and land, field is at 2000 ft PA, air temperature is 100°F. A 3 s free

roll plus braking distance must be < 1500 ft. On wet, hard surface runway
(up =0.18), Vrp =1.15 Verarr.

2All performance calculations except for takeoff and landing distances should be for a standard day
with no wind.

C. Performance Requirements/Constraints
C.1 Performance table

Performance
Item Requirement
Payload 2 AMRAAM missiles
2 AIM-9L missiles
500 rounds of
25 mm ammunition
Takeoff distance?® 1500 ft
Landing distance® 1500 ft
Max Mach number® 1.8M/40 kft
Supercruise requirement®¢ 1.5M/30 kft

(continued)
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Performance (continued)

Item Requirement

Acceleration® 0.8 — 1.6M/30 kft
t<50s

Sustained g level® n > 5 at 0.9M/30 kft

n > 5 at 1.6M/30 kft

3Computed as ground roll plus rotation distance.

bComputed as a 3 s free roll plus braking distance to full stop. Aircraft weight
will be landing weight after a complete combat mission.

CAircraft is at maneuver weight. Maneuver weight includes 2 AIM-9L missiles,
250 rounds of ammunition, and 50% internal fuel.

9The supercruise requirement is designed to establish an efficient supersonic
cruise capability. The operational goal is to attain 1.5M at 30,000 ft in mil power;
designs capable of meeting this goal will be preferred. As a minimum, the design
should achieve the specified speed/altitude condition with reduced afterburner
power operation that maximizes fuel efficiency during supercruise.

C.2 Other required/desired capabilities

C.2.1 Crew of one (required). The cockpit will be designed for single pilot
operation. All controls and instruments will be arranged to enhance pilot workload,
which includes monitoring all functions necessary for flight safety. Use 200 Ib to
estimate the weight of the pilot and equipment.

C.2.2 Air refuelable (required). Compatible with KC-135, KC-10, and
HC-130 tankers.

C.2.3 Advanced avionics package. Per separate RFP.

C.2.4 Maintenance. A major goal of the design is to allow for easy inspec-
tion, access, and removal of primary elements of all major systems.

C.2.5 Structure. The structure should be designed to withstand 1.5 times the
loads (in all directions) that the pilot is expected to be able to safely withstand.
The structure should be able to withstand a dynamic pressure of 2133 Ibf/ft? (1.2M
at SL). Primary structures should be designed consistent with requirements for
durability, damage tolerance, and repair, and structural carry-throughs should be
combined where possible. Primary and secondary structural elements may be fab-
ricated with composite materials of necessary strength. Use of composites in pri-
mary and secondary structures should result in substantial weight savings over
conventional metal structures. The design will allow for two wing and one center-
line wing/fuselage hardpoint for attachment of external stores, in addition to hard
points for missile carry.

C.2.6 Fuelffuel tanks. The fuel will be standard JP-8 jet engine fuel (re-
quired). All fuel tanks will be self-sealing. External fuel, if carried, will be in
external 370-gal fuel tanks (JP-8, 6.5 1bf/gal).

C.2.7 Signatures. Design shall reduce to minimum, practical levels the
aircraft’s radar, infrared, visual, acoustical, and electromagnetic signatures
(desired).
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D. Government-Furnished Equipment (GFE)

D.1  Armament/stores
D.1.1 AIM-9L Sidewinder Missile
Launch weight: 191 Ibf
D.1.2 AMRAAM
Launch weight: 326 1bf
D.1.3 25 mm cannon
Cannon weight; 270 1bf
Rate of fire: 3600 rpm
Ammunition feed system weight (500 rounds): 405 Ibf
Ammunition (25 mm) weight (fired rounds): 550 Ibf
Casings weight (returned): 198 Ibf

D.2 Drag chute
Diameter, deployed: 15.6 ft
Time from initiation to full deployment (during free roll): 2.5 s

E. Aircraft Jet Engine(s)

The basic engine size will be based on a one- or two-engine installation in
the aircraft. Engine operation at mil power is with no afterburning and with the
maximum allowable total temperature at the exit of the main burner. Max power is
with afterburning and with the maximum allowable total temperatures at the exits
of both the main burner and the afterburner. The afterburner shall be capable of
both partial and maximum afterburner operations. Each engine shall be capable of
providing 1% of the core flow bleed air. The engine(s) shall be capable of providing
a total shaft output power of 300 kW at any flight condition. Reverse thrust during
landing should be considered as an optional capability in the design.

1.12 Mission Terminology

To identify and classify the many types of flight that must be considered dur-
ing a given mission, it is important to adhere to a structured set of nomenclature.
The starting point for the system employed in this textbook is illustrated in the
mission profile of Sec. 1.11B, where the flying that takes place between any two
numbered junctions is called “phase” (e.g., Phase 3—4 is a subsonic cruise climb
at BCM/BCA). When it happens that more than one clearly identifiable type of
flight occurs within a phase, the different types are called “segments” (e.g., combat
Phase 7-8 contains two separate turn segments and one acceleration segment). The
corollary, of course, is that missions are made up of phases and segments.

During the derivations that will be carried out in order to support mission anal-
yses, the term used to describe generic conditions of flight is “leg” (e.g., constant
speed cruise leg and horizontal acceleration leg). Hence, a leg can be either a phase
or asegment. Because of the long and varied history of aviation, every type of flight
or leg has a number of widely recognized titles. For example, constant speed cruise
includes dash and supersonic penetration, and loiter includes combat air patrol.
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In the derivations of design tools, the most recognizable, general, and correct title
for the type of flight is selected. In the example based upon the RFP, reality dictated

the use of the contemporary name (or jargon) for each leg. However, the general
case it corresponds to is clearly identified.
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2
Constraint Analysis

2.1 Concept

The design process starts by considering the forces that act on the aircraft,
namely, lift, drag, thrust, and weight. This approach will lead to the fortunate dis-
covery that several of the leading performance requirements of the Request for
Proposal (RFP) can be translated into functional relationships between the mini-
mum thrust-to-weight or thrust loading at sea-level takeoff (Ts;./ Wro) and wing
loading at takeoff (Wyo/S). The keys to the development of these relationships,
and a typical step in any design process, are reasonable assumptions for the air-
craft lift-drag polar and the lapse of the engine thrust with flight altitude and Mach
number. It is not necessary that these assumptions be exact, but greater accuracy
reduces the need for iteration. It is possible to satisfy these aircraft/engine system
requirements as long as the thrust loading at least equals the largest value found
at the selected wing loading. Notice that the more detailed aspects of design, such
as stability, control, configuration layout, and structures, are set aside for later
consideration by aircraft system designers.

An example of the results of a typical constraint analysis is portrayed in
Fig. 2.1. Shown there are the minimum Ts; / Wro as a function of Wy, /S needed
for the following: 1) takeoff from a runway of given length; 2) flight at a given
altitude and required speed; 3) turn at a given altitude, speed, and required rate;
and 4) landing without reverse thrust on a runway of given length. Any of the
trends that are not familiar will be made clear by the analysis of the next section.

What is important to realize about Fig. 2.1 is that any combination of Ts,/ Wro
and Wyp/S that falls in the “solution space” shown there automatically meets all
of the constraints considered. For better or for worse, there are many acceptable
solutions available at this point. It is important to identify which is “best” and why.

It is possible to include many other performance constraints, such as required
service ceiling and acceleration time, on the same diagram. By incorporating all
known constraints, the range of acceptable loading parameters (that is, the solution
space) will be appropriately restricted.

A look at example records of thrust loading vs wing loading at takeoff is quite
interesting. Figures 2.2 and 2.3 represent collections of the design points for jet
engine powered transport-type and fighter-type aircraft, respectively. The thing
that leaps out of these figures is the diversity of design points. The selected design
point is very sensitive to the application and the preferences of the designer. Pick
out some of your favorite airplanes and see if you can explain their location on the
constraint diagram. For example, the low wing loadings of the C-20A and C-21A
are probably caused by short takeoff length requirements, whereas the high thrust
loading and low wing loading of the YF-22 and MIG-31 are probably caused by
requirements for specific combat performance in both the subsonic and supersonic

19



20 AIRCRAFT ENGINE DESIGN

1.8 — . —
T L ]
H L .
R 16 1
U [ Solution ]
S
T 44 I Required Space _J
Tt Speed Landing 1
L t 1
0 _
D | Required Tumn i
! - Number of g's
N 1.0 J
G L i
): e
0.8 |- -
Tw_ [ 3
SL TO p
0.6 L 1 1 L n L4 L 1 PR 1 PR L |
20 40 60 80 100 120
WING LOADING W, /s (Ibf/f®)
Fig. 2.1 Constraint analysis—thrust loading vs wing loading.
045 e ——T—T—T T —T T T T 7T T T T T
P-3
040 - C21A -
[ ] Concorde
°
767-200
035 - .3'3. b A300-600 7
C-20A A310-200 L1011
737.600 ® \f.//A3.21-200
® 777-300ER
Ty/Wo 030 [ 737-800 8757-200 _ 767 300 1
777-200 &, C-17
core & SKC-10A B-1B
B-52H — 747400 L]
025 | C-141Be \ 747-300 7]
B2A KC135R/ pgg0@ g 767-400ER
A330-200 A340-300
0.20 . .
kc-135A @ C9B
0.1 5 1 1 1 1 1 1 1 1 N 1 1 N 1 1 1 1 1 1 N
50 100 150 200 250

2
W /S (Ibfift’)

Fig. 2.2 Thrust loading vs wing loading—cargo and passenger aircraft.!:?



CONSTRAINT ANALYSIS 21

1.40 T T T T T T T T T T T T T L | T T T T T T
YF-23 @
YF-22 Su-27

1.20 L AV-8B ® -

Mi MIG-31  Harrier

irage °

4000 ® F-15e . ® MiG-29

1.00 F-16 1
-29
T IW . Hy
SL - TO Mirage E-20 F-111F .
2000 ® JA37
0.80 Viggen  F.4g F-14B/D 4
KFir-C.2 [} [}

F-106A ® MIG-25 @ FASE

0.60 | Tse FgE * F/A-18E/F.T _
E-16XL ® Mirage F1
T-45 @ F/A-18A/B
0.40 F117A ® ® A-10 -
T-37
®
0.20 U TN T [N TR U TN [N TR T T NN T SN S NN S SR S SN SR S
20 40 60 80 100 120 140
W_/S (bt
10

Fig. 2.3 Thrust loading vs wing loading—fighter aircraft.!-?

arenas. Where do you think the location would be for the AAF, supersonic business
jet, GRA, and UAV?

2.2 Design Tools

A “master equation” for the flight performance of aircraft in terms of takeoff
thrust loading (T, / Wro) and wing loading (Wro/S) can be derived directly from
force considerations. We treat the aircraft, shown in Fig. 2.4, as a point mass with
a velocity (V) in still air at a flight path angle of 6 to the horizon. The velocity of
the air (—V) has an angle of attack (AOA) to the wing chord line (WCL). The lift

Horizon

Fig. 2.4 Forces on aircraft.
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(L) and drag (D + R) forces are normal and parallel to this velocity, respectively.

The thrust (7') is at an angle ¢ to the wing chord line (usually small). Applying

Newton’s second law to this aircraft we have the following for the accelerations:
Parallel to V:

w W dv
Tcos(AOA+¢)— Wsin —(D+R)= —aj= —— (2.1a)
8o go dt
Perpendicular to V:
. w
L + T sin(ACA+ ¢) — Wcosf = —ay (2.1b)

8o

Multiplying Eq. (2.1a) by the velocity (V), we have the following equation in the
direction of flight:

2
{Tcos(AOA+g0)—(D+R)}V=W[Vsin9+i<v—)] )]
dr \ 2g0

Note that for most flight conditions the thrust is very nearly aligned with the
direction of flight, so that the angle (AOA + ¢) is 