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Preface

Intended Audience

This book is intended to provide a foundation for the analysis and design of aircraft engines.
The target audience for this book is upperclassmen, undergraduates, and first-year graduate
students in aerospace and mechanical engineering. The practicing engineers in the gas turbine
and aircraft industry will also benefit from the integration and system discussions in the book.
Background in thermodynamics and fluid mechanics at a fundamental level is assumed.

Motivation

In teaching undergraduate and graduate propulsion courses for the past 23 years,  accumulated
supplemental notes on topics that were not covered in most of our adopted textbooks. The
supplemental materials ranged from issues related to the propulsion system integration into
aircraft to the technological advances that were spawned by research centers around the world. I
could have continued handing out supplemental materials to the textbooks to my classes,
except that I learned that the presentation style to undergraduate students had to be (peda-
gogically) different than for the graduate students. For example, leaving out many steps in
derivations of engineering principles can lead to confusion for most undergraduate students.
Although it is more important to grasp the underlying principles than the mechanics of some
derivations, but if we lose the students in the derivation phase, they may lose sight of the
underlying principles as well. Another motivation for attention to details in analysis is my
conviction that going back to basics and showing how the end results are obtained demystifies
the subject and promotes students’ confidence in their own abilities.

Vii
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Mathematical Level

The mathematics in the present book is intentionally kept at the calculus and basic differential
equations level, which makes the book readily accessible to undergraduate engineering
students. Physical interpretations of mathematical relations are always offered in the text
to help students grasp the physics that is hidden and inherent in the formulas. This approach will
take the mystery out of formulas and let engineering students go beyond symbols and into
understanding concepts.

Chapter Organization and Topical Coverage

The first chapter is an introduction to airbreathing aircraft engines and is divided in two parts.
The first part reviews the history of gas turbine engine development, and the second part
highlights modern concepts in aircraft engine and vehicle design. Young engineering students
are excited to learn about the new opportunities and directions in aircraft engine design that are
afforded by advances in materials, manufacturing, cooling technology, computational
methods, sensors, actuators, and controls. Renewed interest in hypersonic airbreathing engines
in general and supersonic combustion ramjets in particular as well as a sprawling interest in
Uninhabited Aerial Vehicles (UAVs) has revitalized the ever-popular X-planes. The goal of
Chapter 1 is first to inform students about the history, but more importantly to excite them about
the future of aerospace engineering.

Chapter 2 is a review of compressible flow with heat and friction. The conservation
principles are reviewed and then applied to normal and oblique shocks, conical shocks, and
expansion waves, quasi-one-dimensional flows in ducts as well as Rayleigh and Fanno flows.
At the closing of Chapter 2, the impulse concept and its application to gas turbine engine
components are introduced.

Chapter 3 is on engine thrust and performance parameters. Here, we introduce internal
and external performance of aircraft engines and their installation effect.

Chapter 4 describes aircraft gas turbine engine cycles. The real and ideal behaviors of
engine components are described simultaneously in this chapter. Efficiencies, losses, and
figures of merit are defined both physically and mathematically for each engine component in
Chapter 4. Once we define the real behavior of all components in a cycle, we then proceed to
calculate engine performance parameters, such as specific thrust, specific fuel consumption
and thermal and propulsive efficiencies. The ideal cycle thus becomes a special case of a real
cycle when all of its component efficiencies are equal to one.

The next five chapters treat aircraft engine components. Chapter 5 deals with aircraft
inlets and nozzles. Although the emphasis throughout the book is on internal performance of
engine components, the impact of external or installation effects is always presented for a
balanced view on aircraft propulsion. As a building block of aircraft inlet aerodynamics, we
have thoroughly reviewed two-dimensional and conical diffuser performance. Some design
guidelines, both internal and external to inlet cowl, are presented. Transition duct aero-
dynamics also plays an important role in design and understanding of aircraft inlets and is
thus included in the treatment. Supersonic and hypersonic inlets with their attendant shock
losses, boundary layer management, and instabilities such as buzz and starting problem are
included in the inlet section of Chapter 5. The study of aircraft exhaust systems comprises the
latter part of Chapter 5. Besides figures of merit, the performance of a convergent nozzle is
compared with the de Laval or a convergent—divergent nozzle. The requirements of reverse-
and vector thrust are studied in the context of thrust reversers and modern thrust vectoring
nozzles. In the hypersonic limit, the exhaust nozzle is fully integrated with the vehicle
and introductory design concepts and off-design issues are presented. Nozzle cooling is
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introduced for high-performance military aircraft engine exhaust systems and the attendant
performance penalties and limitations are considered. Plug nozzle and its on- and off-design
performances are introduced. Since mixers are an integral part of long-duct turbofan engines,
their effect on gross thrust enhancement is formulated and presented in the nozzle section in
Chapter 5.

Chemical reaction is studied on a fundamental basis in Chapter 6. The principles of
chemical equilibrium and kinetics are used to calculate the composition of the products of
combustion in a chemical reaction. These principles allow the calculation of flame temperature
and pollutant formations that drive the design of modern aircraft gas turbine combustors.
Further details of flame speed, stability, and flameholding are presented in the context of
combustion chamber and afterburner design. Pollutant formation and its harmful impact on
ozone layer as well as the greenhouse gases in the exhaust are presented to give students an
appreciation for the design issues in modern combustors. Aviation fuels and their properties
and a brief discussion of combustion instability known as screech are included in Chapter 6.

Turbomachinery is introduced in three chapters. Chapter 7 deals with axial-flow com-
pressors in two and three dimensions. The aerodynamics of axial-flow compressors and stage
performance parameters are derived. The role of cascade data in two-dimensional design is
presented. Emphasis throughout this chapter is in describing the physical phenomena that lead
to losses in compressors. Shock losses and transonic fans are introduced. The physics of
compressor instability in stall and surge is described. A simple model by Greitzer that teaches
the value of characteristic timescales and their relation to compressor instability is outlined.
Chapter 8 discusses the aerodynamics and performance of centrifugal compressors. Dis-
tinctive characters of centrifugal compressors are highlighted and compared with axial-flow
compressors. Turbine aerodynamics and cooling are presented in Chapter 9. Component
matching and engine parametric study is discussed in Chapter 10. Finally, chemical rocket and
hypersonic propulsion is presented in Chapter 11.

Instructor Resources
_—

The following resources are available to instructors who adopt this book for their course. Please
visit the website at www.wiley.com/college/farokhi to request a password and access these
resources.

\ e Solutions Manual
e Image Gallery
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Latin

A

AB’ Aggco
Ageff

Ap

Ap

Ag

An

Am
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Definition

Local speed of sound

Semimajor axis of inlet elliptic lip (internal)
Swirl profile parameter

Speed sound based on total temperature
Area

Projection of area in the normal direction
Nozzle exit flow area

Reference area

Inlet (freestream) capture area

Inlet capture area

Nozzle throat area (geometrical area)
Effective nozzle throat area

Blocked area (due to boundary layer)
Burning area of grain in solid rocket motors
Effective area

Inlet highlight area

Maximum nacelle area

Inlet throat area

Sonic throat, choked area

Semiminor axis of inlet elliptic lip (internal)
Swirl profile parameter

Blockage

Compressor instability parameter due to Greitzer
Absolute velocity vector

Absolute flow speed, i.e., y/C2 + CZ + C?
Chord length

Effective exhaust velocity in rockets
Characteristic velocity in rockets

Radial, tangential, axial velocity components in the absolute frame of reference

Unit
m/s, ft/s
m, ft
m/s, ft/s
m?, ft?
m?, ft?
m?, ft*
m?, ft*
m?, ft*
m?, ft?
m?, ft*
m?, ft
m?, ft*
m>, ft>
m?, ft®
m?, ft*
m?, ft?
m?, ft*
m?, ft?
m, ft

m/s, ft/s
m/s, ft/s
m, ft

m/s, ft/s
m/s, ft/s
m/s, ft/s

Xix
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Cop

Cr
Cr

Cpr
Ca
Cpg

Cy
Cd
CDi

D flameholder
D add

D nacelle

D pylon

D,

D spillage

D aft-end

D boattail

Dplugffriction

drag coefficient

Friction drag coefficient

Local skin friction coefficient

Force coefficient

Pressure coefficient

Diffuser static pressure recovery coefficient
Nozzle flow angularity loss coefficient
Nozzle (throat) discharge coefficient
Nozzle gross thrust coefficient

Nozzle exit velocity coefficient
Sectional profile drag coefficient
Induced drag coefficient

Sectional lift coefficient

Enthalpy-equivalent of the static pressure rise coefficient due to Koch

Specific heat at constant pressure
Specific heat at constant volume

Molar specific heat at constant pressure
Flameholder width

Diameter, drag

Liquid fuel droplet diameter

Flameholder drag

Additive drag

Nacelle drag

Pylon drag

Ram drag

Spillage drag

Nozzle aft-end drag

Nozzle boattail drag

Friction drag on the plug nozzle
Diffusion factor

Two-dimensional or sectional profile drag
Unit vector

Specific internal energy

Polytropic efficiency of compressor or turbine
Internal energy

Activation energy

Fuel-to-air ratio

Stoichiometric fuel-to-air ratio

Gross thrust

Lip suction force

Axial force on the nozzle plug

Net thrust

Force

Tangential force, axial force

D’ Arcy (pipe) friction factor

Staggered spacing (s.cos B in a rotor and s.cos a in a stator)
Gravitational acceleration on earth
Specific enthalpy

Specific total enthalpy

Heat transfer rate per unit area per unit temp. difference
Altitude above a planet

J/kg-K
J/kg-K
J/kmol-K
m, ft

m, N
micron
N, Ibf
N, Ibf
N, Ibf
N, Ibf
N, Ibf
N, Ibf
N, 1bf
N, 1bf
N, Ibf
N/m
J/kg

J
kcal/mol

N, Ibf
N, Ibf
N, Ibf
N, Ibf
N, Ibf
N, Ibf

m

m/s?, ft/s?
J/kg

I/kg
W/m?K
km, kft
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m,
m
m,
MW
n

Specific total (or stagnation) enthalpy in the absolute frame; h + 22
Specific total enthalpy in relative frame of reference; h + w2/2
Latent heat of vaporization

Higher heating value

Enthalpy

Afterburner duct height

Blade section incidence angle

Optimum incidence angle

Specific impulse

Total impulse

Impulse

Equilibrium constant based on partial pressure
Equilibrium constant based on molar concentration
Length

Lift

Flameholder length of recirculation zone

Diffuser wall length

Diffusion length scale in a blade row

Lower heating value

Aircraft lift-to-drag ratio

Blowing parameter in film cooling, pctic/ Pgity

Blade tangential Mach number U/a

Axial Mach number, C,/a

Relative Mach number; (M2 + M2)'/?

Mach number

Characteristic Mach number

Gas Mach number upstream of a shock in nozzle
Parameter in Carter’s rule for deviation angle

Mass

Mass flow rate

Corrected mass flow rate

Air mass flow rate

Fuel mass flow rate

Propellant (oxidizer and fuel) mass flow rate

Mass flow rate through the side of the control volume
Coolant flow rate

Molecular weight

Exponent of superellipse

Polytropic exponent; parameter in general swirl distribution
Number of blades; shaft rotational frequency; number of stages
Number of bluff bodies in a flameholder

Diffuser axial length

Avagadro’s number (6.023 x 10* molecules per gmole)
Inlet lip bluntness parameter

Corrected shaft speed

Unit normal vector (pointing out of a surface)
Nusselt number

Prandtl number

Static pressure (absolute)

Total pressure

Static pressure upstream of a shock (in nozzle)

Nomenclature

J/kg

J/kg

J/kg

J/kg, BTU/Ibm
J, ft-1bf

m, ft

deg

deg

s

N-s, Ibf-s

N, Ibf

(bar)*

m, ft

N, Ibf

m, ft

m, ft

m, ft

J/kg, BTU/Ibm

kg, Ibm
kg/s, Ibm/s
kg/s, lbm/s
kg/s, lbm/s
kg/s, lbm/s
kg/s, Ibm/s
kg/s, Ibm/s
kg/s, Ibm/s
kg/kmol

bar, Pa, psia
bar, Pa, psia
bar, Pa, psia



xXii

LR ol . -
GRS

reaction

= N~~~ o
=
8
£

NNNNNE

Nomenclature

Power

Shaft power

Pattern factor

Profile factor

Heat exchange

Dynamic pressure

Heat transfer per unit area (heat flux)
Heat transfer rate per unit mass flow rate
Fuel heating value

Heat transfer rate

Aircraft range

Reynolds number

Gas constant

Blade leading-edge radius

Universal gas constant

Mixture ratio (oxidizer to fuel) in liquid propellant rockets
Burning rate in solid propellant rockets
Radius

Cylindrical or spherical coordinate

Hub radius

Tip radius

Pitchline or mean radius (r,+r)/2

Stage degree of reaction

Entropy

Laminar flame speed

Turbulent flame speed

Stanton number

Smoke number

Specific entropy

Blade spacing

Blade thickness

Time

Maximum blade thickness

Reaction time scale

Ignition delay time

Evaporation time scale

Static temperature

Total temperature

Reference temperature, 298.16 K

Gas temperature

Coolant temperature

Adiabatic flame temperature

Adiabatic wall temperature

Turbulence intensity, [(u’2 +v? 4 w’z)/3] ]/Z/Vm
Speed, velocity normal to a shock

Gas speed

Turbulent fluctuating speed (root mean square)
Rotational velocity vector of rotor; w-rey
Blade tip rotational speed, wr;

Root mean square of fluctuating velocities in 3 spatial directions
Average gas speed in the mixing layer

W, hp
W,BTU/s

J, BTU

bar, atm

W/m?, BTU /s.ft*
J/kg, BTU/Ibm
kJ/kg, BTU/Ibm
W, BTU/s

nm

J/kg - K, BTU/Ibm*R

m, in
J/kmol-K
cm/s, in/s
m, ft

m, ft

m, ft

m, ft

J/K

m/s, ft/s
m/s, ft/s
J/kg - K

m, ft

m, ft

S

m, ft

ms

ms

ms

K, R, "C, 'F
K; °R, °C; °F
K; R, °C,"F
K, R, "C, 'F
K,“R,"C, 'F
K, °R, °C, °F
K, °R, °C, °F
m/s, ft/s
m/s, ft/s
m/s, ft/s
m/s, ft/s
m/s, ft/s
m/s, ft/s

m/s, ft/s
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Volume

Speed

Mean speed (used in stall margin)

Relative speed used in the stall margin analysis
Compressor or chamber volume

Plenum volume

Weight

Flame width

Width

Relative velocity vector, relative flow speed

Radial, tangential and axial velocity components in relative frame of reference

Rotor specific work (rotor power per unit mass flow rate; p/m)
Specific work

Tangential speed to an oblique shock

Propellant weight

Rate of work done by the viscous force

Solid flow fraction in a rocket nozzle

Semimajor axis of an elliptic external cowl
Semiminor axis of an elliptic external cowl

Axial coordinate in the cylindrical coordinate system
Airfoil camber

Maximum airfoil camber

Cartesian coordinates

Definition

Bypass ratio in a turbofan engine

Angle of attack

Absolute flow angle with respect to the axial direction

Flow turning angle across a stator blade section

Pressure drop

Plane oblique shock wave angle

Relative flow angle with respect to the axial direction

Mean flow angle corresponding to an average swirl across a blade row
Flow turning angle across a rotor blade section

Boundary layer thickness

Boundary layer displacement thickness

Ratio of total pressure to reference (standard sea level) pressure; p/prer
Thermal boundary layer thickness

Deviation angle defined at the blade trailing edge, a cascade parameter
(Standard) molar heat of formation

(Standard) specific heat of formation

Tip clearance; slip factor

A small quantity (< 1)

Emissivity of gas

Coefficient of thermal conductivity

Blade leading-edge angle

Blade trailing-edge angle

Total pressure ratio

Angular speed

Total pressure loss parameter in a cascade; Ap/qy

Nomenclature xXiii

m3, ft}

m/s, ft/s

m/s, ft/s

m/s, ft/s

m3, ft?

m3, ft?

N, Ibf

m, ft

m, ft

m/s, ft/s

m/s, ft/s

J/kg, BTU/Ibm
J/kg, BTU/Ibm
m/s, ft/s

N, 1bf

W, BTU/s

m, ft

m, ft

m, ft

m, ft

Unit

deg
deg
deg
Pa, psi
degree
deg
deg
deg
m, ft
m, ft

m, ft
deg
J/kmol
I/kg
W/m-K
deg

deg

rad/s, rpm
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Nomenclature

Spherical coordinate

Equivalence ratio

Diffuser wall divergence angle

Flow coefficient; C,/U

Camber angle, k) — k2

Cooling effectiveness parameter

Ratio of specific heats

Circulation (of a vortex filament)

Cascade stagger angle or blade setting angle

Fluid density

Coefficient of viscosity

Mach angle

Kinematic viscosity = j/p

Prandtl-Meyer angle

Compressor total pressure ratio

Burner total pressure ratio

Inlet total pressure recovery

Nozzle total pressure ratio

Temperature sensitivity of chamber pressure in solid rockets
Mach index = Uy/ay

Flow angle, cylindrical or spherical coordinate
Nozzle exit flow angle (from axial direction)

Ratio of total temperature to the reference (standard sea level) temperature; TITer
Circumferential extent of the inlet spoiled or distortion sector
Momentum deficit thickness in the boundary layer
Cascade or blade solidity; c/s

Stefan—Boltzmann constant

Temperature sensitivity of burning rate in solid propellant grain
Shear stress

Total temperature ratio

Characteristic timescale

Rotor torque, stator torque

Turbine total temperature ratio, Ts /T4

Cycle limit enthalpy ratio, ¢ Tt /cpeTo

Limit enthalpy ratio with afterburner, ¢ .4z Tr7/¢pcTo
Resident timescale

Burner efficiency

Overall efficiency

Propulsive efficiency

Thermal efficiency

Adiabatic efficiency of a diffuser

Adiabatic efficiency of a nozzle

Coordinate along the vortex sheet

Stage loading parameter; Ah,/U?

stream function

Vector operator, Del

Pressure gradient

Mole fraction

Propellant mass fraction

deg

deg

m?/s, ft*/s
deg

kg/m?, Ibm/ft}
N-s/m?

degree

m? /s, ft*/s
degree

%/K, %/F
degree

deg

deg

m
W/m?K*
%/K, %/F
Pa, Ibf/ft’
s

N-m, ft-Ibf

ms

m%/s, ft*/s
m- 1
bar/m



Subscripts
1,2

CsS.

C.V.

e

h

max

net

C - o = -
g = @

Superscripts

*

Abbreviations and acronyms
AGARD

AIAA

AR

AR

ASME

BLING

BLISK

BPR

CEV
C.G.
CFD
(6(0)
C.w.
C.S.
CDA
DCA
B
EPA
ET
GE
GNC
HPC
HPT
IGV
ICAO
K-D
LE
LHS
LOX

Nomenclature XXV

Stations up- and downstream of a shock, or inlet and exit of a duct
Control surface

Control volume

Boundary layer edge

Hydraulic (in hydraulic diameter)
Maximum

Normal to an oblique shock

Net

Rotor, relative

Reversible

Shock, shaft, stator

Isentropic

Total or stagnation

Wall

Free stream

Sonic or critical state

Advisory Group for Aeronautical Research and Development
American Institute of Aeronautics and Astronautics
Blade aspect ratio

Diffuser area ratio

American Society of Mechanical Engineers
Bladed ring

Bladed disk

Bypass ratio

Convergent—divergent

Crew Exploration Vehicle

Center of gravity

Computational fluid dynamics

Carbon monoxide

Control volume

Control surface

Controlled-diffusion airfoil

Double-circular arc blade

Energy efficient engine

Environmental Protection Agency

External tank

General Electric company
Guidance—navigation—control
High-pressure compressor

High-pressure turbine

Inlet guide vane

International Civil Aviation Organization
Kantrowitz—Donaldson inlet

Leading edge

Left-hand side

Liquid oxygen



XXVi

LPC
LPT
MFR
MCA
MEMS
MIT
MR
NACA
NASA

NO,
N.S.
OPR
0S.
PDE
PR
PS
P&W
RBCC

RMS
RR
RAE
RHS
SCRJ
Sfc
SM
SS
SSME
TE

TF

TJ

TP
TEC
TO
TSEC
UAV
UCAV
UDF
UHB
UHC
VTOL

Nomenclature

Low-pressure compressor
Low-pressure turbine

Inlet mass flow ratio
Multiple-circular arc blade
Micro-electro-mechanical systems
Massachusetts Institute of Technology
Mass ratio

National Advisory Committee on Aeronautics
National Aeronautics ands Space Administration
Nozzle pressure ratio

Nitric oxide(s)

Normal shock

Overall pressure ratio

Oblique shock

Pulse detonation engine

Pressure ratio

Pressure surface

Pratt & Whitney

Rocket-based combined cycle

Ramjet

Root mean square (of a fluctuating signal, e.g. turbulence or total pressure distortion)
Rolls-Royce

Royal Aeronautical Establishment
Right-hand side

Scramjet

Specific fuel consumption (same as TSEC)
Stall margin

Suction surface

Space Shuttle Main Engine

Trailing edge

Turbofan

Turbojet

Turboprop

Thermal protection coating

Takeoff

Thrust specific fuel consumption
Uninhabited aerial vehicles
Uninhabited combat air vehicle
Unducted fan

Ultra-high bypass

Unburned hydrocarbons

Vertical takeoff and landing
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