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INTRODUCTION

| PROPULSION

1 House College Dictionary (Ref. 1) defines propulsion as *'the act
5, the state of being propelled, a propelling force or impulse™ and

; deﬁmtious, we can conclude that the study of propulsion mcludes
of the propelling force, the motion caused, and the bodies involved.
involves an object to be propelled plus one or more additional
ed propellant.

e study of propulsion is concerned with vehicles such as automobiles,
iips, aircraft, and spacecraft. The focus of this textbook is on the
n of aircraft and spacecraft. Methods devised to produce a thrust
- the propulsion of a vehicle in flight are based on the principle of jet
(the momentum change of a fluid by the propulsion system). The
be the gas used by the engine itself (e.g., turbojet), it may be a fluid
in the surrounding environment (e.g., air used by a propeller), or it

red in the vehicle and carried by it during the flight (e.g., rocket).

propulsion systems can be subdivided into two broad categories:
ling and non-air-breathing. Air-breathing propulsion systems include
rocating, turbojet, turbofan, ramjet, turboprop, and turboshaft en-
-air-breathing engines include rocket motors, nuclear propulsion
. nd electric propulsion systems. We focus on gas turbine propulsion
(turbojet, turbofan, turboprop, and turboshaft engines) in this
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The material in this textbook is divided into three parts:

+ Basic concepts and one-dimensional gas dynamics
* Analysis and performance of air-breathing propulsion systems
Analysis of gas turbine engine components

L

This chapter introduces the types of air-breathing and rocket propulsion
systems and the basic propulsion performance parameters. Also included is an
introduction to aircraft and rocket performance. The material on aircraft
performance shows the influence of the gas turbine engine performance on the
performance of the aircraft system. This material also permits incorporation of
a gas turbine engine design problem such as new engines for an existing
aircraft.

Numerous examples are included throughout this book to help students
see the application of a concept after it is introduced. For some students, the
material on basic concepts and gas dynamics will be a review of material
covered in other courses they have already taken. For other students, this may
be their first exposure to this material, and it may require more effort to
understand. -

1-2 UNITS AND DIMENSIONS

Since the engineering world uses both the metric SI and English unit system,
both will be used in this textbook. One singular distinction exists between the
English system and SI—the unit of force is defined in the former but derived in
the latter. Newton’s second law of motion relates force to mass, length, and
time. It states that the sum of the forces is proportional to the rate of change of
the momentum (M = mV). The constant of proportionality is 1/g..

_1d(mV)_1dm iy

The units for each term in the above equation are listed in Table 1-1 for both
SI and English units. In any unit system, only four of the five items in the table
can be specified, and the latter is derived from Eq. (1-1).

As a result of selecting g. =1 and defining the units of mass, length,
and time in SI units, the unit of force is derived from Eq. (1-1) as

TABLE 1-1

Units and dimensions

Unit system Force £ Mass Length Time

SI Derived 1 Kilogram (kg) Meter (m)  Second (sec)
English Pound-force (Ibf) Derived Pound-mass (Ibm) Foot (ft) Second (sec)

-meters per square second (kg-m/sec’), which is called the newron
glish units, the value of g, is derived from Eq. (1-1) as

8. =32.174 ft - 1bm/(Ibf - sec®)

than adopt the convention used in many recent textbooks of developing
- use with only SI metric units (g. = 1), we will maintain g, in all our
ns Thus g will also show up in the equations for porential energy (PE)

PE="%
8c
mV?
KE =
2g.

he total energy per unit mass e is the sum of the specific internal energy
1etic energy ke, and specific potential energy pe.

v:
i == £

zgt' g(‘
re are a multitude of engineering units for the quantities of interest in
ion. For example, energy can be expressed in the SI unit of joule
N - m), in British thermal units (Btu’s), or in foot-pound force (ft - Ibf).
able to use the available data in the units provided and convert
when required. Table 1-2 is a unit conversion table provided to help

e=u+ke+pe=

ion table

1m=3.2808ft = 3937 in
1 km =0.621 mi
1 mi = 5280 ft = 1.609 km
1 nm = 6080 ft = 1.853 km
1 m® = 10.764 ft*
1 em®=0.155 in®
1gal =0.13368 ft* =3.785 L
1L=10""m’=61.02in’
1 hr = 3600 sec = 60 min
1kg = 1000 g =2.2046 Ibm = 6.8521 x 10 slug
1slug = 11bf - sec®/ft = 32,174 Ibm

B = 1 slug/ft® = 51238 kg/m*

{1£57F = /7dnp - 1N=1kg-m/sec?

11bf=4.448N

1I=1N-m=1kg m’/sec’

1 Btu=778.16 ft - Ibf =252 cal = 1055 ]
lcal =4.186]

1 kJ =0.947813 Btu = 0.23884 kcal



Power 1W=1J/sec =1 kg - m*/sec’

1hp =550 ft - Ibf/sec = 2545 Btu/hr = 745.7 W

1 kW = 3412 Btu/hr = 1.341 hp

1 atm = 14.696 Ib/in” or psi = 760 torr = 101.325 Pa
1 atm = 30.0 inHg = 407.2 inH,O

1 ksi = 1000 psi

1 mmHg = 0.01934 psi = 1 torr

1 Pa=1N/m’

1inHg =3376.8 Pa

1 kl/kg = 0.4299 Btu/lbm

Pressure (stress)

Energy per unit mass

Specific heat 1kJ/(kg - °C) = 0.23884 Btu/(Ibm - °F)
Temperature 1K=18R

K=273.15+°C

“R=459.69 + °F
Temperature change 1°C=L8F

1 Ibf/(Ibm/sec) = 9.8067 N/(kg/sec)

1 hp/(Ibm/sec) = 1.644 kW/(kg/sec)

1 Ibm/(Ibf - hr) = 28.325 mg/(N - sec)
11bm/(hp - hr) = 168.97 mg/(kW - sec)

1 ksi/(slug/ft?) = 144 f* [sec® = 13.38 m* [sec’

Specific thrust

Specific power

Thrust specific fuel consumption (TSFC)
Power specific fuel consumption
Strength/weight ratio (o/p)

1-3 OPERATIONAL ENVELOPES
AND STANDARD ATMOSPHERE

Each engine type will operate only within a certain range of altitudes and
Mach numbers (velocities). Similar limitations in velocity and altitude exist for
airframes. It is necessary, therefore, to match airframe and propulsion system
capabilities. Figure 1-1 shows the approximate velocity and altitude limits, or
corridor of flight, within which airlift vehicles can operate. The corridor is
bounded by a lift limit, a temperature limit, and an aerodynamic force limit. The
lift limit is determined by the maximum level-flight altitude at a given velocity.
The temperature limit is set by the structural thermal limits of the material
used in construction of the aircraft. At any given altitude, the maximum
velocity attained is temperature-limited by aerodynamic heating effects. At
lower altitudes, velocity is limited by aerodynamic force loads rather than by
temperature,

The operating regions of all aircraft lie within the flight corridor. The
operating region of a particular aircraft within the corridor is determined by
aircraft design, but it is a very small portion of the overall corridor.
Superimposed on the flight corridor in Fig. 1-1 are the operational envelopes
of various powered aircraft. The operational limits of each propulsion system
are determined by limitations of the components of the propulsion system and
are shown in Fig. 1-2.

The analyses presented in this text use the properties of the atmosphere
to determine both engine and airframe performance. Since these properties
vary with location, season, time of day, etc., we will use the U.S. standard

Lift (stall) limit

\
Upper limit
turbajet /':.
turbofan

Orbital velocity

Limited by
aerodynamic
force loads

(Ref, 2) to give a known foundation for our analyses. Appendix A
Pmp:erties of the U.S. standard atmosphere, 1976, in both English
nits. Values of the pressure P, temperature 7, density p, and speed of
given in dimensionless ratios of the property at altitude to its
L sea level (SL), (the reference value). The dimensionless ratios of

temperature, and density are given the symbols 8, 6, and o,

{
: Piston engine and propeller
i Turboprop

Turbofan _s
Turbojet E
Ramjet
| It i 1 1 | =
4 0 20 40 60 80 100
Altitude (1000 ft)



respectively. These ratios are defined as follows:

I (12

_Prcr ) )

o=— 13

_T;e!‘ ( : )
P

o= 1-4

Prer ( )

The reference values of pressure, temperature, and density are given for each
unit system at the end of its property table.

For nonstandard conditions such as a hot day, the normal procedure is to
use the standard pressure and correct the density, using the perfect gas
relationship o = 8/6. As an example, we consider a 100°F day at 4-kft altitude.
From App. A, we have 5 =0.8637 for the 4-kft altitude. We calculate 6, using
the 100°F temperature; 6= T/T, = (100 +459.7)/518.7 = 1.079. Note that
absolute temperatures must be used in calculating 6. Then the density ratio is
calculated using o = 8/8 = 0.8637/1.079 = 0.8005.

1-4 AIR-BREATHING ENGINES

The turbojet, turbofan, turboprop, turboshaft, and ramjet engine systems are
discussed in this part of Chap. 1. The discussion of these engines is in the
context of providing thrust for aircraft. The listed engines are not all the
engine types (reciprocating, rockets, combination types, etc.) that are used in
providing propulsive thrust to aircraft. nor are they used exclusively on
aircraft. The thrust of the turbojet and ramjet results from the action of a fluid
jet leaving the engine: hence, the name jer engine is often applied to these
engines. The turbofan, turboprop, and turboshaft engines are adaptations of
the turbojet to supply thrust or power through the use of fans, propellers, and
shafts.

Gas Generator

The “heart” of a gas turbine type of engine is the gas generator. A schematic
diagram of a gas generator is shown in Fig. 1-3. The compressor, combustor,
and turbine are the major components of the gas generator which is common
to the turbojet, turbofan, turboprop, and turboshaft engines. The purpose of a
gas generator is to supply high-temperature and high-pressure gas.

INTRODUCTION T

e

Combustor

- W=

FIGURE 1-3
g 4 3 Schematic diagram of gas generator.

ing an inlet and a nozzle to the gas generator, a turbojet engine can be
cted. A schematic diagram of a simple turbojet is shown in Fig. 1-4a
turbojet with afterburner is shown in Fig. 1-4b. In the analysis of a
t engine, the major components are treated as sections. Also shown in

y

4a and 1-4b are the station numbers for each section.

I g
G i

Low-pressure High- Combustor |[H| L Nozzle
p P F| P
compressor TT
25 i 4 45 5 8

HPT = High-pressure turbine
LPT = Low-pressure turbine

“hﬁlm of a turbojet (dual axial compressor and turbine).
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\ Flame holder
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Inlet Low- High- | Combustor [H| L Afterbumer

pressure pressure Pl P
COMPressor | compressor T|T
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HPT = High-pressure turbine

LPT = Low-pressure turbine

FIGURE 1-4b

Schematic diagram of a turbojet with afterburner.

The turbojet was first used as a means of aircraft propulsion by von
Ohain (first flight August 27, 1939) and Whittle (first flight May 15, 1941). As
development proceeded, the turbojet engine became more efficient and
replaced some of the piston engines. A photograph of the J79 turbojet with
afterburner used in the F-4 Phantom II and B-58 Hustler is shown in Fig. 1-5.

FIGURE 1-5
General Electric J79 turbojet with afterburner. (Courtesy of General Electric Aircraft Engines.)

INTRODUCTION 9

The adaptations of the turbojet in the form of turbofan, turboprop, and
'i?'urbgshafl engines came with the need for more thrust at relatively low speeds.
Some characteristics of different turbojet, turbofan, turboprop, and turboshaft
engines are included in App. B.

' The thrust of a turbojet is developed by compressing air in the inlet and
COmPpressor, mixing the air with fuel and burning in the combustor, and
éx_panding the gas stream through the turbine and nozzle. The expansion of
gas through the turbine supplies the power to turn the compressor. The net
thrust delivered by the engine is the result of converting internal energy to
kinetic energy.

The pressure, temperature, and velocity variations through a J79 engine
are shown in Fig. 1-6. In the compressor section, the pressure and temperature
increase as a result of work being done on the air. The temperature of the gas
is further increased by burning in the combustor. In the turbine section, energy
is being removed from the gas stream and converted to shaft power to turn li]&
‘compressor. The energy is removed by an expansion process which results in a
decrease of temperature and pressure. In the nozzle, the gas stream is further
expanded to produce a high exit kinetic energy. All the sections of the engine
must operate in such a way as to efficiently produce the greatest amount of
thrust for a minimum of weight.

200 2400 2000
+*

175 F 2100} 1600 1 ;_3:' /\ _ Afterburning

5 éf ljpfl?l[li?ﬂ

150L 18001 1200 Q/ — Military

4 operation
125k 15001 10001 ,/ + (no AB)
100L 12001 00k ,/ / N
! * \m e
T5E 900k 600k Velocity / ! \
7 R j
E
S0k 600k 400k / (&‘.‘.\o‘b i
N
L 300F o0k ﬂ,’ — 4+ ————— &
oo Loz TR T el s [ e e \\

IDESNOL pb—~ ity

i E g l"‘——l":lmpl‘E'&slw——-I-—(_'.urnhusmrITurh!ne! Exhaust |

= Fucl:

% § % AL Exhaust

= CXnausl gases
E 3 m
- |

FIGURE 1.4

anation through the General Electric 179 afterburning turbojet engine.
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The Turbofan

The turbofan engine consists of an inlet, fan, gas generator, and nozzle. A
schematic diagram of a turbofan is shown in Fig. 1-7. In the turbofan, a portion
of the turbine work is used to supply power to the fan. Generally the turbofan
engine is more economical and efficient than the turbojet engine in a limited
realm of flight. The thrust specific fuel consumption (TSEC, or fuel mass flow
rate per unit thrust) is lower for turbofans and indicates a more economica|
operation. The turbofan also accelerates a larger mass of air to a lower velocity
than a turbojet for a higher propulsive efficiency. The frontal area of a
turbofan is quite large compared to that of a turbojet, and for this reason more
drag and more weight result. The fan diameter is also limited aerodynamically
when compressibility effects occur. Several of the current high-bypass-ratio
turbofan engines used in subsonic aircraft are shown in Figs. 1-8a through 1-8f.

Figures 1-9a and 1-9b show the Pratt & Whitney F100 turbofan and the
General Electric F110 turbofan, respectively. These afterburning turbofan
engines are used in the F15 Eagle and F16 Falcon supersonic fighter aircraft. In
this turbofan, the bypass stream is mixed with the core stream before passing
through a common afterburner and exhaust nozzle.

The Turboprop and Turboshaft

A gas generator that drives a propeller is a turboprop engine. The expansion of
gas through the turbine supplies the energy required to turn the propeller. A

Low-pressure

nozzle COMpressor

r—y

Nozzle

>_

High-
pressure
Compressor

Combustor | P P
EL X

Inlet

() 2 25 3 4 45 5 78
HPT = High-pressure turbine
LPT = Low-pressure turbine

FIGURE 1-7
Schematic diagram of a high-bypass-ratio turbofan.

o
f. T tt -
& wlm““!f JT9D turbofan. (Courtesy of P,

ratt & Whitney.)
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LOW PRESSURE

EAN COMPRESSOR

: HIGH PRESSURE
HIGH PRESSURE TURBINE LOW PRESSURE

COMPRESSOR TURBINE

COMBUSTION /
CHAMBER

T AN
1%&1114‘!?[" e

8

TURBINE | FIGUR
Y v/ // / BLADES TURBINE e ; ;
/ ACCESSORY EXHAUST ‘General Electric CF6 turbofan. (Courtesy of General Electric Aircraft Engines.)
y SECTION CASE TN [
_,n/ et
;

INLET
CASE

s
A,

2011 S

e

=

FIGURE 1.34

FIGURE 1-86 , Rolls-Roy
Pratt & Whitney PW4000 turbofan. (Courtesy of Pratt & Whitney.) €& RB-211-524G/H turbofan. (Courtesy af Rolls-Royce.)

INTRODUCTION

13



14 GAS TURBINE INTRODUCTION 18§

FIGURE 1-%
Pratt & Whitney F100-PW-229 afterburning turbofan. (Courtesy of Pratr & Whitney.)

FIGURE 1-8e

General Electric GE90 turbofan. (Courtesy of General Electric Aircraft Engines.) schematic diagram of the turboprop is shown in Fig. 1-10a. The turboshaft
m;gme is similar to the turboprop except that power is supplied to a shaft
tg,t,her than a propeller. The turboshaft engine is used quite extensively for
supplying power for helicopters. The turboprop engine may find application in
VTOL (vertical takeoff and landing) transporters. The limitations and advan-
tages of the turboprop are those of the propeller. For low-speed flight and
short-field takeoff, the propeller has a performance advantage. At speeds
approaching the speed of sound, compressibility effects set in and the propeller
loses its aerodynamic efficiency. Due to the rotation of the propeller, the
propeller tip will approach the speed of sound before the vehicle approaches

FIGURE 1.9

FIGURE 1-8f Baoi )Elﬁclric F110-GE-129 afterburning turbofan. (Courtesy of General Electric Aireraft
SNECMA CFMS56 turbofan. (Courtesy of SNECMA.) s
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Propeller —= Gas genemtor —————————=
eSS ““‘**[
M SE |
FIGURE 1-10a

Schematic diagram of a turboprop.

FIGURE 1-10b
Allison T56 turboshaft. (Courtesy of Allison Gas Turbine Division.)

Three-stage

axial flow

COMPIEssor  Accessory
drive

Exhaust outlet

Ditfiser Air inlet
s¢

Reduction

driveshaft

Free (power turbine) Compression  Centrifugal

Combustion .
turbine compressor

chamber

FIGURE 1-10¢
Canadian Pratt & Whitney PT6 turboshaft. (Courtesy of Pratt & Whitney of Canada.)

N A R LA

of sound. This compressibility effect when one approaches the speed
limits the design of helicopter rotors and propellers. At high subsonic
the turbofan engine will have a better aerodynamic performance than
prop since the turbofan is essentially a ducted turboprop. Putting a
shroud around a propeller increases its aerodynamic performance.
of a turboshaft engine are the Canadian Pratt & Whitney PT6 (Fig.
psed in many small commuter aircraft, and the Allison T56 (Fig.
used to power the C-130 Hercules and the P-3 Orion.

njet engine consists of an inlet, a combustion zone, and a nozzle. A
ic diagram of a ramjet is shown in Fig. 1-11. The ramjet does not have
sressor and turbine as the turbojet does. Air enters the inlet where it is
sed and then enters the combustion zone where it is mixed with the
d burned. The hot gases are then expelled through the nozzle,
ng thrust. The operalion of the ramjet depends upon the inlet to
te the incoming air to raise the pressure in the combustion zone. The
- rise makes it possﬂ)le for the ramjet to operate. The higher the
of the incoming air, the greater the pressure rise. It is for this reason
ramjet operates best at high supersonic velocities. At subsonic
, the ramjet is inefficient, and to start the ramjet, air at a relatively
ocity must enter the inlet.
combustion process in an ordinary ramjet takes place at low subsonic
At high supersonic flight velocities, a very large pressure rise is
that is more than sufficient to support operation of the ramjet. Also,
t has to decelerate a supersonic high-velocity airstream to a subsonic
. large pressure losses can result. The deceleration process also
a temperature rise, and at some limiting flight speed, the temperature
pproach the limit set by the wall materials and cooling methods. Thus
the lemperature increase due to deceleration reaches the limit, it may
ssible to burn fuel in the airstream.
e past few years, research and development have been done on a
L that has the combustion process taking place at supersonic velocities.

Fuel spray ring pame holder

— Inlet §—A-I--— Combustion zone —»I-— Nm.z]c:-|
11
diagram of 5 ramjet.
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By using a supersonic combustion process, the temperature rise and pressure
loss due to deceleration in the inlet can be reduced. This ramjet with
supersonic combustion is known as the scramjet (supersonic combustion
ramjet). Figure 1-12a shows the schematic of a scramjet engine similar to that
proposed for the National AeroSpace Plane (NASP) research vehicle, the X-30
shown in Fig. 1-12b. Further development of the scramjet for other applica-
tions (e.g., the Orient Express) will continue if research and development
produces a scramjet engine with sufficient performance gains. Remember that
since it takes a relative velocity to start the ramjet or scramjet, another engine
system is required to accelerate aircraft like the X-30 to ramjet velocities.

Turbojet/Ramjet Combined-Cycle Engine

Two of the Pratt & Whitney J58 turbojet engines (see Fig. 1-13a) are used to
power the Lockheed SR71 Blackbird (see Fig. 1-13b). This was the fastest
aircraft (Mach 3+) when it was retired in 1989. The J38 operates as an
afterburning turbojet engine until it reaches high Mach level, at which point
the six large tubes (Fig. 1-13a) bypass flow to the afterburner. When these
tubes are in use, the compressor, burner, and turbine of the turbojet are
essentially bypassed and the engine operates as a ramjet with the afterburner
acting as the ramjet’s burner.

Aircraft Engine Performance Parameters

This section presents several of the air-breathing engine performance para-

meters that are useful in aircraft propulsion. The first performance parameter

is the thrust of the engine which is available for sustained flight (thrust = drag),
accelerated flight (thrust > drag), or deceleration (thrust < drag).

Fuselage forebody Inlet compression Fuselage
chamber afterbody

S

Supersonic
\comhustinn
chamber

ER e Jet exhaust
Fuel-injection struis

FIGURE 1-12a
Schematic diagram of a scramjet.

FIGURE 1-12b
Gi;npeplual drawing of the X-30. (Courtesy of Pratc & Whimey.)

FIGURE 1.13,

Pran & Whitney jsg turbojet. (Cr

irtesy of Pratr & Whimey.)
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3
alk g

FIGURE 1-13b
Lockheed SR71 Blackbird. (Courtesy of Lockheed.)

As derived in Chap. 4, the uninstalled thrust F of a jet engine (single inlet
and single exhaust) is given by

("-'-'-0 + m,f)va- + mﬂ]’{l
8c

F:

(P~ R)A, (1-5)

where 1, m, = mass flow rates of air and fuel, respectively
V,, V, = velocities at inlet and exit, respectively
P,, P, = pressures at inlet and exit, respectively

It is most desirable to expand the exhaust gas to the ambient pressure, which

gives P. = P,. In this case, the uninstalled thrust equation becomes
SV — sV
o (mll m)‘) e nlﬂ (8] for ﬂ =_P“ (1“6}
8
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‘installed thrust 7" is equal to the uninstalled thrust F minus the inlet
and minus the nozzle drag D,,,, or

T = F — Diniei — Dur (1-7)

the inlet drag D,,., and nozzle drag D,,, by the uninstalled thrust F
th ‘dimensionless inlet loss coefficient ¢, and nozzle loss coefficient

= Dinlel
‘Ibinjel 73 F
h (1-8)
‘fbnnz i

the relationship between the installed thrust 7" and uninstalled thrust F is

F= F(l = ¢inlel = ¢nuz) (1‘9)

The second performance parameter is the thrust specific fuel consump-
(S and TSFC). This is the rate of fuel use by the propulsion system per
' thrust produced. The uninstalled fuel consumption § and installed fuel
mption TSFC are written in equation form as

H'I_Ir
g="u 1-10
= (1-10)
TSRC= 2L (1-11)
T
® = uninstalled thrust
S = uninstalled thrust specific fuel consumption
= installed engine thrust
= installed thrust specific fuel consumption
#iy = mass flow rate of fuel
I
telation between § and TSFC in equation form is given by
§ =TSFC (1 = dinier — Pnoz) (1-12)
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Values of thrust F and fuel consumption S for various jet engines at
sea-level static conditions are listed in App. B. The predicted variations of
uninstalled engine thrust F and uninstalled thrust specific fuel consumption §
with Mach number and altitude for an advanced fighter engine (from Ref. 3)
are plotted in Figs. 1-14a through 1-14d. Note that the thrust F decreases with
altitude and the fuel consumption § also decreases with altitude until 36 kft
(the start of the isothermal layer of the atmosphere). Also note that the fuel
consumption increases with Mach number and that the thrust varies con-
siderably with the Mach number. The predicted partial-throttle performance of
the advanced fighter engine is shown at three flight conditions in Fig. 1-14e.

The takeoff thrust of the JT9D high-bypass-ratio turbofan engine is given
in Fig. 1-15¢ versus Mach number and ambient air temperature for two
versions. Note the rapid falloff of thrust with rising Mach number that is
characteristic of this engine cycle and the constant thrust at a Mach number for
temperatures of 86°F and below (this is often referred to as a flat rating). The
partial-throttle performance of both engine versions is given in Fig. 1-15b for
two combinations of altitude and Mach number.

Although the aircraft gas turbine engine is a very complex machine. the
basic tools for modeling its performance are developed in the following
chapters. These tools are based on the work of Gordon Oates (Ref. 4). They

Al (kft)

N\
g 23

i 1 | | |
04 0.8 12 1.6 2
Mach number

consumption § of an advanced afterburning fighter engine at maximum power
er on. (Extracted from Ref. 3.) '

50,000
Al (kft) =
SL
40,000 =
{0 Al (kft) 10
g 20 20
&, 30,000
E 30 30
2 36 36
= iy
= 20,000
Z 40 / k
5
50
0 1 1 1 1 | 1 i ; 1 {
0 ¢ 04 0.8 1.2 1.6 2 0.4 08 12 16 >
Mach number Mach number
FIGURE 1-14a

Uninstalled thrust F of an advanced afterburning fighter engine at maximum power setting,

thrust F of an advanced afterburning fighter engine at military power setting,
afterburner on. (Extracted from Ref. 3.) Hise

“xtracted from Ref. 3.)
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LIS+

Al (kft)

110

105

0.95

0.90

0.85

Uninstalled fuel consumption § [(Ibm/hr)/1bf]

0.80

1 1 1 | 1
0.?50 04 0.8 1.2 1.6 2

Mach number

FIGURE 1-14d
Uninstalled fuel consumption S of an advanced afterburning fighter engine at military power
setting, afterburner off. (Extracted from Ref. 3.)

Uninstal'ed fuel consumption 8 [(Ibm/hr)/1bf]

1 1 1 1 L 1 1
0‘&0 5 10 15 20 25 30 a5

Uninstalled thrust F (1000 Ibf)

FIGURE 1-14¢
Partial-throttle performance of an advanced fighter engine. (Extracted from Ref. 3.)

02 03 0.4 0.5
Flight Mach number

ormance calculations for existing and proposed engines and
rmance curves similar to Figs. 1-14a through 1-14¢ and Figs.
-15b.

alue of the installation loss coefficient depends on the
c_)f the particular engine/airframe combination, the Mach
the engine throttle setting. Typical values are given in Table 1-3

A Maximum climb rating

® Maximum cruise rating

A 1 1 L i I L 1 4 y
10,000 12,000 14,000 16,000
Thrust (Ibf)

N cruise specific fuel consumption. (Courtesy of Pratt & Whitney.)



TABLE 13
Typical aircraft engine thrust installation losses

Flight condition: M<1 M=>1
Aircraft type Dinter Doz Dinter Dos
Fighter 0.05 0.01 0.05 0.03
Passenger/cargo 0.02 0.01 — o
Bomber 0.03 0.01 0.04 0.02

The thermal efficiency m; of an engine is another very useful engine
performance parameter. Thermal efficiency is defined as the net rate of
organized energy (shaft power or kinetic energy) out of the engine divided by
the rate of thermal energy available from the fuel in the engine. The fuel’s
available thermal energy is equal to the mass flow rate of the fuel i, times the
fuel heating value hp,. Thermal efficiency can be written in equation form as

Wous

= (1-13)

in

where 7, = thermal efficiency of engine
Wc,m = net power out of engine
Q,, = rate of thermal energy released (n1/hpg)

Note: For engines with shaft power output, W, is equal to this shaft power.
For engines with no shaft power output (e.g., turbojet engine), W is equal to
the next rate of change of the kinetic energy of the fluid through the engine.
The power out of a jet engine with a single inlet and single exhaust (e.g..
turbojet engine) is given by

! 1
Wow = 2. [(r72g + it )V 7 — ritg V]

The propulsive efficiency 7, of a propulsion system is a measure of how
eﬂ’ecnvely the engine power W, is used to power the aircraft. Propulsive
efficiency is the ratio of the aircraft power (thrust times velocity) to the power

out of the engine W,,,. In equation form, this is written as

TV,

T 1-14
Wout ( )

Nep=

where n, = propulsive efficiency of engine
T = thrust of propulsion system

velocity of aircraft
net power out of engine

;eft engine with a single inlet and single exhaust and an exit pressure
the ambient pressure, the propulsive efficiency is given by
2(1 = dinier — Duc)[ (10 + m2p )V, — g Vo]V,

(ritg + ritg )V — i, V3

Np = (1-15)
2 case when the mass flow rate of the fuel is much less than that of air
installation losses are very small, Eq. (1-15) simplifies to the following
 for the propulsive efficiency:

2

O T+ 1

(1-16)

1-16) is plotted versus the velocity ratio V,/V; in Fig. 1-16 and shows
| propulsive efficiency requires the exit velocity to be approximately
> inlet velocity. Turbojet engines have high values of the velocity
o with corresponding low propulsive efficiency, whereas turbofan
have {ow values of the velocity ratio V,/V, with corresponding high

s 20 25 30 35
Vil Vo

4.0

versus velocity ratio (V./V,).



The thermal and propulsive efficiencies can be combined to give the

overall efficiency e of a propulsion system. Multiplying propulsive efficiency

by thermal efficiency, we get the
thermal energy released in the engine

system):

Thrust /airflow [1bf/(lbm/sec)]

20

Mo = MeNr

ratio of the aircraft power to the rate of
(the overall efficiency of the propulsion

(1-17)

(1-18)

Several of the above performance parameters are plotted for general
types of gas turbine engines in Figs. 1-17a, 1-17b, and 1-17¢. These plots can
be used to obtain the general trends of these performance parameters with
flight velocity for each propulsion system.

3 |
= — urboprop
Advanced prop B i
Ny
—— =
e )
0 5 /f e
Conventional prop

0 0.5 1.0 1.5 2.0 235

Aircraft Mach number

FIGURE 1-17a
Specific thrust characteristics of typical aircraft engines. (Courtesy of Pratt & Whimey.)
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\@ >. : Year 2000 +
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Propulsive efficiency 1, = —ist__

* aircraft veloci
P — raft velocity



Since Q,, = nmithpr, Eq. (1-18) can be rewritten as

m )rh PR

Mo

With the help of Eq. (1-11), the above equation can be written in terms of the
thrust specific fuel consumption as

Vo

-— 1-19
0= TSFC - hpg =
Using Egs. (1-17) and (1-19), we can write the following for TSFC:
Vi
TSFC=——"— (1-20)
nenrher

Example 1-1. An advanced fighter engine operating at Mach 0.8 and 10-km
altitude has the following uninstalled performance data and uses a fuel with
hpp = 42,800 kI /kg:

F=50kN 1, = 45 kg/sec and m, = 2.65 kg/sec

Determine the specific thrust, thrust specific fuel consumption, exit velocity,
thermal efficiency, propulsive efficiency, and overall efficiency (assume exit
pressure equal to ambient pressure).

Solution.
F_ S50kN

it G kg/sec

=1.1111 kN/(kg/sec) = 1111.1 m/sec

_niy, _2.65kg/sec

=—= =(.053 5 kKN =53 N - se
F SO 0.053(kg/sec)/ mg/(N - sec)

o= Mag= Mu(@ﬂ)u,,. — 0.8(0.8802)340.3 = 239.6 m/sec
f

From Eq. (1-6) we have

50,000 x 1 + 45 x 239.6
45 + 2.65

it Fg. 3 '”"IIVI'D_

= 1275.6 m/sec

Vr - .
i, + 1y

Woir _ (ri1g + i )V = ring Vs
0., 2g. rivhpp
(o + it )Vi— Vi
2g,

Ny =

_47.65 % 12757.(;— : ISXIDE _ o i im
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O, = ritphpp = 2.65 X 42,800 = 113.42 X 10° W
_ W _37.475x10°

T, T 11342 X 10°

_ FV, 50,000 %239.6
= Wow 37475 % 10°

=33.04%

=31.97%

t Versus Fuel Consumption

ne with a single inlet and single exhaust and exit pressure equal to
re, when the mass flow rate of the fuel is much less than that of

F V=% .
e (1-21)
My 8¢
ulsive efficiency of Eq. (1-16) can be rewritten as
1 e (ritg Vo) +2

Eq. (1-22) into Eq. (1-20) and noting that TSFC = §, we obtain
very enlightening expression:

" Fg.[my + 2V,

S
2nrhpr

(1-23)

‘manufacturers desire engines having low thrust specific fuel
S and high specific thrust F/rm, Low engine fuel consumption
translated into longer range, increased payload, and/or
size. High specific thrust reduces the cross-sectional area of
has a direct influence on engine weight and installation losses.
| is plotted in Fig. 1-18. Equation (1-23) is also plotted in Fig.
that fuel consumption and specific thrust are directly
us the aircraft manufacturers have to make a tradeoff. The
shifts in the desired direction when there is an increase in the
gy (increased thermal efficiency) or an increase in the fuel

y useful measure of merit for the aircraft gas turbine engine
veight ratio F/W. For a given engine thrust F, increasing the
htio reduces the weight of the engine. Aircraft manufacturers
on in engine weight 1o increase the capabilites of an aricraft

increased fuel, or both) or decrease the size (weight) and
alt under development.
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Eg. (1-23)
“I; Increased technology
=}
-
E
=
£
3
=
z Desired trend
Specific thrust Firiy,
FIGURE 1-18

Relationship between specific thrust and fuel consumption.
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FIGURE 1-19

Engine thrust/weight ratio F JW.
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companies expend considerable research and development effort
the thrust/weight ratio of aircraft gas turbine engines. This ratio
e specific thrust F/m, divided by the engine weight per unit of
V /. For a given engine type, the engine weight per unit mass
to the efficiency of the engine structure, and the specific thrust is
the engine thermodynamics. The weights per unit mass flow of some
turbine engines are plotted versus specific thrust in Fig. 1-19. Also
lines of constant engine thrust/weight ratio F/W.
itly, the engine companies, in conjunction with the Department of
NASA, are involved in a large research and development effort to
‘the engine thrust/weight ratio F/W and decrease the fuel consump-
- maintaining engine durability, maintainability, etc. This program is
integrated high-performance turbine engine technology (IHPTET)
(see Refs. 5 and 6).

CRAFT PERFORMANCE

on aircraft performance is included so that the reader may get a
rstanding of the propulsion requirements of the aircraft (Ref. 7).
e is limited to a few significant concepts that directly relate to
ines. It is not intended as a substitute for the many excellent
' t‘tus subject (see Refs. 8 through 11).

ce Equation

lips for the performance of an aircraft can be obtained from energy
‘ (see Ref. 12). By treating the aircraft (Fig. 1-20) as a moving
ing that the installed propulsive thrust 7, aerodynamic drag D,
resistive forces R act in the same direction as the velocity V, it

dh wd V2
[T-(D+R)V= = = ( ) (1-24)
rate of storage  storage
mechanical rate of rate of
energy potential  kinetic
input energy energy

total resistive force D + R is the sum of the drag of the clean
any additional drags R associated with such proturberances as
themai stores, or drag chutes.

Ung the energy height z, as the sum of the potential and kinetic



Aircraft
velocity

FIGURE 1-20
Forces on aircraft.

energy terms

VZ
=h+— -
z.=h 22 (1-25)
Eq. (1-24) can now be written simply as
d
[T—(D+R)V = WFZ" (1-26)

By defining the weight specific excess power P, as

dz,
= 1=
P=" (1-27)
Eq. (1-26) can now be written in its dimensionless form as
=D +R) P 1d ( Vz)
= = e 1-28
w V. Vdt b 2g (1-25]

This is a very powerful equation which gives insight into the dynamics of flight,
including both the rate of climb dh/dr and acceleration dV /d1.

Lift and Drag

We use the classical aircraft lift relationship

L=nW=C,qS, (1-29)

where n is the load factor or number of g’s perpendicular to V (n=1 for
straight and level flight), C, is the coefficient of lift, S,, is the wing planform
area, and q is the dynamic pressure. The dynamic pressure can be expressed in

q:

; O Sl ¢
EPM%=

% P, M}

D =CpgS.

Cp=

KICL + K64 Coi

0.08

ensity p and velocity V or the pressure P and Mach number M as
. 2
q =EP_‘20’Pre-r_

1-30a
v ( )

(1-30p)

o are the dimensionless pressure and density ratios defined by
1-4), respectively, and vy is the ratio of specific heats (y =1.4
erence density p,.; and reference pressure P, of air are their
on a standard day and are listed in App. A.

use the classical aircraft drag relationship

(1-31)

a plot of lift coefficient C, versus drag coefficient Cp, commonly
rag polar, for a typical subsonic passenger aircraft. The drag
irve can be approximated by a second-order equation in C,

(1-32)



where the coefficients K,, K, and Cpo are typically functions of flight Mach
number and wing configuration (flap position, etc.).

The Cp term in Eq. (1-32) is the zero lift drag coefficient which accounts
for both frictional and pressure drag in subsonic flight and wave drag in
supersonic flight. The K, and K, terms account for the drag due to lift.
Normally K, is very small and approximately equal to zero for most fighter
aircraft.

Example 1-2. For all the examples given in this section on aircraft performance,
two types of aircraft will be considered.

a. An advanced fighter aircraft is approximately modeled after the YF22
Advanced Tactical Fighter shown in Fig. 1-22. For convenience, we will
designate our hypothetical fighter aircraft as the HF-1, having the following
characteristics: :

Maximum gross takeoff weight Wi, = 40,000 Ibf (177,920 N)

Empty weight = 24,000 1bf (106,752 N)

Maximum fuel plus payload weight = 16.000 Ibf (71,168 N)
Permanent payload = 1600 Ibf (7117 N, crew plus return armament)
Expended payload = 2000 Ibf (8896 N, missiles plus ammunition)
Maximum fuel capacity = 12,400 Ibf (55,155 N)

Wing area S, = 720 ft* (66.9 m°)

FIGURE 1-22
YF22, Advanced Tactical Fighter. (Photo courtesy of Boeing Defense & Space Group, Military

Airplanes Division.)
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TABLE 1-4

Drag coefficients for hypothetical fighter aircraft

(HF-1)

M, K, K, Coo
0.0 0.20 0.0 0.0120
0.8 0,20 0.0 0.0120
1.2 0,20 0.0 0.02267
1.4 0.25 0.0 0.0280
2.0 0,40 0.0 0.0270

b.

Engine: low-bypass-ratio, mixed-flow turbofan with afterburner
Maximum lift coefficient C, .. = 1.8
Drag coefficients given in Table 1-4

An advanced 253-passenger commercial aircraft approximately modeled after
the Boeing 767 is shown in Fig. 1-23. For convenience, we will designate our
hypothetical passenger aircraft as the HP-1, having the following
characteristics: B

Maximum gross takeoff weight W, = 1,645,760 N (370.000 Ibf)
Empty weight = 822 880 N (185,500 Ibf)

HGU‘E 1-23
aﬂdng T67. (Photo courtesy of

Boeing.)
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TABLE 15 £
Drag coefficients for hypothetical passenger aircraft
(HP-1)
Mn K: Kg CDG
0.00 0.056 —0.004 0.0140
0.40 0.056 -0.004 0.0140
0.75 0.056 —-0.008 0.0140
0.83 0.056 —0.008 0.0150
Maximum landing weight = 1.356,640 N (305,000 1bf)
Maximum payload = 420,780 N (94.600 Ibf, 253 passengers plus 196,000 N of
cargo)
Maximum fuel capacity = 716,706 N (161,130 1bf)
Wing area S, = 282.5m” (3040 ft*)
Engine: high-bypass-ratio turbofan
Maximum lift coefficient C, ., =2.0
Drag coefficients given in Table 1-5
0.030 T 0.40
0.025 0.35
0.020 0.30
Cpo K
0.015 0.25
0.010 020
0.005 - 015
1 1 1 1
000005 04 0.8 12 1.6 2001
Mach number
FIGURE 1-24

Values of K, and Cjy, for HF-1 aircraft.

I .1-63. Determine the drag polar and drag variation for the HF-1 aircraft
percent of maximum gross takeoff weight and the HP-1 aircraft at 95
t of maximum gross takeoff weight.

The variation in Cp, and K, with Mach number for the HF-1 are plotted in
1-24 from the data of Table 1-4. Figure 1-25 shows the drag polar at
Mach numbers for the HF-1 aircraft. Using these drag data and the
quations gives the variation in aircraft drag with subsonic Mach
imber and altitude for level flight (n = 1), as shown in Fig. 1-26a. Note that
minnnum drag is constant for Mach numbers 0 to 0.8 and then increases.
1’8"-th same variation as C,,. The variation of drag with load factor n is
n in Fig. 1-26b at two altitudes. The drag increases with increasing load
and there is a flight Mach number that gives minimum drag for a given
and load factor.
iation in Cp, and K, with Mach number for the HP-1 is plotted in Fig.
&om the data of Table 1-5, Figure 1-28 shows the drag polar at different
numbers for the HP-1 aircraft. Using these drag data and the above
ODS gives the variation in aircraft drag with subsonic Mach number and
for level flight (n = 1), as shown in Fig. 1-29. Note that the minimum
IS constant for Mach numbers 0 to 0.75 and then increases. This is the
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Drag for level flight (n = 1) for HF-1 aircraft. i <
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FIGURE 1-26b

Drag of HF-1 aircraft at sea level and 36 kft forn =1 and n=5.
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100,000 —

95,000 —

75,000
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70.000 | I 1 | 1 1 |
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FIGURE 1-29
Drag for level flight (n = 1) for HP-1 aircraft.

Example 1-4. Calculate the drag at Mach 0.8 and 40-kft altitude of the HF-1
aircraft at 90 percent of maximum gross takeoff weight with load factors of 1 and
4.

Solution. We begin by calculating the dynamic pressure g.
q= % 8P M2 =0.7 % 0.1858 X 2116 x 0.8* = 176.1 1bf/ft*

From Fig. 1-24 at M = 0.8, Cp,, =0.012, K, =0.20, and K, =0.
Case I: n=1

176 1x 720
Cp=K,C} + K,C; + Cpy=0.2(0.2839%) + 0.012 = 0.0281
D = Cpg$,, =0.0281 X 176.1 X 720 = 3563 1bf

Case 2: n =4

176 1x 720
Cp=K,C3 + K;C; + Cpo=0.2(1.136%) + 0.012 = 0.2701
D = CpgS,, =0.2701 X 176.1 X 720 = 34,247 Ibf

Note that the drag at n =4 is about 10 times that at n = 1.

T, and Landing Speeds

. flight condition when an aircraft’s wing loses lift. It is an undesirable
since vehicle control is lost for a time. During level flight (lift =
stall will occur when one tries to obtain a lift coefficient greater than
, maximum C ... The stall speed is defined as the level flight speed
nds to the wing’s maximum lift coefficient, or

2% W

Vl —_
5t pCL max Sw

(1-33)

my from stall, aircraft are flown at velocities greater than V.

ff and landing are two flight conditions in which the aircraft
close to the stall velocity. For safety, the takeoff speed Vig of an
ically 20 percent greater than the stall speed, and the landing
hdown Vi, is 15 percent greater:

Vio = 1.20V

Vio=1.05Voous s

1-5. Determine the takeoff speed of the HP-1 at sea level with
gross takeoff weight and the landing speed with maximum landing

‘From App. A we have p = 1.255 kg/m” for sea level.
‘From Example 1-2b we have C, .. =2.0, W = 1,645,760 N, S, =282.5m’,

e _\X 2X1 1,645,760
stall —
1.225X2.0 282.5

=69.0 m/sec

Vio = 1.20V,,,, = 82.8 m/sec (=185 mi/hr)
ding. W = 1,356,640 N.

2X1 1,356,640
1.225x2.0 2825

Vo= 1 A5V, . =72.0 m/sec (=161 mi/hr)

Vitan = =62.6 m/sec '

change of the aircraft weight dW /dt is due to the fuel consumied by
The mass rate of fuel consumed is equal to the product of the
St T and the installed thrust specific fuel consumption. For



constant acceleration of gravity g,, we can write

dw . 8o 80)
¥ v, = - 2= —T(TSFC)( &2
it oo B ( )(g‘

This equation can be rewritten in dimensionless form as

aw_ T
W

(’I‘SFC)(E?) di (135)

ESTIMATE OF TSFC. Equation (1-35) requires estimates of installed engine
thrust 7 and installed TSFC to calculate the change in aircraft weight. For
many flight conditions, the installed engine thrust 7 equals the aircraft drag D.
The value of TSFC depends on the engine cycle, altitude, and Mach number,
For preliminary analysis, the following equations (from Ref. 7) can be used to
estimate TSFC in units of (Ibm/hr)/Ibf and € is the dimensionless temperature
ratio T/ T,

a. High-bypass-ratio turbofan
TSFC = (0.4 + 0.45M,)V6 (1-36a)

b. Low-bypass-ratio, mixed-flow turbofan
Military and lower power settings:

TSFC = (1.0 + 0.35M,)Ve (1-36b)
Maximum power setting:
TSFC = (1.8 + 0.30M,)Ve (1-36¢)

¢. Turbojet
Military and lower power settings:

TSFC = (1.3 + 0.35M,)Vé (1-36d)
Maximum power setling:
TSFC = (1.7 + 0.26M,)Vo (1-36¢)

d. Turboprop

TSFC = (0.2 + 0.9M,) Vo (1-36f)

ENDURANCE. For level unaccelerated flight, thrust equals drag (7 = D) and

EF=

CL &
Cp(TSFC) g,

dw de

W EF

W,
= exp[—&‘(TSFC):@]
Cr 8

ds=Vdt
into Eq. (1-37) gives
eW_  CoTSFCg,
i Cea W ey L
range factor RF as
G Vg
_CDTSFCEu
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(1-37)

(1-38)

(1-39)

e minimum fuel consumption for a time ¢ occurs at the flight
e the endurance factor is maximum.

case when the endurance factor EF is constant or nearly constant,
- can be integrated from the initial to final conditions and the
ion obtained for the aircraft weight fraction:

(1-40a)

(1-40b)

portmns of aircraft flight where distance is important, the
time dt is related to the differential distance ds by

(1-41)

(1-42)

(1-43)



Then Eq. (1-42) can be simply written as

aw__ds i
W' RF )

Note that the minimum fuel consumption for a distance s occurs at the flight
condition where the range factor is maximum.

For the flight conditions where the RF is constant or nearly constant, Eq.
(1-42) can be integrated from the initial to final conditions and the following
expression obtained for the aircraft weight fraction:

%} exp(-é) (1-45a)
Wr_ (_@TSFCXS@)
or T T e HL

This is called the Breguet range equation. For the range factor to remain
constant, C,/Cp, and V/TSFC need to be constant. Above 36-kft altitude, the
ambient temperature is constant and a constant velocity V' will correspond to
constant Mach and constant TSFC for a fixed throttle setting. If C, is constant,
C,/Cp will remain constant. Since the aircraft weight W decreases during the
flight, the altitude must increase to reduce the density of the ambient air and
produce the required lift (L = W) while maintaining C, and velocity constant.
This flight profile is called a cruise climb.

Example 1-6. Calculate the endurance factor and range factor at Mach 0.8 and
40-kft altitude of hypothetical fighter aircraft HF-1 at 90 percent of maximum
gross takeoff weight and a load factor of 1.

Solution.

q= % 8P, M2 =0.7 X 0.1858 x 2116 X 0.8 = 176.1 Ibf/ft*

From Fig. 1-24 at M = 0.8, C,,,=0.012, K, =0.20, and K, =0.

_aW _1x0.9X40,000
L7 ¢S, 176.1x720

Cp=K,C3 + K,C; + Cpo=0.2(0.2839°) +0.012 = 0.0281

=0.2839

Using Eq. (1-36b), we have
TSFC = (1.0 + 0.35M,)V8 = (1.0 + 0.35 x 0.8)V0.7519 = 1.110(Ibm/hr)/Ibf
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__ G g 02839 32174
Co(TSFC)g, 0.0281 x 1.11032.174

_G Vg
D TSFCg,

EE

=9.102 hr

- 0.2839 0.8 X 0.8671 X 1116 ft/sec 3600 sec/hr 32.174
0.0281 1.110(Ibm/hr)/Ibf 6080 ft/nm 32.174

=4170 nm

e 1-7. Determine the variation in endurance factor and range factor for
‘two hypothetical aircraft HF-1 and HP-1.

e endurance factor EF is plotted versus Mach number and altitude in Fig.
r our hypothetical fighter aircraft HF-1 at 90 percent of maximum gross
ff weight. Note that the best endurance Mach number (minimum fuel
sumption) increases with altitude and the best fuel consumption occurs at
 of 30 and 36 kft. The range factor is plotted versus Mach number and
e in Fig. 1-31 for the HF-1 at 90 percent of maximum gross takeoff
Note that the best cruise Mach number (minimum fuel consumption)
with altitude and the best fuel consumption occurs at an altitude of
and Mach number of 0.8,
. The endurance factor is plotted versus Mach number and altitude in Fig. 1-32
for our hypothetical passenger aircraft HP-1 at 95 percent of maximum gross
if weight. Note that the best endurance Mach number (minimum fuel

%

36

30
50
i 1 1 ASL N0 N2
04 05 06 07 08 09 1O
Mach number
for HF-1 aircraft
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FIGURE 1-31
Range factor for HF-1 aircraft.
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FIGURE 1-32
Endurance factor for HP-1 aircraft.
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05 0.6
Mach number

or HP-1 aircraft for various altitudes.

ption) increases with altitude and the best fuel consumption occurs at
vel. The range factor is plotted versus Mach number and altitude in Fig.
33 for the HP-1 at 95 percent of maximum gross takeoff weight. Note that
 best cruise Mach number (minimum fuel consumption) increases with
‘and the best fuel consumption occurs at an altitude of 11 km and Mach
r of about (.83,

Since the weight of an aircraft like the HP-1 can vary considerably over
the variation in range factor with cruise Mach number was determined
‘and 70 percent of maximum gross takeoff weight (MGTOW) at altitudes
‘and 12 km and is plotted in Fig. 1-34. If the HP-1 flew at 0.83 Mach and
altitude, the range factors at 95 percent MGTOW and at 70 percent
W are about the same. However, if the HP-1 flew at 0.83 Mach and
altitude. the range factor would decrease with aircraft weight and the
's range would be less than that of the HP-1 flown at 0.83 Mach and
m altitude. One can see from this discussion that the proper cruise altitude
dramatically affect an aircraft’s range.

C./C,,. For flight conditions requiring minimum fuel consumption,
ght condition can be approximated by that corresponding to
p- From Eq. (1-32), the maximum C,/C),, (minimum Cp/Cp)
by taking the derivative of the following expression, setting it
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FIGURE 1-34

Range factor for HP-1 aircraft at 70 and 95% MGTOW. drag Cy/Cp, endurance factor, and range factor for the HF-1 at 36-kft altitude.

equal to zero, and solving for the C, that gives minimum Cp/C,:

C
—”=K1cf,+xz+ﬁ (1-46) EF
G, C. Y
The lift coefficient that gives maximum C,/Cp (minimum Cp/C;) is f =
& =
428
Cho £
Ch=nJ R (1-47) Lue
and maximum C,/C, is given by 24
C L)* 1 b
e e 1-48
(CD 2VCpeK, + K, ( ) C/Cp
=20 =
The drag D, range factor, endurance factor, and C,/Cp versus Mach RF §~
number at an altitude are plotted in Fig. 1-35 for the HF-1 aircraft and in Fig. <18
1-36 for the HP-1. Note that the maximum C,/Cj, occurs at Mach 0.8 for the
HF-1 and at Mach 0.75 for the HP-1—the same Mach numbers where drags '-t'a.:ss Dt'?(] c|75 . ;‘ = Slﬁ
are minimum. The endurance factor is a maximum at a substantially lower 7] g ' by

Mach number than that corresponding to (C,/Cp)* for the HF-1 due to the
high TSFC and its increase with Mach number [see Eq. (1-36b)]. The

endurance factor for the HP-1 is a maximum at the same Mach number that  Co/Cp, endurance factor, and range factor for the HP-1 at 11-km altitude.
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C,/Cp is maximum due to the lower TSFC of the high-bypass-ratio turbofan
engine [see Eq. (1-36a)].

The Mach number for an altitude giving a maximum range factor is called
the best cruise Mach (BCM). The best cruise Mach normally occurs at a little
higher Mach than that corresponding to (C./Cp)*. This is because the velocity
term in the range factor normally dominates over the increase in TSFC with
Mach number. As a first approximation, many use the Mach number
corresponding to (C,/Cp)* for the best cruise Mach.

Example 1-8. Calculate the Mach giving maximum C,/Cp at 20-kft altitude for
the HF-1 aircraft at 90 percent of maximum gross takeoff weight and a load factor
of 1.

Solution. From Fig. 1-24 at M, <0.8, Cp, =0.012, K, =0.20, and K, =0.

Coo [0.012
g 20 [T (),2449
Ct K, 0.2

W 0.9X40,000
17, 5. 02449 X720

=204.16 Ibf/ft’

S
onmt | 204.16
(y/2)8P..c N 0.7 X 0.4599 x 2116

M, = = ().547

ACCELERATED FLIGHT. For flight conditions when thrust 7 is greater than
drag D, an expression for the fuel consumption can be obtained by first noting
from Eq. (1-28) that

S P,

W V[1—(D+R)/T]
We define the ratio of drag D + R to thrust 7 as

D+R
= 1-49
u=— (1-49)
The above equation for thrust to weight becomes
I = L (1 -50)
W V(1 —u)
Now Egq. (1-35) can be rewritten as
dw _ TSFC gy

== Py
W Va-ug

Since P. dt = dz,, the above equation can be expressed in its most useful forms
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Chief engineer
vehicle imegration

Aerospace ground
equipment (AGE)

I ] I

Structures Flight mechanics
group group
I l | | | |

Stress  Weights Performance  Stability
and control

dw_ _ TSFC g, TSFC g, ( V?)
W V(-u)g.

ey

(1-51)

1 1 — u represents the fraction of engine power that goes to increasing
-energy z,, and u represents that fraction that is lost to aircraft drag
‘that this equation applies for cases when u is not unity. When u is
er Eq. (1-39) or Eq. (1-44) is used.

obtain the fuel consumption during an acceleration flight condition,
‘be easily integrated for known flight paths (values of V and z,)

and mechanical engineers in the aerospace field do many things,
most part their efforts all lead to the design of some type of
hicle. The design team for a new aircraft may be divided into four
ups: aerodynamics, propulsion, structures, and flight mechanics.
L of a vehicle calls upon the extraordinary talents of engineers in
Thus the design is a team effort. A typical design team is shown in
The chief engineer serves as the referee and integrates the efforts of
nto the vehicle design. Figure 1-38 shows the kind of aircraft design
20t result if any one group were able to dominate the others.

(ET ENGINES

athing propulsion systems are characterized by the fact that they
*l and the oxidizer within the aerospace vehicle. Such systems



Stress group

FIGURE 1-38
Aircraft designs.

thus may be used anywhere in space as well as in the atmosphere. Figure 1-39
shows the essential features of a liquid-propellant rocket system. Two
propellants (an oxidizer and a fuel) are pumped into the combustion chamber
where they ignite. The nozzle accelerates the products of combustion to high
velocities and exhausts them to the atmosphere or space.

A solid-propellant rocket motor is the simplest of all propulsion systems-
Figure 1-40 shows the essential features of this type of system. In this systen
the fuel and oxidizer are mixed together and cast into a solid mass called the
grain. The grain, usually formed with a hole down the middle called the
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Nozzle
Combustion
chamber

Fuel
pump
t
Gas
turbine
1
Onidizer
pump

lant rocket motor.

is firmly cemented to the inside of the combustion chamber. After
the grain burns radially outward, and the hot combustion gases pass
oration and are exhausted through the nozzle.

nce of a propellant feed system in the solid-propellant rocket is
major advantages. Liquid rockets, on the other hand, may be
later restarted, and their thrust may be varied somewhat by
ie speed of the fuel and oxidizer pumps.

of the static thrust. Application of the momentum equation
in Chap. 2 will show that the static thrust is a function of the
t flow rate n1,, the exhaust velocity V, and pressure P,, the exhaust
and the ambient pressure P,. Figure 1-41 shows a schematic of a
y rocket to be considered for analysis. We assume the flow to be
ional, with a steady exit velocity V, and propellant flow rate ra,.
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FIGURE 1-41
Schematic diagram of static rocket engine.

The momentum equation applied to this system gives the following:

1. Sum of forces acting on the outside surface of the control volume:
E F;zF-(Pe_Pa)Ae
2. The net rate of change of momentum for the control volume:

. Ve
A(momentum) = M, = L

c

Since the sum of the forces acting on the outside of the control volume is
equal to the net rate of change of the momentum for the control volume, weé
have

1, V.
F_(PE—PG)Ae=£‘u

c

(1-52)

If the pressure in the exhaust plane P, is the same as the ambient pressure
P,, the thrust is given by F =m,V,/g.. The condition P, = P, is called on-design
or optimum expansion because it corresponds to maximum thrust for the given

INTRUDUCTION a7

r conditions. It is convenient to define an effective exhaust velocity C

P =F,
V+(B 'B)Algt'

c=V, :
e (1-53)
static thrust of a rocket can be written as
m,C
i (1-54)

impulse I, for a rocket is defined as the thrust per unit of
weight flow

[,=—=—5 (1-55)

8o is the acceleration due to gravity at sea level. The unit of [, is the
om Eqs. (1-54) and (1-55), the specific impulse can also be written as

(1-56)

sp

A
8o

e 1-9. Find the specific impulse of the space shuttle main engine (SSME)
oduces 470,0001bf in a vacuum with a propellant weight flow of
sec. By using Eq. (1-55), we find that the SSME has a specific impulse £,
sec (=470,000/1030) in vacuum.

'An_-estimate of the variation in thrust with altitude for the space shuttle
engine is shown in Fig. 1-42. The typical specific impulses for some rocket
are listed in Table 1-6. Other performance data for rocket engines are
d in App. C.

‘ehicle Acceleration
of a rocket vehicle varies a great deal during flight due to the

; of the propellant. The velocity that a rocket vehicle attains during
 flight can be determined by considering the vehicle in Fig. 1-43.
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FIGURE 1-42
Rocket thrust variation with altitude.

The figure shows an accelerating rocket vehicle in a gravity field. At some
time, the mass of the rocket is m and its velocity is V. In an infinitesimal time

dt, the rocket exhausts an incremental mass dm, with an exhaust velocity V.

relative to the rocket as the rocket velocity changes to V + dV. The net change
in momentum of the control volume o is composed of the momentum out of
the rocket at the exhaust plus the change of the momentum of the rocket. The
momentum out of the rocket in the V direction is —V, dm,,, and the change in
the momentum of the rocket in the V direction is m dV. The forces acting on

TABLE 1-6
Ranges of specific impulse I, for
typical rocket engines

Fuel/oxidizer I, (sec)
Solid propellant 250
Liquid O,: kerosene (RP) 310
Liquid O,: H, 410
Nuclear fuel: H, propellant 840

v
cg /
()
/s
Fede
FIGURE 1-43

Rocket vehicle in flight.

olume o are composed of the net pressure force, the drag D, and
itional force. The sum of these forces in the V direction is

2FV=(R-P¢J)AE_D_{;_8‘:OSO

o3

tant impulse on the rocket (X F) dr must equal the momentum

f the system A(momentum) = (—V, dm, +m dV)/g.. Thus

[(ﬂ =P3A, — ) 28 oos 9] dt = ¥ednty dm ey
] 8 8
e relationship, the momentum change of the rocket (m dV') is
mdv V.d
e [(P, ~P)A,~D - r;igcos 9] di w2220 (1-57)
’E"’*pdf = —(dm/dt) dt, then Eq. (1-57) can be written as
' =[(Pe—Pa)Ag+m——F e—D-ﬁcose]dr
& Eec 8
(1-53), the above relationship becomes
mdV  (m
= (—EC—D —Ecosﬁ)dr
8¢ 8¢ c
dm Dg.
dv=—-C =y _gcosbdt (1-58)
m m
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The velocity of a rocket along its trajectory can be determined from the
above equation if C, D, g, and @ are known.

In the absence of drag and gravity, integration of Eq. (1-58) gives the
following, assuming constant effective exhaust velocity C:

AV'=C a2

i (1-59)

where AV is the change in velocity, m;, is the initial mass of the rocket system,
and m; is the final mass. Equation (1-59) can be solved for the mass ratio as

n; AV
il el
Al

my

(1-60)

Example 1-10. We want to estimate the mass ratio (final to initial) of an H.-O,
(C = 4000 m/sec) rocket for an earth orbit (AV = 8000 m/sec), neglecting drag
and gravity. Using Eq. (1-59), we obtain m,/m,=e *=0.132, or a single-stage
rocket would be about 13 percent payload and structure and 87 percent

propellant.

PROBLEMS
1-1. Calculate the uninstalled thrust for Example 1-1. using Eq. (1-6).
1-2. Develop the following analytical expressions for a turbojet engine:
a. When the fuel flow rate is very small in comparison with the air mass flow rate,
the exit pressure is equal to ambient pressure, and the installation loss
coefficients are zero, then the installed thrust T is given by

1,
T=—(V.= Vo)

-

b. For the above conditions, the thrust specific fuel consumption is given by
Tg. [y + 2V,
2nhpr

¢. For V,=0 and 500 ft/sec, plot the above equation for TSFC [in (Ibm/hr)/Ibf]
versus specific thrust T/rm, [in 1bf/(Ibm/sec)] for values of specific thrust from
0 to 120. Use n; = 0.4 and A, = 18,400 Btu/Ibm.

d. Explain the trends.

1-3. Repeat 1-2¢, using SI units. For ¥, =0 to 150 m/sec, plot TSFC [in (mg/sec)/N]
versus specific thrust T /m, [in N/(kg/sec)] for values of specific thrust from 0 10
1200. Use 1y = 0.4 and A, = 42,800 kl/kg.

1-4. A J57 turbojet engine is tested at sea-level, static. standard-day conditions
(P,=14.696 psia, T,=518.7°R, and V,=0). At one test point, the thrust 1
10,200 Ibf while the airflow is 164 Ibm/sec and the fuel flow is 8520 Ibm/hr. Using
these data, estimate the exit velocity V, for the case of exit pressure equal t©@
ambient pressure (£, =PF,).

TSFC =

rust for a turbofan engine with separate exhaust streams is equal to the
the thrust from the engine core F. and the thrust from the bypass stream
bypass ratio of the engine « is the ratio of the mass flow through the
stream 1o the core mass flow, or a =ri1g/mc. When the exit pressures are
o the ambient pressure, the thrusts of the core and bypass stream are given

1
Fe= ; [Gire + iy ) Ve, — Vg
m

b= gj (Ve — W)

V. and Vj, are the exit velocities from the core and bypass, respectively,
“inlet velocity, and 7, is the mass flow rate of fuel burned in the core of

' that the specific thrust and thrust specific fuel consumption can be

F 1 (1 +m/me I

._=_( —— Ce Vﬂr_Lfll)
my 8. 14a 14 a
gt il

F (Flri)(1 + a)

=t + Mg,

turbofan engine has a rated thrust of 40,000 Ibf at a fuel flow rate of
hr at sea-level static conditions. If the core airflow rate is 225 Ibm/sec
ss ratio is 6.0, what are the specific thrust [Ibf/(Ibm/sec)] and thrust
I consumption [(Ibm/hr)/Ibf]?

) high-bypass-ratio turbofan engine at maximum static power (V, =0) on
standard day (P, = 14.696 psia. T, =518.7°R) has the following data:
s flow rate through the core is 247 Ibm/sec, the air mass flow rate
fan bypass duct is 1248 Ibm/sec, the exit velocity from the core is
the exit velocity from the bypass duct is 885 ft/sec and the fuel flow
e combustor is 15,750 Ibm/hr. Estimate the following for the case of
ures equal to ambient pressure (B, = P,):
rust of the engine

mal efficiency of the engine (heating value of jet fuel is about
/lbm)
ulsive efficiency and thrust specific fuel consumption of the engine

ob. 1-7, using SI units.

d afterburning fighter engine, whose performance is depicted in Figs.
_ '.1«14e. is installed in the HF-1 fighter aircraft. Using the aircraft
_ of Fig. 1-26b, determine and plot the variation of weight specific excess

¢y I fFet' per second) versus flight Mach number for level flight (n = 1) at
€. Assume the installation losses are constant with values of

the takeoff speed of the HF-1 aircraft.
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Determine the takeoff speed of the HP-1 aircraft at 90 percent of maximum gross
takeoff weight.

Derive Egs. (1-47) and (1-48) for maximum C,/C,. Start by taking the derivative
of Eq. (1-46) with respect to C, and finding the expression for the lift coefficient
that gives maximum C,/C),.

Show that for maximum C,/Cp, the corresponding drag coefficient Cp, is given by

[Coo
Cp =20+ K; K,

An aircraft with a wing area of 800 ft* is in level flight (n=1) at maximum

C,/C,. Given that the drag coefficients for the aireraft are Cp,=0.02, K, =0,

and K, =0.2, find

a. The maximum C,/C, and the corresponding values of C, and C,,

b. The flight altitude [use Egs. (1-29) and (1-30b)] and aircraft drag for an aircraft
weight of 45,000 Ibf at Mach 0.8

¢. The flight altitude and aircraft drag for an aircraft weight of 35,000 Ibf at Mach
0.8

d. The range for an installed engine thrust specific fuel consumption rate of 0.8
(Ibm/hr)/Ibf, if the 10,000-1bf difference in aircraft weight between parts b and
¢ above is due only to fuel consumption

An aircraft weighing 110,000 N with a wing area of 42m” is in level flight (n = 1)

atl the maximum value of C,/C,,. Given that the drag coefficients for the aircraft

are O, =0.03, K,=0, and K, =0.25, find the following:

@. The maximum C,/C,, and the corresponding values of C, and Cp

b. The flight altitude [use Eqs. (1-29) and (1-30b)] and aircraft drag at Mach 0.5

¢. The flight altitude and aircraft drag at Mach (.75

The Breguet range equation [Eq. (1-45b)] applies for a cruise climb flight profile

with constant range factor RF. Another range equation can be developed for a

level cruise flight profile with varying RF. Consider the case where we keep C,,

Cp, and TSFC constant and vary the flight velocity with aircraft weight by the

expression
Ve {28 W
pC.LS.

Using the subscripts i and f for the initial and final flight conditions, respectively,
show the following: '
a. Substitution of this expression for flight velocity into Eq. (1-42) gives

av_ VW .
VW  RF,
b. Integration of the above between the initial / and final f conditions gives
L/ [, £ _&_]
W 2(RF))

¢. For a given weight fraction W, /W, the maximum range s for this level cruise
flight corresponds to starting the flight at the maximum altitude (minimum
density) and maximum value of VC, [C,.

the drag coefficient equation of Eq. (1-32), maximum VC, /C,, corresponds

to C,. = (1/6K,)(VI2K,Cp, + K3 - K,).

aircraft begins a cruise at a wing loading W/S,, of 100 Ibf/ft* and Mach 0.8,

drag coefficients are K, =0.056, K, = —0.008, and Cp, =0.014, and the fuel
mption TSFC is constant at 0.8 (Ibm/hr)/Ibf. For a weight fraction W, /W, of

determine the range and other parameters for two different types of cruise.

or a cruise climb (max. C,/C,) flight path, determine C,, C,, initial and final

 altitudes, and range.

b. For a level cruise (max. VIC,/C,) flight path, determine C,, Cp, altitude,

~ initial and final velocities, and range.

aircraft weighing 70,000 Ibf with a wing area of 1000 ft* is in level flight (n = 1)
0-kft altitude. Using the drag coefficients of Fig. 1-24 and the TSFC model of
(1-36b), find the following:

The maximum C,/Cp and the corresponding values of C,, Cp,, and Mach
number (Note: Since the drag coefficients are a function of Mach number and
an unknown, you must first guess a value for the Mach number to obtain
drag coefficients. Try a Mach number of 0.8 for your first guess.)

C,, Cp, C,/Cp, range factor, endurance factor, and drag for flight Mach
numbers of 0.74, 0.76, 0.78, 0.80, 0.81, and 0.82

best cruise Mach (maximum RF)

best loiter Mach (maximum EF)

aircraft weighing 200,000 N with a wing area of 60 m” is in level flight (n =1)
m altitude. Using the drag coefficients of Fig. 1-24 and TSFC model of Eq.
36b), find the following:

‘The maximum C,/C,, and the corresponding values of C,, Cp, and Mach
nber (Note: Since the drag coefficients are a function of the Mach number
it is an unknown, you must first guess a value for the Mach number to
‘obtain the drag coefficients. Try a Mach number of 0.8 for your first guess.)
The C,, Cp, C./Cp, range factor, endurance factor, and drag for flight Mach
imbers of (.74, 0.76, 0.78, 0.80, 0.81, and 0.82

e best cruise Mach (maximum RF)

st loiter Mach (maximum EF)

is the specific impulse in seconds of the JT9D turbofan engine in Prob. 1-7?

Mt motor is fired in place on a static test stand. The rocket exhausts
/sec at an exit velocity of 2000 ft/sec and pressure of 50 psia. The exit area
rocket is 0.2ft>. For an ambient pressure of 14.7 psia, determine the

exhaust velocity, the thrust transmitted to the test stand, and the specific

motor under static testing exhausts 50 kg/sec at an exit velocity of
and pressure of 350 kPa. The exit area of the rocket is 0.02 m>. For an
- pressure of 100 kPa, determine the effective exhaust velocity, the thrust
10 the test stand, and the specific impulse.

llant 'Weight of an orbiting space system amounts to 90 percent of the

Wt‘:lght. Given that the system rocket engine has a specific impulse of
el

maximum attainable velocity if all the propellant is burned and the

S mitial velocity is 7930 m/sec



b. The propellant mass flow rate, given that the rocket engine thrust jg
1,670,000 N

1-24. A chemical rocket motor wtih a specific impulse of 400sec is used in the fing]
stage of a multistage launch vehicle for deep-space exploration. This final stage
has a mass ratio (initial to final) of 6, and its single rocket motor is first fired while
it orbits the earth at a velocity of 26,000 ft/see. The final stage must reach
velocity of 36,700 ft/sec to escape the earth’s gravitational field. Determine the
percentage of fuel that must be used to perform this maneuver (neglect gravity
and drag).

1-D1 GAS TURBINE DESIGN PROBLEM 1
(HP-1 AIRCRAFT)

Background

You are to determine the thrust and fuel consumption requirements of the two engines
for the hypothetical passenger aircraft, the HP-1. The twin-engine aircraft will cruise at
(.83 Mach and be capable of the following requirements:

1. Takeoff at maximum gross takeoff weight W, from an airport at 1.6-km pressure
altitude on a hot day (38°C) uses a 3650-m (12-kft) runway. The craft is able to
maintain a 2.4 percent single-engine climb gradient in the event of engine failure at
liftoff.

2. It transports 253 passengers and luggage (90kg each) over a still-air distance of
11,120 km (6000 nmi). It has 30 min of fuel in reserve at end (loiter).

3. It attains an initial altitude of 11-km at beginning of cruise (P, = 1.5 m/sec).

4. The single-engine craft cruises at 5-km altitude at 0.45 Mach (P, = 1.5 m/sec).

All the data for the HP-1 contained in Example 1-2 apply. Preliminary mission
analysis of the HP-1 using the methods of Ref. 12 for the 11.120-km flight with 253
passengers and luggage (22,770-kg payload) gives the following preliminary fuel use:

Deseription Distance (km)  Fuel used (kg)
Taxi 200%
Takeoff 840*
Climb and acceleration 330 5.880*
Cruise 10,650 50,240
Descent 140 1,000#
Loiter (30 min at 9-km altitude) 2,350
Land and taxi 600*
11,120 61,200

* These fuel consumptions can be considered to be constant.

Analysis of takeoff indicates that each engine must produce an installed thrust of
214 kN on a hot day (38°C) at 0.1 Mach and 1.6-km pressure altitude. To provide for
reasonable-length landing gear, the maximum diameter of the engine inlet is limited 1©

INTRODUCTION 65

on standard design practice (see Chap. 10), the maximum mass flow rate

m B
—=1231.8

A Ve,
, a hot day (38°C) at 0.1 Mach and 1.6-km pressure altitude, 6= (38 +
=1.079, 6,=1.079x1.002=1.081, &=0.8256, &,=0.8256x 1.007=
the maximum mass flow through the 2.2-m-diameter inlet is 704.6 kg/sec.

(kg/sec)/m’

ALIOIS
s

HP-1 starts out the cruise at 11-km with a weight of 1,577,940 N, find the
TSFEC for the distance of 10,650 km for the following cases.

the aircraft performs a cruise climb (flies at a constant C,,/C,). What is
de at the end of the cruise climb?

the aircraft cruises at a constant altitude of 11 km. Determine C,/C, at
irt and end of cruise. Using the average of these two values, calculate the
ble TSEC.

the loiter (endurance) Mach numbers for altitudes of 10, 9, 8, 7, and 6 km
HP-1 aircraft is at 64 percent of Wi,

the aireraft drag at the following points in the HP-1 aircraft’s 11,120-km
d on the fuel consumptions listed above:

M =0.23, sea level

cruise, M =0.83, 11 km

f cruise climb, M = 0.83, altitude = ? ft

of 11-km cruise. M =0.83, 11 km

: out (88 percent of Wi,), M =045, Skm

 TURBINE DESIGN PROBLEM 2
CRAFT)

dstemune the thrust and fuel consumption requirements of the two engines
thetical fighter aircraft HF-1. This twin-engine fighter will supercruise at 1.6
will be capable of the following requirements:

maximum gross takeoff weight Wy, from a 1200-ft (366-m) runway at sea
dard day.
1.6 Mach and 40-kft altitude for 250 nmi (463 km) at 92 percent of

turns at 1.6 Mach and 30-kft altitude at 88 percent of Wi,
_tl_lr-ns'at 0.9 Mach and 30-kft altitude at 88 percent of Wi,
1€ maximum mission listed below.

- data for the HF-1 contained in Example 1-2 apply. Preliminary mission
€ HF-1 using the methods of Ref. 12 for the maximum mission gives the



following preliminary fuel use:

Description Distance (nm)  Fuel used (Ibm)
Warmup, taxi, takeoff 700*
Climb and acceleration to 0.9 Mach and 40 kft 35 1,800*
Accelerate from 0.9 to 1.6 Mach 12 700*
Supercruise at 1.6 Mach and 40 kft 203 4,400
Deliver payload of 2000 Ibf 0 o*
Perform one 5g turn at 1.6 Mach and 30 kft 0 1,000*
Perform two Sg turns at 0.9 Mach and 30 kft 0 700*
Climb to best cruise altitude and 0.9 Mach 23 400*
Cruise climb at 0.9 Mach 227 1,600
Loiter (20 min at 30-kft altitude) 1,100
Land b o 0*
500 12,400

* These fuel consumptions can be considered to be constant.

Analysis of takeoff indicates that each engine must produce an installed thrust of
23,500 Ibf on a standard day at 0.1 Mach and sea-level altitude. To provide for optimum
integration into the airframe, the maximum area of the engine inlet is limited to 5 ft%,
Based on standard design practice (see Chap. 10), the maximum mass flow rate per unit
area for subsonic flight conditions is given by

m &y 2
= 47'5\/0_0 (Ibm/sec)/ft
Thus at 0.1 Mach and sea-level standard day, 6 =1.0, 6,=1.002, § =1.0, §,=1.007,
and the maximum mass flow through the 5-ft” inlet is 238.9 Ibm/sec. For supersonic
flight conditions, the maximum mass flow rate per unit area is simply the density of the
air p times its velocity V.

Calculations

1. If the HF-1 starts the supercruise at 40 kft with a weight of 36,800 Ibf, find the
allowable TSFC for the distance of 203 nmi for the following cases:

a. Assume the aircraft performs a cruise climb (flies at a constant C,,/C,). What is
its altitude at the end of the cruise climb?

b. Assume the aircraft cruises at a constant altitude of 40 kft. Determine C,/C, at
the start and end of cruise. Using the average of these two values, calculate the
allowable TSFC.

2. Find the best cruise altitude for the subsonic return cruise at 0.9 Mach and 70.75
percent of Wy,
3. Determine the loiter (endurance) Mach numbers for altitudes of 32, 30, 28, 26, and

24 kft when the HF-1 aircraft is at 67 percent of Wy,

4. Determine the aircraft drag at the following points in the HF-1 aircraft’s maximum
mission based on the fuel consumptions listed above:

a. Takeoff, M =0.172, sea level

b. Start of supercruise, M = 1.6, 40 kft

¢. End of supercruise climb, M = 1.6, altitude = ? ft

d. End of 40-kft supercruise, M = 1.6, 40 kft

e. Start of subsonic cruise, M = 0.9, altitude = best cruise altitude

. Start of loiter, altitude = 30 kft

CHAPTER

2

THERMODYNAMICS
REVIEW

RODUCTION

n of gas turbine engines and of rocket motors is governed by the
echanics and thermodynamics. The field of mechanics includes the
' both fluids and solids. However, since the process occurring in
ulsion devices involves a flowing fluid, our emphasis will be fluid
or, more specifically, gas dynamics.

the aid of definitions and experimentally observed phenomena,
ctions have been made over the years leading to the fundamental
anics and thermodynamics. Initially the development of these
, based on intuition and the accumulation of many different, but
unrelated, theorems and rules. Frequently the understanding of
epts and phenomena was hindered by ambiguous and conflicting
: TOday, as a result of years of work in mechanics and thermo-
‘We can present an efficient and logical introduction to these sciences
he-schemanc outline of Fig. 2-1. In this figure, the terms fundamental
ns, and corollaries have the following meanings. A fundamental
ment that can be neither deduced logically from definitions nor
by a finite number of experimental observations. A fundamental
y a generalization of experimental results beyond the region
the experiments themselves. A theorem is a statement whose
nds upon the validity of a given set of laws. A corollary is a more
dent statement following a definition, law, or theorem.
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1 is any collection of matter of fixed identity within a prescribed
The boundary of a system is not necessarily rigid: hence, the volume
m may change. Everything external to the system is called the

Corollaries

Experimental and the surface which separates the system from its surroundings

it Theorems  |— Corollaries the system boundary. A system, then, is the body or substance which

‘f + “attention upon in order to observe its behavior alone or as it

Corollasias Definitions Analytical the surroundmg_s anmder 'New"ton s second law of monf:m in
tools — ma. The mass m in this equation is the mass of a system. F is the

f

Nature

ce (interaction) exerted by the surroundings on the system, and a
tion of the center of mass of the system.

Understanding Design etimes it is more convenient to analyze a fluid flow problem by fixing

BIGURE 21 ention on a region through which fluid is flowing rather than by

Hcarelationship of definitions, laws, and Hicorems, uid system. For this reason we introduce the concept of a control

ntrol volume is any prescribed volume in space bounded by a control
rough which matter may flow and across which interactions with the
lings may occur. Often in our study of fluid flows, we will use the
e approach rather than the system approach. Each approach is
(Fig. 2-2), and the method selected for a particular problem is
atter of convenience.

Our approach, then, will be as follows:

L. Definitions will be given which enable us to describe the phenomena of
interest,

2. With a necessary and sufficient set of terms so defined, we will indicate how
experimental observations of these defined quantities—alone or as they

interact with each other—lead to the statement of certain laws of nature. f Fo
3. From definitions and laws, corollaries and theorems will be stated and B

analytical tools shaped. These tools will be used in the study of propulsion
systems and the gas flow through components of propulsion devices.

identify two classes of forces: boundary or contact forces and
ig or body forces. Boundary forces act on the boundaries of

This chapter begins by setting forth the definitions upon which many ‘contact of the two system boundaries. In order for system A to exert :
experimental observations in mechanics and aeronautics are based. The
concepts of mass, energy, entropy, and momentum are then introduced. and
the basic laws are developed for a system (control mass or closed-system) and
control volume (open system). The following chapters use these basic laws in
developing analytical tools for the study of one-dimensional gas dynamics,
rocket propulsion, and aircraft propuision.

ly fé_rce is due to distant-acting influences such as gravity, magnetic

Basic laws

Mass conservation

Second law of motion

Energy conservation

Second law of thermodynamics

T
applied to

2-2 DEFINITIONS

Before introducing the concepts of mass, energy, entropy, and momentum, Wé
consider some basic definitions.

!

System and Control Volume

Control volume Er(;;lu:::]::) izl;zapp]icaﬁ(m oF Basi
The system and the control volume play the part in the mechanics of fluids that Region fixed in space Jaws is the selection of a systen
a free body serves in the mechanics of rigid bodies. In fact, the free body of Ll;wush which matter and its boundary or a contro
mechanics is simply a special case of a system. iy volume and its boundary.
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() Earth and moon exert equal and
opposite body forces upon eah other.
The body forces act at the center of

gravity of each.

(f) A block resting on the earth has a body
force f. (its weight) and exerts a body force
feg on the earth. These body forces give rise
to the contuct forces Fop and Fi at the point
of contact of C and E.

FIGURE 2-3
Body and contact forces.

effects, and electrodynamic forces and is proportional to either the mass or the
volume of the body. System A need not be in contact with system B in order
for A to exert a body force of magnitude f,; (we use F for contact forces and f
for body forces) on B. If A and B are in contact, however, their mutual body
forces can give rise to contact forces as indicated in Fig. 2-3.

Influences and Boundaries

Influences between a system or a control volume region and the environment
external to the system (the surroundings) are described in terms of the
phenomena occurring at the system’s boundary. The types of influences that
will concern us are boundary forces, work interactions, and heat interactions.
Work and heat interactions will be defined later. The point to be made and
emphasized here is that before analytical tools are applied, a system or control
volume and its boundary must be clearly defined. The first step, therefore, in the

solution of a problem is the selection of a system or control volume and its
boundary.

Example: Selection of Boundaries

To illustrate the importance of the selection of boundaries, consider a rocket
engine mounted horizontally on a test stand at sea level, as in Fig. 2-4. If we
wish to examine the various forces acting on the rocket, we must select a

ngs on the system are conveniently examined in terms of the portions
system boundary coincident with (i) the rocket’s internal surface, (ii) the
s external surface, and (iii) the surface of the strut cut by the boundary.
s are as follows:

. forces acting on that portion of the system boundary formed by the
al walls of the rocket. These forces are due to the pressure forces of
gases acting perpendicular to the interal surfaces and the frictional
s of the flowing gases acting tangential to the internal surfaces.

pressure forces of the surrounding air on that portion of the system
indary formed by the external surface of the rocket. We will assume
 the air surrounding the rocket is at rest so that there are no frictional
s between the air and the rocket.

orce of the strut external to the system acting on the boundary
ident with the strut surface cut by the boundary. This force will have
component perpendicular to the surface counteracting gravity and a
4'_.n£_‘._nt tangential to the boundary due to the imbalance in the
izontal component of the forces acting on the surfaces of (i) and (ii).

¢ boundaries in (b) and (c) of Fig. 2-4 each represent a control
i.e., the surface enclosing a control volume—because mass may flow
4 portion of the boundary of each. Surface (i) of system (a) is identical
t of the control surface (b). We note also that surfaces identified as (ii)
of (a) form a part of the control surface (c).

only part of the boundaries in (b) and (c¢) that has not been
d previously is that portion which lies across the exit of the rockt?t
Let us designate this portion of the control surface as (iv). With this



notation, we can write
System boundary (a) = (i) + (i) + (iii)
Control surface (b) = (i) + (iv)
Control surface (¢) = (ii) + (iii) + (iv)

Since the forces acting on (i), (i), and (iii) have already been discussed, we
need only to examine the forces acting on (iv) to complete the discussion,

When a sketch is made of a control surface as in (b) and (c) with a gas
flowing across the surface, it represents an instantaneous picture of the flow
situation. In this instantaneous picture, we imagine momentarily that the
boundary (iv) is occupied by an infinitely thin and massless sheet of material
having the instantaneous speed of the fluid at (iv). Now we ask, what are the
forces on this sheet and, hence, on the control surface boundary (iv)? The
forces on the sheet are the pressure forces of the gas adjacent to it. These
forces will be as shown in Fig. 2-5, where external and internal refer to the
outside and the inside of the control volume, respectively. If we are interested
in the force of the surroundings on (iv), then we observe that its value is the
product of the surface area of (iv) and the pressure at (iv), and that it has a
direction, as indicated in the figure. The force of the control volume on the
surroundings at (iv) is opposite and equal to this external force.

Other Definitions

Work interaction is an interaction between two systems as a result of a
boundary force between the two systems displacing the common boundary
through a distance.

Heat interaction is an interaction between two systems as the result of a
temperature difference between the two systems.

A property is any observable characteristic of a system. Some examples of
properties are temperature, volume, pressure, and velocity.

P i m———- ==
N A
: I e Fes' ' Jetexhmin
: ; ~ 1 in surroundings
- I
| -~ .“'\ |
L o N |

———— ———— ~ 2

F g¢= intemal force of control volume C on surroundings 5.

Fey= external force of § on C.

FIGURE 2-5
Forces acting on that portion of a control surface through which gas is flowing,
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ensive and intensive properties: Subdivide any homogeneous system A
parts. Any property of A whose value is the sum cff the values of the
for the two parts of A is an extensive property (ie; mass, volume,
energy). Pressure and temperature are not extensive properties, but are
o5 Of i ive properties.

- oii ltnl::ltl:zndifionpof a system, identified through the properties of the
Two states of a system are called identical if every property of the
is the same in both instances.

rocess describes how a system changes from one state to an(?ther. A
is fully described only when end states, path, and interactions are

'An adiabatic process is any process in which there are no heat in-

isolated system is a system which can have no interactions with any
::np; S is a property of matter that measures the degree .of
; ation or disorder at the microscopic level. The natural state of affairs
for entropy to be produced by all processes. The notion that entropy can be
iced. but never destroyed, is the second law of }hermodynam:cs. Entropy
can be quantified by use of the Gibbs equation

dU + PdV dH - VdP
dS=—];—— or (f.'5'=—T——

SIMPLE COMPRESSIBLE SYSTEM

e is described by specifying the value of the properties of
. fgofny:t:?operties which {nfy be used in describing the state of a
¢ given in Table 2-1. If the specification of one of the.propemas in

fixes the value of a second property, the two properties are called
at. Density and specific volume (p =1/v) form an example of tw‘;
t properties. Two properties are independent if the specification o

2-1

rmodynamic properties
it Derived
: -lli_mslvc Extensive Intensive
Density p Energy E Specific energy € .

Pressure P. Kinetic energy Ex  Specific kinetic energy .
: . 28
 Temperature T Potential cnergy £,  Specific potential energy -
me V Specific volume v Internal energy U Specific internal energy «
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one does not fix the value of the other. Temperature and potential energy are
two independent properties.

The number of properties required to fix the state of a system is g
measure of the system’s complexity. We can reduce the complexity of a system
by:

a. Restricting the type of material making up the system.
b. Limiting the modes of behavior of the system.

We use both (a) and (b) in defining a simple system which is easily subject to
analysis.
A simple compressible system is:

a. A substance which is homogeneous and invariant in chemical composition,

and

b. A system in the absence of motion, force fields (gravity, electric, etc.),
capillarity effects, and distortion of solid phases. Let us refer to those modes
of behavior listed in (b) immediately above as b-effects. Gaseous air in the
absence of b-effects is an example of a simple compressible system. Notice
that properties which are related to velocity or position in a gravitational

field (momentum, kinetic energy, potential energy) need not be specified in -

fixing the state of a simple compressible system.

The number of properties required to fix the state of a simple
compressible system is very limited. The state of a pure substance in the
absence of b-effects is fixed by specifying any two independent intensive
properties of the system.

Once the state of the system is fixed, the values of all other properties of
the system are fixed. If, for example, the two independent properties P and p
of a simple gas system of mass m are specified, then all remaining properties
(T, S, U, etc.) are fixed. When we say a derived property such as U is fixed, we
mean, of course, that its value relative to some arbitrary datum-state is fixed.

As the restriction on each mode of behavior in the b-effects is removed,
one more property must be specified to fix the state of the system. Thus the
state of a gas of mass m in the presence of motion, but in the absence of other
b-effects, is fixed by specifying its pressure, temperature, and a third property
that fixes its speed or velocity. This third property may be velocity directly Of
other properties dependent upon velocity such as Mach number, or the
properties called total temperature and total pressure which we will define and
use later.

2-4 EQUATIONS OF STATE

The specification of any two independent properties will fix the state of 2
simple system and, therefore, the values of all other properties of the system:
The values of the other properties may be found through equations of state.
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naking two coordinates of a three-dimensional axis system corres-
two independent properties of a simple system and letting the third
te represent any dependent thermodynamic property, a three-
ynal thermodynamic surface representing the relation between the
Pmperties can be constructed from measured values of the three
in equilibrium states. If the three properties related in this manner
p, and 7, the resulting thermodynamic surface is called the P-u-T
The P-v-T surface for a unit mass of water is shown in Fig. 2-6. Any
he P-v-T surface of Fig. 2-6 represents an element of the solution of
fion

f(P,v, T)=0 (2-1)

function relating one dependent and two independent thermodynamic
of a simple system of unit mass is called an equation of state. When
properties are P, v, and T as in Eq. (2-1), the equation is called the
ation of state. In general, we cannot write the functional relation-
1) in the form of an equation in which specified values of the two
will allow us to determine the value of the third. Although humans
know what the functional relation Eq. (2-1) is for a given system, one
st and nature always knows what it is. When the solution set of Eq.
inot be determined from relatively simple equations, tables which list
P, v, and T (elements of the solution set) satisfying the function
e prepared. This has been done for water (in all its phases), air, and most

gases.

A Surfaces, P and T are dependent properties.
; pmm. State beyond which vapor and liquid phases are indistinguishable.
Junction of the solid, liquid, and vapor phase boundaries.
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mass and any two independent properties for the set P, v(=1/p), T is calleq
the energy equation of state. This equation can be written functionally as

u=u(T,v)
or U= H(P, U) (2‘2)
or u -_—IJ(P, T)

As with the thermal equation of state, we may not be able to write ap
analytical expressnon for any of the functional relations of (2-2). The i important.
thing is that energy is a property; hence, the functional relations exist.

If the solution sets of the thermal and energy equations of state of g
simple system of unit mass are known, all thermodynamic properties of the
system can be found when any two of the three properties P, v, T are specified,
From the solution set, we can form a tabulation of v and u against specified
values of P and T for all states of the system. From these known values of P,
T, v, and u, we can determine any other property of the simple system. For
example, the value of the property enthalpy h is found for any state of the
system by combining the tabulated values of P, v, and u for that state by

h=u-+ Py (2-3)
Four other definitions are listed here for use in the later sections of this

chapter: specific heat at constant volume c,, specific heat at constant pressure
c,, ratio of specific heats v, and the speed of sound a:

=(57).
SN aT

(2-4)

oh
o (ar) (23}
y=2 (2-6)
C!?
aP aP
- ﬁg‘(ap) =Yg"($)r 8

2-5 BASIC LAWS FOR A CONTROL
MASS SYSTEM

The first and second laws of thermodynamics can be expressed in sevc'l‘al
different ways. A thermodynamics student should recognize the following
general statement of the first law for a control mass system:

Wy, + Qin= Wou + Qo + AE where AE = AKE + APE + AU

The general form of the second law of thermodynamics for a control mass
system can be expressed as follows:

as+(3) .- (5),=0
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‘these expressions allow for work and heat interactions both in and out
atrol mass. However, in the study of propulsion, an interesting
is observed. All heat interactions are assumed to be Q,,, while all
tions are assumed to be W,,.. Therefore, if you were to analyze a
with a Q... you would have to consider a Q,,, as a negative Q,,. In a
' ner, a W, would be a negative W,,,,. With this convention in mind,
‘and second laws for a control mass system can be rewritten as follows:

Q=W+ AE or 0 —-W=AE

o
AS —==0
T

ond law
laws of mechanics and thermodynamics, as written in the first
or a control mass system, are cumbersome to apply to fluid flow
‘here one wishes to study a region through which fluid is flowing
fix one’s attention upon a fixed amount of mass (control mass
L Itis extremely useful at the outset, lherefore, to convcrl these laws as

a region fixed in space. This region we may call an open system
done in thermodynamics and chemical engineering) or a control
hich is the name customarily used in fluid mechanics and aerodyna—
w this latter use. A control volume is any prescribed volume in
nded by a control surface across which matter may flow and heat
ns and work interactions may occur.
e, then, to develop control volume relations from the basic laws
for a system of fixed mass. First, however, we consider the basic laws

ation of mass =&z (2-8)
dr
. d dW dE
rvation of energy d—? e i (2-9)
d law of 140 dS
odynamics Tdt—dt (2-10)
1tum equation S E= LY %:J (2-11)
8

tion (2-8) is the mathematical formulation of the fact that matter is
nor destroyed. Thus a quantity of matter m cannot vary with
me here that atomic species are conserved, and we dismiss from
N nuclear reactions. Equation (2-9) relates the change of energy E
e heat interaction Q into a system and the work interaction W
as it proceeds in time dr between two states infinitesimally
€ach other. From the second law of thermodynamics and the
entropy, we obtain Eq. (2-10), which states that the rate of
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entropy production dS/dr must be greater than or equal to zero (i.e., the rae
of entropy creation in a mass system must be greater than or equal to the rate
of inflow associated with the heat interaction). Finally, Newton’s second law of
motion [Eq. (2-11)] states that the instantaneous rate of change of the
momentum M, in the x direction of a system of fixed mass is equal to the sup
of the forces in the x direction acting on the mass at that instant, The subscnpl
x is used to emphasize that momentum and force are vector quantities.

By writing Egs. (2-8), (2-9), (2-10), and (2-11) in the manner chosen, 3
similarity or unification of the right-hand side of each equation is evident. Each
equation has on the right-hand side the time derivative of a property—mass,
energy, entropy, and momentum, respectively. Each of these property time
derivatives applies to a mass of fixed identity—a control mass system. In the
next section, expressions will be developed that relate each derivative to
quantities associated with a control volume. Thus the right-hand sides of Egs.
(2-8) through (2-11) will be put into a form directly applicable to flow through
a control volume.

2-6 RELATIONS BETWEEN THE
SYSTEM AND CONTROL VOLUME

Suppose that fluid is flowing through the control volume ¢ in Fig. 2-7 along the

streamlines shown. Let the mass contrained within o at any time be designated

as m,. At some initial time 7, suppose that a system is defined to be the mass
m of fluid contained in o (Fig. 2-7). At some later time t,, this mass system
will have moved to the position shown by the boundary § in Fig. 2-8. To relate
the system m to the control volume o, we must evaluate the time derivative of
m in terms of control volume quantities. By definition,

dm m,, —m,
D fim T (-12)
dt  s—0 8t
where 8t =1, —
m, = mass system at time t,
m,, = mass system at time f,

\ @ FIGURE 2-7
(h Mass system within o at time 7,.
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! I FIGURE 2.8
¢ Mass system not completely in o at time #,.

\t time #,, the mass system m completely fills the control volume so that
My, = My, (2'13)
l ¥
‘%ﬁter time £, the mass system has moved so that a small portion of the
y em, denoted by ém,,,, has moved out of the control volume at section
. the remaining portion of the mass still occupies most of the control
Dunng the time interval 6, note that a small element of mass &m;,
ed o through section 1, but this mass is not part of our system of

'I'hus we have

My, = Mgy, + Mgy — My, (2-14)
)
‘of Egs. (2-13) and (2-14) into Eq. (2-12) and rearranging terms

f d = g
_ﬂ= ]im (mﬂ‘f: mml i 6‘?’nﬂul
ot ot

smin)
d‘ fr—=0

(2-15)

ive depends, therefore, on two items. The first represents the rate
ation of mass within o which we denote by dm,/dr. The second
_ s the net outflow of mass from o which we denote by 11,y — iy,

@pl'esents the mass flux or flow rate through a control surface. Thus

5) becomes

b dm dm,,
dr di

= muut e min (2‘16)

{3*15) is the desired result relating to the system and control volume
: . In words, the equation reads: The time rate of change of the mass
€M at the instant it is within a control volume o is equal to the

Gn rate of mass within the control volume plus the net mass flux out
ol volume.
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: | FIGURE 2-9
e e =) Control volume for steady
(h ) flow.

The result expressed in Eq. (2-16) is true of any extensive property R of g4

system. We may write, therefore,

LB
dt & dt out in

(2-17)

This is the general result we may use to obtain a control volume equation from
any system equation involving the rate of change of an extensive property.

DEFINITION OF STEADY FLOW. Consider the flow of fluid through the
control volume o shown in Fig. 2-9. If the properties of the fluid at any point i
in the control volume do not vary with time, the flow is called steady flow. For
such flows we may conclude

dR,

=0
dt

in steady flow

(2-18)

DEFINITION OF ONE-DIMENSIONAL FLOW. If the intensive stream prop-
erties at a permeable control surface section normal to the flow directions are
uniform, the flow is called one-dimensional. Many flows in engineering may be
treated as steady one-dimensional flows. The term one-dimensional is synony-
mous in this use with uniform and applies only at a control surface section.
Thus the overall flow through a control volume may be in more than one
dimension and still be uniform (one-dimensional flow) at permeable sections of
the control surface normal to the flow direction. The flow in Fig. 2-10 is called

FIGURE 2-10

One-dimensional flow through a conver
gent duct. The flow is uniform at sections
1 and 2. hence one-dimensional, even
though the flow direction may vary elsé-
where in the flow.
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mensional flow since the intensive properties, such as velocity, density,
rature, are uniform at sections 1 and 2.

"ONSERVATION OF MASS
TION

of mass conservation for any system A is simply

dm 4
= 70
a (2-19)
g this result into Eq. (2-17) yields
DB i — =0 (2-20)

dt

‘known as the conservation of mass equation. For steady flows through
trol volume, Eq. (2-20) simplifies to

(2-21)

n"l,,m = My

flow is steady and one-dimensional through a control volume with a
inlet and exit such as shown in Fig. 2-10, m1 = pAV, (where V, is the
‘component normal to A), and

P14 Vi, = p2As Vs, (2-22)
STEADY FLOW ENERGY
ON
TEY equation written as a rate question is
. . dE_i
e 2-9
Qs —Wa== (2-9)

Q, and W, are the rates at which heat and work interactions are
 at the system boundary. If all the work is due to shaft work, W,
the shaft power delivered by system A as it receives energy due to a
action at rate 0, and as the energy E of A changes at rate dE 4/dt. It
ent to have Eq. (2-9) in a form involving terms associated with the
~of a control volume. With this in mind, we consider steady
nsional flow of a fluid (pure substance in the presence of motion and
through a control volume and surface o (Fig. 2-11). Fluid crosses o at
out stations only. A shaft work interaction W, and heat interaction
I at the boundary of ¢. In addition, flow work interaction occurs at the
Out stations of o due to the pressure forces at these stations moving




FIGURE 2-11

Steady flow through contrg)
volume o—flow picture at any
m f|

with the fluid. Since energy is an extensive property, we may write for any
instant of time ¢, that system A is in &

dE,_dE,

dt  dt + Eow = Ein

Therefore, for steady one-dimensional flow, the right-hand term of Eq. (2-9)

becomes
0
dEA) - (d% by -
( dt At / ! + Eout in B (em)out (em)in

or, with m,, = M, = m,

() =riteon e ()

where e =u + V?/(2g.) + gz/g.. For the heat interaction term of Eq. (2-9) we
have, for system A at time 1,

(Qa),=Q (if)

where Q represents the heat interaction rate at the boundary of o-

For a rigid boundary of the control volume o, the work interaction term
of Eq. (2-9) is due to two effects—the shaft work and flow work rates of A at
time ¢,. Thus,

(WA)I'.- = Wx =+ Wﬂuw

where Wﬂuw o (h}m )ml! - (P!J!ﬁ )‘m

AERANMULTINAMILD REVYIEYW  OJ

= pressure force X velocity = PA(V) = P(A dx/dm)(dm/dr) = Pum.
out = ".I: SO

(Wa), = W, + [ (Pv)ou — (PU)in] (iii)

en Egs. (i), (i), and (iii) are placed in the energy equation for time ¢,

Q . {wx + m[(Pv)uut i (Pu)ln]} = H(Eour — €in) (iv)

‘his is the result sought—an equation in terms of quantities evaluated at
trol surface. Some rearrangement of Eq. (iv) will put the equation in a
nventional form. First we assemble all terms involving m on the right

f the equation:

Q — W, = n(Pv + )y — mt(Pv +e),, (2-23)

, divide by 71 and use the expression e =u + V?/(2g,) + gz/g. to get

q—w (Pu+u+_+gz) (Pv+"+1+gz)
oul

28, B 28; 8:fm

nd w, are heat and shaft work interactions per unit mass flow through

last equation, the properties u, P, and v appear again in the

rent u + Pv which we have called enthalpy h. Using h, we obtain the
of the sready flow energy equation

- (h - o - ‘E) (2-24)
28:- gr n

g~
e )
g ( 23r 8/ out

2
Q-‘K=m(h+y—+gz) - n(h+£+gz) (2-25)
2g. 8/owm 2g. B/

- dimensions of O, W,, etc., are those of power or energy per unit

aple 2-1. The first step in the application of the steady flow energy equation
ar definition of a control surface o. This is so because each term in the
refers to a quantity at the boundary of a control volume. Thus, to use
ition, one needs only to examine the control surface and identify the
ble terms of the equation.

A the application of Eq. (2-24) to specific flow situations, many of the
are zero or may be neglected. The following example will illustrate this
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FIGURE 2-12a
Control volume for analyzing each component of a turbojet engine.

Consider a turbojet aircraft engine as shown in Fig. 2-12a. We divide the
engine into the control volume regions:

o, inlet
5! COMpressor
< combustion chamber

o, turbine
.. nozzle

Let us apply the steady flow energy equation to each of these control
volumes, In all cases the potential energy change (gz/g.).. — (g2/g.)., is zero and
will be ignored.

It is advisable in using the steady flow energy equation to make (wo
sketches of the applicable control surface o, showing the heat and shaft work
interactions (g, w,) in one sketch and the fluxes of energy [k, V?/(2g.)] in the
second sketch. {The term [k + V?/(2g.)]... is a flux per unit mass flow of internal
energy u, kinetic energy V*/(2g,.), and flow work Pv. We will use the expression
flux of energy to include the flow work flux also.}

a. Inlet and nozzle: o, and os. There are no shaft work interactions at control
surfaces o, and o,. Heat interactions are negligible and may be taken as zero.
Therefore, the steady flow energy equation, as depicted in Fig. 2-12b, for the
inlet or nozzle control surfaces gives the result

v v
0=(h+—) —(h+—)
28-1‘ ch i

out
Numerical example: Nozzle. Let the gases flowing through the nozzle control
volume o5 be perfect with c¢,g = 6000 ft*/(sec’ - °R). Determine V, for 75=
1800°R, V=400 ft/sec, and T, = 1200°R.

(In) (Out)
i —Lo etk Mot
2 ! a,.9; 2
(P O i L)
(zﬂr i T £ ) I 28 Jout
= Net energy flux

FIGURE 2-12b
Energy equation applied to
control volumes o, and o,

2 2
= (h+%)wlu(h+%)in

n. From the steady flow energy equation with 5 and 6 the in and out

respectively, we have
Vi Vi
hgt+—=hs+=—
% 2
Vo= V2g.(hs — he) + Vi=V2c,8(Ts— T) + V5
= V2(6000)(1800 — 1200) + 400°
= 2700 ft/sec

ressor and turbine: o, and o,. The heat interactions at control surfaces

umerical example: Compressor and turbine. For an equal mass flow? through
yressor and turbine of 185 Ib/sec, determine the compressor power and

tIn) (Out)
et d) s oial
- ] B L hout
:{3—- S R R R
< | (28c T 0 T | T ] 2g; )nut
= Net energy flux

FIGURE 2-12¢
Energy equation applied to
control volumes o, and o .

2 2
v Vv
h+ — ) - fh+— )
28¢ Jow ( 28 Jin

‘turbojet engine, 60 to 30 Ibm of air enters for each 11bm of fuel consumed. It is,
dble to assume approximately equal mass flow rates through the compressor and



the turbine exit temperature 7 for the following conditions:

= 6000 ft*/(sec’ - °R)

cﬁg:
Compressor Turbine
T,=T740°R, T, = 1230°R T,=21710°R, T =17
.=V Vi=V;
Solution. The compressor power W.= (rw,),,, is, with V, = V5,
W; = —rit(hs— hy) = _mc‘p(ra =T
| 6000(ft/sec)’ 1)
= —(185 Ibm/sec) 32.174 ft - Ibf/(Ibm - sec”) (1230 — 740)
1hp

= —16.9 X 10° ft - Ibf/sec X —— 2
3691 foec 550 ft - Ibf/sec

= —30,700 hp

The minus sign means the compressor shaft is delivering energy to the air in o,

The turbine drives the compressor so that the turbine power W= (i),
is equal in magnitude to the compressor power. Thus W, = —W,, where, from the
energy equation,

W=riths—hs) and  W.=—mi(hs—hs)
Thus mcp(?-ﬁ == T-‘l) = _mcp(n == ,TZ)
and L=L-(L-T)

=2170°R — (1230°R — 740°R) = 1680°R = 1220°F

¢. Combustion chamber: o,. Let us assume that the fuel and air entering the
combustion chamber mix physically in a mixing zone (Fig. 2-12d) to form what
we will call reactants (denoted by subscript R). The reactants then enter a
combustion zone where combustion occurs, forming products of combustion
(subscript P) which leave the combustion chamber. We apply the steady flow
energy equation to combustion zone o Since the temperature in the
combustion zone is higher than that of the immediate surroundings, there is a
heat interaction between o and the surroundings which, per unit mass flow of
reactants, is negligibly small (¢ <0 but ¢ =0). Also the velocities of the
products leaving and of the reactants entering the combustion zone aré
approximately equal. There is no shaft work interaction for o5. Hence the
steady flow energy equation, as depicted in Fig. 2-12d, reduces to

hg, = hp,

4

We must caution the reader about two points concerning this last equation:
First, we cannot use the relation ¢, AT for computing the enthalpy difference
between two states of a system when the chemical aggregation of the two states
differs. Second, we must measure the enthalpy of each term in the equation
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SILMarD Fatiinh a8 !
- 1 e
Mixing 1, Combustion §ioe
zone ] zone :
] 1
iyt S SRR e =
{In) {Out)
et — :- —————— 4
I Wy —ibs e A
| o o, 1 -
| Vy —L -V
- 2g¢ o s e I 28,
=10 Vo=V
) Net energy flux FIGURE 2-12d

Energy equation applied to con-
trol volume o5,

= )G
(P 1g( out 2gr )m

lative to the same datum state. To place emphasis on the first point, we have
duced the additional subscripts R and P to indicate that the chemical
gations of states 3 and 4 are different.

To emphasize the second point, we select as our common enthalpy datum a
d having the chemical aggregation of the products al a datum temperature
Then, introducing the datum state enthalpy (4,), into the last equation above,
have

h"'a ; hF-l i h-"’a k. h-".f (2-26)

uation (2-26) can be used to determine the temperature of the products of
tion leaving an adiabatic combustor for given inlet conditions. If the
bustor is not adiabatic, Eq. (2-26), adjusted to include the heat interaction
g on the left-hand side, is applicable. Let us treat the reactants and products
ect gases and illustrate the use of Eq. (2-26) in determining the
ture of the gases at the exit of a turbojet combustion chamber via an
‘problem.

Numerical example: Combustion chamber. For the turbojet engine combustion
nber, 45 Ibm of air enters with each 11bm of JP-4 (kerosene) fuel. Let us
these reactants enter an adiabatic combustor at 1200°R. The heating value
Of JP-4 is 18,400 Btu/lbm of fuel at 298 K. [This is also called the lower

value (LHV) of the fuel.] Thus the heat released (AH ).« by the fuel per
of the products is 400 Btu/Ibm (18.400/46) at 298 K. The following data are

€pp=0.267 Btu/(lbm : °R) and ¢pr = 0.240 Btu/(lbm - °R)

‘mine the lemperature of the products leaving the combustor.



Solution. A plot of the enthalpy equations of state for the reactants and lhe'

products is given in Fig. 2-13. In the plot the vertical distance kg — hp between the
curves of /i, and &, at a given temperature represents the enthalpy of combustigy

AH of the reactants at that temperature (this is sometimes called the heqr of

combustion). In our analysis, we know the enthalpy of combustion at 7, =298 g
(536.4°R).

States 3 and 4, depicted in Fig. 2-13, represent the states of the reactanig
entering and the products leaving the combustion chamber, respectively. The
datum state d is arbitrarily selected to be products at temperature T,. State 4’ jg
the reactants’ state at the datum temperature T,,.

In terms of Fig. 2-13, the left-hand side of Eq. (2-26) is the vertical distance
between states 3 and d, or

hn_, = hr‘ = hn, T hm,v + ha,v = hP.;

and since Ahg=¢,x AT  and  hg, —hp, = (AH);,
then hg, = hp, =cpp(T3— T,) + (AH), (i)
Similarly, the right-hand side of Eq. (2-26) is
by, hp, = Cpp(Te— o) (i)
Substituting Egs. (i) and (ii) in Eq. (2-26), we get
(T — T) + (AH) 7, = (T — T,)) (2-27)

We can solve this equation for 7}, which is the temperature of the product gases
leaving the combustion chamber. Solving Eq. (2-27) for T,. we get

fp.-c(rx =T+ (AH)H

I= +T,
Cpp
0.240(1200 — 536.4) + 400
-~ + 536.4
0.267 s
=2631°R (2171°F)
Ik
R P
g A Cereeenpeseaaniaaans
: FIGURE 2-13
d Enthalpy versus temperature for ¢
1 (il L L+ actants and products treated as P¢r”
Ty

Ty T T  fect gases.

is the so-called adiabatic flame temperature of the reactants for a 45:1

/mixture ratio of air to fuel.

For the analysis in this book, we choose to sidestep the complex

pchemistry of the combustion process and model it as a simple healmg

ess. The theory and application of thermochemistry to combustion in jet
s are covered in many textbooks, such as the classical text by Penner (see

second law of thermodynamics and the definition of entropy, we
Bq‘ (2"10)$
1dQ_ds

T dt~ dt (2:10)

dQ/dt is a boundary phenomenon for a control volume flow as
r a system (control mass). Interpreting, therefore, dQ/dr as the heat
igh those parts of the control surface impervious to the flow of matter
Eq. (2-17) with R = §, we obtain

§ _1dQ
suut m T df

S = nits

(2-28)

ed the entropy equation for control volume flow; dS,/dt represents
)y production rate within the control volume while S, and S,
the entropy flux into and out of the control volume through the
e, respectively; dQ/dt is the heat flux through the control surface;
> temperature of the fluid adjacent to the control surface.

. ik)w, Eq. (2-28) becomes
1dQ

sou iy sm ——

y T dt
steady and adiabatic flow through a control volume, this reduces to
t that the entropy flux out is greater than or equal to the entropy
g snul = S‘in
Outiet section (2) and one inlet section (1), this and the continuity

$,=5



2-10 MOMENTUM EQUATION
Newton’s second law of motion in the form

1 dM,

2F= e a

e (2-11)

is a system equation relating the net force on system A to the time rate of
change of the extensive property momentum M.T We can write an equivaleng
control volume equation for the second law of motion, using R =M in the
general relation

dRA dRs . & .
d!' df Ruut_Rin
1am, _ (dM,, : ; )
t t Fi=) F,= — M
oge Z A 2 gc df d! = out Mm
M, . = 3
or S F = ( dr Mm..—Mi") (2-29)

In words, Eq. (2-29) says that the net force acting on a fixed control volume o
is equal to the time rate of increase of momentum within o plus the net flux of
momentum from o. This is the very important momentum equation. It means
that the sum of the forces acting on a system A at the instant A occupies
control volume o equals the rate of change of momentum in o plus the net flux
of momentum out of o. This equation is in fact a vector equation, which
implies that it must be applied in a specified direction in order to solve for an
unknown quantity.

Applying control volume equations to a steady flow problem gives useful
results with only a knowledge of conditions at the control surface. Nothing
needs to be known about the state of the fluid interior to the control volume.
The following examples illustrate the use of the steady one-dimensional flow
condition and the momentum equation. We suggest that the procedure of
sketching a control surface (and showing the applicable fluxes through the
surface and the applicable forces acting on the surface) be followed whenever a
control volume equation is used. We illustrate this procedure in the solutions
that follow.

Example 2-2. Water (p =1000kg/m”) is flowing at a steady rate through @
convergent duct as illustrated in Fig. 2-14(a). For the data given in the figure, find
the force of the fluid F,, acting on the convergent duct D between stations 1 and 2.

+M =], Vdm for a fluid system A. This reduces to M =mV for a rigid system of mass m.

ARBRMULTINANMILD REEVIEW SR

= PAY ! 5 P242%2
—

1 Vs

) [
— o [
@ Mass flux in = mass flux out
P3=101325Pa
Az =01 m2
1000 kg/m?  Vy=6misec
(a) Given data (b) Continuity equation
o o
[\/ Fm
: """ﬁt Vitpi A Vil T === ValpyAyV,)
- P R
- o
on o - Net x momentum from ¢
(¢) Momentum equation

convergent duct.

jon. We first select the control volume o such that the force of interest is
at the control surface. Since we want the force interaction between D and
water, we choose a control surface coincident with the inner wall
‘of D bounded by the permeable surfaces 1 and 2. as illustrated in Fig.
. By applying the steady one-dimensional continuity equation, Eq. (2-21),
cted in Fig. 2-14(b), we find V; as follows:

AV, = paAL V2
A
v—fvz (pr=p2)
= 3 m/sec

 determined, we can apply the momentum Eq. (2-29) to o and find the
‘of the duct walls on o, denoted by Fy, (F,» = Fp,). By symmetry, Fp, is a
tal force so the horizontal (x) components of forces and momentum fluxes
be considered. The x forces acting on ¢ are depicted in Fig. 2-14(c) along
h the x momentum fluxes through o

‘From Fig. 2-14(c), we have

1
im equation P A, — Fp, — P,A; =E[(92A3V3JVz —(p A VOV
Fig. 2-14(b),
uity equation AV =pAVa=m
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Combining the continuity and momentum equations, we obtain

I
- o !
FiA:‘Fnrr"PzAzzﬂ(V:"Vl) f}"""'-).. m
8 ": __f’gl_, ‘___--" |
—— | ﬂ:fi

m
or FW=P.A1“P:A1—3—(V2‘-V:)

£

And with rit = p, A, V, = 1000 kg/m’ X 0.2 m* X 3 m/sec = 600 kg/sec, we have
Fp, = 137,900 N/m? % 0.2 m* — 101,325 N/m’ % 0.1 m*
— 600 kg/sec X (6 — 3) m/sec
or =27,580N — 10,132 N — 1800 N
and =15648 N (acts to left in assumed position)
Finally, the force of the water on the duct is

F.pn=—F,=—15648N (acts to right)

Example 2-3. Figure 2-15 shows the steady flow conditions at sections 1 and 2
about an airfoil mounted in a wind tunnel where the frictional effects at the wall
are negligible. Determine the section drag coefficient C,, of this airfoil.

2 Fg,=‘P|A| _P3A3+Fn,,
L]
e _ y
Solution. Since the flow is steady, the continuity equation may be used to find 3=t VahVa =0, 4V
the unknown velocity Vj; as follows:

. 2 1
M. =p,(—.4,)v;+p:(—;1:)v:-
(pAV), = (pAV), (that is, mir, = nit5)

3 3

or AV =p(3 Ve +1 VA, = py‘l:(% Vi e vi)

but P1=Pa and A=A, :
Vi=3Va+iVe i amdA=A, =4,

thus Ve=3V,—-4V.=31.5m/sec

~Fou =(Pi~ PJA+22 (V3 -2Vi-1V2)

o = (74,730 — 74,700)0.1 + 0.618
//////////z////

s 2 1
I_v:;;(.];;:__,. ________ — x0.1[30-5{31.52)—§(27’)]
ey — |oam
T f——i =30N-0278N
e N L e Y e o i == .
ok : @ i P " 2.722N = Fp, acts to left
=t p:DﬁlkaJm-‘:-_‘[- ‘‘‘‘‘‘ ek F,» = drag force for section
! N =-F and F,p acts to left
—— | E——— o o
: TS ) E, ) 272N ;
------------------- R O e =
il /l/ Tl Y .»l/ 2 vgavy fe= ) Tosm] L N
(1) P =74730 Pa (2) P2 = 74,700 Pa F} V2
Tunnell area = 0.1 m? C, == and q= = where V.=V,
Chord =0.15 m gc 2g.
FIGURE 2-15 2 Fp hile ~0.19

T eVII2e)le (0,618 X 30/2)0.15

Wind tunnel drag determination for an Airfoil section.




Example 2-4. Figure 2-17 shows a test stand for determining the thrust of 2

liquid-fuel rocket. The propellants enter at section 1 at a mass flow rate of

15 kg/sec, a velocity of 30 m/sec, and a pressure of 0.7 MPa. The inlet pipe for the
propellants is very flexible, and the force it exerts on the rocket is negligible, Ay
the nozzle exit, section 2, the area is 0.064 m’, and the pressure is 110 kPa. The

force read by the scales is 2700 N, atmospheric pressure is 82.7 kPa, and the floy, -'

is steady. Determine the exhaust velocity at section 2, assuming one-dimcnsiona;
flow exists. Mechanical frictional effects may be neglected.

Solution. First, determine the force on the lever by the rocket to develo
2700 N scale reading. This may be done by summing moments about the fulcrp:u:
point 0 [see Fig. 2-18(a)]. Next, draw an external volume around the rocket gg
shown below, and indicate the horizontal forces and momentum flux [see Fj
2-18(b)). “
Gagcj pressure is used at the exit plane because of the cancellation of
atmospheric pressure forces everywhere except at the exit plane where the
pressure exceeds atmospheric by an amount equal to P, — P., or Ps,. Applying the
momentum equation to the control volume ¢ shown in Fig. 2-18(b), we obtain

“ﬂl}l
I e e
gf
Thus Fo= P A e lla
8e
Since the Aow is steady, the continuity equation yields nt, = m, = 15 kg/sec.
Therefore,
V: o FR __ P:rA.‘_
m;!l'lrg(
_10,800N — [(110 — 82.7) X 10" N/m?](0.064 m*)
15 kg/sec
= 603.5 m/sec

Propellant m = 15 kg/sec

(2)

s

Combustion Py =110 kPa
chamber Nozzle

5 J I
2700N 04T 0

() Pe=s27kpa

_ =ty
VS LSS LSS S ST/

FIGURE 2-17
Liquid-fuel rocket test setup.
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EM,=2700x 08-Fpx02=0

= 1&6;_@1 = 10,800 N

(a)

—— = ———

FIGURE 2-18
Moment balance and control

(b volume o for rocket.

ARY OF LAWS FOR FLUID

gives a convenient summary of the material covered so far in this
" the form of a tabulation of the mass, energy, entropy, and
equations for a system (control mass) and for control volume flow.
flow, all terms of the control volume equations refer to quantities
at the control surface (neglecting body forces). Thus, to use the

of laws
Closed system
of mass Control volume flow
%,:0 %’%d—‘;—umm [
Q&?_E;T‘L‘% Q_;i;=m(n+e)w,-m(ru+e).“+%’

Qo
dt
dM, dM - :
=—= =-—0= - M.
2 F; dt 2 F, dt i Malll Mm




control volume equations for steady flow, one need only examine the bﬂllndary'
of the control region and identify the applicable terms of the equations. Ty
paraphrase Prandtl and Tiejens concerning the theorem of momentum frop,

their Fundamentals of Hydro and Aeromechanics (Ref. 14):

The undoubted value of the steady flow control volume equations lies in the fag
that their application enables one to obtain results in physical problems from just
a knowledge of the boundary conditions. There is no need to be told anything
about the state of fluid, or the mechanism of the motion. interior to the contro|
volume.

Needless to say, the first step in analyzing a fluid flow problem is a clear
statement or understanding of the control volume and its surface. In this
respect, note that the mass in the control volume need not be restricted to that
of a flowing fluid. The control volumes of Figs. 2-12a and 2-17 illustrate thig
point.

The flows analyzed in this chapter have generally been through volumes
of other than infinitesimal size. The control volume equations apply also to
infinitesimally sized control volumes as long as the fluid is a continuum.
Examples of the use of an infinitesimal control volume will be given in Chap. 3.

The basic laws discussed in this chapter represent a powerful set of
analytical tools which form the starting point in the analysis of any continuum
fluid flow problem. Equations (2-8) through (2-11), or Eqgs. (2-20), (2-24),
(2-28), and (2-29) plus an equation of state relating the thermodynamic
properties of the substance under consideration will form the basis of all the
analytical work to follow.

Definitions of new quantities may be introduced, but no further fun-
damental laws will be required. Since the relations presented in this chapter
form the starting point of all analytical studies to follow, time spent on the
homework problems of this chapter, which are designed to bring out a basic
understanding of the fundamental equations, will be well invested.

2-12 PERFECT GAS

General Characteristics

The thermodynamic equations of state for a perfect gas are

P =pRT (2-30)

u=u(T) (2-31)

where P is the thermodynamic pressure, p is the density, R is the gas constant,
T is the thermodynamic temperature, and u is the internal energy per unit mass
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action of temperature only. The gas constant R is related to the
gas constant R, and the molecular weight of the gas M by

RH
R=—"
M

lues of the gas constant and molecular weight for typical gases are present-
Table 2-3 in several unit systems: R, =8.31434kJ/(kmol-K) =

8 Btu/(mol - °R). 3
om the definition of enthalpy per unit mass h of a substance in Eq.

simplifies for a perfect gas to
h=u+RT (2-32)

(2-31) and (2-32) combined show that the enthalpy per unit mass is
a function of temperature h = h(T). Differentiating Eq. (2-32) gives

dh =du + RdT (2-33)

entials dh and du in Eq. (2-33) are related to the specific heat at
pressure and specific heat at constant volume [see definitions in Egs.
d (2-5)], respectively. as follows:

dh =c¢,dT
du=c,dT

hat both specific heats can be functions of temperature. These equations
e integrated from state 1 to state 2 to give

L]

Iy — U, =f c,dT (2-34)
1i
T

hy —hy =j ¢, dT (2-35)
7

tution of the equations for dh and du into Eq. (2-33) gives the
Ip between specific heats for a perfect gas

(2-36)

g, =c,tR

the ratio of the specific heat at constant pressure to the specific heat

0t volume, or

=% (2-6)




¥

[(ft - Ibf)/(Tbm - °R) |

[Btu/(lbm - “R)|  [kJ/(kg - K)]

Cp

[k¥/(kg - K)]

7

Molecular
weight

Properties of ideal gases at 298.15 K (536.67°R)

Carbon monoxide 28

Hydrogen

Nitrogen

Oxygen
Sulfur dioxide

Water vapor

TABLE 2-3
Air

Argon

Carbon dioxide
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ing relationships result from using Eqgs. (2-36) and (2-6):

R

—_—=w—1 2

o Xy (2-37)
E = 7;1 (2-38)
<p Y

bs equation relates the entropy per unit mass s to the other
mamic properties of a substance. It can be written as

_du+Pd(l/p) _dh—(1/p)dP

ds T T (2-39)
fect gas, the Gibbs equation can be written simply as
dT _d(1/p)
=¢,—+R——
ds =c¢, T R 1p (2-40)
dT _dP
ds=cp?—RF (2-41)

L 4T
sz—s,=j c,,?+mnﬂ (2-42)
1 P2
L 4T P,
= s = 2-43
$2— 81 L % RInP3 (2-43)

ific heats are known functions of temperature for a perfect gas, then
, (2-35), (2-42), and (2-43) can be integrated from a reference state
d for further use in what are called gas tables.

tion for the speed of sound in a perfect gas is easily obtained by
- (2-7) and (2-30) to give

a=VyRg.T (2-44)




Calorically Perfect Gas

A calorically perfect gas is a perfect gas with constant specific heats (¢, and c,),
In this case, the expressions for changes in internal energy u, enthalpy 4, ang
entropy s simplify to the following:

u—u;=c(L-T) (2-45)
hy—hi=c,(L-T) (2-46)

that Egs. (2-51), (2-52), and (2-53) apply only to a calorically
s undergoing an isentropic process.

aple 2-5. Air initially at 20°C and 1atm is compressed reversibly and
_adiabatically to a final pressure of 15 atm. Find the final temperature.

lution. Since the process is isentropic from initial to final state, Eq. (2-51) can

s—5=¢n % —RlIn p2 (2-47) used to solve for the final temperature. The ratio of specific heats for air is 1.4.
Ij i:; Pz (y=1¥y 15 0.4/1.4
5 =H=¢, ln‘-z'—RlnF: (2-48) T’=T’(E) =(20+273'15)(T)
1 1

Equations (2-47) and (2-48) can be rearranged to give the following equations Bl S AR 00

for the temperature ratio 7,/ T;:
[} (Pz)m“ S2— 5
= exp

le 2-6. Air is expanded isentropically through a nozzle from 7, = 3000°R,
and P, =10atm to V;=3000ft/sec. Find the exit temperature and

Tl. P Cy

T, B\ S2— 8 . . ;

?1 = (E) exp 7 n. Applicmsqn of the first Ia\n:' of thermodynamics to the nozzle gives the

¢ for a calorically perfect gas:
From Eqgs. (2-37) and (2-38), these expressions become v V2
y-1 Ll Gh+t—=c¢hh+—

%z (ﬁ—f ) e T (2-49) Tk T

T, (B\OWr -5 equation can be rearranged to give 7:

T (P,) L (258 Vi-v2 3000°

Bt = e, 0 X3 17 % 18676

Isentropic Process

For an isentropic process (s;=s,), Egs. (2-49), (2-50), and (2-30) yield the
following equations:

= 3000 — 748.9 = 2251.1°R

Eq. (2-51) for P, gives

T} ¥y—1) 2251.1 _15_
T, (B\Y~Wr Pz—ﬂ(ﬁ) = 10(——3000 ) = 3.66 atm
2-17) @5y
1 1
ier Diagram for a Perfect Gas
=1 . >
LR (EE)T (2-52) diagram is a thermodynamic state diagram with the coordinates of
L \p d entropy s. Since the enthalpy of a perfect gas depends upon
& e’
T dh =c,dT
i S 4
P (p.) 253 can replace enthalpy as the coordinate of a Mollier diagram for a

- When temperature 7 and entropy s are the coordinates of a
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Mollier diagram, we call it a T-s diagram. We can construct lines of constang es of Perfect Gases

pressure and density in the 7-s diagram by using Eqs. (2-42) and (2-43). For 5 i . : p
calorically perfect gas, Egs. (2-47) and (2-48) can be written between any slal: = periec S, S8 O e Pt e e
PV =NR,T

and the entropy reference state (s = 0) as

is the number of moles and R, is the universal gas constant. The

s=c,In L. Rin-2 idealized as independent perfect gases, each having the temperature
Tt Pret upying the volume V. The partial pressure of gas i is
T
P =NR,—
S':CplnI‘_Rln R‘ NrRllV

T;cf P, ref

to the Gibbs-Dalton law, the pressure of the gas mixture of n

where Tio, P, and p,.¢ are the values of temperature, pressure, and density, is the sum of the partial pressures of each constituent:

respectively, when s = (. Since the most common working fluid in gas turbine
engines is air, Fig. 2-19 was constructed for air by using the above equations
with these data:

P=2PF (2-54)

number of moles N of the gas is

¢, =1.004 kJ/(kg - K) Tet=2882K  p.=1.225kg/m’ g
N=) N, 2-55

R =0.286kJ/(kg - K) P,ee=1atm = 101,325 Pa .=E| S

ratio of the number of moles of constituent i to the total number of
the mixture is called the mole fraction y,. By using the above

e mole fraction of constituent i can be shown to equal the ratio of

pressure of constituent i to the pressure of the mixture:
N; P
=—=— 2-56
n=3"7 (2-56)
z ‘Gibbs-Dalton law also states that the internal energy, enthalpy, and
% of a mixture are equal, respectively, to the sum of the internal
H -enthalpies, and the entropies of the constituents when each alone
g the volume of the mixture at the mixture temperature. Thus we can
- mixture of n constituents:
U=> U= mu (2-57)
=1 =1
H = z H; = 2 m,‘.h,' (2'58)
i=1 i=1
0 1 1 1 | = | " n
0 04 0.8 12 1.6 2 el = -
Entropy [kJ(kg + ) §=2, 5= 2 ms, (2-59)
FIGURE 2-19

A T-s diagram for air as a calorically perfect gas. the mass of constituent i.
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The specific heats of the mixture follow directly the definitions of ¢, ang
¢, and the above equations. For a mixture of n constituents, the specific heats-
are

 be rewritten as

P\ _ b=, _exp(és/R)
E micpl 2 m;c,; (Pl )_c-cm;ﬂ exp R eXp(¢l!R)
= and ¢ =—
m m

c =
» (2-60) (2-63), we can express this pressure ratio in terms of the reduced

where m is the total mass of the mixture.

) arp (2-66)

Gas Tables P, P,

In the case of a perfect gas with nonconstant specific heats, the variation of the
specific heat at constant pressure ¢, is normally modeled by several terms of g
power series in temperature 7. This expression is used in conjunction with the
general equations presented above and the new equations that are developed
below to generate a gas table for a particular gas (see Ref. 15).

For convenience, we define

. it can be shown that

("—2) = (2-67)

U/ s=const Un

= _perfect gas, the properties h, P, u, v,, and ¢ are functions of 7,
h EJ' ¢, dT (2-61) e can be calculated by starting with a polynomial for c,. Say we have
Tt th-order polynomial
LG =Agt AT+ AT+ AT + AT + AT + AT+ A, 7 (2-68)
LR o
b= r T (2-62) tions for h and ¢ as functions of temperature follow directly from
- (2-61) and (2-62):
: Al 2 3 A‘l 1 AS 7 A?
-~ : — + +
Rsexp¢R¢" (2-63) AT + 2 =+ T / il 5 R T T (2-69)
-.«.ﬁoinT+A1T+%T2+%T3+%T"+A; A"Tﬁ
P
v, = exp( - % e d?T) (2-64) (2-70)
T

define reference values, the variations of P, and v, follow from Egs.
where P, and v, are called the reduced pressure and reduced volume, 4), and the above.

respectively. Using the definition of ¢ from Eq. (2-62) in Eq. (2-43) gives

s$i=d,—d,—RIn—= (2-65)

air flows through the inlet and compressor of the gas turbine engine
_Products of combustion flow through the engme components down-
- Ol @ combustion process. Most gas turbine engines use hydrocarbon
€omposition (CH,),. We can use the above equations to estimate the
of these gases, given the ratio of the mass of fuel burned to the mass
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mass of air. For convenience, we use the fuel/air ratio f, defined as

__mass of fuel

mass of air (2'?1)

The maximum value of f is 0.0676 for the hydrocarbon fuels of composition
(CHI):P

Given the values of ¢,, A, and ¢ for air and the values of combustion
products, the values of ¢,, h, and ¢ for the mixture follow directly from the
mixture equations [Egs. (2-57) through (2-60)] and are given by

_ 1.9857117 But/(lbm - °R) ’
28.97 — f % 0.946186 (728

¢ air + f C rod
LB P
= S TR I (2-726)

hm’r T T
= Hair * fAiproa (2-72¢)

T

fb = ¢ajr i fqbgmd (2'72d)

1+f

Appendix D is a table of the properties # and P, as functions of the
temperature and fuel/air ratio f for air and combustion products [air with
hydrocarbon fuels of composition (CH,),] at low pressure (perfect gas). These
data are based on the above equations and the constants given in Table 2-4,
which are valid over the temperature range of 300 to 4000°R. These constants
come from the gas turbine engine modeling work of Capt. John S. McKinney

TABLE 24
Constants for air and combustion products used in App. D and
program AFPROP (Ref. 16)

Combustion products of

Air alone air and (CH,),, fuels

Ay 2.5020051 x 10~ Ay 7.3816638 x 102
A, -5.1536879x 1073 A; 1.2258630 % 107*
A, 6.5519486 x 10* A,  —13771901x10°°
Ay —6.7178376 x 1072 A, 9.9686793 x 10"
A, —1.5128259x10 ™ A, —42051104 x 107"
As 7.6215767 X 10~ '% As 1.0212913 x 107'®
As  —14526770 %107 A,  —1.3335668x 107
A, 10115540 x 107 Ay 7.2678710 % 10~=
hye —1.7558886 But/lIbm h.  30.58153 But/Ibm
brer  0.0454323 But/(lbm - °R) ber  0.6483398 But/(Ibm - °R)
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Force) while assigned to the Air Force’s Aero Propulsion Laboratory
and they continue to be widely used in the industry. Appendix D
rence value of 2 for P, at 600°R and f = 0.

J)s

Program AFPROP

mputer program AFPROP was written by using the above constants for
products of combustion from air with (CH,),. The program can
e the four primary thermodynamic properties at a state (P, 7, h, and s)
the fuel/air ratio f and two independent thermodynamic properties (say,

y show the use of the gas tables, we will resolve Examples 2-5 and 2-6,

e gas tables of App. D. These problems could also be solved by using
puter program AFPROP.

mple 2-7. Air initially at 100°F and 1atm is compressed reversibly and
adiabatically to a final pressure of 15 atm. Find the final temperature.

Solution. Since the process is isentropic from initial to final state, Eq. (2-66) can

be used to solve for the final reduced pressure. From App. D at 20°C (293.15K)

n = 0, P,=1.2768 and

fo 430
Pn Pl

P,=15X1.2768 = 19.152

]

App. D for P.=19.152, the final temperature is 354.42°C (627.57 K). This
K'_lower than the result obtained in Example 2-5 for air as a calorically

perfect gas.

- Example 2-8. Air is expanded isentropically through a nozzle from T, = 3000°R,
?Jg’-‘-—ﬁ'ﬂ, and P, =10atm to V,=3000ft/sec. Find the exit temperature and

| ML X
F"#ﬁll‘ltion. Application of the first law of thermodyanics to the nozzle gives the
following for a calorically perfect gas:

%6 Vi

+—=hy+
i 2g. 2 2g.

From App. D at f=0 and 7, =3000°R, /i, =790.46 Btu/lbm and P, =938.6.
S0lving the above equation for h, gives

vi-vi_ - 30007
2. 046~ 32174 x T78.16

=790.46 — 179.74 = 610.72 But/Ibm

hz‘:h] =T




FIGURES P2-1 and P2-2

For h =610.72 Btu/lbm and f =0, App. D gives 7,=2377.7°R and P,=352¢
Using Eq. (2-66), we solve for the exit pressure

P2=P1

P, (352.6)
=100l———)=3
P, 0 938.6 3.757 atm

These results for temperature and pressure at station 2 are higher by 126.6°R and
0.097 atm, respectively, than those obtained in Example 2-6 for air as a calorically
perfect gas.

PROBLEMS

2-1. A stream of air with velocity of 500 ft/sec and density of 0.07 lbm/ft® strikes a
stationary plate and is deflected 90°. Select an appropriate control volume and
determine the force F, necessary to hold the plate stationary. Assume that
atmospheric pressure surrounds the jet and that the initial jet diameter is 1.0 in.

2-2. An airstream with density of 1.25kg/m’ and velocity of 200m/sec strikes a
stationary plate and is deflected 90°. Select an appropriate control volume and
determine the force F, necessary to hold the plate stationary. Assume that
atmospheric pressure surrounds the jet and that the initial jet diameter is 1.0 cm.

2-3. Consider the flow shown in Fig. P2-3 of an incompressible fluid. The fluid enters
(station 1) a constant-area circular pipe of radius r, with uniform velocity V) and
pressure P;. The fluid leaves (station 2) with the parabolic velocity profile V; given

by
2
oG
To
F = CErNg
Yi z el V2= Vaar [! ("n)]
e =
—— i
== i
— e
s
1 2
FIGURE P2-3
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. ;;/ FIGURE P24

uniform pressure P,. Using the conservation of mass and momentum
. tions, show that the force F necessary to hold the pipe in place can be

2
F=mi(p-p+20)
3g.

ider the flow of an incompressible fluid through a two-dimensional cascade

~ as shown in Fig. P2-4. The airfoils are spaced at a distance s and have unit depth

the page. Application of the conservation of mass requires V,cos g, =

S ..

‘rom the tangential momentum equation, show that

Fb=gﬂ("38inﬂf—"¢51ﬂﬁf}

‘From the axial momentum equation, show that

E=s(F,—T)

ﬁhaw that the axial force can be written as

F=s| - (visint b~ Visin )~ (7, - )|

n a free jet is deflected by a blade surface, a change of momentum occurs and
i1s exerted on the blade. If the blade is allowed to move at a velocity,
may be derived from the moving blade. This is the basic principle of the

turbine. The jet of Fig. P2-5, which is initially horizontal, is deflected by a
| blade. Assuming the same pressure surrounds the jet, show that the

]

Blade

Fy FIGURE P2-5



2.7.

2-8.

1200 fu/sec

FIGURE P2-6

horizontal (F,) and vertical forces (F,) by the fluid on the blade are given by

_ nit(u, — u; cos B) _ nusin B
8 8

Calculate the force F, for a mass flow rate of 100 Ibm/sec, u, = u, = 2000 ft/sec,
and B = 60°.

One method of reducing an aircarft’s landing distance is through the use of thrust
reversers. Consider the turbofan engine in Fig. P2-6 with thrust reverser of the
bypass airstream. It is given that 1500 Ibm/sec of air at 60°F and 14.7 psia enters
the engine at a velocity of 450 ft/sec and that 1250 Ibm/sec of bypass air leaves
the engine at 60° to the horizontal, velocity of 890 ft/sec, and pressure of
14.7 psia. The remaining 250 Ibm/sec leaves the engine core at a velocity of
1200 ft/sec and pressure of 14.7 psia. Determine the force on the strut F.. Assume
the outside of the engine sees a pressure of 14.7 psia.

Air with a density of 0.027 Ibm/ft* enters a diffuser at a velocity of 2470 ft/sec and
a static pressure of 4 psia. The air leaves the diffuser at a velocity of 300 ft/sec and
a static pressure of 66 psia. The entrance area of the diffuser is 1.5 ft, and its exit
area is 1.7 ft*, Determine the magnitude and direction of the strut force necessary
to hold the diffuser stationary when this diffuser is operated in an atmospheric
pressure of 4 psia.

It is given that 50 kg/sec of air enters a diffuser at a velocity of 750 m/sec and a
static pressure of 20 kPa. The air leaves the diffuser at a velocity of 90 m/sec and
a static pressure of 330 kPa. The entrance area of the diffuser is 0.25 m?, and its
exit area is 0.28 m’. Determine the magnitude and direction of the strut force
necessary to hold the diffuser stationary when this diffuser is operated in an
atmospheric pressure of 20 kPa.

It is given that 100 Ibm/sec of air enters a nozzle at a velocity of 600 ft/sec and a
static pressure of 70 psia. The air leaves the nozzle at a velocity of 4000 ft/sec an.cl
static pressure of 2 psia. The entrance area of the nozzle is 14.5 ft*, and its exit

K and F

Strut

Diffuser

FIGURES P2-7 and 2-8

THERMODYNAMICS REVIEW 111

FIGURES P2-9 and 2-10

is 30 ft". Determine the magnitude and direction of the strut force necessary
Id the nozzle stationary when this nozzle is operated in an atmospheric
re of 4 psia.

- with a density of 0.98 kg/m" enters a nozzle at a velocity of 180 m/sec and a
tic pressure of 350 kPa. The air leaves the nozzle at a velocity of 1200 m/sec
a static pressure of 10 kPa. The entrance area of the nozzle is 1.0 m?, and its
{ area is 2.07m’. Determine the magnitude and direction of the strut force
cessary to hold the nozzle stationary when this nozzle is operated in an
nospheric pressure of 10 kPa.

a calorically perfect gas, show that P + pV?/g, can be written as P(1 + yM?>).
yte that the Mach number M is defined as the velocity V divided by the speed of
und a.

r at 1400 K, 8atm, and 0.3 Mach expands isentropically through a nozzle to
Assuming a calorically perfect gas, find the exit temperature and the inlet
exit areas for a mass flow rate of 100 kg/sec.

is given that 250 Ibm/sec of air at 2000°F, 10atm, and 0.2 Mach expands
ntropically through a nozzle to 1 atm. Assuming a calorically perfect gas, find
‘exit temperature and the inlet and exit areas.

r at 518.7°R is isentropically compressed from 1 to 10atm. Assuming a
rically perfect gas, determine the exit temperature and the compressor’s input
wer for a mass flow rate of 150 Ibm/sec.

is given that 50 kg/sec of air at 288.2 K is isentropically compressed from 1 to
atm. Assuming a calorically perfect gas, determine the exit temperature and
COMPpressor’s input power.

at —55°F, 4 psia, and M = 2.5 enters an isentropic diffuser with an inlet area
L5 f® and leaves at M =0.2. Assuming a calorically perfect gas, determine:

1he mass flow rate of the entering air

b. The pressure and temperature of the leaving air

The exit area and magnitude and direction of the force on the diffuser (assume
outside of diffuser sees 4 psia)

225K, 28 kPa, and M =2.0 enters an isentropic diffuser with an inlet area
m’ and leaves at M =0.2. Assuming a calorically perfect gas, determine:
‘mass flow rate of the entering air

A he pressure and temperature of the leaving air

Theexn area and magnitude and direction of the force on the diffuser (assume
‘Outside of diffuser sees 28 kPa)

at 1800°F, 40 psia, and M = 0.4 enters an isentropic nozzle with an inlet area
L45 ft* and leaves at 10 psia. Assuming a calorically perfect gas, determine:
The velocity and mass flow rate of the entering air
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Prob. 2-16 for variable specific heats, using App. D or the program
P. Compare your results to Prob. 2-16.
Prob. 2-19 for variable specific heats. using App. D or the program
P. Compare your results to Prob. 2-19.
Prob. 2-20 for variable specific heats, using App. D or the program
P. Compare your results to Prob. 2-20.

W Prob. 2-23 for variable specific heats, using App. D or the program
ROP. Compare your results to Prob. 2-23.

b. The temperature and Mach number of the leaving air

¢ The exit area and magnitude and direction of the force on the nozzle (assume
outside of nozzle sees 10 psia)

2-19. Air at 1500 K, 300 kPa, and M = 0.3 enters an isentropic nozzle with an inlet area i

of 0.5 m® and leaves at 75 kPa. Assuming a calorically perfect gas, determine:

a. The velocity and mass flow rate of the entering air

b. The temperature and Mach number of the leaving air

¢. The exit area and magnitude and direction of the force on the nozzle (assume
outside of nozzle sees 75 kPa)

2-20. It is given that 100 Ib/sec of air enters a steady flow compressor at 1 atm and 68°F.
It leaves at 20 atm and 800°F. If the process is adiabatic, find the input power,
specific volume at exit, and change in entropy. Is the process reversible? (Assume
a calorically perfect gas.)

2.-21. It is given that 50 kg/sec of air enters a steady flow compressor at 1 atm and 20°C,
It leaves at 20 atm and 427°C. If the process is adiabatic, find the input power,
specific volume at exit, and change in entropy. Is the process reversible? (Assume
a calorically perfect gas.)

2-22. It is given that 200 Ib/sec of air enters a steady flow turbine at 20 atm and 3400°R,
It leaves at 10 atm. For a turbine efficiency of 85 percent. determine the exit
temperature, output power, and change in entropy. (Assume a calorically perfect
gas.)

2-23. It is given that 80 kg/sec of air enters a steady flow turbine at 30 atm and 2000 K.
It leaves at 15atm. For a turbine efficiency of 85 percent. determine the exit
temperature, output power, and change in entropy. (Assume a calorically perfect
gas.)

2-24. Air at 140°F, 300 psia, and 300 ft/sec enters a long insulated pipe of uniform
diameter. At the exit, the pressure has dropped to 102.9 psia. Assuming a
calorically perfect gas, determine:

a. The temperature and velocity at the exit [Hint: Since both the mass flow rate
and the area are constant for this problem, pV is constant. Also, from the first
law of thermodynamics, ¢, T + V?/(2g.) is constant. Using the first law of
thermodynamics, substitute for the exit velocity and solve for the exit
temperature. |

b. The change in entropy

2-25. Air at 300K, 20atm, and 70 m/sec enters a long insulated pipe of uniform
diameter. At the exit, the pressure has dropped to 6.46 atm. Assuming @
calorically perfect gas, determine:

a. The temperature and velocity at the exit [Hint: Since both the mass flow rat€
and the area are constant for this problem, pV is constant. Also, from the first
law of thermodynamics, ¢,T + V?/(2g.) is constant. Using the first law of
thermodynamics, substititue for the exit velocity and solve for the exit
temperature.]

b. The change in entropy

2-26. Rework Prob. 2-13 for variable specific heats, using App. D or the program
AFPROP. Compare your results to Prob. 2-13.

2-27. Rework Prob. 2-15 for variable specific heats, using App. D or the program
AFPROP. Compare your results to Prob. 2-15.
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