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PREFACE

The Engineering Design Handbook of the Army Materiel Command is a
coordinated series of handbooks containing basic information and funda-
mental data useful in the design and development of Army materiel and
systems. The Handbooks are authoritative reference books of practical
information and quantitative facts helpful in the design and development of
materiel that will meet the needs of the Armed Forces.

This Handbook replaces AMCP 706-282, Propulsion and Propellants
Handbook; it is not merely a revision to up-date the text material. As
suggested by the title, the main emphasis has been placed on propulsion.
However, the properties and characteristics of both liquid and solid
propellants have been updated and are included in the text.

The Handbook is divided into two parts: Part One ‘“Chemical Rocket
Propulsion™ and Part Two * \ir-breathing Jet Propulsion Engines”. Part Two
— devoted to air-breathing engines, other than piston engines, employed for
propelling winged aircraft, helicopters, and target drones — represents the
new addition.

This Handbook was prepared for the U. S. Army Materiel Command.
The text was authored by Dr. Maurice J. Zucrow under contract with Duke
University. Technical assistance was provided by Mr. J. Swotinsky and Mr. E.
Costa, both of Picatinny Arsenal, and Mr. W, D. Guthrie, U. S. Army Missile
Command.

The Handbooks are readily available to all elements of AMC including
personnel and contractors having a need and/or requiremeht. The Army
Materiel Command policy is to release these Engineering Design Handbooks
to other DOD activities and their contractors, and other Government
agencies in accordance with current Army Regulation 70-31, dated 9
September 1966. Procedures for acquiring these Handbooks follow:

a. Activities within AMC and other DOD agencies should direct their
request on an official form to:

Publications Distribution Branch
Letterkenny Army Depot

ATTN: AMXLE-ATD
Chambersburg, Pennsylvania 17201

XXXV11i
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PREFACE (Continued)

b. Contractors who have Department of Defense contracts should

submit their request, through their contracting officer with proper justifica-
tion, to the address indicated in par. a above.

¢. Government agencies other than DOD having need for the

Handbooks may submit their request directly to the Letterkenny Army
Depot, as indicated in par. a above, or to:

Commanding General

U. S. Army Materiel Command
ATTN: AMCAD-PP

Washington, D. C. 20315

or

Director

Defense Documentation Center
ATTN: TCA

Cameron Station

Alexandria, Virginia 22314

Industry not having a Government contract (this includes

Universities) must forward their request to:

Commanding General

U. S. Army Materiel Command
ATTN: AMCRD-TV

Washington, D. C. 20315

e. All foreign requests must be submitted through the Washington,

D.C. Embassy to:

XXXviii

Office of the Assistant Chief of Staff
for Intelligence

ATTN: Foreign Liaison Office

Department of the Army

Washington, D. C. 20310
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All requests, other than those originating within DOD, must be
accompanied by a valid justification.

Comments are invited and should be addressed to Commanding Officer,

U. S. Army Research Office—Durham, Box CM, Duke Station, Durham,
North Carolina 27706.

XXX1x/x1
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PART ONE
CHEMICAL ROCKET PROPULSION

CHAPTER 1

CLASSIFICATION AND ESSENTIAL FEATURES OF ROCKET
JET PROPULSION SYSTEMS

1-0 PRINCIPAL NOTATION FOR CHAPTER 1*

A cross-sectional area

cross-sectional area of nozzle
exit section

AF frontal area
D drag, Ib
F thrust, Ib

m mass, slug

m mass rate of consumption,
slug/sec
ri1p mass rate of propellant consump-
tion
Pc gas pressure at entrance to exhaust
nozzle (combustion pressure)
Pe pressure in exit plane of the exhaust
nozzle
TSFC thrust specific fuel consumption, 1b
of fuel per hr per Ib of thrust
u, velocity of propellant gas at en-

trance cross-section of exhaust
nozzle

*Any consistent set of units may be employed; the units
presented here are for the American Engineers System (see
par. 1-7).

velocity of propellant gas at

u
€ exit cross-section Ae of exhaust
nozzle
w weight, 1b

Wg dry weight of rocket engine
1-1 PURPOSE AND SCOPE OF HANDBOOK

This handbook is intended to provide a
general description of the characteristics and
design features of the propulsion systems for
missiles and aircraft either employed in or being
developed for weapon systems of interest to the
Department of the Army. The handbook
assumes that the reader has a technical
background equivalent to the bachelor’s degree
in either engineering, physics, or chemistry, but
no previous experience in either propulsion or
propellant technology.

For convenience the handbook is divided
into the following two parts:

PART ONE CHEMICAL ROCKET

PROPULSION
and

PART TWO AIR-BREATHING
JET PROPULSION

ENGINES
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1-2 SCOPE OF THE FIELD OF PROPULSION

Since World War II there has been a
field of
propulsion particularly as applied to aircraft,

tremendous broadening of the
missiles, space vehicles, and reaction control
devices. An appreciation of the scope of propul-
sion as a technology can be inferred by examin-
ing Table 1-1.

Piston and turboprop engines (see A<(1) and
A-(4), Table 1-1) employ propellers for develop-
ing the propulsive force, called the thrust. In
such systems the propeller is the propulsive
element of the system. A system which utilizes a
propeller for producing thrust is termed propel-
ler propulsion. The turboshaft engine is em-
ployed for powering the rotors of helicopters
and as a general gas turbine powerplant.

TABLE 1-1

CLASSIFICATION OF PROPULSION ENGINES

A. AIR-BREATHING CHEMICAL SYSTEMS

(1) Piston Engine-Propeller Systems
(2) Turboshaft Engine

(3) Regenerative Turboshaft Engine
(4) Turboprop Engines

(5) Turbojet Engihes

(6) Ramjet Engines

(7) Turbofan or By-pass Engines
(8) Turbo-ramjet Engines

B. AIR-BREATHING NUCLEAR ENGINES

(1) Nuclear Turboprop Engines
(2) Nuclear Turbojet Engines
(3) Nuclear Ramjet Engines

C. ROCKET PROPULSION SYSTEMS (NON-AIR-BREATHING SYSTEMS)

(1) Chemical Rocket Propulsion Systems

(2) Nuclear (Heat-transfer) Rocket Engines

(3) Electric Rocket Engines
D. COMPOSITE PROPULSION SYSTEMS

(1) Hybrid Type Rocket Engines

(2) Combinations of Chemical Rocket Engines Using Atmospheric Air

1-2




All of the propulsion systems listed in Table
1-1, except A<1), A{2), and A-3), utilize the
jet propulsion principle, discussed in par. 1-3,
for developing propulsive thrust. It should be
noted, however, that a turboprop engine de-
velops a portion of its thrust by jet propulsion
and the balance by propeller propulsion.

1-3 THE REACTION PRINCIPLE? *

The verb to propel means to drive or push
forward or onward, and the force which propels
a body is called the thrust, and is denoted by F.
Experience has demonstrated that every method
for propelling a body in either a fluid medium or
in space is basically an application of Newton’s
reaction principle. According to that principle,
forces always occur in equal and opposite pairs;
i.e., to every action (force) there is an equal, but
oppositely directed, reaction (force). Thus,
swimming in water, rowing a boat, the screw
propelling a ship, the propeller causing the flight
of an airplane, and jet propulsion are examples
of the application of the reaction principle to
propulsion problems.

In each of the above examples, the applica-
tion of the reaction principle involves increasing
the momentum of a flowing mass of fluid in one
direction so that the reaction to the action force
causing the fime rate of increase in the momen-
tum of the fluid produces a thrust for propelling
the body. Hence, the thrust acts in the direction
of the desired motion for the body and is
produced by increasing the momentum of a
flowing fluid in the direction opposite to that
desired for the body.

1-4 THE JET PROPULSION PRINCIPLE' '

Jet propulsion differs from other propulsion
methods in that the rate of increase in the
momentum of the propulsive fluid is achieved
by causing that fluid to be ejected from within
the propelled body in the form of a high speed

*Superscript numbers refer to References at the end of the
Chapter.
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fluid jet. A characteristic of all other propulsion
schemes is that the propulsive fluid is caused to
flow around the propelled body as, for example,
in the case of an airplane propeller. Hence, the
thrust produced by a jet propulsion engine is the
reaction produced by accelerating a propulsive
fluid as it flows from the inlet section of the
engine through the exist planes of one or more
suitable exhaust nozzles. The high speed jet of
fluid ejected from an exhaust nozzle is termed a
propulsive jet and the fluid comprising the jet is
called a propellant.

There is no restriction, at least in the
abstract, upon the material which can be used
for producing the propulsive jet. It may be a
liquid, a vapor, solid particles, the gas produced
by a chemical reaction, a plasma, ions, electrons,
and combinations thereof’ **. The choice of the
most appropriate propellant materials is dictated
by the propulsion requirements of the mission.

A common feature of all of the propulsion
systems for propelling either missiles or aircraft
is that the propulsive element of the system is
the exhaust nozzle (or nozzles), also called the
propulsive nozzle.

1-5 CLASSIFICATION OF JET PROPULSION
SYSTEMS

For propelling either an aircraft or a missile
in and through the atmosphere surrounding
earth, the most suitable fluid for forming the
propulsive jet is a hot gas. Consequently, the jet
propulsion engines for propelling such vehicles
are basically devices for producing a hot gaseous
propellant. They may be grouped into two
broad classes depending upon the method em-
pl(iygd for producing the hot gaseous propulsive
jet 7.

In general, every jet propulsion system that
uses a hot gaseous exhaust jet as its propulsive
jet comprises two principal subassemblies: (1) a
hot gas generator and (2) an exhaust nozzle, the
propulsive element. Regardless of its com-
plexity, the only function of the hot gas
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generator is to supply a gas at the desired
pressure, temperature, and mass flow rate to the
propulsive nozzle.

Because there are different methods and
means for producing the hot gaseous propellant,
there can be differences in the thermodynamic
cycle for producing the hot gas. Consequently,
the different types of jet propulsion systems for
propelling aircraft and missiles are related to the
design of the hot gas generator. In general, the
jet propulsion systems employing hot gaseous
propulsive jets can be divided into two groups:

(1) Air-breathing Jet Propulsion Systems
(2) Rocket Jet Propulsion Systems

Hereafter, the above will be termed air-breathing
jet engines, and rocket propulsion systems,
respectively. Obviously, air-breathing jet engines
can propel vehicles only within the atmosphere
of earth, and have maximum altitudes (or
ceilings) above which they are inoperable.
Rocket propulsion systems, on the other hand,
since they do not use atmospheric air in their
functioning, can be employed for propelling
vehicles in any environment; i.e., in the atmo-
sphere of earth, in space, and in or on water.

1-5.1 AIR-BREATHING JET ENGINES

A basic characteristic of an air-breathing jet
engine is that it inducts atmospheric air contin-
uously so that its propulsive (exhaust) jet
contains air as a major ingredient. If the heating
of the inducted air is accomplished by burning a
fuel with it (a liquid hydro-carbon, a cryogenic
fuel such as either liquid hydrogen or liquid
methane, or a solid fuel); the propulsion engine
is called a chemical air-breathing jet engine. The
propulsive jet in that case contains a small
amount of combustion products admixed with
the hot air

If the inducted atmospheric air is heated by
heat-transfer, either direct or indirect, with a

1-4

nuclear source of energy the propulsion engine is
termed a nuclear air-breathing jet engine. The
name air-breathing jet engines as employed
hereafter will refer to the chemical engines.
There will be no discussion hereafter of the
nuclear air-breathing engines.

All air-breathing jet engines utilize one or
more of the following gas dynamic processes in
their functioning:

(1) The induction of atmospheric air.

(2) Compression of the inducted air by
diffusion, i.e., by converting the kinetic
energy of flowing air into a rise in static
pressure.

(3) Adiabatic flow with friction.

(4) Compression of the flowing air by trans-
ferring energy to it as it flows through
some form of turbo-compressor, axial
flow or radial flow machine.

(5) Heating of the compressed flowing air by
burning it with a fuel, usually a liquid
fuel.

(6) Expansion of the compressed heated air,
admixed with combustion products, in
some form of turbine which furnishes
the power for driving the compressor.

(7) Expansion of the hot propellant gas in
an appropriate exhaust nozzle and its
¢jection to the surroundings, as a pro-
pulsive jet.

In view of its utilization of one or more of
the above processes in its functioning, an air-
breathing jet engine is frequently referred to as a
gas dynamic propulsion engine.

Air-breathing jet engines may be grouped
into two main groups:

(1) Propulsive duct jet engines which em-
ploy no machinery in the hot gas gener-
ator.

(2) Gas-turbine jet engines which employ
machinery in the hot gas generator.




Fig. 1-1 is a block diagram illustrating the
essential elements of an air-breathing jet engine.
In a propulsive duct jet engine, the air compres-
sion is due entirely to diffusion, the conversion
of the kinetic energy associated with a flowing
fluid into static pressure rise, and the turbine
element is omitted. The components I, IT and 111
coact to form the hot gas generator.

In a gas-turbine engine the components I, II,
III,and IV coact to form the hot gas generator.
The air heating system III for either type of
engine is termed either the burner or the
combustor.

Detailed discussions of the different types of
air-breathing jet engines are presented in Part
Two of this handbook.

1-5.2 ROCKET JET PROPULSION SYSTEMS

By definition, a rocket jet propulsion system
is one which does not use any atmospheric air in
producing the hot gaseous propulsive jet. Conse-
quently, a rocket propulsion system can propel
bodies both within and beyond the atmosphere
of earth. Air-breathing jet engines can function

only within that atmosphere® *®*®

Fig. 1-2 illustrates diagrammatically the es-
sential elements of a rocket jet propulsion
system. It comprises the following:

(1) A supply of a propellant material (or
materials) stored in appropriate tanks
carried in the rocket-propelled vehicle.

(2) Means for metering the rate at which the
propellant material is forced into the
rocket motor, wherein energy is added
to it.

(3) One or more rocket motors (also called
thrust chambers, thrusters, or acceler-
ators) from which the propulsive high
speed jet is ejected to the surroundings.

AMCP 706-285

In every rocket propulsion system, irrespec-
tive of its type, means must be provided for
adding energy to the propellant material as it
moves through the rocket motor.

Refer to Fig. 1-2. Propellant material from
the Propellant Supply (A) is metered and fed by
the Feed and Metering System (B) to the Rocket
Motor (C), wherein energy is added to the
propellant material. As a consequence of the
energy addition, a propellant gas is ejected from
the rocket motor as a propulsive jet. Accord-
ingly, a thrust force, denoted by F, is produced
acting in the direction opposite to that for the
jet velocity, denoted by ug; the latter is mea-
sured with respect to the walls of the rocket
motor.

If one considers rocket jet propulsion from
the broadest point of view so that it includes
space propulsion engines, then consideration
must be given to the feasibility of utilizing one
or more of the following forms of energy for
propulsion purposes: (a) chemical energy,
(b) solar energy, (c) nuclear energy, and (d) elec-
trical energy9 .

1-5.3 CLASSIFICATION OF ROCKET PRO-
PULSION SYSTEMS

Rocket propulsion systems may be grouped
in accordance with the forms of energy they use
in their functioning. Thus there are four groups:

(1) Chemical Rocket Propulsion Systems
(2) Solar Energy Rocket Engines

(3) Nuclear (Heat-transfer) Rocket
Engines

(4) Electrical Rocket Engines

The discussions in Part One of this hand-
book will be limited to chemical rocket propul-

sion systems; hereafter referred to as rocket
propulsion systems.
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1-5.4 CHEMICAL ROCKET PROPULSION
SYSTEMS

Only the chemical types of rocket propul-
sion systems have achieved operational realiza-
tion and have a broad, well-developed tech-
nology. Chemical rocket propulsion systems
have the following two characteristics:

(1) They utilize chemical reactions in the
thrust chamber to produce a high pres-
sure high temperature propellant gas at
the entrance plane of a converging-
diverging exhaust nozzle.

(2) The propellant gas is expanded as it
flows through the exhaust nozzle and is
ejected to the surroundings as a super-
sonic gaseous propulsive jet.

The expansion in the exhaust nozzle is a
thermodynamic process by which approximately
one-half of the enthalpy released by the chemi-
cal reaction is converted into the kinetic energy
associated with the supersonic gaseous propul-
sive jet. Chemical rocket jet propulsion systems
belong to a class of propulsion systems which
are frequently termed thermodynamic jet pro-
pulsion systems.

In a thermodynamic rocket jet ropulsion
system, as in an air-breathing jet engine, (see par.
1-5.1) all of the components except the exhaust
nozzle constitute a hot-gas generator for supply-
ing a high pressure, high temperature gas to a
converging-diverging exhaust nozzle (see Fig.
4-6).

The amount of energy that can be added to
the propellant gas produced by a chemical
reaction is limited by the nature of the chemical
bonds of the reactants and products. For that
reason chemical rocket propulsion systems are
frequently referred to as energy-limited rocket
propulsion systems®. It is because of this energy
limitation that consideration must be given,
especially for space propulsion engines, to

AMCP 706-285

thrust-producing systems in which larger
amounts of energy can be added per unit mass
of the consumed propellant. As to be expected,
when sources of larger amounts of energy are

considered, atomic energy is a prime contender.

1-6. ESSENTIAL FEATURES OF CHEMSIC(’AQL
ROCKET PROPULSION SYSTEMS "’

The general operating principle of a chemical
rocket motor can be demonstrated by consider-
ing the fin-stabilized solid propellant rocket
motor illustrated in Fig. 1-3.

As the solid propellant burns it produces
tremendous quantities of hot gas. If the propel-
lant burns in a closed chamber, such as that
illustrated in Fig. 1-4(A), the gas pressures inside
the chamber are balanced in all directions and
no thrust is developed. Assume now that a small
hole is opened in the chamber, as illustrated in
Fig. 1-4(B), and that the propellant burns at a
constant rate. Under these conditions the com-
bustion pressure inside the chamber, denoted
by P, remains constant (a short time after the
grain is ignited) at a value governed by the area
of the hole and the rate, denoted by rhp, at which
the propellant burns. At the hole in the chamber
there is an escape of gas and the latter has no
surface against which it can push. Hence, there is
an unbalanced force or thrust, denoted byF,
acting to the left. In a practical rocket motor the
hole (see Fig. 1-4(B)) is replaced by a
converging-diverging nozzle, termed a De Laval
nozzle, as illustrated in Fig. 1-4(C). Conditions
are similar if the hot gas is produced by burning
one or more liquids rather than by burning a
solid material. In any case the main objective is
to produce a propulsive jet having the largest
ejection velocity.

Because the gas pressure P at the entrance
to the exhaust nozzle is normally several times
that of the surroundings into which the propel-
lant gas is discharged, the velocity of the
propulsive jet is supersonic. Furthermore, the
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mean velocity of the gas crossing the throat
section may be assumed to be equal to the local
speed of sound (see Chapter 3).

The following two characteristics of a rocket
jet propulsion system are mainly responsible for
the fundamental differences in its operation and
in that of an air-breathing jet engine?*>.

(1) A rocket propulsion system consumes no
atmospheric air.

(2) The thrust developed by a rocket jet
propulsion system depends almost en-
tirely upon the velocity of the propulsive
jet, while the thrust of an air-breathing
jet engine depends upon the difference
between the momentum of the propel-
lant gas leaving and entering the engine.

Because of the above two characteristics, rocket
jet propulsion systems have the following ad-
vantages compared with other jet propulsion
systems:

(1) The thrust is essentially independent of
flight speed and altitude.

(2) The thrust per unit of cross-sectional
area F/AF is the largest for all known
types of propulsion systems.

(3) The thrust per unit of engine weight
F/WE is the largest for all known types
of propulsion systems.

(4) A rocket jet propulsion system has no
altitude ceiling.

Experience has amply confirmed the predic-
tions of the pioneers in rocketry, that from a
propulsion standpoint, all of the space missions
so far conceived can be achieved by properly
applying the rocket jet propulsion principle,
hereafter termed rocket propulsion.

Because the oxygen for burning with the
fuel is not obtained from the surrounding
atmosphere, the rate at which a rocket propul-
sion system consumes its propellant materials

1-10

(fuel plus oxidizer) is several times the rate at
which an air-breathing jet engine consumes fuel,
in developing an equivalent thrust.

The most important parameters governing
the flight speed of a propelled vehicle are:

(1) F/Ag - the thrust per unit of frontal
area, and

) F/WE-the thrust per unit of engine
weight.

As mentioned earlier, judged by the above
parameters rocket propulsion is unsurpassed.

The range of flight for winged aircraft
depends in large measure upon the thrust spe-
cific fuel consumption (TSFC) of the propulsion
system, measured in pounds of fuel per hour per
pound of thrust. To obtain a long range for a
rocket-propelled vehicle, such as an inter-
continental guided ballistic missile (ICBM), a
trajectory must be utilized which takes ad-
vantage of its large values of F/AR and F/WE,
but minimizes the adverse effects of its large
TSEC. To achieve a long range, the large thrust
of the rocket engine is utilized for propelling the
vehicle to a very high altitude (several tens of
miles) and for imparting to it a very large
velocity (several thousands of feet per second),
at the end of the operating period for the rocket
engine, termed the powered flight. The velocity
at the end of the powered flight is called either
the cut-off velocity, burnout velocity, or burned
velocity. The kinetic energy of the vehicle after
it reaches the cut-off velocity is then used for
coasting along a ballistic trajectory®.

1-6.1 CLASSIFICATION OF ROCKET PRO-
PULSION SYSTEMS

It is convenient to group rocket propulsion
systems into four principal categories:

(1) Liquid bipropellant rocket engines

(2) Liquid monopropellant rocket engines




r
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(3) Solid propellant rocket motors
(4) Hybrid rocket engines

Brief descriptions of the above engines will
be presented in this chapter, primarily for
identification purposes.

1-6.2 LIQUID BIPROPELLANT ROCKET EN-
GINE

Fig. 1-5 illustrates the essential elements of a
liquid bipropellant rocket engine employing a
turbo-pump (a gas turbine driving the propel-
lant pumps) for feeding a liquid fuel and a liquid
oxidizer to a rocket motor. Fig. 1-6 illustrates
the principal elements of an uncooled liquid
bipropellant rocket engine.

1-6.3 LIQUID MONOPROPELLANT ROCKET
ENGINE

Fig. 1-5 also illustrates schematically the
essential elements of a monopropellant rocket
engine, if one removes the oxidizer supply tank,
oxidizer pump, oxidizer lines, etc. A mono-
propellant contains the oxygen for combustion
in either its chemical or physical structure, or
both. Consequently, an oxidizer supply, meter-
ing, and feed system is unnecessary. °

1-6.4 SOLID PROPELLANT ROCKET
MOTOR

Fig. 1-7 illustrates diagrammatically a solid
propellant rocket motor employing an internal-
burning case-bonded solid propellant grain; the
latter burns radially at a substantially constant
rate. A solid propellant contains both its fuel
and the requisite oxidant for burning it, either in
the solid propellant molecule (double-base pro-
pellants) or as an intimate mechanical mixture
(termed either a heterogeneous or composite
propellant), (see Chapters 7 and 8 for details).
The chemical reaction is initiated by means of
an electrically fired igniter.

1-6.5 HYBRID ROCKET ENGINE

Fig. 1-8 illustrates diagrammatically the es-
sential elements of one form of hybrid (chem-
ical) rocket engine. The solid propellant grain,
which may or may not contain a small amount
of oxidizer, is reacted with a liquid oxidizer and
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burns in the radially outward direction at a
substantially constant rate. Of course, the re-
verse of the above is possible.

Of the chemical rocket propulsion systems
presented above, only the liquid bipropellant
engine and the solid propellant rocket motor
have attained an operational state of develop-
ment for missile propulsion. Thus the ATLAS
and TITAN ICBM’s employ liquid bipropellant
rocket engines; the MINUTEMAN ICBM and
POLARIS IRBM utilize solid propellant rocket
motors. Monopropellant engines have found
application in reaction control devices.

Table 1-2 lists some Army weapons which
employ rocket propulsion systems.

1-7 UNITS OF MEASUREMENT

The units of measurement employed in this
handbook, unless specifically stated to be other-
wise, are listed below:

Dimension Symbol Unit of Measurement
MASS M 1 slug

FORCE F 1 pound (Ib)
LENGTH L 1 foot (ft)

TIME T 1 second (sec)

The following tables pertinent to units and
measurement are presented in the Appendix B
to this handbook:

Table B-1 Abbreviations for Principal
Units of Measurement

Table B-2 Systems of Dimensions,

Their Units and Conversion
Factors

Table B-3 Conversion Factors (Ameri-
can Engineers System of
Units)

‘Table B-4 Dimensional Formulas and

Units
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DIRECTION OF BURNING
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Figure 1-7. Essential Elements of an Internal-burning Case-bonded Solid Propellant Rocket Motor
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Figure 1-8. Essential Features of a Hybrid Chemical Rocket Engine
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TABLE 1-2

ROCKET-PROPELLED WEAPONS

NAME STATUS PROPULSION
SURFACE-TO-SURFACE MISSILES
HONEST JOHN 0 Single Stage SPRM
LITTLE JOHN 0 Single Stage SPRM
PERSHING 0 Two Stage SPRM
SERGEANT 0 Single Stage SPRM
LANCE ED Storable LPRE

SURFACE-TO-AIR MISSILES

REDEYE 0 Dual Stage SPRM
HAWK (MIN-234) 0 Dual Stage SPRM
CHAPPARAL ED SPRM

NIKE HERCULES (MIM-14B) 0 Two Stage SPRM
SPRING ED Two Stage SPRM
SPARTAN ED Three Stage SPRM

ANTITANK MISSILES

SHILLELAGH 0 SPRM

MAW ED SPRM

TOW ED SPRM

M72 ROCKET GRENADE 0 SPRM

ENTAC 0 SPRM

0 - Operational; SPRM - Solid Propellant Rocket Motor; LPRE - Liquid Propellant Rocket Engine;
ED - Engineering Development
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MOMENTUM THEORY APPLIED TO PROPULSION

2-0 PRINCIPAL NOTATION FOR CHAPTER 2*

A

A

Uy

h

cross-sectional area

cross-sectional area of inlet to a propul-
sion system

cross-sectional area of exit section of ex-
haust nozzle

effective jet velocity, fps

diameter

drag force, Ib

fuel-air ratio

thrust or net external force acting on a
body of fluid enclosed by a control sur-
face S, 1b

magnitude of the force vector E , Or
thrust developed by a propulsion sys-
tem, Ib

available thrust, 1b

net external force, 1b

local acceleration due to the gravitational
attraction of earth, ft/sec?

gravitational correction fac-
tor = 32.174 slug-ft/1b-sec?®

static specific enthalpy, B/slug

*Any consistent set of units may be employed; the units
presented here are for the American Engineers System (see
par. 1-7).

hO

AH,

AHp

.

sp

L= Yemie

3

total or stagnation specific enthalpy
lower heating value of a fuel, B/slug

calorific value of propellant material,
B/slug

unit vector along x-axis

F/g crha = specific thrust or air specific
impulse, sec

F/gcrhf= fuel specific impulse, sec
F/w=F/(w_+ Wf) = specific impulse, sec
unit vector along y-axis

unit vector along z-axis

mass, slug

mass rate of flow of propellants, slug/sec
mass rate of flow of fuel, slug/sec

mass rate of flow of air, slug/sec

mass rate of flow of oxidizer, slug/sec

momentum vector

dM/dt = rate of change of momentum,
slug ft/sec?

unit vector along normal to a surface;
positive direction is outward from surface

static pressure intensity, psia

2-1
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Pe

Y-

qn

(R

static pressure intensity in exit area A,
of exhaust nozzle, psia

static pressure of the surroundings
static pressure intensity, psf

static pressure in area Aes psf
propulsive power, ft-Ib/sec
required power output

thrust power, ft-1b/sec

exit loss associated with propulsive jet,
ft-1b/sec

power loss, ft-1b/sec
velocity vector
magnitude of velocity vector, fps

normal velocity, normal to a flow area,
fps

volumetric rate of flow, cfs

m,/m_= mixture ratio of a propellant
material combination

resultant force vector due to the inter-
action of the internal flow with surfaces
of the propulsion system, Ib

magnitude of R, Ib

static specific entropy

area of a control surface, or a projected
area, sq ft

time, sec

velocity component parallel to x-axis, fps

u, velocity of jet crossing area A, of ex-
haust nozzle, fps
V  control volume, i.e., volume inclosed
by S
V, flight speed, fps
Vj effective jet velocity
v velocity of a fluid parallel to y-axis, fps
w velocity of a fluid parallel to z-axis, fps
W body force = mg
w weight rate of flow, Ib/sec
w, weight rate of flow of atmospheric air,
Ib/sec
v'vf weight rate of flow of fuel, 1b/sec
w, weight rate of flow of oxidizer, Ib/sec
X net external force in direction of
x-axis, 1b
Y net external force in direction of
y-axis, 1b
Z net external force in direction of
z-axis, 1b
z altitude or elevation, ft
GREEK LETTERS
a angle between velocity vector and nor-
mal to flow cross-section
B m,y/m, = the bypass ratio
n efficiency
nE energy conversion efficiency




n_ overall efficiency of propulsion system
n.. propulsive efficiency
ideal propulsive efficiency
N thermal efficiency
v V, /Vj = effective speed ratio
p density, slug/ft
¥ characteristic property of a flowing
fluid inside control volume, per unit

volume

SUBSCRIPTS

a air
amb ambient or air, as specified in test
e exit area of exhaust nozzle
f fuel
o oxidizer
i internal

o undisturbed atmosphere

2-1 MOMENTUM THEOREM OF FLUID
MECHANICS

Fig. 2-1 illustrates diagrammatically a region
of a fluid flow field that is enclosed, at the
instant t = t,, by a fictitious stationary control
surface S. The volume of the fluid instanta-
neously enclosed by § is termed the control
volume and is denoted by V. At some later in-
stant of time, t = t, +dt, the same mass of fluid
is no longer enclosed by S, due to fluid entering
and leaving the control volume V, as illustrated in
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Fig. 2-2. Consequently, at the instant t = t, +dt
the mass of fluid enclosed by S at t = t, is now
enclosed by the fictitious surface S’.

When a fluid flows into or out of a control
volume it can transport, in addition to its mass,
other characteristics or properties associated
with its mass; such as momentum, energy,
enthalpy, entropy, etc. It is assumed in all of the
discussions which follow that the fluid is a
continuum!.

2-1.1 TRANSPORT OF A FLUID PROPERTY
ACROSS A CONTROL SURFACE. If ¥ de-
notes a characteristic property of a flowing fluid
per unit volume, that is transported across a
control surface S (see Fig. 2-1) then

(\IJV)—— f\lde+ f\Pq ndS (21

where

_(q,V) = the flow or particle derivative
of ¥V

9 / ¥dV = the local rate of change of ¥;
9 v i.e., the rate at which ¥, fluid
property per unit volume,
changes inside the control vol-
ume V

-

\Ifg . EdS = the convective rate of change of
¥ due to fluid crossing the
control surface S; i.e., leaving
and entering V

q= 1u + _|v + kw = the velocity
Vector at the point under con-
sideration

i, ','5 = unit vectors along the Cartesian
coordinate axis; X,y,z, respec-
tively

2-3
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u,v,w = rectangular components of q
parallel to the x-,y-,z- axis, re-
spectively

unit normal vector at dS, its
positive direction is outward
from V (see Figs. 2-1 and 2-2)

q-n = scalar product of q and n
~ =qcosa ~ ~

q;, = the normal velocity = q cosa

In Eq. 2-1 there is no restriction upon ¥—it
may be either a vector or a scalar. In general, the
right-hand side is the sum of a nonstationary
term and a convective term.

The nonstationary term arises from the fact
that in an unsteady flow the density of the fluid
inside the control volume V varies with the time t.

The convective term expresses the condition
that the mass of fluid entering and leaving the
control volume also transports V¥, the character-
istic or property of the fluid.

Eq. 2-1 is the general form of the integral
equation for determining the rate of change of
¥ for a flowing fluid; it applies to both unsteady
and steady flows. To obtain the corresponding
differential equation, the surface integral in Eq.
2-1 is transformed into a volume integral by
applying the divergence theorem?'3. Thus

f\Ilq -ndS = fdiv(\llq) dv 2-2)
S vV
Substituting Eq. 2-2 into Eq. 2-1, yields
(2-3)

D d .
=9 v+ [ div(¥g)adV
SN == f\pd f iv (¥q)
4 4

2-4

In Eq. 2-3, the differential AV has the same
value in both of the integral terms. Hence

D _f{o¥ .
ot = (E-) + div (\Ilg) 2-4)
V
In Cartesian coordinates?
mv(Wg)=V-(Wg) (2-5)

The operator </, called del or nabla, is

defined by
VE)=E—( )+iay( )tk =) (26)

In the case of steady flow, the nonstationary
terms in Eqs. 2-1 and 2-4 vanish, so that

a—Dt(\I'V)= f‘l'g-gdS (2-7)
S

and

> (V) =div (¥q) = V - (¥q) (2-8)

2-1.2 MOMENTUM OF A FLUID IN STEADY
FLOW. By definition, the momentum of a
flowing fluid of density p, occupying instanta-
neously the control volume V, see Fig. 2-2, is
given by

M=(e¥)q (2-9)
In the subject case, V¥ is given by
M .
¥ = I’—‘/’- = p q = momentum per unit (2-10)

volume

By analogy with Eq. 2-1

D

=

l,

=i% f(pg)dV+ f(pg)g-gdS (2-11)
4 N

(=9
-
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Figure 2-1. Control Surface and Control Volume Enclosing a
Region of a Flowing Fluid
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By analogy with Eq. 2-4, one obtains the
following differential equation:

M _ (aM) .
at \ar) T
|4
If the flow is steady, then

3 _ CM)
3t (pq)dV = Ty =0

|4 |4
For a steady flow—the type of flow assumed
in all of the future discussions unless it is
specifically stated to be otherwise — the integral
equation for the rate of change of momentum is
given by

(2-12)

a (2-13)
i (pq) q - ndS
S
The corresponding differential equation is
dM .
ﬁ =div(pq) q (2-14)

By Newton’s second law of motion, the net
external force acting upon a mass of fluid
instantaneously enclosed by a stationary control
surface § is equal to the rate of change in the
momentum of the fluid.

Let Fext denote the net external force, and

. dM
M= d_~ =the rate of changein the momentum of
t the fluid.
Then
Fext=M= [ (,q) q -ndS (2-15)
S

Eq. 2-15 is a vector equation. It applies to
either a steady or a mean steady flow, and to

steady viscous and nonviscous flows.

2-6

Let X denote the external force acting in the
direction of the x-coordinate axis, and u denote
the fluid velocity in the same direction, then

X= Mx = f(pqn)udS = /;)u(qcosa)dS (2-16)
S

Similar equations can be written for the
forces Y and Z acting in the directions of the y-
and z-coordinate axes, respectively.

Accordingly, the magnitude of the net exter-
nal force Fext is given by

Feyt= VX2 +Y2 472

ex 2-17)

The magnitude of the velocity vector q

q= |g|=\/u2+v2+w2

2-1.3 EXTERNAL FORCES ACTING ON A
FLOWING FLUID. In general, the external
forces acting on a body of fluid can be divided
into two types: (1)surface forces,and (2)body
forces.

(2-18)

Surface forces are those which are distri-
buted over the surface of a body, such as the
pressure exerted by one body on another; as for
example, the hydrostatic pressure in a body of
liquid . The component of a surface force acting
perpendicular to the surface of a body is termed
a normal force, and the component parallel to
the surface of a body is called either a tangential
or a shearing force.

A body force is one which is distributed over
the entire volume of a body of material; for
example, the forces due to the gravitational
attraction of earth, magnetic fields, electrostatic
fields, and the like. In the absence of all fields of
force except the gravitational field of earth, the
net external force Fg,: acting on the fluid
instantaneously enclosed by the control surface
S (see Fig. 2-3) has the following components:

(1) The body force !'V = mg acting toward
the center of earth, due to gravitational
attraction.




(2) The following two surface forces:

(a) The pressure force Ep where

Ep:‘fpﬂds -

S

(P,—ppdS  (2-19)
S

where
(po—pj) = the excess pressure.

(b) The net force R due to contact
between the body of flowing fluid
and solid surfaces.

Hence, the net external force Eext is the
vector sum of the body and surface forces. Thus

F,

Fext=W+FE, +R (2-20)

2-1.4 STEADY FLOW MOMENTUM THE-

OREM. Combining Eqs. 2-13 and 2-19, one
obtains

y—fpgd8+l§= f(pg)qndS (2-21)
N

If the propulsive fluid is a gas W = 0.

Eq. 2-21 is known as the momentum the-
orem of fluid mechanics for a steady flow?.

If X denotes the component of force R in the
x-direction, then from Egs. 2-16 and 2-21

X= /pqnudS+ /pde
S

S

(2-22)

If no solid bodies are wetted by the flowing
fluid and the gravitational attraction of earth is
negligible, the Eq. 2-22 reduces to

qunuds =- f pydS
S

(2-23)
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where u is the velocity of the fluid parallel to
the x-direction,

The application of Eq. 2-21 for determining
the thrust of a jet propulsion system is illus-
trated in par. 2-2.1.

2-2 APPLICATION OF THE MOMENTUM
THEOREM TO PROPULSION SYSTEMS. The
application of Eq. 2-21 to determine the thrust
of a jet propulsion system will now be illus-
trated.

Fig. 2-4 illustrates diagrammatically some
form of air-breathing engine which is held
stationary while atmospheric air flows toward it
with the free stream velocity V,- The stream of
air that enters the engine and wets its internal
surfaces will be called the internal flow. Simi-
larly, the air stream flowing past the external
surfaces or housing of the engine will be termed
the external flow.

The interactions of the internal flow with
the internal surfaces of the engine produce a net
component of force parallel to the longitudinal
axis of the engine, termed the net internal axial
force, and is denoted by Fi' In the relative
coordinate system (see Fig. 2-4), if an axial force
acts in the direction opposite to that for the free
stream velocity, it is called a thrust.

On the other hand, an axial force which acts
in the same direction as the free stream velocity,
in the relative coordinate system, is called an
internal drag and is denoted by D;.

For the external flow, the net force acting
parallel to the longitudinal axis of the engine —
due to the interaction of external flow with the
engine housing — is termed the external drag De.
Hence, the force available for accelerating the
vehicle to be propelled by the air-breathing jet
engine, termed the available thrust F A» 18 given
by

2-7
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Figure 2-3. Forces Acting on a Flowing Fluid
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Figure 2-4. Air-breathing Jet Engine in a Relative Coordinate System
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The available thrust F 4 depends not only
upon the interactions between the internal flow
and the internal surfaces of the engine, but also
upon the configuration of the engine housing, as
dictated by the installation requirements of the
propelled vehicle. It is not a direct measure of
the thrust-producing capability of the engine
(Fi —Di), but involves the design features of
the engine housing.

In a jet propulsion engine the rate at which
propulsive work is performed, termed the pro-
pulsive power, is denoted by P. It is a conse-
quence of causing the internal flow to undergo
suitable energy transformations as it moves
along its flow path. In the case of an air-
breathing jet engine, heat is added to the
atmospheric air flowing through the engine. In a
rocket propulsion system, on the other hand, no
atmospheric air is inducted into the propulsion
system.

2-2.1 GENERAL THRUST EQUATION. It is
desirable that the thrust-producing capability of
a jet propulsion system be expressed in a manner
which is independent of the configuration of the
engine and its installation in the propelled
vehicle. In general terms, the thrust produced by
a jet propulsion system is the resultant axial
component of the static pressure acting upon
the surfaces of the engine wetted by the internal
flow. In determining the thrust it is convenient
to employ a relative coordinate system.

Fig. 2-5 illustrates diagrammatically an arbi-
trary jet propulsion system held stationary in a
uniform stream of atmospheric air having the
velocity V relative to the propulsion system.
The jet propulsion system is shown as a hollow
body of arbitrary shape; it has an inlet area A )
and an exit area Ae, both areas are measured
perpendicular to the velocity V. The ducted
body may enclose struts, burners, rotating
machinery, and may be unsymmetrical. For
simplicity, however, it is assumed to be sym-
metrical with respect to its longitudinal axis; the
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latter is parallel to the x-axis. The positive
direction of the x-axis is in the same direction as
the thrust F. It should be noted that F points in
the same direction as the line-of- flight when the
engine is propelling a vehicle in the atmosphere.

The thrust due to the internal flow, denoted
by F;, is given by

F;= /Pi'E ds;

Si

(2-25)
where

S; = area of internal surfaces wetted by the
internal flow

p; = the internal static pressure
pj-n= axial component of pj

n = unit normal vector in the axial direction

Because it is extremely difficult, if not
impossible, to evaluate the integral in Eq. 2-25,
the thrust F; will be determined by applying the
momentum theorem.

EXAMPLE 2-1.

Determine the thrust of a jet propulsion sys-
tem by applying the momentum theorem of
fluid mechanics (Eq. 2-21).

SOLUTION.

To apply Eq. 2-21, a control surface must be
established. Since the location and configuration
of the control surface is arbitrary, it can be
arranged so that it is convenient for the analysis.

Let §, and S, be two infinite planes drawn
perpendicular to the longitudinal axis of the
propulsion system. Plane S, is located suffi-
ciently far upstream from the propulsion system
so that the static pressure p, acting on S, is
identical with the value it has when there is no
propulsion system between S, and S, .

29
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The infinite plane S, is located where,
except for the area affected by the propulsive
jet, the static pressure over S, is equal to that
over S, .

The following assumptions are introduced:

(1) The atmospheric pressure acting on the
housing of the propulsion system is
uniform.

(2) The internal flow is one-dimensional and
steady.

(3) The body forces are negligible, so that
W=0; this is substantially correct when
the flowing fluid is a gas of low density.

(4) All of the internal flow undergoes identi-
cal thermodynamic transformations and
the addition of energy is uniformly
distributed over its mass flow rate.

(5) All of the openings through which the
internal flow enters the engine can be
replaced by a single equivalent inlet area,
denoted by A, .

(6) All of the openings through which the
internal flow is ejected from the propul-
sion system can be replaced by a single
exit area, denoted by Ag.

(7) The areas A, and A, are normal to the
free stream velocity VO ; the latter is the
relative velocity of the atmospheric air at
the inlet section of the engine.

(8) The engine body is at rest, or moving
with the constant velocity V , at a fixed
altitude.

(9) The relative velocity of the gases ejected
through the exit area Ag, denoted by U,
is normal to and uniformly distributed
over A,. Moreover, u, >V, .
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(10) The external flow is adiabatic and fric-
tionless; i.e., isentropic.

(11) The line-of-flight is coincident with the
free-stream velocity V,, but oppositely
directed.

(12) The static pressure of the fluid crossing
the exit plane of area A, denoted by p,,,
either exceeds or is equal to the undis-
turbed atmospheric pressure p,,.

The internal flow crosses the capture area
A,, located in plane S, and flows through the
bounding streamtube aa' bb’' into the jet pro-
pulsion system. The internal flow is ejected
through the exit area Ag, located in S, ; the
ejection velocity ug is perpendicular to Ae.

The rate of change in the momentum of the
internal flow is given by

Mx = f(pu) Vv, cos a dA (a)
A

where A denotes flow area.

The flow areas, the velocities crossing them,
and the corresponding values of the angle a are
presented in Fig. 2-5. Hence, Eq. (a) above can
be rewritten in the form

M, = f p,V,xV, cosadA
A

1

+ ‘/’sz”(V2 cosa, dA

2

+ fp3V3XV3c05a3 dA
A,

>

+ f p,V,xV,cosa, dA (b)
A4
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In Eq. (b)

178, =T38;,5a,=0

cosa, = cosa,=— 1; cosa, =cosa, =1

P1= P, =Pgi Py = Pei P, =0,

Vix=Vax=Vax=Voi Vix =Y,

The expressions under the integral signs are
constant and uniformly distributed over their
respective flow areas. Hence, Eq. (b) becomes

M, = Agpeug —A, 0, Vi +(S,—Ag)p, Vg
—(S,—A)o, V2 (c)

In Eq. (¢)

(Aghelie —A p Vo) =rate o f
change in the
x-thomentum
for the inter-
nal flow (d)

(Sz—Ae)povg—(Sl—Ao)povg =rate of
change in
X-momentum
for the exter-
nal flow (e)

Because the external flow is isentropic (As-
sumption 9), no external force arises from its
interaction with the external housing. Hence,
Eq. (e) is equal to zero and Eq. (c) reduces to

Mx = peuz Ae—0o VoA, (O
But

PeleAe™ g = mass rate of flow crossing A (8)

and

poA,V,=m,= mass rate of fluid into the jet
propulsion system (h)

Z-12

Hence

M, =M,,-M =m_u,—m V,

1X e e (2-26)

Since it is assumed that the body forces are
negligible (\ﬁ" = 0), the x-component of the
external of the external force acting on the
internal flow is given by

X=R, —fpde=Rx—[—f p,dA
s A

1

—f pOdA+f pedA + fpodA] @

A A A

2 3 4

where, as before

A=A A, =5,-A, A, =Ag A, =S, A,

Hence
X= Rx'—‘(pe—po) Ae 3)
Combining Eqs. 2-26 and (j), yields

R, =m, ue—rhl V, +(pe—Py)Ae (227
where Rx is the action force causing the rate of
change in the momentum of the internal flow.

By the reaction principle (see par. 1-3), the
thrust F = — R,, and acts in the opposite
direction to Ug, as shown in Fig. 2-5. Hence, the
equation for calculating the thrust produced by
a jet propulsion system is

F=m,u,—m V  +(pe—p,) Ae (2-28)

The thrust equations for rocket propulsion
systems are discussed in par. 2-3 and for
air-breathing engines in par. 12-3.

2-2.2 EFFECTIVE JET VELOCITY

It is convenient to eliminate the pressure
thrust from Eq. 2-28. In order to do this, a




fictitious velocity, called the effective jet
velocity ¢ is introduced. It is defined by

F= mec—mOV0 = meue—moV0

+(pe—P,) Ag (2-29)

Hence, the effective jet velocity c is given by*

Ae
c=ug+ (pe—po)n.]— =V, (2-30)

J
e
In the special case where the static pres-
sure p, of the propellant gas crossing Ae is
equal to the atmospheric pressure p, (into
which the jet is ejected), so that Pe = Pg> the
pressure thrust is equal to zero and ¢ = Vj = u,.
2-2.3 EXIT VELOCITY OF THE PROPUL-
SIVE JET

The flow through the exhaust nozzle of a jet
propulsion system, the propulsive element of the
system (see par. 1-5), may be assumed to be
adiabatic. If h® denotes the stagnation (or total)
enthalpy of the propellant gas at the entrance
section of the exhaust nozzle, then

u, = V/2Ah, = V2(h°—h,) (2-3D)

where

h® = stagnation specific enthalpy of the pro-
pellant gas at the entrance cross-section of
the exhaust nozzle.

2-3 THRUST EQUATIONS FOR ROCKET
PROPULSION

In a rocket propulsion system the hot gas
generator is the combustion chamber of the
rocket motor (see par. 1-6.1 and Fig. 1-6). For a
rocket engine M,, = O (see Eq. 2-26). Hence,

*Both ¢ and Vj are employed interchangeably for the effective
jet velocity in the literature on jet propulsion engines. The
symbol ¢ is employed mainly for rocket jet propulsion.
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the axial thrust of a rocket propulsion engine is
given by

F=M,, =mgu, +(p,—Py)A, (Ib) (2-32)
where u, is the velocity of the propulsive jet
perpendicular to Ag, and p, = pyy,p = the static
pressure of the ambient atmosphere. Let

= the mass rate of consumption of oxidizer

mg,

Iﬁf = the mass rate of consumption of fuel

m = rilo +m,= the mass rate of consumption
of propellant materials

Introducing the effective jet velocity ¢, one
obtains the following equation for the thrust of
a rocket propulsion system:

F = mc (Ib) (2-33)

The ratio rho/rhf is termed the mixture ratio
and is denoted by r. Thus

m,
=—— = mixture ratio (2-34)
myg
EXAMPLE 2-2.

A rocket propulsion system is to develop
15,000 1Ib thrust and burns red fuming nitric
acid (RFNA) and aniline (AN), at the rate of 78
Ib/sec at a mixture ratio of 3.0. The propulsive
gas is to enter the exhaust nozzle at a combus-
tion pressure of 500 psi and expand so the
Pe = 16 psia at sea level; the ambient atmospheric
pressure is p, i = 4.7 psia. The exit area of
the exhaust nozzle is A, = 106 sq in. Calculate
the effective jet velocity for the propulsive jet,
and its exit velocity u,.

SOLUTION.

Eq. 2-33;F =15,000 1b;m =
= 2.42 slug/sec;

78/32.17
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F .
¢ =—=15,000 3—3%’ =6190 fps

m
_ 1
Ue =€ = —(Pe — Py A,

(16-14.7)
2.42

=6190 —

=6190 —57=6133 fps

The aniline flow rate (rﬁf)
.E— =r+1=4
my
Hence
78

rhf= il 19.5 Ib/sec = 0.608 slug/sec

The RFNA flow rate

m, = 3ri1f= 1.824 slug/sec

Thrust at 100,000 ft altitude

Pamb = 14.7 (0.0106) = 0.1558 psia

F = 78(6133)

+ _
3217 t(16-0.1558) 106

16,520 1b

2-4 POWER DEFINITIONS FOR PROPUL-
SION SYSTEMS

The power definitions which follow are
useful in studies of propulsion systems.

2-4.1 THRUST POWER (Pr). The rate at which
useful work is done on a vehicle propelled at a
constant speed V is termed the thrust power.
Hence, for a vehicle in uniform flight

Pp=FV =DV, (2-35)

where D is the drag of the vehicle.
2-14

2-4.2 PROPULSIVE POWER (P). By definition,
the rate at which energy is supplied to the
propulsive element of a propulsion system is
called the propulsive power.

In the case of a piston-engine propeller
system, the propulsive power is the power
delivered to the propeller shaft. In the case of
a turboprop engine,the propulsive power is the
sum of the power supplied to the propeller shaft
and that supplied to the exhaust nozzle.

In a jet propulsion system, the propulsive
power is the rate at which energy is supplied to
the exhaust nozzle, the propulsive element.

In general

P=Pp+Py (2-36)
where P, denotes the sum of the power losses in
the propulsion system. Thus

2-37)

where P g denotes the kinetic energy associated
with the propulsive jet and is called the exit loss;
PL: , PL2 - - - refer to the other losses associated
with the system®*.’

2-4.3 EXIT LOSS (PkEg)

An ideal propulsion system, by definition, is
one in which all of the extraneous power losses
PL1’ PLz - --are zero; i.e., the only loss is the
exit loss.

The exit loss PKE is given by
mv? _n
PKE= 5 = % (c-V,)? (2-38)
where v = ¢ — V_ = the effective absolute

0
velocity of the propulsive jet.

If it is assumed that there are no ex-
traneous power losses and that all linear




momentum changes are in the direction of
motion of the vehicle, then the propulsive power
P is given by

2-4.4 JET POWER (Pj). The power associated
with the propulsive jet of a jet propulsion
system is termed the jet power. By definition

(2-40)

For power limited systems, such as electric
rocket engines, the power output of the source
of electric power PE carried in the propelled
vehicle is related to the jet power Pj. Thus, by
definition

P-

PE=__
E

(2-41)

where g is the energy conversion efficiency.

It will be shown in par. 2-5 that the jet
power can be related to the thrust F and the
specific impulse Isp; the latter is defined in that
paragraph.

2-5 PERFORMANCE PARAMETERS FOR
JET PROPULSION SYSTEM

The performance parameters discussed in
this paragraph are based on the assumption that
the propulsion system operates under steady
conditions.

2-5.1 SPECIFIC THRUST. In the case of an
air-breathing jet engine, the specific thrust is
defined by the following equation:

(2-42)

where g, = 32.174 slug-ft/Ib-sec?, and ‘i'a is the
weight rate of air induction per sec.

AMCP 706-285

I, is \frequently termed the air specific
impulse.

2-5.2.1 SPECIFIC IMPULSE. In the case of
rocket propulsion, the specific impulse, de-
noted by Isp’ is defined by

(2-43)

m=m,+m = the mass rate of consumption of
propellant material, slug/sec

w=w,+wp = the weight rateof consumption
of propellant material, Ib/sec

In the case of an air-breathing jet engine the
fuel specific impulse, denoted by If, is defined
by

F F
=— (SeC)

I.= -

(2-44)
where

W= the rate of fuel consumption for the air-
breathing jet engine, Ib/sec

2-5.2.2 SPECIFIC IMPULSE AND JET
POWER. The jet power P_| (see par. 24.4) is

related to the specific impulse Isp by the
following equation:

2 g.FI
p, = e’ & sp (2-45)
12 2

For electric rocket engines it is convenient
to express P_| in kilowatts. Thus

_ Flsp

Pj 45.8

(kw) (2-46)

Hence, the required power output from the
falectric power source installed in the propelled
vehicle is accordingly (see par. 24.4).
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_FI
Pg= i sp
g

247

2-5.3 OVERALL EFFICIENCY (no). By de-
finition, the owerall efficiency of a propulsion
system is given by

Py

Mo =g, = Mth p

2-48
E, ( )

where

Pt = FV = thrust power

E.

rate at which energy is supplied the sys-
tem

thermal efficiency of the system

3
ol

np = propulsive efficiency of the system

2-5.4 THERMAL EFFICIENCY (nth). By de-
finition, the thermal efficiency nth is given
by

(2-49)

na =
th Ein

The thermal efficiency measures the ef-
fectiveness with which the energy E;, sup-
plied the propulsion system is converted into
propulsive power P. In a jet propulsion sys-
tem the thermal efficiency is a criterion of
the effectiveness with which the energy sup-
plied to the system is utilized for increasing
the kinetic energy of the propulsive fluid as
it flows through the system.

In the case of an air-breathing jet engine
the rate at which energy is supplied the
engine is given by

V2
Ej, = :hf (AHC + 7°) (2-50)

2-16

where

AHc = the calorific value of the fuel, B/slug

V2 /2 = the kinetic energy associated with the
fuel due to the flight speed of the
vehicle, B/slug

Ihf= the rate at which fuel is consumed,
slug/sec

The energy flow Iilng/Z was supplied by
fuel that was consumed previously.

In the case of a rocket propulsion system,
E;, is given by

Vo
Ein=m AHP+7

where

(2-51)

AHp = the calorific value of the propellant
material burned in the rocket motor,
B/slug

m =m_ + m,= the mass rate of consumption
of propellant material, slug/sec

2-5.5 PROPULSIVE EFFICIENCY (np). The

propulsive efficiency is defined by the rela-
tionship

_Pr _Pr

=_ = (2-52)
=7 PP,

The propulsive efficiency 7., measures the
effectiveness with which the propulsive power P
is converted into the thrust power Pp.

2-5.6 IDEAL PROPULSIVE EFFICIENCY
(TIP). The propulsive efficiency defined by Eq.
2-51 makes no assumption regarding the power
losses in the propulsion system.




In the ideal case where the only power loss is
PxE (see par. 2-4.2), the ideal propulsive effi-
ciency, denoted by nP, is defined by

P
np= _r (2-53)

It is readily shown that for®

(a) Air-breathing jet engines

— w({+1-v)
P~ 2u(f+ 1—v) +(F+ 1) (1—-1)?

(2-54)
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For a simple turbojet engine f~0 so that

2v

= 2-55
T 1ts (2-55)
where v =V _/c.

(b) Rocket propulsion systems

=__ (2-56)

T 142
Eqgs. 2-53 and 2-54 demonstrate that for any
propulsion system the ideal propulsive efficiency

is primarily a function of the effective speed
ratiov =V /c.
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CHAPTER 3
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ELEMENTARY GAS DYNAMICS

3-0 PRINCIPAL NOTATION FOR CHAPTER 3*

a acoustic or sonic speed, fps
a* critical acoustic speed, where M=1, fps
a® stagnation or total acoustic speed, fps
A flow cross-sectional area, sq ft or sq

in., as specified in text

A¥* critical cross-sectional area where
u=a*
Am maximum cross-sectional area

B British thermal unit
c effective jet or exhaust velocity

c maximum isentropic speed =\/2;pT°

c instantaneous specific heat constant
P o

pressure, B/slug-°R

Ep mean value of ¢, for a specified
temperature range

<y instantaneous value of the specific
heat at constant volume

C. contraction coefficient

Cq discharge coefficient

*Any consistent set of units may be employed; the units pre-

sented here are for the American Engineers System (see -

par. 1-7).

&

G*

hO

Ah

Ah

diameter, ft or in., as specified in text
drag force, 1b

hydraulic diameter = 4R, where R is
the hydraulic radius

stored energy per unit mass of fluid

total amount of stored energy associ-
ated with a system

friction coefficient in the Fanning
equation for pressure loss

thrust, 1b
impulse function, 1b

gravitational conv%rsion factor =
32.174 slug-ft/1b-sec

flow density or mass velocity = m/A

critical flow density, value of G where
M=1

static specific enthalpy, B/slug

stagnation or total specific enthalpy,
B/slug

finite change in specific enthalpy

finite change in specific enthalpy for a
compression, B/slug
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A

Ahy

A

32

3l

=

=2

finite change in specific enthalpy for
an isentropic compression, B/slug

finite change in specific enthalpy for
an expansion, B/slug

finite change in specific enthalpy for
an isentropic expansion, B/slug

mechanical equivalent of heat =778
ft-1b/B

length, unit as specified in text

mass, slug

molecular weight, slug/mole

Mach number (q/a or u/a) or magni-
tude of momentum vector, as speci-
fied in text

dimensionless vélocity (u/a* or g/a*)
momentum vector

rate of change in momentum = dl}g/dt
absolute static pressure, psia

ambient static pressure, psia

critical static pressure, where u=a%*,
psia

absolute static pressure, psf

critical static pressure, where u=a*,
psf

velocity vector

magnitude of q or the dynamic pres-
sure, as specified in text

isentropic velocity, fps

!
Amax

T*

TO

maximum isentropic

ot

volumetric rate of flow, cfs

speed = ¢,

pressure ratio
pressure ratio for a compression

process = P /P (or p,/p,), where
P,>P,

expansion ratio for an expansion
process =P, /Pl , Where P, > P,

expansion ratio which makes u =a*
gas constant = R /m

hydraulic radius, in ft orin.,as spec-
ified in text

universal gas constant = 49,717 ft-1b/
slug-mole °R = 63.936 B/ slug-mole-°R

degrees Rankine

static specific entropy, B/slug-°R
critical value of s, where u = a*
time, sec

absolute static
(°F +460), °R

temperature
critical static temperature, value of T
where u = a*

stagnation or total temperature, °R
velocity parallel to the x-axis, fps

adiabatic exhaust velocity




u*  critical value of u, where u=a*
Y isentropic exhaust velocity =
o 2
a® /——(Z
— 1( t)
v specific volume = 1/p = cu ft/slug
vO  stagnation value of specific volume
=1/p°
V' control volume in a region of a flowing
fluid
w  weight= mg,, Ib
W  shaft work
W, shaft work done by system in going
from state 1 to state 2
w  weight rate of flow = mg,, lb/sec
it
Z, compression factor = (rg) ¥ — 1
ik
Z, expansion factor = 1 — (ry) v
GREEK LETTERS
a angle between velocity vector and nor-
mal to flow cross-sectional area
v  specific heat ratio = cp/cv
n  efficiency
p  density, slug/ft?
p*  critical density = 1/v*,value of p where
u=a*
p®  stagnation or total density
t shear stress(friction force per unit area)
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SUBSCRIPTS
Numerals
0 free stream
1 initial state, or reference state 1
2 final state, or reference state 2
Letters
a ambient or atmospheric
C compression or entrance section of a
nozzle
e exit cross-sectional area normal to flow
direction
ext external
f friction
int internal
max maximum value
min minimum value
n nozzle
t expansion or turbine,as specified in text
th thermal
SUPERSCRIPTS
' (prime) denotes the value is obtained
by means of an isentropic process
* critical value, where u=a*, and M=1
o stagnation or total value
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3-1 INTRODUCTION®*

Gas dynamics, which is the theory of the
flow of a compressible fluid, is of fundamental
importance to the analysis and design of the
chemical rocket and air-breathing engines
described in Chapter 1. By applying the
principles of gas dynamics to such engines one
can determine the parameters which characterize
the motion of the compressible fluid and its
thermodynamic state at pertinent stations in its

flow path through a jet propulsion engine or a
turboshaft engine. In most cases it may be
assumed the flow of fluid through the engine is
steady and one-dimensional. Consequently, the
basic principles of steady one-dimensional flow
are of great importance to the studies concerned
with the engines discussed in this handbook.

Table 3-1 presents the flow processes of
major importance to the engines to be studied.

TABLE 3-1

FLOW PROCESSES IN JET PROPULSION ENGINES .

FLOW PROCESS

TYPE OF ENGINE

1. Compression by diffusion
2. Compression by mechanical means

3. Flow expansion

4. Flow with friction

5. Flow with heat transfer

6. Flow with mass addition

Ramjet, turbojet, turboprop
Turbojet, turboprop, turbomachinery
Ramjet, turbojet, turboprop, chemical

rocket, nuclear rocket, electrothermal
rocket

Ramjet, turbojet, turboprop,
nuclear rocket

Ramjet, turbojet, turboprop, chemical
rocket, nuclear rocket, electrothermal
rocket

Solid propellant rocket, hybrid rocket

*Appendix A presents more detailed information on elementary
gas dynamics.
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For analyzing the flow processes listed in
Table 3-1, the following physical principles are
available!

(a) The principle of the conservation of
matter for a flowing fluid.

(b) The principle of the conservation of
momentum which is expressed by the
momentum theorem of fluid mechanics.

(c) The principle of the conservation of
energy which was first demonstrated for
an isolated mechanical system by
Liebnitz (1693). For a flowing fluid the
energy principle leads to the so-called
energy equation.

(d) The second law of thermodynamics from
which one obtains the entropy equation
for a flowing fluid.

(e) The thermodynamic properties of the
flowing compressible medium under con-
sideration; these lead to some form of
defining equation (equation of state)
relating the static pressure, density, and
temperature of the flowing fluid.

Flows which are steady and one-dimensional
are those for which the variables-P, p, q or
their equivalents—at a point in the fluid are
invariant with time and change appreciably in a
single direction. Unless it is specifically stated to
be otherwise, it is assumed in all of the
subsequent discussions in this chapter that the
flow is steady and one-dimensional.

3-2 THE IDEAL GAS

The ideal gas is the simplest thermodynamic
working fluid; the propulsive gas ejected from
the exhaust nozzle of a jet propulsion engine
approximates the ideal gas.
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3-2.1 THE THERMALLY PERFECT GAS

A gas is said to be thermally perfect if it
satisfies the following equation. Thus

P=pRT = pR, T/ G-

where in the American Engineers System of
units (see par. 1-7)

T = absolute temperature of the gas,°R
P = absolute pressure of the gas, psf
p = density of gas, slug/ft>
Ru = universal gas constant 49,717
ft-1b/slug-mole*R = 63.936
B/slug-mole~R
R = Ru/r—ﬁ = gas constant
m = molecular weight of the gas,
slug/mole
Hence, for a thermally perfect gas
P
—=1 R
pRT (G-2)

For a real gas, the deviations of the ratio
P/oRT from unity become significant at very
high pressures, such as those occurring in guns,
and at very low temperatures. The deviations
arise from the fact that every real gas can be
liquefied, while an ideal gas cannot.

3-2.2 SPECIFIC HEAT

By definition,
medium is given by

the specific heat ¢ of a

c=56Q/dT (B/slug-°R) (3-3)
The magnitude of the specific heat ¢
depends upon the manner in which the heat

increment 8Q is added to the medium. Two
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specific heats are of importance; ¢y the specific
heat at constant volume, and p the specific heat
at constant pressure.

3-2.2.1 SPECIFIC HEAT AT CONSTANT
VOLUME (c,)

If 8Q is added to a mass of gas while its
volume is held constant, then

5Q du) o
=2<=%")  (B/slug°R) 34
“Tar BT,
where
du = the specific internal energy of the
gas, B/slug

From Eq. 3-4 the specific internal energy of
a gas is given by

T
u= / cydT +u, (B/slug) (3-5)
T,
3222 SPECIFIC HEAT AT CONSTANT
PRESSURE (cp)

If heat is added to a mass of gas under
isobaric conditions (dP = 0), then

Cn = G_Q = ..‘_lll + ..a_E +P ﬂ
p dT dT ov oT
v T P
(B/slug-°R) (3-6)

It follows from Eqs. 3-4 and 3-6 that
p > Cy.
3-2.2.3 SPECIFIC HEAT RATIO (v)
By definition

C
Y= c_p = the specific heat ratio 3-7
v

3-2.2.4 SPECIFIC ENTHALPY AND SPECIFIC
HEAT

By definition, the specific enthalpy h, which
is a property of the gas, is defined by

h=u+P/p (B/slug-°R) (3-8)
and
cp = dh/dt (B/slug-°R) (3-9)

3-2.3 CALORICALLY PERFECT GAS

A gas is said to be calorically perfect if the
specific heat ¢, is independent of the gas
temperature. If a gas is thermally perfect but
calorically imperfect, then
(3-10)

P=pRT and cy =(T)

A gas which is both thermally and calorically
perfect is called an ideal gas; frequently such a
gas is termed a polytropic gas*.

3-2.4 SPECIFIC HEAT RELATIONSHIPS
For an ideal gas Cys € and v are constants
independent of the gas temperature. These

constants are related by the equations which
follow.

Thus

Cp—Cy = R (Regnault Relationship) G-11)

and

o~




3-2.5 ACOUSTIC OR SONIC SPEED IN AN
IDEAL GAS

The speed with which a sound wave (or a
very small pressure disturbance) is propagated in
a medium is termed either the acoustic or sonic
speed, and is denoted by a. If the medium is an
ideal gas, then

where m is the molecular weight of the gas.

3-2.6 MACH NUMBER

When there is a large relative speed between
a body and the compressible fluid in which it is
immersed, the compressibility of the fluid,
which is the variation of its density with speed,
affects the drag of the body. The ratio of the
local speed of the body u, to its acoustic speed
a, is called the local Mach number, which is
denoted by M. For an ideal gas

M=2=_4Y_ . (3-14)
a \RT
or
2 2
M2 = P_ = u -
= " RT (3-15)

The speed u measures the directed motion of
the gas molecules, and u? is a measure of the
kinetic energy of the directed flow. According
to the kinetic theory of gases the temperature T
is a measure of the random kinetic energy of the
gas molecules. Hence, M2 =u?/a? is a measure of
the ratio of the kinetic energies of the directed
and random flows of the gas molecules.

3-3 GENERAL STEADY ONE-DIMENSIONAL
FLOW

The steady one-dimensional flow approxi-
mation gives the simplest solutions to flow
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problems. The assumptions underlying the ap-
proximation are presented in par, A-3; the A
denotes Appendix A.*

3-3.1 CONTINUITY EQUATION

For a steady one-dimensional flow, the
continuity equation is given by (see par. A-3.1,
Eq. A-45)

ou op .
— +ut=0 (3-16)
Pax Vax
The corresponding integral equation is
f (pu)dA =d(puA)=0 G-17
A
Hence
m= 9—? = puA = constant (3-18)

Eq. 3-18 states that if the flow is steady, the
same mass rate of flow crosses every cross-
section of a one-dimensional flow passage.

By definition, the mass velocity, also called
the flow density, denoted by G, is given by

G =pu=m/A (slug/sec-sq ft) (3-19)

Logarithmic differentiation of Eq. 3-18,
yields the following differential equation for a
steady one-dimensional flow:

A L dp ; du

=0 3-20
Ao T (3-20)

*The letter A preceding a paragraph, equation, table, or figure
number indicates that the paragraph,equation, etc.,are located
in Appendix A.
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The values of u and p in the equations for a
steady one-dimensional flow are the effective
mean values for the cross-sectional area A.

3-3.2 MOMENTUM EQUATION

3-3.2.1 GENERAL FORM OF MOMENTUM
EQUATION

The general form of the momentum equa-
tion is given by Eq. 3-11 which for a steady flow
and fluids of small density—such as a gas—
reduces to

§=f pq,qdS fP,'ldS (p small) (3-21)
s 7 S

If there are no solid bodies immersed in the
fluid, no body forces, and no friction, then

andS+ qunqu=0 (Y=§=O) (3-22)
S S

where

q= fluid velocity

q,, = velocity normal to the element dS of the
control surface S

P = static pressure

n = unit normal to dS

3-3.2.2 MOMENTUM EQUATION FOR
STEADY, ONE-DIMENSIONAL, RE-
VERSIBLE FLOW

It is readily shown that for a steady,
one-dimensional frictionless flow the momen-
tum equation reduces to ! 2

dP
udu+—=90

0 (3-23)
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or

udu +vdP=0 (3-24)

Eq. 3-23 is a form of Euler’s equation of
motion and applies only to areversible flow. To
integrate Eq. 3-23 requires a relationship be-
tween P and p. In integral form, Eq. 3-23 is
u2

—+ Q = constant
2 p

(3-25)
?-3.3 ENERGY EQUATION FOR STEADY
ONE-DIMENSIONAL FLOW

Figure 3-1 illustrates diagrammatically a
stationary ‘control surface S enclosing the con-
trol volume V in a region of a flowing fluid.
According to the first law of thermodynamics, if
5Q denotes the amount of heat added to the
mass of fluid instantaneously enclosed by S, and
SW* denotes the amount of work done by the
same mass of fluid on the surroundings in time
dt, then
dE =8Q — sW* (3-26)

By convention §Q is positive if heat is
transferred to the system, and §W* is positive if
the system does work on its surroundings. The
notation signifies that §Q and §W* are inexact
differentials because Q and W are not properties
of the system. The stored energy E is a property,
and dE is an exact differential® *¢.

Figure 3-2 illustrates schematically the con-
ditions at an arbitary element dS of the control
surface S if the flow is steady. In that case the
stored energy associated with the fluid occu-
pying the control volume V does not change
with time. For a steady flow the integral form of
the energy equation is! -2

2
5_Q_§_Y=ﬁ (h+3 +82) andS
a dr - J

(B/slug-sec) (3-27)
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Figure 3-1. Control Surface Enclosing a Region in a Flowing Fluid to Which Heat Is Added
and Which Does Work on Its Surroundings
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S/
(t=tyedt)

(qcosx)dt=dn

+N

TANGENT

Figure 3-2. Element of a Control Surface Which Encloses a Region in a Flowing Fluid

where
5Q = the heat added to the fluid, B/slug

SW = the shaft work done by the fluid, B/slug

h=u+ P/p =specific enthalpy of the fluid,
B/slug

v = specific internal energy of the fluid, B/slug
q;, = qcosa = velocity of fluid normal to flow

area dsS, fps
q = magnitude of velocity vector q, fps

a = angle between normal to dS and the veloc-
ity vector

3-10

Fig. 3-3 illustrates the application of Eq.

3-27 to a one-dimensional flow (see Example
A-3).

3-4 STEADY ONE-DIMENSIONAL FLOW OF
AN IDEAL GAS
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