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FOLLOWING ARE THE CORRESPONDING RUSSIAN AND ENGLISH
DESIGNATIONS OF THE TRIGONOMETRIC FUNCTIONS
Russian English
8in sin
cos» cos )
tg tan
ctg cot
seoc sec
cosec csc
sh sinh
ch cosh
th tanh
cth coth
sch sech
csch csch
arc sin sin-1
arc cos cos~1
arc tg tan-1
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xi
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This book treats general questlons of the
theory and calculation of thermal rocket engines,
describes processes of ZhRD and RDTT and conslders
thelr characteristics. The necessary iInformation
about 1liquid and solid fuels for RD is given.

In the 2nd considerably reworked edition,
contemporary methods of thermogas-dynamic design
of processes in RD with high-temperature working
medla have been more fully explained. Results
published in recent years of theoretical and
experimental investigations to determine thermo-
physical features of combustion products -nd
characteristics of chemically nonequilibrium
processes combustion and expansion are reflected.
Considerable attention is given to questions of
the specific character of two-phase flows and to
schemes of heat sghielding.

The book 1s intended for students of aviation
institutes of technology and departments and may
also be useful to engineers and graduate students,
who specialize in rocket technology. Tables 36,
illustrations 257, bibliography 178 names.
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—————

PREFACE

The present, second publication of the textbook retains the
systematical structure accepted earlier: the basic parameters and
general methods of theory and design are stated in conformity with
all types of thermal rocket engines (including nonchemical); questions
specific for chemical rocket englnes, which operate on various forms
of fuel are considered.

In Part I of the book preliminary information is given about
rocket engines, physlcal principles of the creation of thrust are
stated, and basic englne parameters in thelr interconnection _yith
characteristics of fuel and aircraft are considered.

Part II consists.of two divisions. The first 1s dedicated to
definition of theoretical thermodynamic characteristics. Its basis
is design methods worked out by the authors, successfully checked,
and now widely used. In comparison with the first publication, this
division has been augmented: methods of determination of thermophysical
features of combustion products, new variants of thermogas-dynamic
calculation of ideal processes, and methods of extrapolation and
interpolation of thermodynamic characteristics have been included in
it. In the second division, rewritten, contemporary methods of
calculation of imperfect and nonequilibrium processes, determinations
of specific heat flows and shapings of nozzle are given.

FTD-MT-24-116-70 xiii
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Part LIl1, dedicated to Ligquid rocket engines, ha: icen completea
with informaticn on fuels, new schemes of organization of procedur-o,

and means of liquid cooling and control cof the thrust vector.

Part IV, in which solid-propellant rocket engines are considered,
likewise contains new information on fuels, means of liquidless heat
shielding, and control of thrust vector. The method of interior-
ballistic engine design has been revised.

The distributicn between Parts III and IV of material pertaining
to means of heat shielding and control of the thrust vector is somewhat
conditional. Part III describes means applicable predominantly for
ZhRD, but some of them could be used even for RDTT. In Part IV are
considered means suitable mainly for RDTT, although their utilization
for ZhRD as well is not excluded.

In Part V combined englines running on chemical fuel are examined
in greater detail than in the first publication.

In preparation of the 2nd publication of the book, the authors
have taken into account opinions, remarks -and wishes on the first
publication. Digital and graphic 1llustrative material involved in
systematical pursults, borrowed from Russian and forelign literature

or based on arbitrary data, has been renovated. Bilbliography has been
expanded and renovated.

The International System of Units (SI) is used in conclusions

ar.d a majJority of formulas of the book. Deparatures are sometimes
made from it in such cases:

1) with fulfillment of thermodynamic calculation of the
composition of combustion products and of the processes in the chamber —

in connection with the use of reference data not translated into the
SI system;
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2) in 1llustrative materials pertaining to thrust (kegf) and
specific thrust (kgf:s/kg) for the purpose of free utilization and
comparison cf extensive data presented in traditional units.

The book has been revised by the author of the first publication
together with his colleagues, who also prepared part of the new
material. Chapters XI, XII, XIV, and XXIII were written by Candidate
of Technical Sciences, Lecturer A. F. Dregalin; Chapters XIII, XV,
and XVIII by Candldate of Technical Sciences A. P. Tishin.

In using this book it 1s recommended that reference be made to
other lliterature sources. Among them 1t 1s possible to 1solate
textbooks, monographs, and reference books pertaining to the whole
course or most of it (the list 1is given at the end of the book) and
works more comprehensively illuminating separate themes, an enumeration
of which is given at the end of each chapter.

The authors express their deep gratitude to corresponding members
of the AN SSSR [Academy of Sciences of the USSR] A. P. Vanichev and
V. M. Iyevlev, Doctor of Technical Scliences, Professor S. D. Grishin,
and Candidate of Technical Sclences U. G. Pirumov for valuable remarks
and recommendations expressed by them during thgrdiscussion and review
of the prospectus and manuscript.

V. I. Vychenok (Chapter VII), Yu. M. Danilov (Chapter 11, § 12.2),

Yu. N. Drozdov (§§ 19.4, 25.3), V. Ya. Klabukov (§ 7.7, Chapter XX),

A. S. Lyashev (§ 11.5), N. I. Sitnitskaya, V. A. Khudyakov (Cpater IV),

and A. S. Cherenkov (§ 7.6) took part in preparation of material to
separate chapters and paragraphs of the book. Substantial aid in
formulation of the book was rendered by R. A. Dobronravov, V, P,
Ivshin, Yu. D. Krechetnikov, V. P. Mikheyeva, S. M. Potapov, V., P.
Trinos, and A. Z. Khamidullin. The authors express their gratitude
to all people.

Opinions, critical remarks and wishes should be directed to the
Publishing House ("Mashinostroyeniye") (Moscow, K-51, Petrovka, 24).
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BASIC ABBREVIATIONS AND CONVENTIONAL DESIGNATIONS

Abbreviations

Pl — RD - rocket engine;
P4 - GRD — hybrid rocket engine;
MPA — ZhRD — 1liquid-propellant rocket engine;
PATT -~ RDTT — solld-propellant rocket engine;
XPA — KhRD — chemical rocket englne;

3P4 — ERD — electrical rocket englne;
F BPA — VRD — airbreathing jet engine;
NBPA — PVRD — ramjet englne;
TPA — TRD — turbojet engine;
PNA — RPD — ramjet engine;

Conventional Designations

a — veloeclty of sound; coefficient of thermal conductivity;

a — excess oxldant ratio; heat-transfer coefficient;

ap — coefricient isobarlic of expansion;
aT —- 1sothermal compression coefficlent;
8 — specific impulse of pressure (consumptlon complex);
e
, FTD-MT-24-1'¢-"C xvil




1

C , ¢ — molar and specific heat capaclity at constant pressure; \
¢.. — molar and specific ncat capacity at constant volume;
d — diameter;
E — internal energy;

€ — relative expense of auxiliary fuel; Erosion ratio; emissivity
factor;

£, — coefficient of loss of complete impulse;

F — cross section ares;

f — relative area (geometrical degree of expansion);
G — consumption ol the working material per second; weignt;
g — welght fraction; acceleration of gravity;
n — coefficient of dynamic viscosity;
I - complete enthalpy;
I. - total impulse;
K — equilibrium constant with respect to partial pressures;
K — thrust coefficient (thrust complex);
k — ratio of specific heat capacities;
Ko ~ weight stolchiocmetric coefficlent of ratio of fuel components;
Kk — welght coefficlent of ratio of fuel components;
k) — molar stoichiometric coefficient of ratio of fuel components;
k' — molar coefficient of ratio of fuel components;
L — length; work;
A — relative fuel content on craft;
A — reduced velocity; coefficient of thermal conductivity;
M — Mach number;
u — mass number of rocket;
N — power;

N — number of moles; mean index of lientroue;

F; T
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v exponent in formula of combustion rate of solid fuel;
coefficignt of kinematic viscosity; F

N — perimeter;
" degree of lowering of pressure (degree of expansion);
P — thrust;

PyA specific thrust (specific or single impulse);
P — pressure;

Ap pressure drop;
Q — heat;
q specific heat flow;

Ro universal gas constant;
R specific gas constant;
r radius;
0 density;

S0 standard molar entropy;

S, s molar and specific entropy;
o electrical conductivity; coefficient of restitution of
pressure;

T absolute temperature;
t temberature in °Ck
T time; tangential stress;

T, — delay of fuel ignition (induction time);

Th time fuel stays in combustion chamber;

np fuel conversion time;
u linear rate of combustion of solid fuel;
A flight speed; volume;
v specific volume;

VN final velocity of flight;
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o

¢ — impulse coefficlients;

w — velocity of working body;

X — mole fraction of gas component;

z — welght fraction of condensed phase;

i — surface area.

Subscripts

ap — adiabatic;
r — fuel;
¢t — gas;
Ae — engine;
M — liquid;
3 — frozen, delays;
h — at altltude;
w4 — ideal [perfect];
Hp — critical;
H.C — combustion chamber;
H — saturated;
Hp — nonequilibrium;
OH — oxidant;l
ont — optimum;
n — in a vacuum;
p — equilibrium;
cC — nozzle;
CT — wall, turbine;
T — fuel;

m — turbine;
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- theoreticul;
- speclfic;

— cioldj

- equivalent;
— experimental;
— effectlive;

— condensed;

Sections of Engine Cha.urber

I — bteginning of neat supply;

4 — diaphragm (for RDTT) [retainer or grain support];

[
#p — critical;

¢ — nozzle exit.
TR OMTT e - e -

- exit from combustion chamber;

xxi

(superlinear) — portains to parameters of stagnation flow.
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PHYSICAL PRINCIPLES AND BASIC PARAMETERS
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INTROLJCTION

This chapter gives preliminary information abcut a family of
rocket engines, characteristic criteria and distinctive characteristics
ot their various types. The tasic (P4A) [RD — rocket engine] schemes,
the nistory of their development and the range of contemporary
utilization are briefly examined.

1.1. Types of Rocket Engines

Rocket engines are jet [reactive] engines. The force necessary
for motion 1is the thrust they create, converting a certa’n original
(prinﬁry) energy into tne kinetlc energy of a jet stream. The magnitude
of thrust is proportional to the velocity of the Jet stream and its
mass ejected in a unit of time.

The jet stream of rocket engines is formed from substances stored
on the craft, but the environment 1s not used for this purpose. In
this respect rocket engines differ from air-breathing Jets and hydrojets,
which create a Jet stream, using the surrounding medium - air or water.
The term (rocket) in explicit form does not reflect this distinction,
but it is traditionally widely used.

The primary cnergy utilized in rocket engines can be chemical,
nuclear, and colar encrgy. The source of chemical enercy for RD 13

2

chemical rocket fuels — substances or sets of substances able to

A
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release heat as a result of chemical reactions. The source of nuclear
energy 1is nuclear_rocket fuels — substances or sets of substances able
to liberate energy as a result of nuclear fission of heavy elements,
nuclear fusion of light elements or radioactive decay. The source of
solar energy 1s the radiation of the sun.

In accordance with the type of primary energy utilized in an
engine, chemical, nuclear, and solar rocket engines differ. The latter

two types are frequently combined and given the name nonchemical RD.

In processes of conversion of primary energy into kinetic energy
of the Jet stream the working medium (working substance) of the
rocket engine takes part. The Jet stream is the final form of the
workirg medium. Depending on the original form of the working medium,

two characteristic cases can be distinguished.

Energy releasable by chemical rocket fuels 1is 1imparted to products
of thelir reaction, which are the working medium of chemical RD. 1In
other words, chemical rocket fuels are simultaneously also sources
of energy and sources of working medium.

In nonchemical RD reaction products are rarely used as,a working
medium, inasmuch as their mass 1is negligible. In the vast majority
of cases, a speclal working medium recelving energy from an independent
source 'a nuclear or radioisotope reactor on a concentrator of solar
radiation) is used. The energy source and working medium are
initially divided. Energy 1is supplied to the working medium only
in the chamber — the energy converter.

Figure 1.1 shows the schematic diagram of a rocket engine running
on chemical fuel and having an independent energy source.

An important criterion according to which rocket engines are
classified 1s means of acceleration of working medium. For many

engines this is thermal acceleration, 1.e., conversion of heat into
kinetic energy. Such engines are called thermal.
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and working medium) converter _,’
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[ Chamber-energy | —*
‘ Working meaium contartyp :: Jet stream
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b ) Source of
energy

Fig. 1.1. Schematic diagrams of a rocket
englne: a) running on chemical fuel; b)
with an 1ndependent energy source.

The type of primary energy utilized in thermal RD can be various.

As can be seen from Table 1.1, where characteristic parameters of
various types of rocket engines are presented, thermal engines are
all chemical RD and some are variants of nuclear and solar engines.

For processes of conversion of energy in thermal RD, two stages
are characteristic. The first 1s communication of heat to the
working medium either in the chamber where the chemical fuel reacts,
or in the heat exchanger, which obtains energy from an 1ndependent
source. In certailn cases the working medium :can be heated by
intermediate (secondary) energy, for example, electrical energy
(variant 8 in Table 1.1). The second stage is conversion of heat

to kinetic energy, or thermal acceleration of the working medium
carried out in the Jet nozzle.

The jJet stream leaving the nozzles of thermal RD consists of
gaseous and, possibly, condensed products of combustion or heating.
Sometimes it 1s a low-temperature plasma.

In a majority of thermal RD heat is supplled to the working
medium at constant or almost constant pressure. Flgure 1.2 shows
the character of change in parameters of the working medium through
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Fig. 1.2. Change in parameters alung the
channel a thermal rocket engine.

Thermal RD are included amcng engines with a ilimited exhau:st
velocity of jobt stream. For chemical RD the limitations are the
nature of the fuel und the maximum temperature permissible fer th2
desien materials; for RO with ar independent erergy =ource, the
maximum temperature of heating of the working medium i3 also c¢onditioned

by the temperature permissible for the body.

Ac can be seen from Table 1.1, a majority of thermal RD have
relatively low specific weight (the ratio of engine weight to the
maximum thrust developable by 1it) and are able to impart to crafts
considerable accelerations a in comparison with gravity on the surface
of the earth 8o+ For tnem large expense of mass of working medium
per unit of thrust is characteristic. This determines the hasic task
fulfllled by such engines: acceleration of heavy crafts to high
(space) velocities in circumplanetary and interplanetary flights with
relatively chort work of the engines.

A characteristic feature of electrical rocket engines 1is
acceleration of the working medium with the aid of electrical energy.
The latter can be obtained by means of various conversions of certain
primary energy. Thus, for instance, nuclear energy can be converted
into heat in 3 reactor-heat exchanger, then into mechanical energy
in a turbcmacnine and into electrical energy in an electric generator.

Lleectrical acceleration of the working medium can guarantee veryv
hign exnaust velocities and, consequently, small expense of the mass
veing ejected per unit of thrust. Exhaust velocity can be regulated




over wide limits. The Jet stream of an (3P4) [ERD — electrical

rocket engine] is a neutral plasma. Table 1.1 gives the characteristic
parameters of two basic types of ERD: electromagnetic (also called
plasma or magnetohydrodynamic) and electrostatic (ionic). 1In the

first of them (variant 9) the working medium, high-temperature plasma,
is accelerated because of action of an electromagnetic field on it;

in the second (variant 10) the working medium (usually alkaline

metals) is ionized, and lons are accelerated in a strong electrostatic

field. To get a neutral jet stream the beam of ions 1s neutralized
with electrons.

As can be seen from Table 1.1, ERD have considerable specific
welght and impart small accelerations to crafts. A limitation for
them is the power of the electrical generator. An increase in this
power 1is accompanled by a substantial welght Iincrease.

Utllization of ERD as basic englnes of aircrafts 1s possible
after imparting orbital velocity to the ailrcraft with the aid of
(XPA) [KhRD — chemical rocket engine]. Long work of ERD can guarantee
distant space flights and, possibly, achlevement of escape velocity.
The ERD can be used llkewise as auxiliary englnes, for example, for
orientation of aircraft.

A speclal place is occupled by so-called sall systems, which
have practically zero expense of mass. A radio isotope sail creates
thrust owing to the reaction of a one-sided leakage of alpha
particles during radioactive decay. The thrust created by the solar
sall is caused by pressure of solar radlation on the reflective
surface. Sail systems are engines of limited thrust. The magnitude
of the latter is limited by the maximum area of the reflective surface.
Characteristic parameters of sall systems are presented in Table 1.1.
Their possible utilization is analogous to utilization of electrical
RD but 18 even more limited.
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Figure 1.3 presents for clearness, the same as Table 1.1,

characteristic parameters of rocket engines of various types.
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1.2. Chemical Rocket Engines

Chemical rocliet engines have been mastered best and are widely
used. The variety of fulfilled and developed KhRD is caused first
of all by differences in fuels used and schemes of organization of
the working process.

Fuels

Chemical rocket fuels are capable of exothermal (with liberation

of heat) reactions. The maln types of exothermal reactions are the
following.

1. Combustion. Combustion (oxidation) is the main and most
widely used means of obtaining heat. In a combustion reaction
participation i1s necessary of fuels and oxidizing elements which can
be in the composition of one or more substances which form fuel.
Usually substances in which combustible elements prevall are called
fuels, and substances in which oxidizing elements prevail oxidant.




2. Decomposition. Certain individuazl substances cn mixtures

and solutions of substances are capable of exothermal decomposition.

3. Recombination. The energy release of recombination

(reunification) of atoms or radicals having free valence is quite
considerable, and its utilization in rocket engines is promising.
However, the means of industrial obtaining and conservation of free
atoms and radicals in the condensed phase has not yet been found.
Fuels on their vase are hypocthetical.

The basis of cliassification of chemical rocket fuels can be
various criteria. One of the characteristic and general criteria
is the original aggregate state of fuels. <Classification by tnic

criterion is given In Filg. 1.4,

Single-phasa I'lu.'lh-ﬁ phass
(hytrdd )

f‘\h\-“"ﬁ._

Liquid Selid Solid fuel = l-Eiquld fusl -

liguid oxidant) | selid ocxidany

Unitary | [Two- MEnsic Mixed
compinent| | ( homogensous )| | (mtamensous |

Fig. 1.4, Classification of chemical rocket
fuels.

Single-phase fuel can be 1liquid or solid. Multiphase (hybrid)
fuel is a comblnation of solid and liquid components.

The fuel or component in the solid state is usually placed
directly into the combustion chamber of the engine, liquid fuel or

component 1is kept in speclal vessels - tanks — whence it 1s gradually

supplied to the engine.
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Unitary liquid fuel ic rupplied to the engine in the form c¢”

one liquid. It can be an individual substance (3ingle-component t.cl),

or a uniform mixture, or a solution of wvarious substances. Tw~-
component liquid fuel consists of two components individually stored
and separately supplied to the engine — fuel and oxidant, which, in

turn, can ve individuai substances or mixtures of subtstances. This
fuel, alsc called fuel or :eparate supply, is a basic contemporary

liguld rcceet fuel. Utilization of multicomponent (uzuallv n-s o

O

R T
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than three components) <. liaquid and hybrid fuels is alc~ poziinl

[97]

Soitld rocket propeliantc contain fuels and oxidizing elements
and are unitary. There are two main class»s of solid fuels. Dibasic
(homogeneous) fuels are a solid solution of components. One of the
bases of such a fuel 15 nitrocellulose; a second is a solvent »f the
nitroglycerine type and otner substances. Mixed (heterogeneous)

s01id fuel is a mechanical mixture of fuel and cxidant.

Tne difference of terms must be emphasized in reference to fuels
of rocket and alir-breathing jet engines. A vehicle wit" ar air-
breathing jet engine carries in its tanks only one component of fuel.
The oxidant necessary for comoustion — oxygen — is not carried by
tne craft, but 135 taken in from the air of the atmosphere. Therefore,
in the practice of alr-breathing jet engines the idea "combustible"
is ldentified with the idea "fuel." For rocket englnes both fuel and
oxidant are carried by the craft; expense of the one and the other
diminishes the general fuel reserve, and, therefore, the ldeas
"combustible" and "fuel" are essentially different.

Detailed information on chemical rocket fuels 1s glven in
Chapters XV, XXII, and XXVIII.

Baslc Schemes

Division of chemical RD into characteristic tyvres 15 based on

the classification of fuels used in them (Fig. 1.5). The tvper are:

r—




1) liquid-propellant rocket engines ((MPL) [ZhRD]);
2) solid—probellant rocket engines ((PATT) [RDTT]);
3) hybrid rocket engines ((FPA) [GRD]).

The most developed and extensive class of chemical rocket engines
1s ZhRD. Figure 1.5 shows the maln varleties of ZhRD, distinguishing
by type of fuels (unitary or separate supply), by means of fuel feed
(displacer or pumping), by means of organization of the working
process (with afterburning or without afterburning of generator gas).
The most widespread combinations of these criteria are shown by double
lines.

KhRD
ZnRD GRD RDTT
Unitary fuel Fuel of separate
supply
Displacer supply mr ng supply o I
of fuel fue
of srator

Fig. 1.5. Classification of
chemical rocket engines.

The main unit of ZhRD is its ghamber, which creates thrust. The
chamber consists of a combustion chamber and nozzle, the construction
of which usually represents one whole. The main part of the combustion
chamber is its mixing head — a device for injection and mixing of
fuel comportents. Elements of the mixing head are injectors of
various types. Ignition of fuel 1s carried out by chemical,

11
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pyrotechnic, and electrical means; frequently components of fuel will
form a self-igniting fuel. The chamber of the ZhRD 1s usually cooled
by one of the components of fuel passing prior to entering the
combustion chamber through a cooling tract — the space between the
inside or fire wall and the external cr power jacket of the chamber,
connected by various means. Figure 1.6 gives the diagram of a ZLRD
chamber operating on two-component fuel.

Fig. 1.6. Diagram of ZhRD
chamber running on two-component
fuel: 1 — mixing head; 2 —
combustion chamber; 3 — nozzle;
4 — cooling tract

ERRE

Combusgtitle
—

A liquid-propellant rocket engline consists of a chamber (or
several chambers), systems of supply of fuel, systems of adjustment,
auxiliary units, engine frames, etc. The system of adjustment of a
ZhRD carries out automatic maintenance of or a programmed change in
parameters of the working process to ensure a given value of thrust
aﬁﬁ relationships of components of fuel, and steady work of the ZhRD
and also control of transient conditions (starting, stopping, etc.).
The electrical, electronic, pneumatic, hydraulic, phrotechnic, and
mechanical devices 1n the system of automatic adjustment are usually
called organs of autcmation.

A rocket engine installation with a ZhRD consists of one or

more engines, fuel tanks, systems of supply and organs of adtomation,
and systems of bracing.

Figure 1.7 gives the elementary diagram of an engine with a
ZhRD having displacer fuel supply. With such a supply method, fuel
components are forced out of the tanks with compressed and, possibly,

hot gas. Gas of high pressure enters either from the pressure accumula-

*4cn - tallcen, in which Lt has bteen stored earlier, or from a gas
[ 3
generator — a unit in which haot gas 1s continuously owing to combustion

12
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or Jecomposition of fuel or 1its components. In gas penergiors the
main (the same as in the engine chamger) fuel or a special auxiliary
fuel is used, including solid fuel. The temperature of the¢ generator
gas 1s limited by the heat resistance the design elements on which it
acts. In order not to exceed permissible temperature, it is necessary
to allow only incomplete fuel combustion, so that a considerable

rart of one of the components 1s ballast. If there is excess fuel,
reducing generator gas 1s prepared; if there is excess oxidant
oxidizing gas 1s prepared. TIn displacer supply of two-compcnent fuel,
there must be two gas generators: a reducing one for supercharcing
the fuel tank and an oxidlzing one for an oxidant tank.

Fig. 1.7. Diagram of ZhRD

with displacer fuel feed: 1 —
pressure accumulator; 2 -
reducer; 3 — organs of automa-
tion; 4 — fuel tank; 5 — engine
chamber.

Designations: 0Ok = Oxidant;
= Fuel.

A system of displacer supply also has reducers, maintaining
assigned supply pressure, locking devices, and other organs of
automation. In connection with high pressure in fuel tanks, the
welght of the system 1s conslderable, and, therefore, 1its use is
limited to engines with low thrust and short operating time.

More widespread in ZhRD is a pumping supply of fuel. The drive
of pumps 1is usually carried out from a gas turbine. Characteristic
1s a turbopump unit (THA) [TNA — turbopump], usually representing
t general grouping of turbine and pumps. The turbine is run with gas
or steam at high pressure and moderate temperature. The ras »r stream
s prepared elther in a liquid gas generator, or in the ccoline tract
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of the chamber, wrnere the coolant 1is evaporated (ucually one cof the
components of fuel). To drive the turbine it Ic also possible ¢

use gas removed from the main combustion chamter.

Figure 1.8 gives the diagram of a ZhRD withh a turbooump supply

of fuel withcut afterburning of generator gas. The latter after

operation on the turbine i35 ejected into the surrcunding medium '
through auxiliary nozz!cs, wnich are frequently steering nozzlec.
Generator zas consists o products of lncomplete combustiorn, =nd
it is expanded in the auxiliary nozzles less than in the nozzle of
e main chamber. Therefcre, the ecoriomy of utilization of fuel

supplied to the gas gencrator is lower than the basic fuel. In

(%)

et

1 scnenle witnout afterburning of generator gas, lowering ~r economy

is additionally <auscd oy the UNA drive.

Fig. 1.¢. Dlagram of ZhRD with pumping

fuel feed without afterburning of generator
gas: 1 — tanks of btasie fuel; 2 — pumps of
fuel and oxidant; 3 — gas generator; 4 -
tank of auxiliary fuel; 5 — pump of auxiliary
fuel; € — organs of automation; 7 — engine
chamber; 8 — turbine; 9 — exhaust of gas
behind turbline.

Flgure 1.9 gives the diagram of a ZhRD with afterburning of
generator gas in the main chamber. Here generator gas, passing
through the turbine, is sent to the combustion chamber. Through the

gas generator they usually let pass the entire expense of cone of the
components and a small part of the expense of another, preparing
either reducing or oxildizing gas. The remaining large part of the
second component in the liquid phase enters the combustion chamber,
where afterburning takes place. In contrast with an engine without
afterburning, where both components are suppllied to a combustion
chamber in the licuid state (scheme of organization of the "1iquid-
liquid” tyve), in 4 nED with afterburning, the combustic-n chamber

orerates on ~an oand 1{qgutd (Meaca)iantdqt cetieme Y|




Fig. 1.39. Diagram of a ZhRD with pumping
supply of fuel and afterburning of generator
gas in main chamber (one gas generator):

1 — fuel tanks; 2 — pumps; 3 — gas generator;
4 — turbine; 5 — organs of automation; 6 —
engine chamber.

The scheme with afterburning of generator gas in the main chamber
is energetically more advantageous than the scheme without afterburning
for the reason that in ZhRD with afterburning, all the fuel 1s used
under optimum conditions, in which complete release of heat and its
conversion into kinetic energy is ensured.

Figure 1.10 shows one additional variant of ZhRD with afterburning
of generator gas. Here there are two turbines and two gas generators
operating on them, one of which prepares reducing, and the other
oxidizing gas. The chamber combustion is entered by two gaseous
components which burn there ("gas-gas" scheme).

Fig. 1.10. Diagram of ZhRD with pumping
supply of fuel and .fterburning of generator
gas in main chamber (of two gas generators):
1 — tanks of fuel; 2 — pumps; 3 - gas
generators; 4 — turbines; 5 — organs of
automation; 6 — engine chamber.

1

Figure 1.11 gives a simplified ZhRD, in which the turbine operates
on hydrogen gasified and preheated in the cooling tract. The process
in the combustion chamber 1s organized according to the "gas-liquid"
diagram. A system of pumping fuel 1s more complex than a system of
displacer supply, but under certain conditious 1s more advantageous
in connection with less welight of fuel tanks not under high pressure.
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Fig. 1.11. The ZhRD with drive of

turbine by gas, obtained in the

coollng tract of the chamber: 1 - *
pressure accumulator; 2 — tanks of

fuel; 3 — pumps; 4 — turbine; 5 —

organs of automation; 6 — engine

chamber.

A characteristic property of a solid-propellant rocket engine
is the placing in the combustion chamber of a whole supply of fuel
in the form of fuel charges of determined form.
system 1s absent.

A fuel supply
Ignition of fuel 15 carried out by a special 1

igniter. Combustion proceeds on the surfaces of charge not protected

by armored coating. As a rule, a RDTT does not have liquid cooling.

The system of adjustment in RDTT 1s called upon to solve the same r
problems as in ZhRD (excepting ratio control of fuel components),

however, its possibllities are still considerably less than in ZhRD. P

Figure 1.12 gives the elementary diagram of the RDTT.

Figure 1.12.
engine:
housing; 3 — padding; 4 — nozzle;
5 — nozzle insert; 6 — fuel; 7 —
igniter.

Solid-propellant rocket
1 — armoring covering; 2 —

The schematic diagram of a hybrid rocket engine 1is shown in two

variants in Fig. 1.13. As it appears, GRD combines elements of ZhRD
and RDTT. c

16




Fig. 1.13. Diagram of hybrid rocket
engine: a) liquid oxidant - solid
fuel; b) liquid fuel — solid oxidant.

Characteristic Properties

The possibilities of chemical rocket engines are interesting to
compare with the possibilities of highly developed and widely used
alr-breathing jet engines. From Fig. 1.14 it 1is evident that the
possibilities of aircrafts with (BPA) [VRD — air-breathing jet engines]
(to say nothing of engine-propeller units) are substantially limited
by height and velocity of flight. Within the limits of relatively
dense layers of atmosphere, the limitations are the aerodynamic
supporting power of the wing and maximum permissible aerodynamic
neating. At heights of more than 30-40 km utilization of VRD is

practically excluded because of the low density of air necessary for
englnes.

H -
n™M
50

J
10 V4 i‘ ¢
- /ﬁ

1 ﬂ/// ] ]

v 0? w0’ W'V oxm/h

Fig. 1.14. Ranges of utilization of
alrcrafts with engines of various
types: Ab — limit of carrying
capability of wing; 6B — 1limit of
permissible aerodynamic heating; 1 -
crafts with a propeller-driven
device; 2 - with (TPA) [TRD — turbo-
ot Srpimeliy 2 - wiEe (D2EN TEYDRE —

ramjet engine].
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Utilization of chemical Ri» in the dense layers i the atmo.oii. oo
ceparates the mentioned limitations, and beyond earti atmc. phere
rocket engines are singularly suitable. The main reason is the

capability of a rocket engine to operate without utilization of

surrounding medium.

Furtiermore, a characteristic feature of chemical ®D 1o 2xtremel

nigh concentration of gen.rated power per unit weight and voclume.

This causes a hign tharust-weight ratio of crafts (ratio of thruset

to weight of craft) and nigh accelerations and flight speeds.

i

An important feature of chemical RD is the large expense o
fuel per unit of thrust, which 1is explained by the need tz transrort

and spend in the engine not only fuel but alsc oxidant. The time of
work of the engine is limited by reserves of fuel on the craft and
is relatively short.

The ZhRD are engines of high thermal intensity and more flow

High pressurées and uviten unfavorable physical and chemical
features of fuels even more than redcublz position. In connection
with this chemical RD have a relatively short serv’'ce life, which

for RDTT will be tens and hundreds of seconds, ind for ZhRD minutes

and hours.

With the generality of the characteristic criteria mentioned,
various types of ZhRD have their peculiarities. Thus, during
comparison of engines running on solid and liquid fuel, it is
aiscovered that RDTT are simpler in design and operation, retain
constant readiness for work for a long time, and are very reliable.

At the same time they are inferior to ZhRD in effectiveness, that is
caused by features of fuels, and have fewer possibilities of regulation

of thrust, of repeated starting, etc.

in connecticn with sucn distincetion: each type of engine has its
mcst ratlional range of utilization and types of tasks executable by
them.,
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1.3. Utilization of Rocket Engines and Generators
of the Working Medium

Engines

Rocket englnes are applied in battle and space rockets, aircraft,
and certain underwater crafts (see Chapter XXIX).

Their utilization is widest and most effective on space rockets
intended for launching automatic or plloted crafts and artificial
satellites of planets. Englnes of space rockets have the highest
absolute and specific parameters and are structurally highly perfected
and reiiable. Examples are engines of the Soviet rocket-space systems
"Vostok," "Voskhod," "Soyuz," "Proton," "Kosmos," "Zond," and others.

Engines of space are divided with respect to purpose 1in the
following manner.

1. Main (carrier) engines, which provide acceleration of craft
on the active section of flight. Main engines of space rockets are
predominantly ZhRD - the predominating engine model in contemporary
cosmonautics. The thrust of maln englnes reaches tens and hundreds
of tons.

2. Auxiliary engines, to which belong steering (vernier)
engines, serving for control of flight according to the assigned
program; correcting engines, swiltched on in space flight to correct
direction and velocity of the craft; braking engines, used for
landing (leaving orbit and actually landing), and also for braking
individual stages of multistage rockets during thelr separation.
Steering, correcting and brake engines have relatively low thrust
(up to hundreds of kgf). They are predominantly ZhRD and sometimes
RDTT.

19

i

oo _< o D lun,

ut
th
th
pr

on

ccC

ro

ea

me




-
) - —————

Also auxiliary engines are engines of systems of orientation and

stabilization of aircraft, and also individual RD serving for movement
and maneuvering of an astronaut in floating flight outside the cabin.

Orientational, stabilizing and individual engilnes usually develop g
very low thrust (kilograms and grams), they are aften called microrocket

-, engines. Besides chemical RD, electrorocket englnes are starting to
be used as microrocket engines. ' ./

Figure 1.15a shows the Soviet three-stage rocket-carrier "Vostok,"
and Fig. 1.15b glves a look at the engines of its first and second
stages. On the first stage there are 4 ZhRD RD-107, and on the second
2d 1 ZhRD RD-108. The engines operate on liquid oxygen and kerosene.
ms The RD-107 (Fig. 1.16) is a four-chamber engine with two steering
rocking chambers. The engine thrust in a vacuum is 102 T.! The
RD-108 (Fig. 1.17), in contrast with TD-107, has 4 steering chambers,
other units of automation, and a frame. Its thrust in a vacuum is
96 T.

Figures 1.18 and 1.19 show the Russian ZhRD, RD-214, and RD-119,
utilized on the "Kosmos" rocket-carrier. The four-chamber engine of
the first stage RD-214 is first powerful serial rocket engine in
the USSR running on high-boiling nitrogen-oxygen oxidant and the
} products of prccessing of kerosene as rule. Its thrust in a vacuum
is T4T. A single-chamber engine of the second stage RD-119 operates
on liquid oxygen and asymmetrical dimethylhydrazine and developes
a thrust of 11 T 1n a vacuum. The engine has steering nozzles for
control of flight with respect to pitch, course, and roll.

Figure 1.20 shows some American ZhRD, intended for spacecraft. 1
Chemical RD are widely used as englnes of military pilotless

rockets. Such crafts are usually divided into four groups, defining
each of them by starting place and filnal target.

'More detailed information about tte RD-107 and other englnes
mentioned below are given in Appendizx I.




Flg. 1.15. Vostok rocket-carrier:
the first and second stages.

i i

a) general view; b) engines of
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a) ZhRD F-1; b) ZhRD RL-103A-3.

rocket englnes:

American
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Surface-to-surface missiles starting from earth and having a
terrestrial target are usually ballistic missiles. The flight path
of these rockets, excepting the initial section on which the rocket
1s accelerated by the engine, is the trajectory of a projectile.
Ballistic missiles can be short-range, medium range, and ong-range
rockets. The possibillities of the latter, usually multi-cstare, are
very great. At present near the surface of the earth the .dlctance
of £light of ballistic rockets is unlimited. A very high velocliy
of flight permits covering huge distances in a short time. A& hit
accuracy of the rocket 1s high.

Winged rockets are also surface-to-surface misslles.

Surface-to-ailr missiles start from earth and must reach a certain
air object. Anti-aircraft rockets are a means of anti-ailrcraft
defense considerably more effective than usual artillery of the type.
Antimissiles intended for interception of ballistic rcckets teleong
here.

Alr-to-surface missiles 1nclude balliistic missiles launched
from alrcraft carriers, and likewlse aviation bombs and %orpedces
equipped with engines. Utilization of a roucket engine provides great
distance and accuracy in attacking ground targets. =

Finaily, air-to-air missiles are aviation rocket projectiles,
both gulded and unguided. Advantages of such a weapon are high fire

power in the absence of recoll, simplicity and relatlvely small weight.

It must be noted that in a given classification the idea of
surface as a place of launch on target of a rocket must be broadly
construed in connectlon with the fact that it 1s possible to launch
rockets from surface vessels or submarine, and it 1is equally possible
~o attack these ships with rockets.

Among engines of pilotless rockets RDTT are used in addition to
ZhRiD.




.1 Chemical RD are sometimes used even on aircraft. 1In contrast

ath with pilotlecs aircraft for single utilization, plloted aircraft

b <ot are intended for repeated utilization with return to the airfield.

Aircraft equipped with rocket engines possess high velocity, climbing
¥nr@ rote and considerable altitude. They have, however, serious
deficiencies. As a result of a large specific expense of fue., flipht

qre
. of alrecraft with a working engine 1s pousible only for a very Timlited
by time. The radius of action of tne aircraft in this case s small.
The alrcraft can be used elther as a destroyer-interceptor for
repulsion of bomb raids, or as experimental craft for lnvestigationns
at supersonic velocitles and great neights. According to communicut lony
cl' the forelgn press, such aircraft have reached flight speeds or
more than 6600 km/h and a height of 108 km.
p R
It 1s po. ble £o uce a rocket erngine cn an alrcraft zimultanecusly
tyoe. with an alr-breathing jet engine. Combination of an RD and a turbcjet
ny or dlrect-flow VRD rrovides the alrcraft with drcad ranges of cpeed
and heights with consliderable time and radiu. of action. In this
cave the air-breathing jet engine with small specitic fuel consumptlion
3 is the main engine, and the =D 15 an accelerator of maneuvers switched
on only for a Lrief increase of the flight veloclty or altitude on a
rreat starting naccelerator.
ke Of cremical rocket engines used for other purpoces, let us note
., engines for underwater tcrpedoes and submarines (see Chaptoer XXIX).
e Juch ~nglines are aot always purely recket (autoromous) ensines,
welght . because utlllzaticn of the surrcunding medium — sea water iIs ucually
provided for thelr work.
tly Rock .t engines are wldely used to drive rochet carts (sleds) moving
anch on a railway. Tne purpose of such devices 1s various kinds of testing
51l e of aviation and rocket technology connected with high velocites and
considerable cverloads.
y
on to
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Generators of Working Medium

In recent years utilization of rocket chambers as generators of
working medium with high energy parameters has considerably expanded.
By burning chemical rocket fuels or heating varlous substances with

the ald, for example, of electric power, workined media can be obtained

with a high concentration of heat or kinetic energy. The chemical
composition of such workined media, usually called low-temperature

plasma in industry, and their temperature, pressure, and escape velocity

can be regulated.

Low-temperature plasma 1s now used in various branches of
technology: heat-power engine ring, chemistry, machine building,
metallurgy, mining and others.

The problems of generation of low-temperature plasma and control
of 1ts parameters, research on features of working substances 1in
conformity with 'alrcraft englnes and industrial devices have much in
common.

v

1.4, Brief Survey of the Development
of Rocket Englnes

Rocket Engines on Solid Fuel

The oldest Jet engine is the RDTT, known for severil hundred
years and previously called the powder rocket. Such rockets have
been widely used since ancient times as flares, signal and combat
rockets. In the Nighteenth Century in a number of countries of
Europe there was formed, as a specific type of armament, rocket
artillery distinguished for its lightness and maneuverability.
Considerable successes in this fileld were also achieved by Russia.
Fundations were laid in the epoch of Peter I, who took an active
part in the work of the special "rocket institute." In the beginning
of the Nighteenth Century active work was dore in the fileld of battle
rockets by General A. D. Zasyadko (1779-1873), who created new models
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of rockets and light launch bays for them.

A. D.

Zasyadko was the

initiator of wide introduction into the Russian army of that time

of a new rocket weapon.

The original creator of Russian rocket artillery was the

outstanding scientlst-artilleryman General K. I.

In the middle of the past century K.

I.

Konstantinov (1818-71).
Konstantinov widely ran

sclentific tests the results of which were used 1n designs of new

rockets.

of powder rockets.

He was the organizer of mass mechanized and safe production
Ice
considerable increase 1n the range and accaracy of rocket weaponry.

The works of K.

Konstantinov allowed a

The Russian revolutionary and member of "Narodnaya Volya"
N. I. Kibal'chich (1853-81) was the author of the first rocket in

the world for manned flight.

In his project created in 1881 before his

execution, Kibal'chich described a powder engine, a program mode of

combustion, means of control of flight by means of slantlng the engine,

etc.

The most valuable idess of Kibal'chich were buried iﬁ the archives
of the Tsar's police and became the property of sclentists only after

the Great October Socialist Revolution.

-

At the beginning of 1921 in Moscow on the initiative of N. I.
Tikhomirov, the first Russlan research and experimental-design
Relocated in 1927 to
Leningrad it received the name gas-dynamic laboratory ((F4n) [GDLJ]).
In GDL in 1927-33 with the active creative participation of V. A.

laboratory on rocket technology was created.

Artem'yev, B. S.

Petropavlovsk, G. E. Langemak and others powder was

created with nonvolatile solvent and gun-powder accelerators for

launching aircraft and rocket projectiles for various purposes were

developed.

used in the great Fatherland War (WW II).

Subsequent development of these works because the basis
of creation of rocket mortars ("Katyusha rocket launchers") effectlvely

28
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Work with RDTT was conducted between 1930-1950 in the U3A under

the leadership of T. von Karman and others.

At the present time 1in the USSR and abroad, numerous variant.: of
ungulded and gulded projectiles with RDTT have been develcped. Among
~hem are solid-propellant rockets of very large sizes add long flvins
ranges, Including intercontinental ballistic missiles.

Liquid-Propellant Rocket Engines

Development oi liquid-propellant rocket =ngine tsagan at
approximately the turn of the century. During this pericd £
bases of the theory of reactive motion and mechanics of btodies of
variable mass were formed. In the development cf theun quest fong
the role of the cutstanding Russian scientists N. E. Jlukoevekiy
(1847-1921), 1. V. Meshcherskiy (1859-1935) and others has heen

+sonslderable.

dowever, the greatesi contributlon to the develcpment of :rocblems
of Jet propulsicn were the works of the famous Tussian cclentist
K. E. Tsiolkovskly (1857-193%), rightly considered the fcunder of
contemporary cosmonautics and rocket technolcogy. Having begun to
take an interest in problems of Jet propulsion in 1883, Tsiovikovskly
after long-standing strained work published In 1503 the work
"Investigatlion of near-earth space with jet devices," which has
zalned a world-wlde reputation. In this work Tslolkovskly derived the
laws of motion of rockets as bodles of variable mass in space without
welght as well as In the field of gravity, supported the possibility
of ntilizatlon of rcckets for interplanetary communications, determined

¢iclency, and 1nvestigated many other questions. For the

Fo-n 7 . in the world, Tsiolkovskly proposed a new type of engine —
the . °, ' il-propellant rocket englne — developed bases of its theory,
and showed the elements of Its design. He examined and recomme-'.d=d
the utilization of various fuels for ZhRD. Tsiolkovskiy offered the
use of fuel components for regenerative cooling of the engine and

expressed a number of other technical ideas. In subsequent years
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Tsiolkovskiy published a series of works on important questions of

tne development of consmonautics and rocket construction. Specifically,
in 1929 the work "Space rocket trains" was published in which for the
first time the theory of the specific type of component rockets was
presented.

A considerable place in the works of Tsiolkovskiy was occupied by
problems of interplanetary navigation and the prospect of their
development. He developed routes of space flights, studied conditions
of life and works of people 1ln space, and foresaw the creation of
artificial earth satellites, interplanetary stations, and settlements.

The first followers of Tsiolkovskiy in our country were the gifted
scientists and inventors F. A. Tsander (1887-1933) and Yu. V.
Kondratyuk {1897-1942).

F. A. Tsander even in his student years studied the works of
Tsiolkovskly and was interested in questions of space fllights. In
1924 he presented his main idea — combination of a rocket with an
aircraft for takeoff from earth and subsequent combustion of the metal
part of the aircraft as fuel for the RD. Tsander performed theoretical
investigations of various questions of air-breathing jet and rocket
engines and began work on their practical realization.

Yu. V. Kondratyuk worked independently of Tsiolkovskiy. His
main theoretical investigation "The conquest of interplanetary space"
(1929) partly repeated and supplemented the works of Tsiokovskiy;
some problems found a new solution. Specifically, Yu. V. Kondratyuk
offered as fuel for engines certain metals and their hydrogen compounds
for example, boron hydria.

By the same means as Tsiolkovskiy, but later than him, scientists
of foreign countries came to the 1dea of creation of liquid-propellant
rockets.

(W)
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Works dedicated to thls problem were published by R. Esnaut-

Pelterie in France (1913), R. Goddard in the USA (1919), and G. Opert
in Germany (1923).

K. E. Tsliolkovskiy d4id hot conduct experimental works on the

creation of ZhRD. This problem was solved by hils students and followers
both 1n the USSR and abroad.

In the USA experimental work was started by R. Goddard (1882-1945),
who proposed many different technical solutions in the field of
creation of engines and rockets. In 1923 Goddard carried out the
first launching of an experimental ZhRD running on liquid oxygen and

gasoline, and in 1926 the first flight of an experimental liquid-
propellant rocket.

In Germany bench tests of ZhRD were started by G. Obert in 1929,
and flight tests of liquid-propellant rockets by I. Winkler since
1931. Since 1937 under the leadership of W. von Braun, the V-2
rocket, powerful for those times, was developed, the Flight tests ot
which were started in 1942.

In the USSR experimental work on reallzation of the ideas of
Tsiolkovskly began 15 May 1929, when in the GDL in Leningrad the
first experimental-design subdivision for development in electrical
and ZhRD was created and approached practical activity.

In this subdivision a family of experimental ZhRD was created
with thrust from 6 to 300 kgf operating on various low-boiling and
high-bolling liquid oxidant with liquid fuels. The engines had the
designation (OPM) [ORM - experimental rocket motor].

The first Soviet experimental ZhRD, ORM-1, (Fig. 1.21) was
developed and built in 1930-31. The fuel of the engine was nitrogen
tetroxide and toluene or liquid oxygen and gasoline. During a test
on oxygen fuel ORM-1 developed thrust up to 20 kgf.

31

— e ——————

B e ——

In
cr-eatecl‘
operatq
300 kgf!

|




)5

Fig. 1.21. The first Russian “ L e
experimental ZhRD ORM-1, worked -
out at the GDL 1n 1930-31.

In the period 1930-33 a series of ZhRD from ORM-1 to ORM-52 was
created in GDL. The most powerful was the ORM-52 (Fig. 1.22), which
operated on nitric acid and kerosene. It developed thrust up to 250-
300 kgf at a pressure in the combustion chamber of 20-25 bar.

chRD ORM-HZ.
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In GDL many practical questions of creation of ZhRD were
successfully solved for the first time. A mixture of nitric acid
with nitrogen tetfoxide, chloric acid, tetranitromethane, hydrogen
peroxide, three-component fuel (oxygen, hydrogen and beryllium) and
others was proposed for the first time in 1903 as components of
rocket fuel. Ceramic heat insulation of combustion chambers with
zlrconlum dloxide were created and systems of mlxing compcnents and
lgnitlon were mastered. Since 1931 there has bteen used pyrotechnic
ignition (by gun-pcwder cartride) and, chemical ignition proposed
for the first time (with the use of self-igniting fuel). At tne same
time a profiled nozzle and a cardan suspensicn of the engine were
proposed. In 1931-32 piston fuel pumps drliven by gas removed from
the combustion chamber of an RD were developed and tested, and in
1933, a design of a turbopump unit with centrifugal fuel pumps.

The problems of rocket tecﬁnology #hich were attracting wide
attention were worked out by many Soviet enthusiasts on social
principles. Thelr unification was called Group for the Study
of Jet Propulsion ((I'WMPA) [GIRD]). Such public organizations at
Nsoaviakhim [Society for Assistance to the Defense, Aviation, and\
Chemical Conatruction of the USSR] were created in 1331 in Moscow ‘
(MosGIRD) and Leningrad (LenGIRD), and later in other citles. AmonA
the organlizers and active workers of MosGIRD were F. A. Tsander

(1ts first leader), S. P. Korolev, V. P. Vetchinkin, M. K. Tikhonravov,

H. A. Pobedonostsev and others. MosGIRD developed wide lecture and
press propaganda, organized courses on the theory of jet propulsion
and began work with the design of aviation ZhRD OR-2 (the Tsander
project) for rocket aircraft RP-1. In 1932 in Moscow a sclentific-
research and experimental-design organization for development of

~c~x2ts and engines, also named GIRD, was created. The basic personnel

>f MosuIRD entered this organization, and S. P. Korolev became its
zhlef.

Engines developed at GIRD used lilquid oxygen as oxldant and
gasoline and ethyl alcohol as fuel. The first ZhRD of Tsander, OR-2,

was tested 18 March 1933 on oxygen and gasoline; its subsequent modifi-

cation (engine 02) operated on oxygen and ethyl alcohol.
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Engine 09, intended for the first Soviet experimentai liqu- -
propellant rccret "GIRD-09" (M. K. Tikhonravcv project), wic a
hybrid rocket engine. The oxlidant was liquid oxygen supplied tc
the chamber by the pressure of its own vapors, and the fuel was
consolidated raccline, which was placed in the combustion chamber.
The first flight of the rocket "GIRD-09" occurred 17 August 1933,
and on 25 November 1923 the GIRD rocket "GIRD-Kh" with a ZhRD operated

on liquid oxygen and etlyl alcohol was launched.

Ar. the end of 1933 in Moascow State Sclientiflc Research Institute
of the First Jet Propulsion (RNIT) was created on the basis of GLL
and GIRCD. Jpe:iallsts on ZhRD who had been at GDL developed in RNII
in 1934-38 a <artes of experimental engines from CRM-52 to CRM-102
and a gas generator GG-1 that crerated for several hours on nitric
acid-kerosene fuel with water at a temperature of 580°C and a pressure
of 25 bar. The engine 0RM-t5 (Fig. 1.23), officially tested 1in 1936,
was tho best engline of its time. The engine operated on nitric acid
and kerosene, its torust was regulated within the limits of 50-175
kgf, its launching was multlple, including automated launching. The
ORM-65 was {ire-tested on flight vehicles of S. P. Ko r design:
winged rocket 212 (flying 1939) and the rocket-gll’ .8-1 (ground
1937-33). On 28 February 1940 the flier V. N. Fedore. -~ moletrd the
first flight on the rocket-glider RP-318-1 with engine ..04-1-150, which
was a modification of the ORM-65.




In 1941-42 at the RNII the ZhRD D-1-A-1100 was developed whith
operated on nitric acid and keroscne and which developed a nominal
thrust of 1100 kgf. The engine was destined for the first Soviet
alrcraft with a ZhRD. This aircraft, BI-1, was developed in the same
years by A. Ya. Bereznyak and A. M. Isayev under the guldance of the
chief designer V. F. Bolkhovitinov. On 15 May 1942 the flier G. Ya.
Bakhchivangi completed the first flight on the BI-1,

The GDL, GIRD and RNII made a fundamental contribution to the
development of rocket engineering in the USSR.

In 1939 the Experimental Design Office (OKB) on ZhRD was created.

In the 1940's OKB developed a family of aviation ZhRD from RD-1 to
RD-3 (Fig. 1.24). Auxiliary air-borne ZhRD with pumping supply of
nitric acid-kerosene fuel, chemical ignition, an unlimited number of

repeated, completely automated launchings, and adjustable thrust were
put through numerous tests in 1943-46, including flight tests on the
alrcraft of V. M. Petlyakov, S. A. Lavochkin, A. S. Yakovlev, and

P. 0. Sukhou design.

LNy .
Rl 1 . :

Pig. I.24. Airoorne ZhRD (GDL-OKB): 1 — RD-1 with thrust of 300 kgt
2 — RD~1Kh3 with thrust of 300 kgf with chemical ignition; 3 -
modification RD-1Kh3; 4 — RD-2 with thrust of 600 kgf; 5 — RD-3 with
thrust of 900 kgf; three-chamber with TNA (units are shown under the
engines).
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Postewdr doevelopment of work on rocket=space technology was
carried out at a rapid rate and led, beginning in 1949, to regular
launohings of geophysical and meteorological roockets, and then to
vehicles of another purpose.

The frultful work of Soviet scientiats, engineers, and workersa
was crowned on 4 October 1957 with a triumphant success — the first
launching of an artificial earth satellite. This was followed by
launchings of new satellites and space rockets, achievement of escape
velocity, and flights of interplanetary automatic stations. The
prcblem of accurate return of the rncket ship to earth was solved
successfully.

The first manned flight into outer space on 1z April 1961 became
a historical event. This flight was carried out by the flier-
astronaut Yu. A. Gagarin on the space ship (Vostok). This flight
marked the beginning of direct penetration of man beyond the earth
atmosphere. The remarkable flights of the glorious pleiad of Soviet
astronauts brought many new unprecedented achievements, including
the first exit of man from a ship-satellite into open space.

The decisive factor in all these successes was the creation and
improvement in the Soviet Union of multistage rockets, the character-
istlec features of which are enormous power of the engines and
exclusively high accuracy of systems of adjustment and automatic
control.

An outstanding contribution to the development of cosmonautics
was made by academiclan S. P. Korolev (by 1906-66), the leading
developer of the first powerful rocket-space systems. S. P. Korolev
was actually a designer of rockets, space stations and ships. Rocket-
space systems were developed by him together with the chief designers
of englnes, flight control systems, and other onboard systems, and the
complex of ground launching equipment. Work was conducted in collabor-
ation with Sclentific Research Institutes of Industry and the Academy
of Sciences of the USSR. '
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ne OKB whicn evolved from GDL developed in 1954-57 ZhRD RD=107
and RD-108, which considerably exceeded in economy the analogous
American ZhRD. In 1952-57 the RD-214 was developed, and in 1958-62
the RD-119, also having the highest economy in their classes. Powerful
engines of this OKB were on all Russian rocket-carriers which put
into orbit artificial satellites, of the Earth, Sun, Moon, automatic
stations to the Moon, Venus, and Mars; and the piloted ships Vostok,
Voskhod, and others.

The ZhRD of the multistage powerful rocket-carrier Proton, which
began flights in 1965, have been made according to the most perfect
scheme and are distinguised by high pressure in the combustion chamber,
high quality of the working process, compactness, and reliablility.

The development of rocket-spacc thematics gave life to new
creative collectives headed by the chief designers of rockets, space
ships, engines, control systems and launch systems. The created a
number of remarkable intercontinental rockets, rocket-carriers, and
space objects. The basic type of engine in all these systems is the
ZhRD.

Electrical and Nuclear Rocket Englnes

The possibility of utilization of electrical and nuclear energy
in Jets was shown with brilliant sagacity by K. E. Tsiolkovskiy as
early as 1912. This possibility was discussed also in works of R.
Goddard, G. Obert, Yu. V. Kondratyuk, and cthers.

The first theoretical work which treated of the principle of
work of ERD of the electrothermal type and made the necessary calcula-
tions was the work "Metal as an explosive substance. Jet engine with
high escape velocity," dated 10 Aprril 1929. The work was approved,
and the author was given the possibility of practically realizing
it at GDL. In the period 1929-1933 the first ERD of the electrothermal
type was developed and tested. In 1ts chamber with the aid of powerful
brief pulses of electrical current thin metallic wires (or a Jet of
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electrically conductive liqulid) were exploded. The products of the
explosion, which are gases of high temperature, were expanded in tne
Jet nozzle, attaining high exhaust veiocities.

No further research was done on ERD at GDL inasmuch as the main
attention was focused on development of ZhRD, as it was more necessary
at that time for practical utilization.

It is characteristic that works in the field of ERD of various
schemes were activated In our country and abroad after exit of
flight vehicles into space had been provided for with the aid of
ZhRD. At present ERD are already used in spacecraft, mainly in
orientation systems. In 1964 electrostatic (ion) RD were tested in
flight on a ballistic trajectory (USA) as well as in the flight of
the spaceship "Voskhod" (USSR). In the same year electromagnetic
(plasma) RD were tested in the space flight of the Soviet robot space
station "Zond-2." 1In 1965 on one of artificial earth satellites
launched in the USA, an ERD cof the electrothermal type was tested.
The ERD are developed even for long work as main engines of vehicles
which reached orhital velocity.

Nuclear rocket engines (APJ) [YaRD - nuclear rocket engine]
are in the stage of active experimental investigations. Close to
realization is a YaRD having a reactor with a solid active zone and
using hydrogen as its working medium. Creation of YaRD with a
so-called gas reactor [1] is promising. It is considered that YaRD
will be fulfilled as engines of high thrust utilized for acceleration
of space systemr [6].

Effective combination on a rocket of chemical, nuclezar and
electrical rocket engines will expand possibilities in the study
and conquest of gpace.

In the 10 years since the moment of the first breakthrough
into space, in the USSR alone more than 250 satellites weighing more



than 736 t (nut constdering weights of final stages of roclets) there
have been put into orbits around the earth, aun, and moon, and 2?7
stations weighing more than 30 t have been accelerated to escape
velouity., Some of them have been returned to earth. In the USA the
"Apollo" program has successfully landed astronauts on the moon.

Utilization of artificial earth satellites of the meteorological,
extra-long-range radio and television communication, navigation,
geodesic, geophysical, astronomical ana other type opens new wide
possibilities for solution of problems of the national economy, and
provides the most valuable scientific information. The rocket-
nuclear power of the Soviet Union serves as a reliable stronghold of
the conquests of socialism,

Ahead are new grandiose problems in the development of rocket-
space technology and of its fundamental principle - rocket engines.
Solution of these problems depends to a considerable extent on
successe: in the theory and practice of Russian rocket-engine design.
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CHAPTER Il
THRUST OF THE CHAMBER AND HENGINE
The acceleration of the working medium necessary for creation of
Jet thrust can be obtained by means of various effects on a flow:
geometrical, flow-rate, thermal, mechanical. Of them the easlect
to realize 1s geometrical.

Obtalning thrust by using geometrical nozzles 1s considered below.

2.1. Thrust of a Chamber with a Laval Nozzle

The thrust of the rocket-engine chamber 1s the resultant all
forces applied to the chamber during its work, excepting the forces
of welght and of reactions of supports. Thls means the thrust is
determined by forces acting on the part of the gaseous working medium
on the inside surface of the chamber, and by forces of the environment
on its external surface.

Forces acting on the part of gas on the solld surface washed by
it can be presented as normal and tangential: pressure p and tangent
stress of friction r.

The real distribution of pressure over the external surface of
the chamber depends on the arrangement of the chamber on the craft,
and the aerodynamic form and velocitv of craft. However. the pressure
on the external surface of the cnambers 1s assumed constant and equal
to the barometric pressure of the unperturbed environment ph.
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Here P {2 the pressure of tne currounding medium; t {a the force acting
on a unit of insi{de curface (the normal component of this force !:

the locyl pressure of the workinge medium, and the tangential component
i3 the stress of friction).

It 1o cacy to uvee that the first term of the right side of
equation (2.1) 1s equal to

{ pudF - paF .. (2.2)
F

-
For determination of the second member let us avall ourcelves of
the theorem of momentum, according to which the resultant of external
forces acting on a certain gas volume 1is equal tc the chanse per unit
of time of the quantity of motion of the working medlum which flowed
through the surface bounding the isolated volume. Let us designate
the control surface on the inside walls of chamber, as shown in
Fig., 2.1 with a dotted line. The motion of the gas Iln the combustion

chamber and nozzle will be considered one-dimensional, continuous, and
steady.

Flg. 2.1. For derivation of the
equatlion of thrust of a chamber.




The integral of forces of pressure and frictions acting on the
isoliated volume can be presented as the sum of two quantities:

integrals of forces acting on the part of the control surface coinciding

with the inside surface of the chamber and on the surface of cut of
the nogzle:

§ 7dF= | 7dF+( paF. (2.3)

Pyomp Fouyrp ’

where T“ is the force acting on the gas on the part of the inside
surface of the chamber. It is obvious that

/lg—/'

Analogously (2.2) can be written

{ pdF =p,F..

Fe
The isolated volume is entered by a working medium with a quantity
of motion equal to zero (liquid or gas 1is supplied at a negligible
rate), and through area Fc in a unit of time mass G flows out at a

rate of PO In this way the per-second change in momentum is equal
to G;c. According to the theorem of momentum

Gw,=— | fdF +pF.. (2.4)

’“ytp

Substituting equations (2.4) and (2.2) in expression (2.1), we
obtain

P=—Guw.+pF.+pF..
The positive direction 1s the direction ofithrust. Then

P =Gt pFe—pife. (2.5)
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The obtained expression i3 the basic equution of chamber thrunt
with the assumptions made earlier relative to regularity and continulty
of flow. Rejection of these assumptions somewhat changes the form of

r{din
: 6 the equation and will be specially discussed subsequently.
The following characteristic cases of determination of chamber
thrust are of interest,.
)
1. Thrust in a vacuum, where Pp, " 0,
Pn-0w°+Pch- (2-6)
As it appears, it is wholly defined by processes which proceed
inside the chamber and is total impulse of flow.
2. Thrust at any height, where p, ¥ 0,
Pn=Pn—PhFc- (2.7)
In formula (2.7) it is evident that the influence of the
tity surrounding medium always diminishes chamber thrust.
3. Thrust in the condition of equality of pressures, where
Pp ® Pgt
P-Gu’c- (2'8)
)
The absence in the last formula of the term phFc does not mean
that the influence of external pressure has disappeared. The result
F of such pressure as before 1s force phFc. It has been excluded here
simultaneously with the part of positive thrust created by the chamber
(p,F,).
Sometimes the formula of thrusts for all conditions 1is presented
in the following manner:
5 ) P =Guwey, (2.9)




-, -

where WSQ In Lhe so-culled cffective exhaust veloolity.

The value of ww ls determined from the following equatlon

Ow.. = (w, +Pfc"‘Pl’u

whence
w.. '?WCF'L;:-P-!-’:‘ (2.10)

or, using the continuity equation:
W,y =0, + L P, (2.11)

where e, is the density cf gas leaving the nozzle.

Obviously, only at Po ® Pp does the arbitrary value of effective
exhaust velocity coincide with the value of velocity in the output
section of the nozzle L

2.2, Characteristic Modes of Operation
ol a Laval Nozzle

The mode of operation of the nozzle is determined by the
relationship of pressure on the cut-off of the nozzle and of the
surrounding medium. Mentioned above was the mode of equality of
these parameters P, ® Py The modes P, > Py, and Pe < p; are also
possible.

Let us examline the physical plcture of escape from the nozzle 1in
various modes.

In modes of underexpansion the pressure at the cut-off of the

nozzle P is greater than the pressure of the surrounding medium Pi
With escape from a flat nozzle 1in these modes, complete expansion
of the jet behind the nozzle occurs, which 1s accompanied by a system




of lines of weak disturbance, but without jumps of condensation.
Escape from an axisymmetrical nozzle in all modes of underexpansion
is accompanied by appearance of jumps of condensation. Jumps have
the form of surfaces of rotation with a curved generatrix. The form
of separate sections of the jet is barrel-shaped.

Figure 2.2a, shows the spectrum of a jet behind a conical
axisymmetrical nozzle when P, > Py On tne axis of the jet curved
Jumps AB and AlBl are closed by straight jump BBl‘ With an increase
in the difference of pressures Pe ™ Py the jump 1s moved aside from
the cut of the nozzle. At small differences of pressure, curved
Jumps AB and A131 are not closed by a straight line, but even in
the mode of equality (pc = ph) they continue to exist (Fig. 2.2b).

Fig. 2.2. Spectra of gas jet leaving
conic expansible nozzle in various
modes of its operation.

Modes of overexpansion, when P, < Py, are also accompanied by
tne system of curved jumps shown in Fig. 2.2c.

Comparison of the work of the nczzle in mode Py ® Py and in mode
P, ¥ P all things being equal, is necessary for correct selection
of parameters of a nozzle in designing. Qualitatively it can be
done in the following manner.



Given that three variants of a nozzle are designed for the same
rocket-engine chamber: 1) Po ™ Ppi 2) Pe < Pps 3) Pe > Py

If a conic nozzle is designed, then at a constant angle of the

opening these nozzles will differ in length. In Fig. 2.3a the

considered nozzles are limited lengthwise by sections 3-3, 1-1, and
2-2. Obviously, the longest of them will provide mode Pe < Pps and
the shortest mode P, > | If the average nozzle for P, * Py in a
particular case, then the shorter nozzle will operate with under-
expansion, and the longer one with overexpansion.

a)

Fig. 2.3. For comparison of
thrust in various modes of
operation of a nozzle.

Let us compare the thrusts developed by these nozzles. As was
noted, the thrust is the axial component of the resultant of forces
of pressure on the external and internal chamber surfaces (for
simplicity forces of friction are disregarded). Therefore, dlagrams
of pressures with respect to the contours of the chamber with various
nozzles should be compared. These dlagrams from the left of section
3-3 are identical; therefore, the distribution of pressures can be
compared only in section 3-1-2.
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In Fig. 2.3a it 1s evident that in the section of nozzle 1-2
external pressure everywhere exceeds 1nternal pressure. The resulting
diagram 1s shown in Fig. 2.3b. Let us replace this diagram with one
resultant force and isolate in the latter the radial and axial
components. The axlal component AP1,2 is opposite 1n direction to
the directlon of thrust; consequently, section 1-2 diminishes the total
thrust. The thrust of a chamber with overexpansion 1s less than the
thrust of a chamber operating in the mode P, = Py by the value AP1,2.

In nozzle section 1-3 internal pressure 1s greater than external
pressure, and the resulting dlagram, as can be seen from Fig. 2.3b,
1s positive. The resultant force P1’3 equivalent to it has axial
component +AP1,3, coinciding 1n direction with thrust. Consequentily,
section 1-3 creates positive thrust. To pass from a nozzle, operating
in mode P, = Py to the nozzle with underexpansion, we deprive ourselves
of thls section and in this way lose thrust. The thrust of the chamber

with an underexpanding nozzle P3 is AP1 3 less than thrust Pl' Thus
’

modes of operations of nozzles differing from mode P, = Py lead to a
lowering of chamber thrust.

Disturbances 1in the Jet behind the nozzle cannot be shifted
upstream on account of the supersonic Jjet velocity. However, 1n the
boundary layer near the walls of the nozzle the velocity of flow 1is
subsonic. This creates the possibility of 1nfluence of the external
medium on the flow 1nside the nozzle. In modes of underexpansinn this
pressure 1is prevented by positive difference of pressures pc - P > 0,

In modes of overexpansion the pressure Py is greater than the
pressure on the cut-off Po* At a rather large positive difference
P, - P, the boundary layer is detached from the wall of the nozzle as
a result of restoration of pressure in the slanting jump of
condensation. The surrounding medium 1s sucked into the reglon between
the wall of the nozzle and the flow detaching itself. The greater the
difference p, - P, (or the ratio ph/pc), the nearer to the critical

section the system of Jjumps 1s moved. The diagram of this movement
is given in Fig. 2.4.
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Fig. 2.4. Picture of movement of
the system of condensation jumps
inside a nozzle in the overexpansion
mode.
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In contrast with all the modes of underexpansion and of modes
of overexpansion without entrance of jumps into the nozzle, the modes
of overexpansion with Jjumps and detachment of flow inside nozzles
lead to chambers in the spectra of flow not only beyond the nozzle,
but also inside the expanding part of it. This 1s accompanied by a

change of the diagram of internal pressure on the walls of the nozzle.

Plgure 2.5 glves 1dealized diagrams of external and internal
pressure on the walls of a nozzle operating wilth overexpansion. Up
to the section in which detachment occurs the flow does not change.
Therefore, the dlagram of internal pressure in the section of nozzle
prior to dctachment of flow will be the same as in the corresponding
section of a nozzle operating with the same original parameters
without overexpansion. In section 2 when pc < Py there is detachment
of flow from the wall. In section 2-c in the case of overexpansion
without detachment of flow, internal pressure would be considerably
lower than steady-state pressure of the surrounding medium after
detachment. In this case the resulting influence of external and
internal pressure 1n section 2-c would create a negative thrust
component, i.e., it would diminish total thrust. In case of over-
expansion with detachment of flow from the wall, in sectlon 2-c the

same influence acts from without and within. In thils case the negative

component of thrust does not appear. Consequently, overexpansion
with detachment of flow at the same parameters on entering the nozzle
provides a higher value of thrust 1n comparison with continuous

overexpansion.
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Flg. 2.5, Ideallzed diagrams
of external and internal
pressures on walls of nozzle
without and with breakaway cf
flow from the wall

From what has been said 1t can be concluded that the expression
(2.5, for calculation of chamber thrust is not universal, inasmuch as
1t does not conslder phenomena connected with detachment of the flow.
Therefore, it 15 expedient to divide modes of operation of the nozzle
into modes of continuous flow and modes of flow with breakaway of
les flow inside the nozzle. Expression (2.5) 1s applicable only for modes

MOL53 of continuous flow. The thrust of the chamber in the nozzle of which
5 the flow 1is detached from the wall is calculated somewhat differently.
rle,
y a 2.3. Thrust of Chamber in Modes with Breakaway
ozzle. of Flow Inside a Laval Nozzle
11 The real picture of flow with breakaway 1s distinguished from
Up idealized basically by the presence of a boundary layer about the
1ge . wall of the nozzle. The physical model of flow with breakaway and
zzle e diagram of pressure on the wall of the nozzle are shown in Filg.
1ding 2.6.
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In section 1 at pressure Py thickening of the boundary layer
begins. This section is located somewhat upstream from the place
of detachment of the flow. In the section from the place of thickening
of the boundary layer to the place of flow detachment and downstream,
there is a gradual pressure increase up to the pressure of the
environment.

Theoretical research on phenomena of breakaway and, the more so,
obtaining final calculation dependences on the basis of only theoreticél
prerequisites 1s difficult. Therefore in practice the results of
experimental investigations are usually used in the form of empirical
relationships or in the form of charts. Below is one of the possible
means of calculation of thrust of a chamber with a conic nozzle
in the mode of operation with detachment of the flow [3].

For the sake of simplicity of calculation the whole range of
flow downstream from section 1 1s divided into 2 subdomains:

a) the subdomain located between section i1 and the section where
static pressure 1s 0.95 of external pressure p; it embraces the zone
of interaction of the slanting jump of condensation with the turbulent
boundary layer;

b) the subdomain located downstream from the section where
p=0.95 ph,'to the cut of the nozzle.

The thrust of the chamber in the mode with breakaway from the
wall 1s written thus:

Poss
Py, =(Gw,+ pF )+ } pcos (n, x)-dF +
[

’C
+ S pcos(n, x)'dF'—leFc' (2-12)
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Integrals entering here are calculated with empirical relation-
ships obtained on the basis of experimental results of a number of

works:
Fo,g5
| pos(n, x)-dF == 0,55(p+0,95ps) (Fos—F)): (2.13)
F‘ 0
FC
j pcos(n, x)-dF == 0,975p,(F .— Fo.g)- (2.14)
F .98
Then

Porp= (Gwi+ piFi) 40,65 (ps+0,95p4) (Fo,95—F1) —pn(0,975F o,05—
—0,025F;). (2.15)

The unknowns in this expression are w Fi’ and F They

10> Py 0.95°

are found in the following manner,

For calculation of Py it is possible to use the empirical depen-
dence

2 [ po\=02
P1=Pn"§'(‘;7) c (2.16)

Figure 2.7 gives results of experimental investigations [3] of
conic nozzles with various magnitudes of aperature half-angle of the
supersonic part a for a number of working bodies. The dependence
curve (2.16) is plotted there.

As 1t appears, this curve rather well reflects the results of
experiments over a wlde range of relationships of pressures.

Area Fi and velocity wy can be calculated with the aid of usual
gasdyanmic relationships, utilization of which wlll be explained
subsequently. ‘''he area in section c¢, where p = 0.95 Pps can be found
from the equation
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Fam=EL50 4P 2.17)

This equation just as equation (2.16) is obtained on the basis of
a mathematical treatment of experimental results.
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Pig. 2.7. PFor determination of parameters
of breakaway with overexpansion.

In this way can be found all quantities which enter formula
(2.15) for calculation of thrust of a chamber with a conic nozzle
in which there is Lreakaway of flow.

Detachment of the flow in a profiled nozzle, as shown by results
of experiments [4] appears at greater pressure ratios ph/pc than
occurs ir conic nozzles. The character of the dependence of pressure
ratio at the point of breakaway on the ratio p“'/ph is the same as
for conic nozzles. Therefore, for a tentative estimate the curve
of Fig. 2.7 can be used.

2.4, Chamber Thrust with Nozzles of
ther Shapes

In the usual round Laval nozzle the walls of the supersonic part
are at a rather small angle to the direction of the thrust vector.
Every elementary ring of the supersonic part of a nozzle with radius
r and width of dS perceives a force



ts

dR - 2arpdS.
Part of this force ic uced for creation of thrust.
dP==2nrpdS sin «.

Here o is the angle of Iinclination of the wall of the nozzle to
the axis. The relative magnitude of force useful to the usable
portion is equal to sin a.

It 1s obvicus that the characteristics of the nozzle can be
improved if we increase the angle of slope of 'he wall of the
supersonic part to the axis as much as possible. However, in this
case the magnitude of pressure on the wall must be correct. This
is achieved by turning the gas flow, which is reallzed in curved
nozzles [2].

In the curved nozzle (Fig. 2.8) the flow of gas after passing
the critical section will be inclined to the side wall (up-c¢)

The opposite wall of the nozzle (kp'-c') will Le acted on by decreased

pressure. Under some conditions this wall can be generally removed.
Then the enlarging part of the nozzle will turn into a curved channel
Bhgp from one side. Such a channel 1s an element of a nozzle unit
whiWg can be used for creation of various types of nozzles of rocket
engines. These elements can be placed on a circumference or on
stralght lines.

Fig. 2.8. Diagram of curved
nozzles.
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Figure 2.9 shows two cases of forming of a nozzle unit by
rotation of element abcde around the axis. This type 1is called

a ring nozzle. Basic principles of shaping of ring nozzles are
considered in Chapter XII.

d’"b / Erk:’
I i/ 4

4 EE a3

i t !
Fig. 2.9. Dlagram of fcrm of annular
nozzles,

Elements of the surface of the nozzle creating thrust can be
almost perpendicular to the direction of thrust. Therefore, with
identical thrusts such nozzles can be considerably shorter than the
usual round Laval nozzle. Another advantage of them 1is the possibility
of self-regulation in the overexpansion mode. In these modes high
atmospheric pressure tightens the boundary of the free enlarging Jet;
as a result static pressure on the wall of the nozzle increases, and

the unfavorable effect of overexpansion of the flow 1s diminished.

The thrust of chambers with nozzles of this type is calleé/;n
the basis of general definition (2.1).

2.5. Thrust, Total Impulse, Power of Engine

The engine can consist of several chambers; its thrust will be
equal to the total thrust of all chambers.

In engines with a turbopump fuel supply, waste gas after the

turbine can be ejected through a special output nozzle and create a
certain thrust AP.
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With allowance for this the engine thrust is

P.,=2"P,cos (x, X)+aP. (2.18)
=}

Here n is the number of thrust chambers; x 1s the direction of the
axls of the thrust chamber; X 1s the directlon of the axis of the

engine.

It 1s sometlimes convenient to characterize the rocket engine by
the quantity of total impulse — by the determined integral of thrust

taken 1n the complete time of work:

<

/,=§ P, dr. (2.19)

According to the value of thrust of the rocket engine P and the
veloelty V of the aircraft on which it 1s placed, the power being
spent to move the ailrcraft forward can be defined. It is called
thrust power:

Np”Pn]V- (2-20)

Also used 1s determination of rocket-engine power from power of
the Jet:

wi ]
Ny=G 2=l Pa. (2.21)

Below are the relationships between units of measurement of
thrust, total impulse and power in the technical system of units
as well as in the international system of units (SI):
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CHAPTER III
SPECIFIC PARAMETERS OF THE CHAMBER AND ENGINE

Such indices as thrust, total impulse, and thrust poﬁer are
parameters which depend on absolute quantities of expense of fuel, time
of action of engine, and flight velocity. Specific parameters are
the relative quantitles characterizing the effectiveness of the fuel
used and the perfection of engine design.

This chapter considers baslc specific parameters most widely
utilized in the theory and design of englnes.

3.1. Specific Thrust

The most commonly used specific parameter of a rocket chamber
and engine 1s specific thrust, 1.e., thrust referred to mass flow

rate of fuel per second:
P
P"_'—_'.-E. (3'1)

It is obvious that specific thrust is a characteristic of
economy. The higher the specific thrust, the less the fuel that
must be spent to get the assigned thrust.

The specific thrust of the chamber is the thrust referred to
mass flow rate per second of fuel being directly burned in the thrust
chamber. In accordance with equations (2.6), (2.7), and (2.8) it can

be written thus:




in a vacuum (ph = Q)

Pn.n=wc+'pc—g£; (3.2)

at any height, where p, ¥ 0:

Pylh=Pynn—£%££; (3.3)

in the mode of equality of pressures p, = Py
Pyntwc. (3.”)

It 18 evident also that

Pl=Pyl.n—-PL' (305)

QcWc '

In the last expression two components of specific thrust are
evident: that depending only on intrachamber processes (PyA n) and

that caused by pressure of the surrounding medium (quantity —
Py )

w
°cc

If we make use of the arbitrary magnitude of effective exhaust
veloclty, then

Pyp= 1wy, (3.6)
For modes of overexpansion occupying a specific position, with

detachment of the flow inside the nozzle, specific thrust is determined
on the basis of expression (2.15) as

P (3.7)
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In the SI system thrust P is expressed in newtons (N), flow rate
per second G — in kg/s, and consequently, PyA — In N:'s/kg. Because

N = kg-m/s2, the dimension of PyA will be expressed in m/s.

Thus, in the SI system specific thrust has the dimension of
velocity, and, as is evident from expression (3.6), it is numerically
equal to effective exhaust velocity.

In technical literature the dimension of thrust is kgf, mass flow
rate per second is kg/s, and, consequently, the dimension of PyA is
kgf-s/kg. The dimension of PyA 1s frequently written in s. In such
a treatment specific thrust shows that in a few seconds thrust of

1 kgf will be created by a chamber which expended 1 kg of fuel.

In the SI system the numerical value of specific thrust is
gy = 9.80665 times greater than in the technical system of units.

In (MPAL) [ZhAD — 1liquid propellant rocket engine)], besides the
basic fuel burned in thrust chambers, auxiliary fuel can be used to
drive the units of the system for supplying fuel and other systems.
Therefore, in general thrust and the mass flow rate of englne fuel
differ from thrust and the mass flow rate of the ch.mber, and
consequently specific thrusts are different.

The specific thrust of the engine is defined as the ratio of
engine draught to complete fuel expenditure, including -the mass flow

rate of basic fuel in all chambers 3 G, and the mass flow rate of
{=1

auxiliary fuel Gacn:

Prum=t—. (3.8)
F Gy +Glcn
-l
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Introducing the idea of relative expense of auxiliary fuel

e=Toer | (3.9)
G,
-l
we write
P
Pyl.ll= nn ° (3-10)
1+ G

[} |

Obviously, specific engine thrust and specific chamber thrust
are connected by the relationship

P’l'ﬂ‘ <P m

For ZhRD with afterburning of generator gas in the basic chamber

€ = 0 and PyA-AB = PyA' For ZhRD with separate exhaust of generator

gas € > 0 and PyA a8 < PyA' The quantity € is determined by calculation
of auxiliary systems, and in the stages of preliminary design they

are taken according to statistical data.

In (PATT) [RDTT - solid-propellant rocket engine], where there
are no expenditures of auxiliary fuel, and the chamber and engine are
identical, differences are not made between specific thrust of chamber
and engine. However, for RDTT other characteristics of specific
thrust should be noted.

In contrast with ZhRD for RDTT 1t 1s very difficult to determine
instantaneous values of specific thrust, inasmuch as 1t 1s intricate
to fix instantaneous values of fuel mass flow rate. In connection
#ith this specific thrust of RDTT is defined in interval of time 1 (for
axample, in the operating time of the engine), as an average value:

———
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“(‘dt
| i

This quantity in practice of RDTT 1s usually called specific or
single impulse (frequently it 1s designatead Iyn)' Obviously, with
thrust and specific thrust constant in time

pyn=Pyn.

Having designated total fuel consumption for time =

G,==§Gdt (3.12)
]

and using the idea of total impulse introduced earlier (2.19), we
obtain the next expression for specific pulse:

- I

=t (3.13)

The range of specific thrust in a vacuum for contemporary ZhRD
constitutes 300-450 kgf-s/kg or s (&3000-4500 N.s/kg or m/s). The
difference 1in range of values 1s caused by various fuels and conditions
of utilization of fuel in the engine. The specific thrust of certain
ZhRD are given in Appendix I.

The specific impulse of RDTT, as a rule, is lower than for ZhRD.
Its values 1in a vacuum for contemporary engines reach 250-300 kgf-s/kg
or s (¥2500-3000 N:s/kg or m/s). Different values within the limits
of the range shown are caused by the same factors as for ZhRD.
Appendix II glves the specific pulses of certain foreign RDTT.

Along with mass speclfic thrust, which 1s called specific thrust
for short, the ldea of volumetric specific thrust 1is sometimes used,

l.e., thrust referred to the volumetric expenditure of fuel per second:




P
Pynv=7' (3.1’4)
in
its
Obviously, volumetric specific thrust 1s connected with specific the
' thrust by the simple relationship ahal
pre
Pyp.o=Pyn@r. (3.15)
F where @ — 18 the density of fuel.
is
3.2. Specific Impulse of Pressure in the Chamber the '
The specific pressure impulse in the chamber (the consumption
unit) 1s the quantity is
- P:prp
In=—¢—: (3.16)
sim
where p:p is the pressure of braked flow in the critical section of equ
the nozzle.
The numerator of thig expression 1s an unbalanced force generated
' because of the gas pressure on a section of the front wall of the
combustion chamber with area FHp (Fig. 3.1). Force p:pan is the part als
p of thrust created by the chamber. Referred to the per second o
] expenditure of fuel in the chamber, it obtains the dimension of one
specific thrust. In this way the specific pressure impulse in the -

chamber 1s a component of the specific chamber thrust.

Fig. 3.1. Determination of thrust

component p:pF“p.




In the 1ideal case, in the absence of irreversible phenomena
in the subsonic part of the nozzle, the origin of force p:pFHp and
its magnitude are not connected with the nozzle of the chamber and
the conditions of its work. Such a force appears even in a combustion
chamber with a simple aperture with area Fup’ inasmuch as braking

pressure, 1l.e.,
p:=p:pv

is constant, where pK' is pressure of braked flow at the entrance to
the nozzle.

This pertains to the component of specific thrust Ip , which
1s its important feature. H

For brevity we will subsequently call the consumption unit
simply a unit, designating it B. When p: = p:p, the recording
equivalent to expression (3.16), looks like this:

F
TR LU (3.17)
G
ed
The quantity B can be obtalned by theoretical calculation, and
rt

also in experiment, inasmuch as all parameters entering it can be
measured. A comparison of experimental values of B with theoretical
ones can be used to estimate the degree of completion of processes in
a section of combustion chamber.

3.3. Thrust Coefflicient

Let us compare the thrust of chamber P and its component pH'FK‘.

p
The relationship of these quantities 1is called thrust coefficient
(thrust complex), designating Kp:
P
Kp=—— (3.18)
i P.(an
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or, in the 1deal case

As 1t appears, quantity KP is unmeasurable and its physical
meaning 1s clear: the thrust coefficient shows by how much chamber
thrust exceeds the component acting on the front wall of the combistion
chamber. It 1is obvious that the thrust coefficient can be ¢
as the ratio of the specific thrust of the chamber to its

B:
Kp=—' (3'19)

The thrust coefficient is basically a nozzle characteristic.
The relative contribution of the nozzle to the creation of specific
thrust can be estimated by the quantity

Py.—ﬂ_ i

;PR

Pyx Kp

The greater KP, the greater the role of the nozzle in the =
creation of specific thrust.

In contrast with complex B, determined uniquely, the thrust
coefficient can take different values, depending on the dimensions
*+ he nozzle and 1ts mode of operation.

In accordance with the nomenclature of thrust the coefficients of
tiirust in a vacuum (ph = 0), in random nozzle mode (pc # ph) and in
the mode of equality of pressure (pc = ph) differ.

Just as the magnitude of unit B, the magnitude of KP can be
determined theoretically and experimentally. A comparison of
experimental values with the theoretical is useful for an analysis of
completeness of processes in a real nozzle.
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3.4, Specific Fuel Consumption

A charactericstic of rocket-engine economy less commonly used
than specific thrust 1is specific fuel consumption, i.e., the consumption

of fuel necessary to obtaln a unit of thrus*t %= a unrnit of time. By
definition, per second specific consumption of fuel is equal to .

o1k
Cn P~ P, kgf-.s’ (3.20)
and the hourly, to
3600

yi Pya kgf-h?

As 1t appears, the amount of speclific consumption of fuel is
uniquely connected with the amount of specific thrust. This feature
1s characteristic only for rocket engines which do not use the
environment.

In ZhRD, analogously to specific thrust, we distinguish specific
consumption of fuel of the chamber and the engine.

When comparing the specific consumption of fuel of englnes of
various types, it is convenient to use specific fuel consumption
per thrust power CN. The quantity CN is the relationship of the
per second or hourly consumption of fuel to thrust power:

=0 kg
Cv=7, W (3.22)
or
Cy- "8 kg (3.23)
o kW-n'

s
—




It 1s also possible to evaluate fuel consumption per unit of
Jet power, Specific consumption in this case 1s determined thus:

c.=-9. k
C'=N. '8 (3.2”)

or

N WWen (3.25)

3.5. Specific Welght of the Engine

. The specific weight of the engine is the ratio of engine welght
in the working state (for a ZhRD filled with fuel components) to
the: thrust generated by it:

V=o2, | (3.26)

For rocket engines of the first stage, weight pertains to thrust
on barth; for the rest to thrust in a vacuum. The most commonly
used dimension of specific welght of an engine is kg/T.

The quantity YAe to a known extent defines the design completeness
of an engine. All things beling equal, an engine with lower specific
welght 1s perferred.

The specific weight of a ZhRD depends on the purpose and layout
of the engine, the type of fuel being used and thrust. Figure 3.2
gives for orientation certain statistics on specific weight of ZhRD.
The welght cﬁaracteristics of ZhRD are considerably better than those
of air-breathing jet engines.
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Fig. 3.2. Specific weilght
of some ZhRD.

Welght of RDTT 1is difficult to separate from the weight of the
rocket on the whole. Therefore, usually the weight completeness of
the whole rocket 1is usually evaluated. Indexes used in this case
are considered in Chapters IV and XXVII.
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CHAPTER IV

INTERCONNECTION OF ROCKET, ENGINE,
AND FUEL PARAMETERS

This chapter consiiers the interconnection of the parameters of
the rccket, the engine and the fuel used. The effect of engine
indexes and of characteristics of fuel on the basic rocket parameters
is evaluated.

4.,1. Connection Between the Engine
and the Rocket Parameters

The most important parameters of a rocket are velocity, height
and distance of flight with a definite payload. The determinant
factor is the maximum velocity of rocket achleved by it at the moment
of termination of the engine work (at the end of the powered flight
segment) . '

The maximum increase 1n the velocity of the rocket durlng its
flight outside the field of gravity and in the absence of aerodynamic
resistance 1s determined by the Tsiolkovskiy formula:

Apmu= an'—Vo=woo In pye (4.1)

where VO is the initial velocity of the rocket; wam is effective
exhaust velocity; M is the mass number of the rocket determined by
the ratio of welghts of the rocket at. the moment of launechine CQ and

at the moment of termination of engine operation G“:
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. = o/ Gy (4.2)
If the Inittal veloclty of the rocket is zero, then equation
(4.1) determines the so-called ideal (characteristic) velocity of

the rocket

v.m:wwln M. (u°3)

Since
Wog:= Py,
then
Vun=Pyz In py. (4.4)

In the presence of forces of gravity and of aerodynamic resistance,
the velocity of the rocket at the end of powered flight will be less
than ideal. This velocity is called final velouclity; it is equal to

Vu= Vu—bvs-'r—bvl.co ( ll . 5 )

where 6V3 z denotes losses of velocity due to the earth's gravity;

6Va denotes losses of veloclty caused by the aerodynamic drag of

the rocket.

For a multistage rocket the velocity of the last stage at the
end of the powered segment is equal to the sum of AVH for each of
the stages

Vl\'=2 A‘/Kl'

=1

moreover for the upper stages veloclty losses caused by aerodynamic
Arag are 'nciznificzant and can be disregarded. Selection of rocket
parameters which would provide maximum velocity VH at assigned




-

launching weight or minimum launching weight at assigned final velocity
VK is in general very complex, and requires conducting joint ballistic
and weight analysis. However, when the rocket parameters are known,
the connectlion between the characteristics of the rocket stage and
engine can easlly be established. It is common both for a single-stage
rocket and for a stage of multistage rocket.

Thus, the main factors which determine the value of ideal or
final velocity, are specific thrust of engine and mass number of the
rocket.

To illustrate the 1mportance of an increase of PyA let us glve
some examples. Figure 4.1 shows a change in the range of flight of
a ballistic rocket with change in specific thrust of engine to

1 kgf.s/kg (f%;). The effect of specific thrust Increases with an
increase in the range of flight. For an intercontinental ballistic
missile with a flight range of 11,000 km and a specific thrust in a
vacuum of 310 kgf-s/kg, increase in the range of flight with an
increase of PyA per unit 1is approximately 170 km, and with increase
of PyA flS it is more than 500 km. The effect of specific thrust is
diminished with an increase of the absolute quantity of Pyn' With a
fixed flying range L, an 1ncrease of Pyn allows increasing rocket

payload.

o

¥
200 Fig. 4.1. Effect of change in
’/’ specific thrust on flight range of
a rocket.
o 7
N= L
s 0
2 ¥ R o
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For satellite launches rockets, an increase in the specific
thrust means either an increase in altitude of orbit, or putting a
greater payload into an assigned orbit. For the above rocket, a
growth of specific thrust 1 kgf-s/kg leads to an increase of altitude
of orbit from 550 to 600 km (i.e., almost 10%), or to an increase of
payload of approximately 1.3%. At fixed distance (or height) or
flight and weight of payload, an increase of P
of the take-off welght of the rocket.

va provides a decrease

The conslderable effect of specific thrust on the characteristics
of aircraft explains one of the baslc trends of contemporary rocket-
engine bullding — an increase of PyA'

The relative effect of the mass number of the craft on ideal
velocity dan be established in the following manner. Let us record
expression (4.4) in differential form:

d,
4V =Inp,dP,+ P, =,

Bx

Condition VHA = const;'(dVH’n = 0) corresponds to the equality of
effects of specific thrust and mass number. In this case

dPYI
Pl

L3 (4.6)
P

= = lnl"u

Let relative change in specific thrust be 1% (dPyA/PyA = 0.01),
then the change in mass number equivalent to it will be

"ﬂ=—0,01|np,. (4.7)
Bx

The minus sign shows that a decrease in specific thrust can be
compensated by an increase in mass number, and vice versa.

e e m




Dependence (4.7) 1is given In Fig. 4.2. From it 1t follows only

that at My < e (e is the base of natural logarithms) is the effect
of mass number on ideal velocity more than the effect of specific
thrust. When H, > e, for 1% compensation of change in specific
thrust a change in mass number of more than 1% is required.

2pg [Pe

0/‘ )

2.0 Fig. 4.2. Change in mass number of
. the craft, equivalent with respect

- . to influence on ideal velocity to
40 - changing specific thrust 1%.

Figure 4.3 shows change in ideal velocity, depending on M at
various values of specific thrust.

T
#‘ r”":mﬁz /
[ 1]
R n;w/" Fig. 4.3. Dependence of ideal

© i

veloclity on mass number of the

rocket at various values of PyA'
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The radical method of increasing mass number 1s by going to

multistage 'systems. For an.increase in the mass number of each stage.

weight perfection of the design, including the engine, is necessary.
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It is of interest to evaluate the effect of a change in weight of the
engine on ideal velocity of craft.

Let us record the expression VHA =P 1ln (GO/GH) in differential

ya
form for the case of constant fuel welight:

G,=0,— G, =const.

T

Then

Vuy _ Pyx 4G, Gy— G,

—_—— —

When VHA = const we obtain

dGy Gq Gy 9Py
Gx  Go—Gy G. Py,

or

A0 M gy PPua (4.8)
Gy iy — 1 KP"

Engine welght 1s part of the final welght of the craft; therefore,

dGy=dGp.

Now expression (4.8) can be written thus:

G __ Gt Py (4.9)
G Gigg by —1 | P,v,l

Equation (4.9) determines the effect of a relative change of
stage. woight and speciilc tnrust on ldeal veloclty. If the relative change
jary . in specific thrust is 1%, then the change in engine welight equivalent
is equal to

| n




aG,,
G

=001 F B pp, (4.10)

a =1

Dependence (4.10) is given in Fig. 4.4, For the engine of the
German V-2 rocket, the quantity dGAe/Gga is approximately 7.3% (point
in Fig. 4.4). For contemporary practice, as a result of increased

By and GH/GAB, this quantity can be evaluated at 10-15%. Consequently,

reducing engine weight 10-15% in its effect on ideal velocity is
equivalent to increasing specific thrust by 1%. The effect of engine
weight is diminished with an increase of mass number v, .

d""/c‘u
b GQ@m= :
3 Fig. 4.4. A change in engilne

10—y ;fr— welght, equivalent in influence on
] 74> ideal velocity to a 1% change in
s ’ﬁ specific thrust.

g’daf
y
z
0

1L S 078 9y

Utilization of the weight equivalent of specific thrust is
convenient during examination of the concrete design of the rocket
and when selecting optimum engine parameters. Thus, if some measure
1s connected with an increase in specific thrust, and also with a
simultaneous increase in engine welght, the expedlency of such a
measure can be evaluated on the basis of an equivalent. For example,
the weight of an engine with a thrust of 100 t at a specific weight
of 10 kg/t thrust 1is 1000 kg. At = 5 and a thrust-to-weight of
ratio P/G0 = 1.5, the weight equivalent of 1 kgf-.s/kg of specific
thrust at Pyn = 300 kgf-s/kg 1s, according to formula (4.9), about
70 kg. If an increase in specific thrust of 1 kgf-s/kg 1s accompanied
by a weight increase of 20 kg, then the effective increase 1is

20~ . [ q
..P,.=1-7—o—°-7 kgf-s/kg.
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4,2. Effect of Fuel Characteristics
on Rocket Characteristics

The most important characteristic of fuel 1s 1ts specific thrust.
It is possible to show, however, that not only it influences rocket

characteristics.

Let us analyze the detailed relation between 1deal velocity of
craft, determined by expression (4.4), and fuel characteristics.

Let us convert the expression for Myt

The weight of propellant on the craft is
G‘I‘ = V,Qﬂ

where VT is volume of fuel; ¢, is density of fuel.

Consequently:
1
Py = l+6:;01'
or
P'k=1 +°x°n
where
o, ==
x

The quantity 0, characterizes the design perfection of
higher O, the more fuel can be placed at the assigned
of the craft.

76

(4.11)

(4.12)

(4.13)

(4.14)

(4.15)

the craft. The
final weight

dendiantemne., Ir/m




-

Now expression (4.4) ought to be written thus:

V=P, n(1-+3,0). ) (4.16)

As 1t appears, 1ldeal vélocity is a function of three parameters:
specific thrust, fuel density, and coefficlent o, - Thus, the second
important characteristic of fuel 1s its density.

Obviously, an lncrease in GK, l1.e., the iIncrease in the relative

content of fuel in the craft, always increases VHA. However the rate

of increase in VM‘u with an increase in 0“ 1s unequal for various
fuels. Of this one can be certain, having differentiated the equation
(4.16) with respect to S

Nug __ Qr . "
doy —Pyll"l'ﬂxor (4 L7

Expression (4.17) shows that with an increasc in o the effect
of fuel density 1s diminished. The rate of lncrease of V“A 1s more
considerable for fuels which have high specific thrust. In connection
with this, results of utilization of two fuels can be different at
different a,- Ar sxamnple of dependence Vug = f(aK) for certain fuels
is given in Fig. 4.C.

s ,,

1000 /, Fig. 4.5. The dependence of ideal velocity
1/” on coefficient 0 : 1 — liquid oxygen + liquid
/ hydrogen; 2 — liquid oxygen + kerosene; 3 —
5000 Nzou + asymmetrical dimethylhydrazine; 4 -

liquid fluorine + liquid hydrogen.
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4,.3. Rating tne Efficlercy of a Fuel

Having explained the fundamental effect of specific thrust and
density of fuel on ideal velccity of craft, let us show how to
compare the efficiency of various fuels, using Vua as a criterion.

Two characteristic cases of rocket design are usually considered

£3].

1. Final weight of apparatus GH and volume of fuel VT are
considered.

In thils case oH is also constant.

Let us write expression (4.16) in differential form:

N Ug . Ge V
dV",—lnadP”—; PylEO- éd@r (u.la)

Maximum VH'n corresponds to condition dV“A
expression (4.18) we obtain

0. In this case, from

dPy, G:/Gy _ der_q .
Py, " In(Go/Gy) 0: (4.19)

The quantity GT/G0 is the specific gravity of the fuel stored on the
craft:

G,jGo=A. (4.20)

It 1s easy to find the connection between the number Mo and by
the quantity A:

B = = (4.21)
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By substituting expression (4.21) in equation (4.19), we obtain

SR
Pn .‘n s (4.22)
1—A
Having designated
—=¢ (4.23)
In T—a
Let us record
dP’. dQ
bt LN NP 4.24
Py +¢' @ ( )

or
dinPy,+cdIneg,=0.

The quantity c¢ entering this exprecssion weakly changes with a
change in ¢. If it 1s assumed to be constant and equal to a certain
average value in the considered range, then we can record this as a
result of integration of the last expression:

Pyxgt =const. (4.25)

[Maximum VM‘n corresponds to maximum product Pp¢f, in which
characteristic ¢ is determined by formula (4.23).

The dependence of ¢ on A is shown in Fig. 4.6. As 1t appears,

with increase in A characteristic ¢ is diminished. Thus, for instance,

when A = 0.2 ¢ = 0.9 and for determination of maximum V”A maximum
of expression .Ppe?* must be sought. When A = 0.8 ¢ = 0.5 and then

the maximum magnitude of Py’ 18 found. A decrease in characteristic
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¢ means a decrease in the effect of fuel denslity on ideal velocity

V“A. At small A, characteristic for boosters and first stages of
rockets, the effect of fuel density is commensurate with the effect

J of specific thrust. At A > 0 ¢ » 1, which gives a basis in this
instance for comparing the efficilency of variouc fuels with respect

to the quantity Pyer. 1.e., with respect to volumetric specific thrust.
For rockets with low A (and, consequently, with low VHA) in caseé of

limited volume of fuel VT and final weight GK heavy fuels are better.

c

o,a'\
Fig. 4.6. Dependence of characteris-
05 BN tic ¢ on relative content of fuel.
N
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s
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As an example also illustrating the error from the assumption

l that ¢ = const, accepted when obtaining expression (4.25), let us
examine a selection of the optimum relationship of components of
‘n ' oxidant and fuel k for fuel O2 + H2. Let us assume as constant the

welght of design elements and the volume of the tanks, so that at a
certain ratio of components By = 3.0. Figure 4.7 shows a change in
J ers ¥,, and ¢ from k. Figure 4.8 shows a change in theoretical
{ specific thrust of fuel, ideal velocity of rocket V”‘n and product

Py ¢ calculated for two cases:

for ¢, variable in accordance with Fig. 4.7 and constant ¢ = 0.6.
From an examination of the cukve in Fig. 4.8, it is evident that the
maximum ideal velocity . substantially displaced to the right in
comparison with maximuvm L Its positions, found by vug and the

ce,
[ product Pyt under the condition that c = const match, i.e., the
i error allowed in deriving formula (4.25) is small.
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Fig. 4.8. A change of Pyﬂ.n, VH'u
and magnitude of Pnni when ¢ =

var on Fig. 4.7 as well as when
¢ = 0.6, depending on k for fuel/
H2 + O2 (pa/pc = 30/0.1).

2. The launch welght of craft G0 and part of the weight of the

empty craft Gul are considered assigned and constant.

of craft, which does not depend on the type of fuel.

the volume of fuel VT, which in this instan-e 1s variable.
0“2 can be written in the following manner:

'

G 5
Gﬂ — Vlu G

1@
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Welght Gul conslsts of weight of payload and weight of structure

The second part
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Having destgnated

V,
——
(;KQ K21
we obtain
. G
Gyg = =L
e Ox2Qr
Since
OT= GO—GK=GO_ Gﬂ —) Gl\'ﬂl
then
Gx2= Go - Glﬂ . sz ,
Ix2Qr
whence
Gog—G
Gx2= J0 X1
1+ oye0:
or
Gy — Gy
G 99Qr
x2 ]
1+
Ix2Qr
The value
[
L _Gg
IkaQr Gy
B2

(4.26)




usually does not exceed 0.15 and can be disregarded. Then

Go—Gu (4.27)
'K’Ql’

Gﬂ o

Let us determine the change of Vng’ caused by a change of fuel.
Writing the differential of expre¢ssion

V=P, 2

Gy
considering G, = const, we obtain
G dG,
dV.,=lnédP"—P’._GT., (4.28)
If aV,, = 0, then
Py _ _ dOx (4.29)
P’. : G‘Ing—o’
Since
G,=G,+G,, and G,=const,
then

dG,=dG,;.
On the basis of expression (4.27) it is possible to write

= Go—=GCy d&r_ _; d&r
dG,= residrs G,,Q' (4.30)
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Substituting expression (4.30) in equality (4.29), we obtain

Gey
dPy, Gy d—g-'=0 (4.31)
T

Gy

By analogy with the previous variant (4.22), it may be concluded
that dependence (4.31) answers the expression
P ,0¢ =const,

y

where

Gxy Gy

=0 _ Gx

c—l ™ (4.32)
na‘

Consequently, in this instance finding the maximum of V”A boils
down to a determination of the maximum of Pye¢, but wlth a new value
of characteristic c. The dependence (4.32), determining the value
of ¢, is given in Fig. 4.9. For single-stage ballistic projectiles
and the upper stages of rockets By 2 5, and GH2/G“ < 0.5; in this
case the values of c¢ are small and less than in the preceding case.
This means that if the volume of fuel is not limited, the effect of
fuel density on VHA 1s diminished. This explalns the recommendations
to use fuels, although light, with a high specific thrust, for
example, liquid hydrogen with liquid oxygen.

(4
98 \
LY Fig. 4.9. Dependence of character-
o6 \ N2 T istic ¢ on mass number and relative
8 welght G /G .
o9 \ ! H2 .}
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After determining characteristic ¢ for any of the variants of
design, the optimum fuel is selected, comparing the quantities of
Py, proportional to the values of V"A. The maximum corresponds
to the most effective fuel.

Bibliography

1. Glushko V. P., Zhidkoye toplivo dlya reaktivnykh dvigateley
(Liquid fuel for jet engines), ch. I, VVIA, im. Zhukovskogo, 1936.

2. Issledovaniye raketnykh dvigateley na zhidkom toplive,
(Investigation of liquid-propellant rocket engines), Collection of
translations, izd-vo "Mir," 1964.

3. Henry I. G., J. of the British Interplanetary Society, 1960,
No. 10.

85




PART I1

GENERAL METHODS OF CALCULATION
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, FIRST SECTION

Theoretical Thermodynamic Characteristics




CHAPTER V

COMPOSITION AND TOTAL ENTHALPY
OF PROPELLANT

In the chapter there is shown how to reduce data characterizing
the composition and total enthalpy of propellant to the form applied
in thermodynamic calculation. With known composition of propellant
1ts density is determined.

5.1. Equivalent Formula

Propellant can be monopropellant (monofuel), bipropellant and
multipropellant. In all cases it 1s the most convenlent to represent
propellant by an equivalent formula, which is usually written on
some conditional (equivalent) molecular weight My - If the propellant
consists of m chemical elements, then its equivalent formula is
written so:

AfD AR AR ... AL, (5.1)
[Translators note: Tt = propellant, 3 = equivalent]

where A(Z) — symbol of 1-th chemical element; biT — quantity of atoms

of 1-th chemical element in the equivalent formula.

The molecular weight of propellant, specified by equivalent
formula, 1is calculated so:

pe= 3 Wby (5.2)
=1

where Hy — atomic weight of chemical element A(Z).
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5.2. Composicion of Component

The propellant component can be an individual substance or a
mixture of such substances. The composition of component is also
rationally specified by equivalent formula of the type (5.1):

Al ALY AR ... Al (5.3)

[Translators note: Kk = component.]

wlith molecular welght

P’x=2blxl“l' (:-u)

iem]

Let us examine some characterlstic cases of writing the
equivalent formula of component.

1. Component — individual substance. In thls instance the
formula of component 1s usually known in the form (5.3), for example,
CaHeNy, NsHy, Hy, Og, F2, and the molecular weight is determined according
to expression (5.4). Frequently the original formula leads to
conditional molecular weight Mg Then the numbers of atoms are found
by formula

b, =dtats (5.5)
B

2. Component has been assigned by elementary weight composition.

If 8y — welght fraction of i1-th chemical element in the component,
then the rumber of atoms of this element in the equivalent formula
with molecular welght “3 comprises

bll':ﬁ’ﬂ- (5-6)
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3. Component — mixture of the several substances. In component

r of substances: n substance 1s recorded by formula
A Al .. Abm
with molecular weight M, and comprises weight fraction LA

The guantity of moles of n-th substance in the component

agn (5.7)

Then the quantity of atoms of i-th chemical element in the

cemponent will bte

bik=xbln"n' (5-8)
n=1

A
(¥S)

Composition of Bipropellant

)le,

ng Bipropellant is a characteristic type of liquid rocket propellant
consisting of fuel and oxidizer.

und

) Component Ratlo, Excess Oxldant Ratilo

Fuel and oxidizer of bipropellant are in a defilnite ratio. In
{ order to guarantee thorough combustion of one mole of fuel, there
0' with dimension
mole ouw/mole r is called molar stoichiometric coefficlent of the

- is required KO' moles of oxidizer. The amount of «

component ratios of propellant. 3Stolchiometric component ratios f
of propellant, expressed In :nits of welght, Ko is called weight
stolchicmetric coerficient; dimension of Kg — kg OW/kg r, : 4

[Translators note: O = oxidizer, r = fuel.]

It is obvicus that




In practice the component ratio in liquid propellant is selected
most frequently not stoichiometric, but something different from it —
real (x' or x). The degree of difference of the real component
ratio of propellant from stoichiometric is evaluated by excess

oxidant ratio a, which is determined by formula

“=:;=;;- (5.10)

As can be seen, a is a relative dimensionless quantity. With
stoichlometric ratio of fuel and oxidizer coefficient a 1s equal
to one. With deficiency of oxidizer as opposed to its theoretically

necessary quantity, which is frequently observed in 1liquid-fuel
rocket engine propellants, a < 1.

The magnitude of a is usually assigned, therefore for determination
of the real component ratio x' it is required to find the value of
magnitude xo'. The most convenient and common is determination of
the molar stoichiometric coefficient xo' by formula

-
;:buw 7z
QPR mole ox (5.11)
- mole T
P*louw -
-]
where vi — valance of i-th chemical element; bi .o bi =l b number

of atoms of i-th elément.

In this case in accordance with formula (5.3) fuel and oxidizer
must be recorded in the form:

Al ASR AR ... ALR),
Able Al Al ... Almox

The numerator of expression (5.11) represents the algebraic
sum of the highest valences in fuel, the denominator — in oxidizer,
moreover the valences are taken with signs assigned to them. Listed

below are valences of basic chemical elements, present in the
composition of rocket propellants.
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ation

Element

NnBeMgIB AIfC|Si|P|S|NIF|CIIBrflO

Valence 11 1'1 2 2,3 3|/4|4|5]|4]0|<1—1|—1]—2

With known values of a and Ko' it 1s possible to formulate the
formula of conditional mole of bipropellant. The quantity of atoms
of i-th chemical element in conditional mole 1s equal to

blr=blr+a‘;)blom (5-12)
and molecular weight

Pr=!‘r+a'al'o'x' (5'13)

Excess Oxidizing Element Ratio
Excess oxidizing element ratio oy is used along with excess
oxidant ratio and is the ratio of total quantity of oxidizing elements
if propellant to thelr total stoichiometric quantity:

(=)
%==-§E:y-

where ¢~ - sum of products of bisv¢ for elements with electronegative
valence (w<0) in propellant; 3" — sum of products of bi«¢ for
elements with electropositive valence (vw>0) 1in propellant.

For liquid-fuel rocket engine bipropellant with known values

of a and KO' the formula for a, can be represented in the form

(=) 4 ax’ B=
o — 2 F A B (5.14)

i S TF Y S T
Er + “"02«‘):’
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where 7' — sum of products of by for oxidizing elements ( with 3
electronegative valence) in fuel; J*' — sum of products of 0,my for COA
combustible elements (with electropositive valence) in fuel.

The meaning of sums of 3G i) for oxidizer 1is analogous. For
simiplicity of writing expression (5.14) let us introduce designations

wll
SU+) L WU=)
ar.szﬁ"—r-z-?fr——. 0<la,, <1, §5.15)
D My ) 1
aux.u=i""\(..)2 -, 0 \'":ao-cs\< 11 (5.16)
-
[Translators note: r.s = combustible element, to 4
on.3 = oxidizing element.]
which represent the ratios of unreplaced (free) valences to the J
overall number of correspondling valences. With allowance for the Lo
introduced designations, formula (5.14) is reduced to Thiq
= 80ry + Qox.s (1 — ary)
Qox.s + G8p 5 (1 — Ay ) ' ( 5. 17)
Let us determine, for example; the value of ay for propellant 1ts
BsHo+H,0, with excess oxidant ratio a = 0.5. In accordance with formulas -
(5.15) and (5.16) Qo = 1.0 and P 0.5. By formula (5.17).
-we obtain a_ = 0.66. with
addit
As can be seen, generally ®+a; these quantities coincide
only when ars=aoxs= 1,0.
5.4, Composition of Multipropellant Hencé
If multipropellant (for example, solid) 1s specified by weight
fractions of components, then the equivalent formula of such
propellant 1is the same as for compound component {formulas (5.7)
and (5.8)].
where

\O
(WY ]




—_—y— —

" If the equlvalent formulas of all components result in the same
for conditional molecular weight Wy then
ny ot Tl
tions
and the gquantity of atoms of 1-th chemical element in propellant.
willl be
’7;'1' ‘\_:b:'rzgn" (5.18)
A=1
In this Instance the mclecular weight of propellant Mo is equal ?
to condition.: molecular weight gy
i In case of liguid tipropellant, the molecular weight of which
is assigned by formula (5.13), Mo # b, 1f even p_ = How = Mg
This is directly evident from formula (£.132).

( 5.5. Density of Propellant

With known composition of propellant 1t is easy to determine

its density.
rmulas -

The average density of rropellant Prs consisting of n components
with weight fractions g,> can be determired having assumed the
additivity of velumes of separate components:

n
_‘____2 Lo
Ur Qn

i=]

Hence the average density of propellant 1s equal to:

ht O+ = {5.19)

where P~ density ¢f compcnent n.




In case of 1iquid bipropellant the weight fractions of fuel
and oxidizer will be:

1

gr=l+nlo. (5-20)
. a%g
Bor= Toa " (5.21)

By substituting them in equation (5.19), we obtain a formula for
the average density of liquid bipropellant:

o,=———:+“:jo xeh’, (5.22)
o e

where Prs Poy ~ densities of fuel and oxidizer.

5.6. Total Enthalpy of Propellant

System of Indicating
Total Enthalpy

During thermodynamic investigation of the processes in a
rocket engine along with physical heat content (enthalpy) of
propellant its chemical energy must be considered. For this the
idea of total enthalpy is used, the introduction of which is
based on the'following conslderations.

The magnitudes of enthalpy of gases and solid substances at
0°K are not equal to zero and cannot be measured or computed.
Therefore, theoretical calculations for gises, measurements of
thermal capacity and heat of phase and polymorphlc transformations
for substances in condensed state permit finding only the difference
of enthalpy of a substance at a given temperature as well as at
any other (for example, 0°K):

r
H%—Hﬁ=§ Co%T + N aH", (5.23)

where AH® — heats of phase and polymorphic transformations.
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Chemical energy, being dissipated or absorbed in the reaction,
is the difference of energy levels of initial and final substances
of the reaction. Usually several 1nitlal substances take part in
the reaction and several products are obtained. Chemical energy,
strictly speaking, pertalns to the entire system of substances
taking part in the reaction, however, it can be conditionally

referred to one of them.

As the basis for determination of the numerical value of
chemical energy there 1is the value of heat of formation AH,,. Heat
of formation — this is the amount of heat which 1s dissipated (—AH;r)
or absorbed (+AH;r) with the formation of a unit of mass of substance.
If the reaction of formation of substance 1s carrlied out at constant
pressure, and then the temperature of reaction products is brought
to a certain temperature T, then on the basis of the law of conservation
of energy 1t 1s possible to write

AH,;-=X+[(H(}—H8),,,,M—-(H3—Hg)..c,], (5-21")

[Translators note: npoa = product, vcx = initial.]

where X — chemical energy, the value of which 1is determined only

by the structure of molecules or atoms of initial and final substances,
and therefore 1t depends neither on the temperature, nor on pressure.
It 1s obvious that when T = 0°K the magnitude of X = AHj.

Heat of formation AH; 1s not unique untll it is stipulated
in which chemical (atomic, molecular) and phase (liquid, solid
substance, gas) state the initial elements, used in the reaction
of formation, have been taken.

It 1s convenlent to determine the heat AHjy with formation
of the substance from elements in standard state, 1.e., In steady
and most widespread natural state., Standard elements are gaseous
H;, Oy, Ny, Fa, Cl; and others, hard carbon C (B — graphite) and metals.
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Heat of formation of substances from standard elements,

determined under spandard conditions p = 1.02 bar (1 atm), TO = 293.15°K, gen;
1s called the standard heat of formation and is designated AHS 5015 - use
stat

Usually 1t 1s accepted that the enthalpy of standard elements,
their standard heat of formation and chemical energy when p 1.02 bar

and T = 293.15°K are equal to zero. In such a case the magnitude of reli
(H%3 15 —HY)uex in formula (5.24) 1is equal to zero. Using this, for
equation (5.24) can be reduced to must
P
A +HE — Hig=X |-H} — H}, (5.25)
The sum of values of enthalpies (#% —#H)) and chemical energy
of the substance is cailed total enthalpy /% beenA
is d
1+ =0Hju+HF —H%s (5.26) the
in ad
or, in accordance with equality (5.23), of fc
T
/¥=AH$W+LC};¢T+2AH‘”. )
\ every
the r
For liquid and solid substances, if thelr thermal capaclty 1is
taken constant:
at te
H? —Hi=C (T—293)+ X a . (5.28)

Thus, total enthalpy of the substance according to formula
(5.27) 1s equal to its heat of formation from standard elements at
temperature T°K.

Magnitudes of standard heats of formation' AHY,, , heats of phase
and polymorphic transformations AH(" and thermal capacities C of
solid and 1liquid substances are determined experimentally. The thermal
capaclities of gases CpO are usually computed [2].

1In chemistry literature magnitudes of heats of formation AHo,, are
sometimes allowed with sign opposlte that accepted here.

97




The described system of indlcation of total enthalpy is presently

293.15°K, generally accepted In our country. ‘There are other systems which
MAE use another temperature zone reference and other substances in standard
stavce.

rnts,

.02 bar If In varicus systems of indication there are used the same
ide of reliable data on thermodynamic functions IO, SO, G e and heats of
: formatlon, then calculations with utllization of any of these systems
' must lead to 1ildentical results.

5) Total Enthalpy of Components
rgy If the propellant component is an individual substance, or has

been speciflied by elementary compcsition, then its total enthalpy

is determined by formula (5.27). With supply of component Into
5) the chamber under standard conditions (T = 293.15°K) 1its total enthalpy

In accordance with expression (5.27) 1s equal to the standard heat

of formation.
Fy For simplicity of writing subsequent formulas let us subsequently

\ everywhere omit index T in the symbol of total enthalpy, designating
] \\~.the relationship to temperature.
s
Working formulas for enthalpy of component are written so:
E) at temperature T
9 T
/u=AH/?93+f CodT + Y aH™; (5.29)
793

at

at temperature T - 293.15°K
}
nhase I = AHS%,, (5.30)
“hermal where units cf measurement of gquantities are such: C 0 kJ/kg-deg;
b 0 2 ol .

I,» O0Hg 293 and AR' ) in kJ/kg.
)1293 are

o0
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If the component 1s a mixture of n different chemical compounds,
assigned by welght fractions B then its total welght enthalpy
should be determined by formula:

I"= 2 g,,,l,,, - Egm puan pacm (5 g 31)

me]

where Im — total enthalpy of m-th substance in kJ/kg; gmpacrs — weight

T'raction of substance m, dissolving in compound component ; Qmopacrs —

heat of dissolution of 1 kg of substance in compound solvent in kJ/kg.
Value of total enthalpy of component per mole 1s determined so:
I, =1Ip, kJI/kmole. (5.32)

Magnitudes of enthalpy of certaln components of rocket propellants
are listed in Table 5.1.

Table 5.1. Total enthalpy of certain compo-
nents of rocket propellants.

Componsnt Formula I kJ/xg
Puel
Hydregen H, —3828
~ monia” - NH, . —4180
Diethylemine (CgHg)s NH —1725
triethylamine (CaHg)y N —610
" antiine CeH NH, 380
Hydrezine NgH¢ 1573
‘Monomethylhydrazine HoN — NHCH, 1222
ﬂuy;friod Dimethylhydra-| HgN-—N (CHj)g 74
f 4
Asrosine —50 50% H,N—N (CHy), +50%| 1173
NaH,4
Xylidine CeHs (CHy)g NH,y =291
Methyl aleohol CH,0H ~7440
‘Ethyl aloohol CsHsOH | —6025
“Kerosene Cra1 Hizae —1728
Divorsne B;H, 438
Pentaborane BsHy 381
Awminm - Al 0
Beryllium Be v
Lithium Lt 0
Aluminum hydride AlH, —-380,7
Lithium hydride LiH ~11380
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Table 5.1 (Cont'd).

Component Formula I kJ/ke
" Oxidizers
Oxygen 02 —a
Ozone O 2606
Fluorine F, —335
Chlorine trifluoride CIF, ~—2000
Nit=ogen trifluoride NF, ~2050
Perchloryl fluoride PCI10,4 —398
Nitric acid HNO, —2753
Hydrogen peroxids Hy04 —5530
. n-trogen tetroxide NyO4 —209
Bromine pentafluoride Br Fg —2625
Chloric acid HCI104 —460
Fluorie oxide OF, 222
Armonium nitrate NH, NO, —4564
Ammonium perchlorate NH, Cl10,4 —2520
Lithium perchlorate Li Clo, —-3576
Nitronium perchlorate NO, C10, 230
nts Tetranitromethane C (NOy), 189

Notes, 1, Data are listed for substences of 100% concentration,

2, Values of total enthalpy are given at f,,, for low=boiling
substances and at 293K for ths remaining,

Total Enthalpy of Multipropellant
Total enthalpy of compound propellant, the composition of which
includes several components, 1s calculated in accordance with

formula (5.31).

Total enthalpy of one conditional mole of 1iquild bipropellant
1s determined by formula:

lyw= 1l +ax)l o kI/kmole (5.33)

where /u:, I, I, — total enthalples of 1 mole of propellant, fuel
and oxidizer respectively in kJ/kmole.
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It the total enthalpy on 1 kg of propellant must be determined, 1
then we use obvious relationship

!
I,=PL' kJ/kg. (5.34)
For blpropellant the total enthalpy of one kg comprises *
[, o Jurt @l (5.35) A
Br + Gxguny .

Between the total enthalpy of propellant and its calorific
value there 1s a unique connection, namely:

Hl=IT.T-.-M—Inpo'l.cro.P-T-m=(AH.7293)1'_' (AHgW-'i)npo'n.crolp- ( 5. 36 ) the

part
where (AHY. Joporaop — Standard heat of combustion products. the 111

Formula (5.36) can be applied for determination of the total

enthalpy of propellant according to its calorific value. The of t#
value of the latter should be known at constant pressure and and p
i corresponding phase composition of combustion products. durin
compo
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CHAPTER VI
EQUILIBRIUM CCMFOSITICN OF COMBUSTION PRODUCTS

In this chapter are examined methods of determlnation of
36) the equilibrium composition of combustion products and its logarithmic

partial derivatives. Temperature and pressure (or volume) of

the mixture are assumed assigned.

al As it is known, the state of the working medium in any section
of the rocket engine chamber 1s determined by some values of temperature
and pressure (volume). Their particular magnitudes are determined
during thermodynamic calculation. Determination of equilibrium
composition at assigned p and T (or v) 1s the basis of such
~calculation.

6.1. Preliminary Information

ation
1647. The working medlum, taking part 1in processes at high temperature,
} is generally a multicomponent mixture of gases and condensed
pual (s0lid or 1iquid) substances. The mixture, consisting only of
gases, 1s called homogenous, mixture of gases and condensed substances -
Fal heterogeneous. The gas components of the mixture are usually

fully or partially dissociated and, possibly ionilzed.

As 1t 1is known, the 1ntensity of dissociation and lonization
1s determined basically by the temperature and pressure. In the
colmvustion cnamber ol a rocket englne operating on chemical fuel

at pressure from one to hundreds of bar the temperature can be




within 2000-500C 'K. Under these conditions with considerable
dissociation the ionization of combustion products of propellants,
not containing easily lonized substances, is unessential. In
nonchemical rocket engines a higher level of temperatures is
poswible, and consequently, noticeable ionization.

For determination of the composition of multicomponent reacting
mixture generally it is necessary to know the mechanism and kinetics
of proceeding reactions. If the rates of forward and reverse
reaction are sufficiently great and identical, then the mixture
can be considered being in chemical equilibrium. The composition
of mixture, determined under the assumption of chemical equilibrium,
is called equilibrium. It 1s usually characterized by numbers of
moles of components of mixture nq or by partial pressures (for
ideal gases) pq. There are used relative quantities: molar or
welght fractions.

For calculation of equilibrium composition i1t 1s necessary
to formulate and solve a system of equations of chemlcal equilibrium.

6.2. System of Equations for Determination
of the Equilibrium Composition
at p, T = const or v,
T = const

In the hajority of practically interesting cases the equilibrium
composition must be determined at constant (assigned) temperature
and pressure or temperature and volume.

The chemical equilibrium 1s calculated usually with some
simplifying assumptions. The necessity of thelr introduction is
determined by requirements of sufficient simplicity of calculation
and by the contemporary standard of knowledge about processes in
reacting mixtures. Below are glven baslc assumptions, in most
cases providing acceptable description of the processes at high
temperature.
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For homogenous dissoclated mixture 1t 1is assumed that it
consists of 1deal components. Thelr thermodynamlec functions
Io, EO, S0 and, consequently, thermal capacity Cpo, Cv0 and constants
of equilibrium K_ do not depend on pressure. Equation of state of
ideal gas 1s applicable to separate gases and to the mixture on

the whole.

During calculation of lonized working medium there 1s not
considered the coulomb interaction of charged particles. Products
of ionization are also considered ideal gases.

Finally, during calculation of heterogeneous mixture there 1is

introduced the assumption about the presence of temperature equilibrium

between condensate and gas (7,=T,) and the presence of phase
equllibrium, i.e., partlal pressure of gas phase of condensed product
is assumed equal to pressure of saturated vapor for thils product

and depends only on the temperature.

The latter simultaneously means that condensed products will
not form solutions and alloys. The volume of condensed substances
1s neglected, theilr thermodynamic functlions are considered depending
only on the temperature.

The system of equations of chemical equilibrium at p, T = const
for a dissocliated mixture consists of equations of dissociation,
equations of conservatlion of substance and equations of Dalton law.

If the propellant consists of m chemical elements, m atomic
and 1 molecular components can be present 1in products of reactions.
The number I should include all the substance formed from m chemical
elements, which has the necessary information (thermodynamic functions

in the necessary temperature range).

Formula of j-th molecular component of the mixture can generally

be written so:

(m)
SE |

AD AR ... AL)

STA if
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where aiJ — number of atoms of 1-th chemical element in component j.

Let us now write equations of chemical equilibrium, beginning
from the simplest case, when the products are a homogenous
dissocliated mixture.

Homogenous Dissoclated Produnts

It 1s the simplest, most convenlent and uniform to consider
dissoclation of all molecular components only into atoms.

Disscciation
of J-th molecular component should be written so:
M2 T ayA” <
{m]
or
1) 40 S (i)
Ay Ay Aay 2 X ayA. W
1=l
Ift)J=1, 2 ..., 1, then these equations describe dissociation t)
of all molecular components.
N\
For the state of chemical equilibrium 1t 1s possible to write Q
the equality of chemical potentials: 7
w=Xam, j=1,2 3,...L (6.1)
i
According to determination of chemical potential Wwh
=(%Z .
W_(Onl)'-’-"q' 9
Hefe Zz — thermodynamic potential of gas mixture, equal to
is
N 7
Z“:"-/o' Sie

shere n, — number of moles of gq-th eomponent in the mixture; 1 = 1 + m
overall number of components in the mixture.
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Thus:

-

?_.=—0—(}.n,z.) 3 9.
P .l'v

ny \ 4

Consequently, for a mixture of ideal gases

¢y=2Zy=11—TS,. (6.2)
Now equation (6.1) can be written so:

ﬁ—rs,.—.EIa,,.n-rs,). J=ii, 2 8...L

Since

§,=S¢—R,Inp,,
where Sq0 - standard entropy; Ro - universal gas constant,
then

15 =T(S5—R,In PI)‘”? a8 —T(S1—RyIn 2}
After conversions we obtain
|np,—‘Za,,lnp,+an;—0. (6.3)

where Py pJ — partial pressures, and the magnitude of

N ayS) -8 {ful?—-l,

,nKI;_‘t_'_’_R;____T,g/m (6.4)

is the logarithm of equilibrium constant with respect to partial
pressures for the reaction of dissociation of j-th component to atoms.
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Oroup of equations (6.3) In quantity ! s the logarithmle fopn
of equations of dissogiation. T™he use of In L unknown: miakes
it possidble not to fear their disappearance durlng caleulations for
any values of determining parameters p ana T, and also exeludes 'lc
possibility of appearance of negative values of Pq In the prosens
of caloulation, not having physical meaning.

Equations of gonservation of gubstance expreas the aondition

of equality of the quantity of atoms of i-th chemlical element in
propellant and in dissociated products. b&hen writing these equations
there is introduced magnitude H' - number of molea of propellant,
which 1s determined by the condition of equality of total the quantity
of moles of N dissociated products to total pressure:

x-g...-z,.a.. (6.5)
¢

Since for ideal gases there is valid relationship

zd

P
F PR
‘

the introduction of number H' is responsible for equality

Res= Py . (6.6)

Here N= 2-, = total number of moles of gaseous products in the
q
mixture; Pvzp, - overall pressure of gas mixture.
[}

After introduction of new unknown - magnitude MT the equations
of conservation of substance should be written so:

Tom+n=Mp, i=1,23..m j=123..1.
]

The right side of the equation expresses the quantity of atoms
of 1-th element in the propellant (working medium), left - the quantity
of atoms of this element in the products of dissociation.
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l.et us weite the equations {n logaritimie form:

ln(xu,u,rfa,)uln,ﬂ,-lnﬁ,,--o. (6.7)
[

The quantity of equations of conservation of substance compprises m,

Fquation of Dajton law has usual form:

xl'.' »
‘

and in logarithmic form

luxp.—lup -0, (6.8)

System of equations (6.3), (6.7), (6.8) describes the chemical

equilibrium of homogenous dissociated mixture at fixed p and T.
The system 18 closed, since for determination of Il + m ¢ 1 unknowns
(1n Pq in quantity ! + m and 1ln M') there are (I + m + 1) equations.

Homogenous [onjzed Products

The algorithm of writing equations for products, in which

besides dissociations reactions there proceed ionizations reactions,
is practically unchanged.

Ionization reactions are written according to the scheme in

which positive or negati.2 ions are considered as molecular components,
and atoms and electronic gas as atomic.

For example:

Lc‘ —li—e-,
I" _.L"—L,‘.-n

F-—F+4e.
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In this instance for each ionization reaction the equation can
be written in tbe same form as for dissociation reaction (6.3).

The expression of equilibrium constant for ionization reaction retains
the form (6.4).

Equations of conservation of substance and Dalton law are
written in usual form (6.7) and (6.8).

An additional specific equation for ionized mixture 1is the
equation of conservation of charge (electroneutrality of the system).
It has the form:

Loy, =0, =1, 2.3....04m1, (6.9)

where aeq — number of electrons acquired or lost by the component
(multiplicity of ionization of component g). For a neutral atom
or molecule a,
ions a,

" = 0, for positive ions aeq - negative, for negative
> positive.

For electronic gas q = 7 + m + 1 and aeq = 1. In case of single
ionization, for example, ‘eq = %],

Logarithmization of equation (6.9) is not performed in connection
with the fact that values of 3 a.n, can be negative until the

. v

solution 1s reached.

System of equations (6.3), (6.7), (6.8), (6.9) describes the
chemical equilibrium of homogenous dissociated and ionized products
of dissociation. In the system (I + m + 2) are unknowns, namely:

1 logarithms of partial pressures of molecules and ions, m + 1
logarithms of partial pressures of atoms and electronic gas and
logarithm of number M_. There are so many equations that,
consequently, the system 1s closed.
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Heterogeneous Dissociated Products

As was mentioned, with the presence of condensed components
in the mixture their partial pressures are assumed equal to pressures
of saturated vapor of condensed substances. The amount of pressure
of saturated vapor can be found from the condition of equality of:
thermodynamic potential of the same substance in gas and condensed

phases:
Zu‘Zﬁ
or
loa—TSos = l0s—T (8% — Ryln pl),
whence
. B p.p
np'= -2 L LA ] 9z
p' b w = (6 . 10)

With earlier formulated assumptions the value of p; for the
given substance depends only on the temperature.

A\ N
For simplicity let us assume that in the considered heterogeneous
system substances r (J = r; q = r) and s (1 = s, q =1 + s) are
condensed. Partial pressures of these components can be written so:
Pims =Ps=Pp3 ; Pjur=pr=p; .

At fixed temperature they are known.

Equations of dissociation (/—1) of uncondensed substances will
preserve the earlier obtained form (6.3), in this case § ¥ r.

In equations of conservation of substance the numbers of moles
of condensed substances n,, and n. being new unknowns must be present.
Equations will take the form:



In (2 a,,n,+a,+a,,a,,+a,,n,,)-- n i, —Inb, , =0, (6.11)
b

‘here 613 = 1 when 1 = g; 618 = 0 when 1 ¥ s.
Equation of Dalton law keeps the previous form (6.8).

It remains to write the equation of dissociation of gas phase

'f the condensed substance. By applying equation (6.3) to molecule
‘s We obtain:

|ﬂ’=—‘2¢‘,|ﬂ’,+lﬂK,‘0. (6.12)

In equations (6.3), (6.8), (6.11), (6.12) the knowns at
‘ated temperature are magnitudes 1ln p:, 1n p:, end also constants
f equilibrium 'K, K;

System of equations (6.3), (6.8), (6.11), (6.12) describes
‘he chemical equilibrium of heterogeneous mixture. The unknowns in it
.re l+m—2 “of logarithms of partial pressures (excluding 1ln p and
n p'), 1n H and numbers of moles of condensed substances n, and Ra,
nalll+m 0 1. The number of equations comprise (I—-1)+m+1+!,
..e., system is closed.

Equation of Constancy of Volume

In many instances the process in a dissociated system proceeds
t constant volume or under conditions close to this. For
escription of the processes in reacting mixture at T, v = const
he equation of Dalton law should be substituted by an equation
xpressing condition of constancy of volume.

Let us assume the mass of propellant (working substance) M

nd volume V, in which the process proceeds, is specified. Density
f reaction products comprises

M
Otsv.
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Let us now replace the condition of constanvy of volume at
arstlgned mass by the condition of eonstaney of density equivalent
to 1t, If caloulation 18 LY M' of moles of propellant, then the
mass comprises u,H' kg, and the volume, according to equation of
state, when p = N 1o equal to ROT. Then

o;ﬁ!!. d
.04

in logarithmioc form it {s posaible to write:

mM,—InT +In D=0, (6.13)

where

-l
D e

Thus, the state of reacting system at assigned temperature and
density 1s described by system of equations (6.3), (6.11), (6.12),
(6.13).

Examination of the listed forms of writing equations of chemical
equilibrium for dissociated and ionized, homogenous and heterogeneous
mixtures shows that in all cases the form of writing 1s identical.

If for initial we take recording of equations for a homogenous mixture,

then the recording for other variants is a small modification of
initial.

The considered method of writing equations provides an account
of any quantity of dissociated and ilonized gaseous products, and also

atomic and molecular condensed substances (in this case their gaseous
phase is considered.

From the general system of equations written for propellants
(working media), containing all m atoms, it is easy to change to
systems of _quallcns for particular cases, when those separate from
atoms are absent. For thls, from the number of unknowns there are
excluded the absent atomic products and those of molecular, whose
composition includes these atoms. From the system of equations there
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are excluded equations of dissociation, pertalning to excluded
molecules, and equations of conservation of substance for absent
atoms. The remaining equations retain their previous form.

6.3. Method of Solution of System of Eguations

From a mathematical point of view the system of equations of
chemical equilibrium is a system of nonlinear algebraic equations.
In many instances, when the number of components of dissociated and
ionized mixture being considered includes all possible components,
for which the necessary information is available (thermodynamic
functions in the necessary temperature range), the system can consist
of several tens of equations. The complexity and work input of
solution of such systems are widely known. At present the system
of equations of chemical equilibrium is usually solved by an

electronic computer. The most effective method of solving such systems
is the Newton method.

For solution of the system of equations of form

Ia(xg) =0, ¢, k=1,2,3,.... n

each function tk(xq) is written through initial (approximate) values
of roots x’ and corrections to them qu and 1s decomposed into
Taylor series according in powers not higher than the first:

fu(“:‘.‘“')-,.(‘:)'f'ﬁ(:'s)ouc'{-. o=,

o=l
Having designated

Ja (“:)*—’3‘”'

we obtain

,ﬁ.. ‘-’f:-)' ax,= —2.
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The last expression is a writing of the system of equations,

linear relative to unknowns-corrections Axa.

Thus, systenm of nonlinear algebraic equations relative to x; is
reduced to a system of linear equations relative to Ax, Its sclution
gives values of corrections Ax,. To get values of unknowns xq with
the necessary accuracy there is necessary repeated successive finding
of corrections qu by soluticn of a system written in more general
form:

n

o e S (6.14)

ox,
=

where r — number of approximation (r =1, 2, 3, ...).

Refinement of approximate values of unknowns 1s accomplished by
formula:

X = x4 ax(), (6.15)

Approximations are continued unt?l achievement of the specified
accuracy, i.e., until satisfaction of condition

Il <o, (6.16)
& | 2
where |8| — modulus of value & ; w — small quantity assigned in
advance.

To ensure convergence of successive approximations when it is
not guaranteed by Newtcn method in usual form, a special method is
applied. The method uses the following idea: convergence of
successive aprroximations from arbitrary initial values of unknowns
can be guaranteed if expansion of approximate solution into Taylor
series is applied at partial intervals of the function.
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Let us assume for some function f(x) = 0 there is zero
approximation

) = 1o

We will seek correction Axl. which does not turn the function
to sero, but only reduces y to magnitude a:

[(*+4x)) =yM—g.

To this equation let us apply the Newton method. Decomposition
into Taylor series gives

/ u°)+(:-f-)° AX =y —a.

Since
J () =y,
then
(3 sn= -
and
M]"- -
o'
()

With utiligation of the Newton method in usual form the correction
comprised

=-(§_f,—)".

Consequently:

Axn-y—:’;,AX=°Ax' (6.17)

where 0 — sti¢p coefficient 0<o<l.
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With utilization of step coefficlent o the refinement of
unknowns from upproximation to approximation is produced LY formula

PRI LT TY 4 (6.18)
The introduction of step coefficient can slow down the convergence
of the process of successive approximaticns, but in most cases

guarantees it with arbitrary assignment of initial vlaues oI unknowns,

Determination of the magnitude of o with solution of systems of
equations of chemical equilibrium will be examined below.

6.4. Calculation of Equilibrium Composition
at p, T = const or v, T = const

Homogenous Mixture

For calculation of the equilibrium composition of homogenous
dissoclated mixture it 1is necessary to apply the Newton method <b
system of equations (6.3), (6.7), (6.8), in which the unknowns are

1n pq and 1ln MT. This gives a system of linear equations:

E(T?'{;T)Alnpq+~ ( 0:";‘, )Aln M, = =8,
q

k=1,2 3,...0+m+1

or

B (o) oot () su= o

where there are brilefly designated:

d¢g=A4lInp,,
AM=A|ﬂM.,.




Kefinement Hf unknowns 's by formulas:
!
Inpy' ==l py =" 1 8y Re
MY = In MY Al
In further writing the numeration of approximations are ocmitted whi
for simplicity.
[
L.inearized equations take the following form.
Equations of dissociation: of
A/—Ea,m,=—a,. = e e (6.19)
1
co
where Fo
of
3;=In p/—z a;pinp+Ink,.
{
Equations of conservation of substance:
Y
%all’lldl'f‘”lA,—B,A‘,: - 4,8, (6.20)
where
Bl=2 ayny+n;;
1
8,=In B,—]n M,—lnbl,.
4
Equation of Dalton law {
) prod
L pse= 4,25, (6.21)
where & 4
Al
Py =2‘ Pqs
q
8,=Inp,—'np.
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If calculation is performed at assigned density (volume), then
instead of equation of Dalton law there is used equation (€£.13).
Relative to corrections it is written, so:

Ay=—B, {5.22)
where

So=InM,—~InT+InD.

Expressions (6.19), (€.20), (6.21) or (6.22) represent a system
of equations, linear relative to corrections Aq and AH.

Let us write down the augmented matrix of coefficients with
corrections and absolute terms of equations (6.19), (6.20), (6.21).
For simplification of the solution let us determine a definite sequence
of arrangement of columns and lines of the matrix, namely:

Columns:

1) corrections pertaining to molecular products;

2) corrections pertaining to atomic products;

3) correction to number M3

4) absolute terms of equations.

Liner:

1) eqguations of dissociation in the same sequence as molecular
products in columns;

2) equations of conservation of substance in the same sequence
as atomic oroducts in ~olumns;

3) equation of Dalton law.
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Augmented matrix for calculation of the equilibrium composition
of a homogenous dissociated mixture at p, T = const are listed on
page 120. '

As can be seen, this matrix: can be broken down into cells
in the following manner:
[Eiﬂ"
095¢3]"

where E — unit matrix, order of which is equal to the quantity of
molecular products. The presence of a unit matrix is governed by

the sequence of arrangement of lines and columns of the matrix listed
above and permits substantially simplifying the solution of the
system of linear equations. By applying a compact scheme of the
method of successive exclusion to the matrix, broken down into cells,
there can be excluded unknowns pertaining to molecular components,
having obtained matrix

fed={es}—fezlei].

Solution of the system of linear equations wlth matrix of coefficients

[eu] gives values of corrections Ai and AM. Corrections pertaining
to molecular components are determined on the basis of expression

(6.19):

A;=§auA,—81. j=1,23...1 (6.23)

Let us 1llustrate the effectiveness of obtaining the unit matrix
and exclusion of unknowns of corrections to molecular components

thanks to this. During calculation of compound propellant, consisting,

for example, of 8 atoms (m = 8), in the combustion products there
can be present about 100 molecular components (Z = 100). The total
amount of unknowns 7 + m + 1 = 100 + 8 + 1 = 109; for finding them
generally a system of 109 equations must be solved. By the above-
described conversion matrix [eu] of only the 9th order in all can
be obtained. Thus, instead of solving a system of 109 equations
we solve a system of 9 equations, which many times reduces the time
of solution and considerably simplifies 1it.
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After finding the corrections the unknowns are refined by
formulas (6.15) or (6.18). For utilizatior of formula (6.18) the

coefficlent of step o must be determined. General expression for
it i1s written so:

=

pALN!

Rel
where n — number of equations of the system; ¢ — some emp!rical
quantity; |6k| — moduli of errors in equations of the system.

In connection with the fact that errors for molecular products
are expressed ir equations of dissociation through errors of atomic,
when determining o one should take into account only the errors
of equations of conservation of substance and Dalton law. In this
case o0 should be determined by formula

.-,4::£c_, (6.24)
0,1+ 1%

On the basis of mass calculations of chemical equilibrium of
a wide range of propellants it is recommended to take c = 0.1-675.

The practice of mass calculations showed at the same time
that the proposed algorithm of writing the system of equations and
the logarithmic form of unknowns in many instances provides the
solution of the system even when o = 1. Values of 0 < 1, determined
by formula (6.24), are only sometimes applied.

Refirement of approximate values of unknowns is finished with
achievement of the specified accuracy of solution. Estimation of
the latter is by formula

TIn+Z14+18,| <o (6.25)
/ i

Usually it 1s sufficient to establish w = 107"
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For homogenous ionized mixture the equations of dissociation
and ilonization, written relative to corrections, have working form
(6.19), equations of conservation of substance — form (6.20) and
equations of Dalton law — form (6.21). In accordance with the
New.on method iet us convert the equation of electroneutrality
(6.9), specific for ionized mixture. It takes the form:

Yama,=—ih_,g=1,23. .. 04+m+1, (6.26)
q
where

N

3, "3-:- Qeglty:

Equations (6.12)-(6.21), (6.26) will form a system of equations,
linear relative to corrections Aq and AH. The technology of solution
of this system is similar to that described above.

Heterogeneous Mixture

During calculation of the equilibrium composition of heterogeneous
mixture to get a system of equations, linear relative to corrections,
it 1is nccessary to apply the Newton method to system of equations
(6.3), (6.11), (6.8), (6.12).

By analogy with the previous, from equation (6.3) we obtain
linearized equations of dissociation of uncondensed substances:

a—Y apa=—%, j=1,23,....1, j#r, (6.27)

where

Yy=Inpy— Y a,yinp, + kK,
i

The prime at the sign of the sum in equation (6.27) means that
summation is not performed on condensed products. This is understandable
since differentiation of known (constant at given temperature)
quantities of partial pressure cf saturated vapor of condensate
gives zero.
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From equation (6.11) we obtain linearized equations of
conservation of substance:

E'allnlAl F(1—=8,,) 18, + 8180805+ B1 oAy — Bra = — B!B ] (6.28)
’ . o

where
B)= 2 anj+ 8shy +ay 0., + 1y,
J .

y=InB,—InM,—Inb,,.

Linearized equation of Dalton law is obtained from equation
(6.8):

3 ==ty (6.29)
]
where
Py =2 Po
]
3,=Inp,—~Inp.

Finally, from relationship (6.12) we obtain linearized
equation of dissoclation of gas phase of condensed substance:

l ;'a,,a,=a,. (6.30)
where

3,=Inp; —2 a,Inp,+mInk,.
i

In equations (6.28)-(6.30), as in subsequent equations, incomplete
summation (prime at the sign of sums) has the same meaning as in
equation (6.27). One should pay attention to the fact that when
determining quantities &; B.. &, pz, 8, 6, summation 1s complete.
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System of equations (6.27-6.30), linear relative to corrections,

can be written in form of matrix of coefficlents with unknowns.
Augmented matrix for this case can be compiled, belng gulded by
the following arrangement of columns and lines:

Columns:

1) corrections pertaining to molecular uncondensed products;

2) corrections pertaining to atomic products (including atoms
of substances in condensed state at its usual place);

3) corrections pertaining to molecular condensed substances;
b)Y correction AM for number MT;
5) absolute terms of equations.

Lines:

1) equations of dissociation of molecules of uncondensed
substances in the same order as molecular products in columns;

2) equations of conservation of substance in the same order
as atomic products in columns;

3) equation of Dalton law;

L) equations of dissociation of gas phase of condensed
substances.

As can be seen, the augmented matrix for calculation of the
equilibrium composition of heterogeneous dissociated mixture at
p, T = const 1s a modification of the original matrix for calculation
nf ramagorens Atczeooizted mixture. In connectlion with this the
methods of solution of system of linear equations, determination of
corrections anda improvements of unknowns are completely retalned.
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In case of calculatlon of tne equilibrium composltton at
specified temperature and density the line of equation p = const In
augmented matrices 1s replaced by line of equatlon p = const (6.22).

The augmented matrix for calculation of the equilibrium

composition of heterogeneous mixture at p, T = const ls represented
on page 126 s, r = 2,

In connection with the fact that from approximation to
approximation the composition of working medium changes, it is

necessary after each approximation to check the possibllity of appear-

ance or dilsappearance of condensed phase. For this the following
conditlons are used:

for gaseous components —
Inpg>in Py
for condensed components -—

Inn,<Iny,

where ¢y — assigned small quantity.
. 7
If the first 1nequality is fulfillled, then gq-th component should
be considered as belng in condensed state, its partial pressure is

excluded from the number of unknowns, and n 2 i1s considered sought.

q

With fulfillment of the second inequality q-th component is

considered being only in gas phase, nqz = 0, and partial pressure
1s considered sought.

On calculation of heterogeneous systems there are imposed some
limitations by rule of phases, which, as 1t 1s known, 1s written in
the form

r=q—®+2—R,
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where r - quantity of thermodynamic degrees of freedom; ¢ — number
of phases, 1.e., number of parts of the system having uniform
composition and separated by a physical boundary; R — number of
independent chemical reactions in the system.

In our case the necessary thermodynamic degrees of freedom
are p and T, i.e., r = 2, the number of components q = . + m, number
of independent chemical reactions R = 1, This governs equality

O=m,

i.e., the number of phases should not exceed the numbers of chemical
elements, from which the system has been formed. Since one of the
phases is gaseous, the number of condensed phases Oz (each product
in condensed state will form a new phase) for case of independents
p and T must not exceed numbers (m—Il):

o, <m—1.

Sequence of Calculation

The system of equations of chemical equilibrium at assigned
P, Tor v, T has a physically obvious unique solution. Mathematical
proof of the uniqueness of solution was given by Ya. B. Zel'dovich.

Calculation of the equilibrium composition of homogenous or
heterogeneous mixture at assigned p, T or v, T 18 performed in the
following order.

1. Por all components of mixture being considered at a specified
temperature according to reference data [4] there are found values of
thermodynamic functions /% S% Cj. and for molecular components
1n Kq. For those substances, which at the given temperature can

be in condensed state, there are determined I0 SO C0 ‘

qz’ “qz’ “2° Pqz*
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2. Values of unknowns pq, MT are assigned in zero approximation.
With fulfillment of calculations on an electronic computer these
quantities can be assigned randomly, for example, having taken them
all equal to specified pressure. In zero approximation nqz is

considered equal to zero.

3 3. The quantities necessary for formation of augmented matrix

B

are determined: GJ, 61, ) ys Py

p’

4, As a result of conversion of matrix according to a compact
scheme the corrections to quantities 1n ny and 1n MT are found, and
then by formula (6.23) — corrections to molecular products.

5. By formulas (6.15) or (6.18) we specify unknowns. Here is
checked the possibllity of appearance or disappearance of condensed
phases, changing the system of equations depending on results of
the check.

6. By formula (6.25) the accuracy of solutions is checked.
If no solution is reached, calculation 1s repeated while using
refined values of unknowns.

!1 Relative Composition. Molecular Welght.

After the equilibrium composition (number of moles nq, nqz, and
number MT) has been determined with the necessary accuracy, it is
possible to calculate a number of characterlstic quantities of mixture
in the state of equilibrium. Since calculation was executed for

MT moles of propellant, the weight quantity of products of dissociation
Fed and lonization comprises uTMT, where molecular propellant weight

of Mo is determined by formulas of Chapter V.

Molar fractions of gaseous components of the mixture can be

found by formula

xq—-—— ===t (6-31)
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The content of condensed substances in the mixture is more

convenlently characterized not by numbers of moles n__, obtained in

qz
P calculation, but by weight fractions z 22 which are calculated so:
__PRqake
Zq‘—- PrMT' (6.32)

where uq — molecular (atomic) welght of g-th condensed substance.

Tetal weight fractlion of condensate in the mixture comprises

2y =E 2

(q3)

Quantities xq, zqz are one of the varieties of wrlting the

composition in relative form.

It
Hr
is
of

For many reasons the quantity of mean molecular weight 1s necessary.

can be determined in the following manner. During calculation on
MT kg of propellant the total number of moles of gaseous products
equal to overall pressure p. Consequently, mean molecular weight

to

or

the mixture, which 1s the relationship of total weight of products

the number of moles of only the gas phase, comprises
pteMr kg (6.33)
7 mole

Mean molecular weight of gas phase of heterogeneous mixture

can be determined by formula

o = (1 — zp) po M,
P

p,=(1—2zz)p. (6.34)
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C.%., Determinatlon ot Partial Derivatives
of Equilihrium Composition

Partial derivatives must characterize the dissociated mixture
in the state of chemlcal equilibrium. Therefore, they should be
found from a system of equations of chemical equilibrium with values
of p and T, determining this equilitrium. This system for most
general caze of heterogenecus nmixture consists of equations (6.3),
(6.11), (6.8) and (6.12). 3y differentiating the shown system
with respect to logarithn of temperature when p = const or lcgarithm
of pressure when T = const, we obtain the corresponding partial
derivatlves. As earllier, the pressures of saturated vapors of
condensed substances are known functions of temperature, therefore,
thelr partial derivatives should be excluded from the number of

unkncwns.

By differentiating equations (6.3) with respect to 1n T when
p = const, we obtain
dinp\ XY [dlnp (NnK,) (0|np';
(.omr),, Ea”(r)lnr),,'*' awr ), " onr ), =0

J=1,2 3,k j#r.

Since constants of equilibrium and pressure of saturated vapors
of ldeal substances depend only on the temperature, thelr partial
derivatives should be replaced by total. '

According to expression (6.4) let us write:

Vg, ;878 N 1919
Ak, At I AP Ll

AT dInT Ro RoT

Considering when differentiating that




and
dar
th—CJ'
let us receive
ank, _ o B0 (6.35)
amr T ReT ) 3

Similgrily from expression (6.10) we obtain:

'“"p: 4 (Sg,—-sg' 12,—12,)
dinT  dInT Ry ReT

or
dlnp; o ] —’2.—12. 6 6
dinT ——qu—- RoT . ( 3 )
Let us introduce a new designation
Ky=Kj — ayKu (6.37)

and finally let us write:

dlnp ! dlnp\ _ R, j= - .
olnT’)—x a"(OInT‘)p_ i VT

By differentiating equations of conservation of substance (6.11),
we obtain:

e G, + 0 —nom (G2, ) +

dinn,, dln M, My g
ot (Gt~ BTy, +urK ot aupiK=o,

=1,23...m
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-
(6.11),

T T T ——

By introducing new designation

BIJP:K;I"{"alrp'r‘K;z:-l?“ ( 6- 39)

finally let us wrilte:

' 0'"";) +(1—3 (ol )
an 1e) 1y (9107 dinn,,
2 o '(amr » "\ oy ,+B"""( ST ),,"'

dinn,, -dln M, or
+a,,u,,( L )p_B,(mr—)f—K,, i=1,23,...m. (6.40)

For equation of Dalton law (6.8) we obtain:

2}”’0 (‘:—l;;frg)p+ PiKe + PiK = 0.
Having designated
Kp=piKu+ piK;s, (6.41)
let us write
;”’" (::::')f ~ Ky (6.42)

Finally, for equation of dissoclation of gas phase of condensed

substance (6.12), we obtain:

_Ela"(gllT"r'Tm),‘”""3'+K}+K;,= !
[}

By introducing new designation

K, =K+ Krs—a, Koz, (6.43)
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let us finally write

$ e o), % o

[]

Thus, from equations (6.3), (6.8), (6.11) and (5.12) oy
differentiation with respect to 1n T when p = const equations
(6.38), (6.40), (6.42) and (6.44) have been obtained. The new
system of equations 1s linear relative to derivatives of type
(@Inf/dInT), . Coefficlents with derivatives and absolute terms of

equations can be represented in the augmented matrix (see page 126).

For determination of derivatives of type (dInf/dlnp), the system
of equations (6.3), (6.11), (6.8), (6.12) must be differentiated
with respect to 1n p when T = const. Bearing in mind that at

constant temperature 1ln p: and 1n KJ do not depend on pressure, we
obtain:

0‘“” Ia dlnp, . .
(dlnp) —2 ”(dl_np-)r=0' Jj=1,23....L J#£r

gau l( ) +(1—=3;,)n, (‘“" "‘) +3,n,, (‘“Mu) +

dln dln
+ayn,, (Sh2e )T—B,(Z',“T':')r:o: i=1,23,...m  (6.46)
e
2 (::::') = Psi (6.47)
‘2 (?;:,:l) —0. (6.48)

Equations (6.45)-(6.48) will form a system of equations, linear
relative to derivatives of type (dInf/dlnp), . The augmented matrix
of this system differs from the matrix for calculations of
derivatives with respect to temperature only in the column of
absolute terms. A varlant of such a matrix 1s alsoc represented

on page 120.
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Solution of the system of equations represented by the matrix
on page 126 gives values of 21l derlvatives of reacting mixture 1n
) the state of equilibrium. It should be noted that the earlier used
algorithm of the solutlon 1s retained. Furthermore, the almost total
identity of matrices substantially reduces the labcr ingut of

calculation.
For homogenous worki=: medium it 1s easy to obt-~ > Jilcular
case of syster cf equaticns (6.45)-(6.48). Inasm : (re no
6) condensed components of the mixture, thelr corre - al

derivatives are absent, l.e.,

am
(Olnn,, ) =( olin ng. ) —o
oInT » dinp jp
W e
Summation in equations (6.45)-(6.48) must ve total, and
quantities K; K, Kp respectively are equal to
R}=K}.
7?1=.I—(.p‘-"’-0.
\\ Variant of augmented matrix for homogenous working medium 1is

r represented on page 120.

In conclusion let us establish the connection between derivatives
»; of quantity M. (dInM./0InT),, (dInM:/dInp)r and corresponding logarithmic
derivatives of molecular welght. For thls let us differentiate
equation (6.31). As a result we obtain:

hear , »
oln M, AL AW .
. (omr L—(MnTL‘ ( ?
InMy \ dng: (6.50)
Famme G
|




e

For nonreacting mixture y = const, consequently:

(—?—"%’—)p=0.

din M, ) i)
‘\ 0lnp /r

Partial derivatives of composition and quantity MT are necessary

for calculation of equilibrium properties of the mixture: thermal
coefficlents, thermal capacities, speed of sound and others.

With determination of the composition and its partial derivatives
we used the following system of units: pressure and partial pressure -—

phys. at.; enthalpy — cal/mole; entropy — cal/mole-deg,
Ro = 1.98726 cal/mole-deg.
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CHAPTER VII

THERMODYNAMIC PROPERTIES AND PROPERTIES OF
TRANSFER OF COMBUSTION PRODUCTS

For calculation and investigation of gas-dynamic and heat-
exchange processes the thermodynamic and thermophysical propefties
of combustion products must be known. As the basis of calculation
of thes2 properties serve general thermodynamic relationships and
molecular-kinetic theory of gases.

It has been accepted to call electrical conductivity and
emmissivity of combustion products the thermophysical properties or
properties transfer. However, the electrical conductivity and
emissivity have a physical nature similar to other properties and
are important characteristics of combustion products. Therefore,
theoretical determination of the electrical conductivity and
emissivities 1s also considered in this chapter.

7.1. Thermodynamic Functions of the Mixture

The mixture of gases located in the state of chemical equilibrium
1s reacting, inasmuch as in it proceed reversible reactions of
dissociation and ionization. Let us assume the equilibrium composi-
tion of such a mixture at certaln temperature T and pressure p 1s
specified in the following manner: the combustion products contailn
q = 1l + m components, each in a quantity of ny moles (1 = 1, 2, 3,
eeey L+ m). In this case some components are in condensed phase
with number of moles Ny, These data, obtained, for example, by the
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method given in the previous chapter, permit determining the
thermodynamic functions of the mixture,

Since calculation is performed on M'r moles of propellant, the
weight quantity of products of dissoclation and ionization

constitutes u'rM'r’ where molecular propellant weight 1s determined
by formulas of Chapter V.

Thermodynamic Functions of the Mixture

In the calculation for 1 kilogram of mixture one can determine
thermodynamic functions in the following manner.

Total enthalpy

q q o
2"1’?4‘2 "Itlu

_1-] {ml kJ, (7.1)
L= weMy Eg
1 19, 19 1n kJ/Kmole
1° iz .
Internal energy yd
q q ’
B, mel+ 3 nisEly /
E=l=t i=1 kJ, (7.2)
peMy EE
[ ]
1r 9, B9 1in kJ/kmole
1? "1z A
For 1deal gases
for condensed substances
E?x’-—' l?l
Entropy
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L) y
N\ g0 ngy e N g, 80 ;
‘ :'r, R Vg4 T:"",-\:_' kJ . (1.3)
‘ ;‘1"1»” o kg. eg
0 O .
if Sy, 5y, kJ/kmole‘deg.

In the above-listed formulas the values with subscript "z"
pertain to substances in condensed state, symbols Iio, Eio, 310
designate total enthalyy, internal energy and entropy of l=th
component at temperature T and pressure in 1.02 bar (standard state).
For simplicity of writing in the above-listed and subsequent formulas
summation in the second sum is spread to all components, although
in actuality one should summarize only with respect to indices of
substances in condensed state.

The remaining thermodynamic functions (thermodynamic potential,
Helmholtz free energy and others) are determined according to usual
thermodynamic relationships with the aid of values of I, S and T.

The Form of Representation of Thermodynamic Functions
of Individual Components

Experimental determination in wide scales of thermodynamic
functions (properties) of individual gaseous substances at high
temperatures (above 1000°K) is a complex assignment, practically
impracticable at present. However, the thermodynamic functions
of any gas can ve calculated theoretically if the statistical sum
also states of molecules (atoms) 1s known.

Thermodynamic functions of substances in condensed state, in
contrast to gases, are determined on the basis of results of calori-
metric measurements of thermal capacity or change in enthalpy, and
also measurement of heat of phase and polymorphic transformnations.

The most complete publication, containing information about
methods of determination of thermodynamic functions of substances,
necessary mclecular constants, and also tables of properties of

-
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335 individual substances, in the reference book "Thermodynamic
Properties of Individual Substances."

In the reference baok there have been placed values of reduced
thermodynamic potential ®@.°, entropy ST0 changes in enthalpy
H,%-H,0 and total enthalpy 1.7, and also 1g K, and K_. Values of
the shown thermodynamic properties are presented by tables for
temperatures 293.15°K, 298.15°K, 400° and further every 100° up to
6000°K. PFor certain substances the tables have been expanded to
20,000°K. In tables of thermodynamic properties of substances in
condensed states there are additionally listed values of thermal
capacity C and quantities 1lg p%, p".

In view of the large labor input the calculations of equilibrium
compositions of compound mixtures are usually fulfilled on electronic
computers (EVM). For a number of reasons the utilization of thermo-
dynamic functions of individual components 1n tabular form during
calculations on an electronic computer seems inconvenient, therefore
the tables are approximated by multinomials. In this case there
is usually approximated one functinn (for example, entropy or
enthalpy), and for determination of remaining functions there are
used thermodynamic relationships.

For example, in the reference book mentioned above there have
been approximated tabular values of entropy by multinomials of

type

ne?

Sr=Sinx+ I S (7.4)

where x = T°10'3; S, S, - coefficlents of polynomial.

In the practice of thermodynamic calculations with sufficient
accuracy we can use polynomials of type

=7

=2 ax. (7.5)
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7.2. Thermal Coefficlents

In many calculations thermal coefficlents are used namely:
isobaric coefficient of expansion

1 fovY . '
=L (&) (7.6
isothermal coefficient of compression

b= (o) (7.7)

temperature coefficient of pressure

-4,

1 Gp ) v

. r—r (7.9)

therefore 1t is sufficient to determine the most commonly used
coefficlents ap and BT' By knowing these two coefficlents, any
thermodynamic derivatives can be calculated.

Let us represent thermal coefficients in the following manner:

T ———

—

—— =_L(0Mv);
RO R UITY ) e
1 folnuy I
fr= P Olnp)r o i

—

/

—
U

and use equation of state in the form
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Bearing in mind that
r;%
pu=p:M,,

let us represent the logarithmic form of equation:

Inv=InRo+ In T—In M,—In p..

Hence

() = 1- ()

(0100) (dlnM, \
= - — .
dinp/r dlnp Jr

Ultimately we obtaln

S ),,] ‘
( dla Mf ’

dlﬂp r’

H

1

$A= 31
.y

p

(R210)

(7.11)

where logarithmic derivatives of quantity M. are determined by the

methods. described in the previous chapter.

7.3. Heat Capacity

If during some process the multicomponent working medium 1s

in the state of chemical equilibrium, then the effective heat

capacity of the working medium must be determined with allowance for
heat of equilibrium chemical reactions. Such heat capacity 1is

called eguilibrium.

141

INPRE

equ
deps
beer

Aftﬂ

chan
is u

inas
deri

beco




S

p‘lo)

Fall)

. the

is

ice for

(
]

Accordinge to the definition, heat capacity at constant pressure

nust be written so:

om ().

oy

If we apply this formulz to a reacting mixture, we obtain
equilibrium heat capacity ¢, considering the change in composition
dependine on the temperqiture. Bearing in mind that quantity I has
been represented by formula {(7.1), let us write:

i qa 0 q‘ 0
) ()_n;l,-&-}_,n,,l,z
d =] {-l

pr- (’—T wrMy

¢

After differentiation we obtain

¢ 7
y Y
E #Cpi+ N npChy

q
, din n; 1]
. - ¢ 191
c, ==t fisl + 1 [Z”‘(amr), o

" prdl, prMiT Lia

u .
+3 (), |- (), (1.12)

i

The first term of expression (7.12) is heat, heading for
change in temperature of the mixture of constant composition. This
is usual "frozen" heat capacity

q q
n-C;-i-Vn;C-;
- (7.13)
24 meMy ’

Inasmuch as for nonreacting mixture of constant composition
derivatives

oln ni“ [ dln n,_,__) ( aln M, ‘)
(nmr;; ( oin? /,0 \ oInT /p

become zero. One should emphasize that although the mixture

Lhe
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composition when determining frozen heat capacity is considered

constant, it is equilibrium and it corresponds to clven temperature
and pressure,

The second and third terms in capi€ssoiuw (7.1l - neat proceeding
to change in the composition of equilibrium mixture. Corresponding
partlal derivatives are determined by equations of the previous
chapter.

Figure 7.1 shows values of equilibrium and frozen heat capacity
of combustion products of kerosene type fuel + 02x' Solid lines
pertain to pressure 20 bar, broken - to pressure 200 bar. As can be
seen the quantity of frozen heat capacity does not practically depend
on pressure, whereas the value of equilibrium heat capacity depends
noticeably. With increase in the pressure, suppressing dissociation,
the equilibrium heat capacity is diminished and differs from frozen
to a lesser degree. With small and large a, i.e., at low temperatures
when dissociation weakens, the difference between equilibrium and
frozen heat capacities 1s diminished.

Fig. 7.1. Values of equilibrium
and frozen heat capacities at
different pressurcs: kerosene
type fuel + 021'

Sy

/
4% 45450708091082 35 20 Joa

Yeat capacity with constant volume is determined by zxpression
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0E
G.=(—1.
i (01'),

It can be obtained from general thermodynamic relationship

a,— co=T (2% (-‘-)3)
2 (dP )v or /p

With allowance for expressions (7.6), (7.8), (7.9) and
application to reacting mixture we obtain:

By using formulas (7.10) and (7.11), we finally obtain

il s A (7.14)

=Cer '(MnM,)
dlnp Jr

In the previous chapter it was shown that for nonreacting

Cop

mixture

(Gar),=% (S )=

Consequently, from formula (7.14) there is obtained, as a
particular case, the usual relationship for frozen heat capacitles:

Cua=Cp3—'R. (7015)

According to known values of heat capacities there are
determined their ratios of equilibrium heat capacities:

kp=°_”£ (7.16)
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and frozen heat capacities:

APt 2 (7= 17

7.4. Speed of Sound

The speed of sound is determined by general expression

o=(%)

in which the derivative 1s taken under conditions taking place in
a sound wave. In case of energy insulation and absence of
relaxation phenomena the processes of compression and rarefaction
in a sound wave are isentroplc, and consequently:

#=(2) = - (2). (7.18)

With propagation of sound oscillations in a reacting medium
the process in the sound wave will be isentropic if:

1) the frequency of oscillations 1s great, and the rates of
chemical and phase transformatlions are small, as a result of which
the mixture composition is not changed with passage through sound
wave, particles of condensate remain fixed and have constant
temperature; the process in the wave proceeds as in a nonreacting
mixture; in this instant the speed of sound 1s called frozen;

2) the rate of chemical and phase transformations are great,
and frequency of osclllations 1is insignificant.
rarefaction in a sound wave the mixture composition is changed in
accordance with change of temperature and pressure. With passage
through wave the chemical and phase equilibrium are retained;

particles of condensate have parameters equal to the parameters of
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Let us determine derivative (ap/av)s.

In these conditions the speed of sound 1s called equilibrium.

For this let us use
tables of differential thermodynamic .2lationships 7.1 [7].

Table 7.1. Ce:.aln differential thermodynamic relationships.
I 7
p = const T const | v - const § - const E = const I = const
(Jp) —1 —upy _._'i{’_ Qppv—Cp —Cp
T
(oT) | - —3rv —Upt Bre—upl)v (1l —upl)v
v
() ayv Brv - 0u57'—7.‘ civ (cofr + apv)v
e Cp v pv v
(vs) ra apv —coBr = cobr 5 ‘o
i v
(VE) Cp =Uppy (apT —Broyv —Cyy v '6037"%-— - (cp—uppt)v--
— Cydrpv
(o) tp (ap7 —-1)v —(coPT + apv) v —cp'%‘ cofir pv — -
—(cp—agpv)v

Note: leriv .ive of type (dy/ox),

(dsfov;r == upVIﬂrl} = apfir.

As a result we have

("_P_) e A S
ov s Cy ﬂrv qT

is a result of division of quantity (gy), taken at intersection of lins

(0, wd column z, by quantity gy (intersection of line (Jx) and column z)., For example:

By placing derivative (ap/av)s in expression (7.18) and consider-

ing the equation of state and formula for BT

equilibrium speed of sound:

i B
P (oln.u,\ )
olnp r
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For a nonreacting mixture derivative (3 In Mp/3 Inp) Lo

T

equal to one, and the relationship of frozen heat cap:oities s equal
to k3- From equality (7.19), as a particular case, we have the
speed of sound in working medium of constant composition (frozen
speed of sound):

ai- kKT.

(7.20)

g};ure 7.2 as an example shows composition of equilibrium and
frozen properties of combustion products of propellant C2H8N2 + Nzou

(a = 0.8) at various temperatures.

As can be seen, the difference

between equilibrium and frozen parameters is substantial and

certainly must be considered.

This difference is the most consider-

able in the range of maximum dissoclation and unessential at

Fig.

B

t{] \\P-
i P 23
e,
ol 22 —]

;';)\

L 21

2
ot 7 = 4

b ;;’
a9l

!
1600 2000 2900 2800 JN0 60O T°K

speed of sound can be written so:

A L e et

2 —
a',—

kp oRT

1.2.

2

(:—:)(
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dln M,
dinp )r

14

Comparison of equilibrium

and frozen thermodynamic properties
of combustion products of propellant
+ N0, (o = 0.8) at various

N
\ C,H,N
temperatures (px' = 100 bar).

‘\ [Translator's note: 1in a previous
paragraph the fuel was represented

\4 as 02H8N2 + N20u_ .

For two-phase medium an important characteristic 1s the rate of

propagation of sound in gas phase. General expression for this
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where relationship of heat capacities and derivative (3 In MT/B In p),II
are determined with condition z = const. With propagation of sound
the particles remaln fixed, thelr temperature 1s constant, phase
transitions are absent.

7.5. Transfer Coefficients (Diffusion, Viscosity, Thermal
Conductlvity)

Phenomena of diffusion, viscosity and thermal conductivity
are physically similar. They assume the transfer (transport) of
some physical propertlies through liquid or gas. Usual diffusion
is transfer of mass from one reglon to another as a result of
gradient of velocity; thermal conductivity 1s transfer of heat as
a result of temperature gradient.

Therefore, the enumerated physical phenomena received the
general name - transfer phenomena, and thermophysical coefficients
of diffusion, viscosity and thermal conductivity corresponding to
them, - transfer coefficients (transport coefficients).

The kinetic theory of gases [6], developed permits theoretically
determining the thermophysical coefficients of gases and their
mixtures. One of the results of theory is the fact that it turned
out to be possible to write down all transfer coefficients through a
system of integrals Q's*, considering dynamics of collisions of

molecules. The latter is determined by intermolecular function of
interaction - potential.

Numerous theoretical and experimental works confirmed the
applicabllity of the kinetic theory of gases for practical purposes.

Thermophysical Properties of Individual Components

Molecular-kinetic theory of gases gives the following
expresslions for transfer conefficlents.
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Diffusion coefficient of component 1ol Uloar. mixture 0!

and J gases is equal to

/ Ti(lu‘+‘u£

2!‘:‘}‘;
FE

T,

Di’ = 0.26' l0_6 l

U)IB
-
=
d

v
~

where p - pressure in bar; % - reduced Iintegral of collizions

(general writing Q'«% ) - function of reduced temperature

- T
7 =T (7522

013’ (e/k)1J - parameters of potential function of interaction of
molecules (atoms) of types i and §; My uJ - molecular weights of

components 1 and J.

In case of equality 1 = j (single-component gas) from formula
(7.21) a calculated expression is obtained for self-diffusion
coefficient.

Viscosity coefficient is equal to

- 1Vl N
. n,=26,7-10~" N:s . ’ G <23
R YE S
™ m? | /7

Coefficient of thermal conductivity for single-component gas
is determined as

/T
15 (7.24)

. l e W i
A :T :7—"[=0|832‘ lo 1_0'5?.—2*— m'aeg

P

The formula written above is valid for components of .a mixture,
molecules of which do not have internal degrees of freedom, i.e.,
for monatomic molecules. For polyatomic molecules at high tempera-
tures the transfer of energy of internal degrees of freedom must be
considered. The component of thermal conductivity, caused by
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energy exchanye between forward and internal degrees of freedom, 1s

calculated with the aid of Mucken correction:

o0 Cot _4)u .
= 0,885 (04 = =1 ), (7.25)

where Cpi - molar thermal capacity of 1-th component at constant
pressure in J/mole-deg.

Thus, general coefficient of thermal conductivity of 1-th
component 1is equal to:

=N AL (7.26)
Thermophysical Properties of the Mixture

Calculated expressions for determination of viscosity and
thermal conductivity coefficients of a multicomponent mixture of 1
molecules and m atoms are written as the relationship of determinants
on the order of 7 +m+ 1 and 1 + m. Into formulas for elements
of these determinants enter coefficients of viscosity, thermal
conductivity and diffusion of binary systems 1i-j for all combinations
of components., In view of the indeterminacy connected with the
incompleteness of contemporary data about the interaction of mixture
components at high temperatures, in calculations of viscosity
coefficients and thermal conductivity of combustion products of
rocket propellants it is expedient use approximate formulas.

Viscosity coefficient of the mixture can be determined by
Budenberg-Wilkl formula [6]:

xi (7.27)
V4

q
ncu'—: P RT ¢ A
X X X
—-’1+l,385'—0—‘ _.1_2.._'_
e " ] l-l)u
i=]

S

where Xy - molar fraction of 1-th component,
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Ro in J/mole-deg; p in N/m; D. t: oo oo b il

P

Other formulas for the viscosity coeff! fent & ol ves re
widespread, enabling considerably simpler cxvoutl.: . & votimation
calculations. For example, there {s wide!y u.ci = enplricnl formula
of type

“‘.72—:‘7' (7.28)
W

i

error of which as compared to strict formulas of kinetic theory
comprises approximately 10-15%.

The coefficient of thermal conductivity of a mixture of
nonreacting gases, molecules of which do not possess internal degrees
of freedom (frozen mixture of nonatomic gases), is determined so
(19]:

r - W, (7.29)

(1} [4

m+de
F"ﬂl-"l g
tm] =)

where

2,41 (p,—p ) (1, —0,1421))
1*u=?u[l + ) ] !
(# +myp

[+ @]

231+ 2

¥y

Py =

The component of the coefficient of thermal conductivity of
the mixture, caused by transfer of energy of internal degrees of
freedom, can be found by empirical formula
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ST "“‘ . (7.30)
T Z 8 Dyxs
Dl:

Thus, the coefficient of thermal conductlvity of frozen

la
mixture:
xlcu‘:)‘;u-{hxzu. (7-31)
Estimation values of transfer coefficlents Noy? Af oy Can be
obtained on the basis of conditional empirical model of "single-
component" gas with parameters u, Cp a8 Oon? (e/k)éM. Potential
parameters of single-component gas are determined by formula [22]:
les °¢.=§x’°l: . )
(7.32)
;mmmﬁ
(efR)ey=———

For calculation of the viscosity coefficient of the mixture N,
a formula of type (7.23) 1is used: - - - =

(o~
N et

New= 26,7 - 10—7—7‘/% d

cMTCM

. and coefficient of thermal conductivity A, . 1s determined on the
basis of rormulas (7.24)-(7.26) for "single-component" gas:

by =131 (24 c0), (7.33)

where cp . is in kJ/kg-deg.

1 Effective coefficient of thermal conductivity of the mixture
xe involves the effect of chemical reactions. Mechanism of heat
transfer of chemical reactions 1s the following. If in the

reacting mixture of gases there exlsts a temperature gradient, in the
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rggggof elevated temperatures the mixture is dissociated more
intensely. As a result of concentration gradient appearing in this
case, products of dissoclatlion are diffused into a range of lower
temperatures, where recombination occurs and heat of chemical
reactions 1s separated. General method of determination of thermal
conductivity component AR, which considers thils effect, has been
proposed by Butler and Brock [12]. Working formulas for AR» 1
obtained under the assumption of local chemical equilibrium, are
very bulky and are not listed here. To get estimate values of the
effect coefficlent of thermal conductivity use can be made of

_ approximate formula [12]:

A¢=A]cu¢’_"' . (7-3"‘)

. Formula (7.34) is obtained on the assumption that all
; coefficients of diffusion in the mixture are equal to each other and
} | i Lewis number is equal to one: \

S T 7

eDijeps
l/ Y

=1

 Figures 7.3 and 7.4 show the character of change of quantities
{ o A Mo Ae/Ap e
tions are done for combustion products of propellant C2H8N2 + N20h
when a = 0.8; in this case the values of A  are determined by
exact formulas [12]. Values of ¢, /c,,» are applied there, which give
ﬂ " the possibility of evaluating the accuracy of formula (7.34). As
' can be seen, chemical reactions substantially affect Aes in this
case the maximum values of xe/xf, cpp/Cps are attailned when the rate of
change of dissociation with respect to temperature is maximum.

from temperature at various pressures. Calcula-
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Interaction Potentlals Between Molecules

Transfer coefficlents depend on the potential energy of
interaction of molecules with their collision. Generally this
interaction cannot be described by analytical function of distance,
however for calculation purposes many different functional relation-
ships were suggested. These relationships, which approximate the
actual behavior of molecules (atoms) at collision, enter the work-
ing formulas for transfer coefficients in the form of integrals
Qu% , considering the dynamics of collision. Selection of some
model of 1nf;}§;£10n (potential) for practical calculations is
determined by the nature of the substance, temperature range, the
presence of reliable data on parameters of the potential.

Most often in heat engineering calculations there is used
Lennard-Jones potential (12-6), inasmuch as 1t describes collisions
of molecules in both low and moderately high temperature ranges.

This permits using experimental data for determination of correspond-
ing constants of potential, first of all, and making more or less
validated extrapolation, secondly. Fu ermore, constants of
potential (12-6) can be evaluated by certain physical properties

in the absence of immediate experimental data.

Constants of Lennard-Jones potential ¢ and e/k for certain
combusiton products of rocket propellants have been listed 1n
Table 7.2 [19].

Coefficlents Dii’ xi, ny of individual components are computed
so:

a) reduced temperature T{ = T(e/k)i is determined and by it

from Table 7.3 there is taken the corresponding integral of
collisions Quw opr Q2+,

b} by using collision diameter of component oy the correspond-
ing value of Ai, Ny D11 is determined;
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c) potential parameters oij’ (e:/k)iJ necessary for determina-
tion of coefficient of binary diffusion Dij’ are determined according
to rules of combination:

0)=0,5(e;9)); ' (7.35)
(‘/k)1)==V(‘/k)l (¢/R) (7. 36)

1.1%

and then temperatures and TIJ and 9" are already found.

Table 7.2. Parameters of potential (12-6)
for certain substances [19].

Substance of (e/k) °K | substance ot (s/k) °K
CH 2,610 52,6 H, 2,827 59,7
CH, 3,024 84,1 OH 2,550 79,8
CH, 3,371 115,2 H;0 2,710 506,0
CH, 3,758 148,6 HN 2,330 107,0
HCO 3,460 187,0 HF 2,780 86,0
HCN 3,630 569, 1 P, 3,357 112,6
CN 3,770 456,0 PO 2,960 137,0
co 3,585 109,9 0, 3,467 106,7
co, 3,941 195,2 N, 3,798 71.4
C.H, 4,033 231,8 NO 3,508 112,4
CH, 4,163 224,7 NO, 3,900 230,0

Table 7.3. Values of integrals gus« for po-
tential (12-6) [6].

Te Qi o224 Te QLI Q2,24
0,5 2,066 2,257 4,0 0,8836 0,9700
0,6 1,877 2,065 4,5 0,8610 0,9464
0,7 1,729 1,908 5,0 0,8422 0,9269
0.8 1,612 1,780 6,0 0,8124 0.8963
0,9 1,517 1,675 7,0 0,7896 0,8727
1,0 1,439 1,587 8,0 0,7712 0,8538
1.5 1,198 1,314 9,0 0,7556 0,8379
2.0 1,675 1,175 10 0,7424 0,8242
2,5 0,9996 1,093 2 0,6640 0,7432
3,0 0,9490 1,039 30 0,6232 0,7005
84 0,9120 0,900 | 40 0,3960 0,6718
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In practical calculations with use of the values of thermo-
physical coefficients n, A, D, obtained by formulas of this
paragraph, it is necessary to bear in mind the following. Most of
the known values of potential parameters o, e€/k are determined
from experiments on compressibility, viscosity, thermal conductivity
and di(fusion under low temperature conditions, because of this
their application in calculations at high temperatures it is not

well-grounded. Furthermore, for a number of substances experimental :
values of o, e/k are generally absent and rough empirical formulas 7
are used for their estimation. Therefore, calculated values of
thermophysical coefficlents n, A, D as yet have an estimated .
character. v
n
7.6. Electrical Conductivity
The basic quantity, characterlzing electrical properties of :i
ionized working medium, is the specific conductivity of gas. It
represents the conductivity of a conductor with length 1 m and section :i
1 mz. The coefficient of specific conductivity (subsequently called
electrical conductivity) is a magnitude opposite specific resistance, ¢o
and has dimension (Q-m)'l or, which is the same, S/m.
‘ \
By determining scalar electrical conductivity o from Ohm's \
law, it 1s possible to write: 7 wh
J ks
g (¥les 317)
where J - current density (A/m2); E - intensity of electrical field o
e
(V/m). ac

By the degree of ionization, which is the ratio c¢f concentra-
tion (number of particles in a unit of volume) of electrons to the
sum of concentrations of neutral particles and ions, we distinguish
slightly, partially and completely ionized gas.

Slightly ionized gas (degree of ionization less than 1%) can
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.be represented in the form of a mixture of neutral particles and

electrons, disregarding the effect of ions. The electrical
conductivity of such a gas 1is determined by expression:

_ 4nele, d

s WJF(U)W (&) dv, ' (7.38)

Ven

where m,s V, € - mass, velocity and charge of electron respectively;
F(v) - function of distribution of electron velocities;vm==§hwlla -
frequency of elastic collisions of electrons with neutral components
of gas mixture; Qen - effective section of collision of electron

e? Sn T~ concentrations of electrons and
neutral components respectively.

with neutral component; c

To get the estimate values of electrical conductivity one can
use the expression obtained with application of the method of
kinetic theory of free path. The basis of the method of the
assumption of transfer of current only by electrons and of short
time of collision of electron with components of gas mixture as
compared to the time between collision. The formula has the form

_ '. c‘eg _ ] ' Q. -l A
0 =0,532 g Sodn (Qecm) (7.39)

where k - Boltzmann constant 1.3804M-10_23 J/deg; e = 1.60206+10~19
k; m, = 9.1083-107 3% kg.

The electrical conductivity of completely singly-ionized gas

(o] with allowance for electron-electron and electron-ion inter-

el
actions 1is equal to

3,,=0,501 #Th _
1 a2 — : (7.40)
n( bo )
where b = e2 - collision parameters, at which the electron with

0 o
3kT
average energy 1s deflected in the fleld of positive ion to angle




n/2; d = % c;1/3 - measure of average distance between nelghboring
gas particles.

From formula (7.40) it follows that the electrical conductivity
of completely lonized gas slightly depends on the electron concentra-
tion (the latter enters logarithmic term) and highly depends on the
temperature of gas. Inasmuch as the determining factor during inter-
action of electron with a charged particle 18 its charge, and not
chemical nature, all lonized molecules or atoms of identical

multiplicity factor of ionlzation can be considered as particles
of one type.

Temperatures developed in the combustion chambers of rocket
engines operating on chemical propellant cause only slight thermal
ionization of combustion products. However, with the presence of
impurities of alkaline metals it can become necessary to consider
the interaction of electrons with charged particles.

Here, as in the case of slightly lonized gas, expression

(7.38) 18 also valid, but instead of Vgp Quantity v, .+ v, should
be used.

The frequency of collisions of electrons with ions }ei with
allowance for electron-electron interactions is determined by
formula

T ?nc,ﬂin (—"—)

o T () (7.

where n = E% - dimensionless energy; u - energy of electrons in eV.

For calculation of the estimate values of electrical conductivity
of partially ionized gas use of formulas (7.39) and (7.40) can be
made. By taking the additivity of resistances, which appear as a
result of interactions between elec.rons and neutral particles on

the one hand, and between electrons and lons on the other, 1t 1is
possible to write:
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g %a Oel

By using expressions (7.39) and (7.40) for the conductivities
of slightly and completely lonized gas, let us present formula
(7.42) in such a form:

-1
0==0,385-10~" L (Q+m) (7.43)
0,385-10~ T,/z(zcnq,,,+ zl;c,o.,)

where index 1 pertains to charged components of the gas mixture.

Thus, 1n order to calculate the conductivity of partially or
completely lonized gas, 1ts temperature, composition and effective
cross section Q of colllsions of all compoments must be known,
which make a contribution to the total probabllity of electron
collision.

Collision cross sections of singly charged particles with
electron are determined by formula

Q,=8,163In (—Z—) : (7.44)

Collision cross sections of electrons with neutral components
are found from experiments on diffusion of electrons or with the
aid of quantum mechanical calculations. Estimate values of Qen =
= f(T) for certain components are listed in Table 7.4.

As 1llustration Fig. 7.5 1lists relationships 1g ¢ = £(T) for
combustion products of propellant kerosene + O2x with various
potassium content, and also for heated hydrogen and alr. The
temperature of combustion products of propellant is determined from

calculation of combustion at prescribed pressure.

160




Table 7.4. Collision cross sections of electrons with certain com- el
ponents of gas mixture. ca
com=
b n R Com- Range
,_:::;\ Qeut n;xge bus- Qeu T pre
‘tion L pa*
3 anq
0O 3.87.10-15—0,87.10~18T 4 2.108<T< 5.108 N 3,647.10~15-~0 94.10~187 4 2.103 < T <5.103
+ 0,689-10—-22T2 + 0,88.10—22 T2 . 4
0, 0,31.10—15 —0,31.10—19T 4- 2.103<T<5.103 1.66.10=17 T0.5 600 <T <104
+0,159-10-2 72 B0 Na 1,60 <fs
H 0,63:10™15 —1,94.10—17 705 600 < T < 104 NO | 0.3388-10=15—0,25.10~197 4+ 2.1083< T <5.103
+0.95.10-2 T2 .
Hy | 0,9-10-17705 4+ 8,9.10—16 300 <T <104 NH; | 9.58-t0—127-1 T<1
OH | 1,41.10~uT—- 600 < T < 104 CO | 1,29.10~17705 4 2 46.10~16 T<2,5.104 of
HO | 1,58.10-17-1 T<108 CO,p | 7,36-10—14T—05 T<104 '
HCl | 4,79.10-12T~1 T<10¢ K, Cs| 2,57.10—12T-08 600 < T <104 : vem
ene
the
sub
. the
A ato

Fig. 7.5. Relationship of elec-
s ‘/J trical conductivity of combustion

(heating) products to the tempera-
ture at various pressures.
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In the case of hetrogeneous comb,ustion products the calculation

of electrical conductivity 1is substantlally complicated, although
the mechanism of electrical conductivity remains the same: electrical
conductivity is determined by pulse losses during colllslcns »of

b




electrons with condensed particles and gas particles. [For exact
calculation of electrical conductlvity of heterogeneous combustion
products it 1c necessary to know the dlstribution of condensed
particles according to sizes, distribution of charges to particle,
and also to consider the state of its surface.

7.7. cdmissivities

At a temperature above absolute zero as a result of oscillations
of atoms and of molecules, intensity of which 1s determined by the
{emperature, all substances possess the abllity to emit radiant
energy in the form of so-called quanta. By getting on some substancc,
the quantum can be reflected from it, but 1f the surface of the
substance is not a "mirror", and the substance is not transparent,
then most probably the quantum will be absorbed Ly some of the
atoms (molecules) of the substance.

Let us assume some medium inslide an evenly heated chell absorbs
all the radiant energy getting on it, not reflecting or admitting
anything. With equilibrium inside the shell the radiation of ideal
absorber will be equal to the radiant energy getting on 1it, since

ﬂ otherwise its temperature increases or 1s decreased as compared to
the temperature of neighboring media or walls of the shell, Nonideal
absorber reflects or admits (or both) part of the radiant energy
getting on it and therefore emits less than the ideal absorber.
Consequently, the 1ldeal absorber, called a black body, at assigned
temperature in any section of the spectrum in a unit of time emlts
more energy than any other thermal radiator with the same area.

Radiaticn, being emitted by nonblack bodies, an be expressed
as a cer-aln portion of radiation, which is emitted by geometrically
identical black bodies, beirg at the same temperature. This portion
i1s called total hemispherical emissivity of a nonblack body e.

| Quantity e depends on many parameters, including the nature, snape,

WTiNs Wiialty ot vhe poey welng investigated, its temperature, anu




also the length or range of wavelengths of the energy being
emitted. : q

In contrast to solids .the gas does not radiate heat in the
enitre- range of wavelengths, but selectively - only in definite b
narrow ranges of the spectrum.

In rocket engines oscillatory-rotatory and purely rotatory . bf
bands of molecules of gases H,0, 002, CO, NO, OH and HF make the 2
basic contribution to radiation of gases; in this case triatomic Hj
gases radiate energy more intensively than diatomic. t4

o

In the case of thermal equilibrium (Kirchhoff law 1is assumed a#

valid) total hemispheric emissivity of single-component gas is
found by formula

ar
1 T i - do, o
C=m55(m)‘1 exp[ K(“’o T, P Py pll” 0 (7.)_'5) =
of
where K(w, T, p, pi) - attenuation factor of beam, equal to absorp- 1o
tion coefficient for absorbing media; E(w) - radiation energy of
F black body; o0 - Stefan-Boltzmann constant; I - length of path of
beam; w - wave number. (1
. . Va
l As follows from formula (7.45), for theoretical calculation of cof
emissivities of gas it is necessary to determine quantity
R
K, T, p pi) _ :T
depending on atomic or molecular parameters, and then calculate the ”qéi
integral. Exact solution of this problem with allowance for all F
factors is very complex. At the temperatures and pressures character- [
istic for int::achamber processes in contemporary rocket engines (RD), _7

the determination of absorption coefficlent of single-component gas,
and also the mixture is facllitated bv the fact that
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1) the spectrum of absorption of molecules of gases consists
of many completely overlapping lines;

2) oscillating spectral bands of the mixture of combustion
precducts partially or completely overlap each other.

Total pressure, beginning from which the spectral lines of
bands at temperature 290-300°K practically overlap and the
emissivity € becomes relatively insensitive to total pressure, for
H,0 ~ 3 bar, for CO, ™~ 1 bar and for CO v 10 bar [9], and at
temperatures ~3000°K in bands of molecule H20 - at pressure ~1 bar
CO, ~ 0.1 bar, CO v 1 bar, HC1 ~ 18 bar, NO ~ 13 bar, OH ~ 20 bar
and HF ~ 40 bar [10].

For determination of the emissivity of these gases the
analytical method [9] seems useful, involving the fact that each
oscillating - rotational band of i-th gas 1s represented in the
form of a rectangle with effective bandwidth AwiJ and average index

of absorption Rij(w)’ belng determined by molecular parameters at
low temperature.

Results of calculations of RiJ(w) for molecules of certain gases
[10] are presented in the form of a summary chart on Fig. 7.6.
Values of Kij(w) on the chart are determined at partial pressure of
components equal to 1 bar.

Ruf R;n,;”" 3

[ Y { Fig. 7.6. Relationship of
q- W | h, % absorption KiJ(m) for certain
YE molecules.
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Calculation of the emlssivity of gas and mixture using Kij is

in such order. Value of Rij(w) from the chart is multiplied by
partial pressures:

—,?I"\“]' pl):l?-,’(m)p,, (7.&6)

then we norrect according to temperature:

i, i T1=Kyyo, p) 2% (7.47)

The emissivity € of mixture of gases for the system of
csclllating bands with allowance for thelr overiap is determined by
fermula

4 = Ey,, Auw
‘=}1424ll—vxpl~/(u(w. pu Dl put} —LL (7.48)

Here AwiJ - interval of wave numbers of j-th osclillating band
of l1-th gas; EAw - radlation energy of absolutely black body in
1]
the interval of wave numbers A“ij'

For englines which operate on propellants fcom C, H, O, N-
elements the radiation of combustion products 1s caused primarily by
the content of water vapors and carbon dioxide in them.

Taking into account radiation of only H
factory of the mixture is

20 and CO2 the emissivity

=ty tco, — Bt (7.49)
wlioe quantlity Ae considers that the intervals of wavelengths of

radlation H20 and CO2 partially coincide, i.e., radlation energy of
H20 is partially absorbed by CO2 and vice versa.
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At temperatures exceeding 1000°K correction Ae in formula
(7.49) can be considered as *“he product of emissivity factors of
water vapor and carbon dioxide, il Selly

At iy,0%c0,. (7= 50)

Emissivitles €,  and e cver the range of temperatures
H,0 CO2
2G600-490:0%K can be detcomined bty Lhe charts of Figs. 7.7, 7.8,

vAateulated while uslng vhe 1dea of effective bandwidth without
allowing for Lhe effect of total pressure [10].

Flg. 7.7. Emissivity of water

vapors
2
tg’p,,lol ametitm
€0, i
]
1 Flg. 7.8. Emissivity of carbon
1 dioxlide.
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At specified values of piz the emissivities of gases increase

with increase of total pressure. When p; >1 bar they somewhat exceed

the quantities obtained by using the accepted values of effective
width of bands.

Quantity €y_o over the range of temperatures 1500-3000°K with
2

allowance for the effect of tctal pressure can be determined by

calculations of Ludwig and Ferrizo [20], quantity €co in this
2

range - by results of [21].

The effect of surface configuration on e, inside which gas 1is
included, i.e., length of beam path 1, is expediently considered
according to the method proposed by Khottel'. Khottel' examines
radient heat exchange between hemlspherical gas body of radius 1
and a section 1n the center of 1ts base, in this case the total
length of each beam is equal to I. Any other gas body 1s replaced
by equivalent hemispherical body - by hemisphere of radius 7,
radiating the same quantity of energy to its center that the real
body radiates to the considered element. Values of 7 are usually
listed in reference books.

4

In conclusion let us note the features of determination of
emissivity of heterogeneous systems. The gas phase of combustion
products for thermal radiation is homogenecus or can be assumed
homogeneous and, consequently, the passing radiant thermal -flow is
only absorbed by the gas mixture. Liquid and salid particles of
condensate of oxlides A1203, Mg0 and others, containec¢ in combustion
products, can withdraw energy from the flow of radiation both due
to absorption and scattering. Thus, from the viewpoint of transfer
processes of radiation energy the two-phase products of combustion
should be considered as a light-diffusing mediunm.

As a result of scattering the spectra and angular distribution

of radiation energy of two-phase products of combustion depend on a
whole series of parameters: sizes of particles, indicatrix of
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scattering, scattering and absorption coefficlients, thickness of
layer, angle of observation, etc.

Scattering includes a combination of effects of reflection,
refraction and transfer of radiation by particles.

The scattered radiant energy 1s spread from the place of
scattering Just as the emitted energy from the place of radiation,
l.e., in all directions in space - forward, to the sildes and back,
however not in all directions with 1dentical intensity.

In a small volume of combustion products, containing a small
quantity of particles, secondary effects of scattering can be
disregarded. Radlant energy, scattered by this volume, will be
equal to energy, scattered by one particle, multiplied by the number
of particles 1n the volume. Such an effect 1s called single
scattering. However, the energy 1s scattered two and more times
more intensely in proportion to increase in volume, and, consequently,
in proportion to increase in quantity ol particles. This effect
is called multiple scattering and 1is usually in the assignment of
radiant heat exchange in the rocket engine chamber.

Scattering substantially complicates the analysis of transfer
of radiation energy. Generally for determination of radiant heat
flow from heterogeneous ccmbustion products 1t 1s necessary to
formulate equation of energy transfer through a small randomly
arranged volume:

A
U o —fa(o) 450 1) + 52 [ 10 @IS e 5E () (7.51)
4=

where Il(w) - intensity of radiation energy in directlon 7; a(w) +
+ B(w) = K(w) - attenuation factor including absorption coefficilent

a(w) and scattering factor B(w); Iz,(w) - intensity of incoming
A

radiation in any direction [ 3(275- indicatrix of scattering
raalation, representing angular distribution of scattered radiation

168



SRS 4 ——g— —

in a given place 1n different dlrections; ; - any direction of beam,
from which the scattered radlation passes Inte the considered
direction T of energy transfer; € - emissivity of medium.

The physical meaning of transfer equation: change in intensity
of radiant thermal flow on the element of length is made up of
attenuation, caused by absorption and by scattering, of amplification
due to radiation of medium and of amplification due to scattering

of energy flows 1In this direction, which are spread in all other
directions.

Solution of equation (7.51) is a complex mathematical task.

For calculation of coefficients of absorption and scattering,
which enter equation (7.51) data are necessary on sizes of particles
of condensate, and also data on optical properties of material of

particles. Optical properties are characterized by complex index
of refraction m:

mz=2p—in,, (7-52)

wheren n, - index of refraction, and n, - index of absorption.

At present the approximate data on optical properties the
range of temperatures of interest to the technician are obtained only
for particles of A1203 and some other condensed products.

Investigations of the emissivity of combustion products of
1luminized proupellants using approximate solutions of transport
ejuat!lon, and also using experimental data show that quantity e in the

combustion chamber is within limits of 0.3-0.5.
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CHAPTER VIII

THERMOGAS-DYNAMIC CALCULATION OF PROCESSES
IN A CHAMBER

In the chapter are examined methods of thermo gas-dynamics
calculation of basic processes iIn the chamber of an englne opera-
ting on chemical propellant: combustion and different variants of

isentrople expansion.

The methods can be applied even for calculation of other types

of heat rocket engines.

8.1. Problems of Calculation and Basic
Assumptions

In the chamber of a rocket engine, operating on chemical
propellant, processes of combustion of propellant (section l-k
on the dlagram of Fig. 8.1) and expansion of combustion products

(section k-c) are carried out.

illf\

Fig. 8.1. Design diagram of the
) chamber of a rocket engine.
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Combustion

Calculation of combustion consists of determining the parameters
of combustion products -t the nozzle inlet. Total enthalpy of
propellants and pressure in the combustion chamber are assigned.

It is customary to assume ‘hat at the noczzle 1lnlet the state
of combustion products is completely equilibrium. In connection
with this the basis of calculatlon of combustion comprises determina-
tion of the equlilibrium composition of working medium, examined in
Chapter VI. In thils case all the assumptions introduced into
calculation of equilibrium composltion are retained. Additional
generally accepted assumptions during calculation of combustion
are adiabaticity and steadliness of processes and also total heat
liberation on the section of the combustion chamber.

Fundamental equation for the described model of the process
18 equation of conservation of energy, which can be written so:

le--1,=0. £8.1)

Here IK' - total enthalpy of braked flow at the nozzle ir.c*:-I
total enthalpy of propellant.

1

Total enthalpy of a unit of mass of propellant is considered
as it 1s shown in Chapter V. For solld propellant quantity IT is
determined under conditions in the chamber of (PATT) [RDTT]
solid-propellant rocket engine before the beginning of combustion,
for liquid propellant - under conditions 1n fuel tanks. The latter
not entirely obvious position can be proved by applylng the equation
of conservation of energy of propellant and of combustion products on
the section from fuel tanks to the nozzle inlet (sectlior k-k). Let
us consider this section energy isolated, since heat exchange with

the surrounding medium can be dlsregarded, and there are not other
forms of energy c<xcnange. )
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For (WPA) [2hRD] liquid-propellant rocket engine wlth after-
burning of generator gas in the baslc chamber the equation of con-

servation of energy should be written so:

/(,'KG(,"“}- "rGr+ LI,O‘KGOK + LH.rGr—Lr (Go.xi+ Grl)= I"‘(Gox_f' Gr)'

Here I Ir - total enthalpies of fuel components in the tvanks; G

ox? ok’

Gr - total flow rates per second cf components; Goxl’ Grl ~ flow
rates per second of components in the first (gas-producing) stage

of combustion chamber; Lq ox? Lq = energies imparted to components

by pumps; LT - work of the turbine.

Form energy balance in the turbopump unit it follows that

LuoxGox+ LurGr=Lx( Goxi+Gr1)-

Therefore the equation of conservation of energy takes the form:
IoxGox+1:Ge=1y* ( GoxtGr).

Having divided this expression by G.T = GOK + Gr we obtain:

“lungo'x_*'lrgr:_‘ I"'

I :"'/K‘

T

Analogous reasonings for liquid-propellant rocket engilnes
without afterburning of generator gas lead to relationship

[t L=
Quantity LH 1s energy imparted to fuel components 1n the pumps:

Ly=Lyox8oxt Ly gr.

——



This energy increase the total enthalpy of basic fuel components
due to the enthalpy of auxiliary fuel, used in the gas generator.
Increase in the enthalpy of basic components, equal to L". is small.
Its computation cannot change the specific thrust obtained by
naloculation by more than tenths of a percent. This is usually
disregarded and for liquid-fuel rocket engines without afterburning
of generator gas we also take In. . Ir'

Two schemes of calculation of the combustion process can be of a8
practical interest. co
is
l. Combustion when p = const (isobaric combustion chamber). alq
of
Velocity of working medium on section l-x is taken equal to g
zero (w, = w = 0). This is responsible for equalities: 2
ph
. . cay

P ™= pr== p, = Py, (8.2)

T.-’:.

prd

Equation of conservation of energy (8.1) takes particular form:

'.-"i-oo ( 8. 3)

2. Combustion when p # const (nonisobaric combustion chamber).

On section l-x the heat liberation is accompanied by substantial
acceleration of the working medium (wK >> 0) and by a drop of
pressure. In connection with this the following relationships are
valid:

Pu<npii
< P
< ’:3
T.<T.

(8.4)
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Equation of conservation of energy (8.1) can be written:

?

'.
lit:5=1,=0. (8.%)

Expansion

The calculation of the expansion process also includes
assumptions additionally utilized during calculation of equilibrium
composition. The process is considered adiabatic and steady. There
i{s assumed homogeneity of the composition and parametcrs of mixture
along the section and one-dimensional flow, including parallelism
of flow at the nozzle exit. For heterogeneous mixture there is
assumed temperature equilibrium of gas and condensate (7,=T,)
and also high-speed equilibriun (w,=w,). The absence of irreversible
phenomena 1s assumed. Along with adiabaticity this assumption
causes isentropicity of the expansion process.

The fundamental equation for such a model of the expansion
process 1s equation of constancy of entropy:

s—85=0, (8.6)

where Sy and s - entropy of unit of mass of combustion products at
the nozzle inlet and in any section of the nozzle, respectively.

Different variants of expansion can be considered within the
framework of isentropicity.

1. The completeness of equilibrium expansion (subsequently
concisely called equilibrium expansion).

The real process of expansion 1is very frequently close to

equilibrium, and that 1s why the scheme of equilibrium expansion is
widelv used in the praculce of calculations.
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/o Chemically "Irozen" expansion or cxpansion with conrtunt
compusition of working medium (conclsely c¢nlled frozen expansion).

Progzen expansion can ¢« ccur under conditiona when the rate:
of chemical reactions are small and tne time tne gas slays in *he 4
nozzle is not sufficient ror their realization, ﬁ

Calculation according to the scheme of frozen expansion .3
usually dcne in addition to calculation of cquillibrium expansion.
fesults of these two calculations determine the range, inside which
indices of the real process are found.

J. Expansion, equilibrium to a certain temperature, and further T
frozen,

The scheme of calculations with sudden freezing of the composi-
tion at a certain temperature can sometimes satisfactorlly replace
the very complex scheme of the real process with allowance for
kinetics of chemical reactions.

8.2. Calculation of Combustion in an Iscbaric Chamber

In comparison with calculation of equilibrium composition at
p, T = const an additional unknown 1s the combustion temperature TK,
and additional equation is the equation of conservation of energy

(8.3).

The following means of calculation is natural. By the method
described in Chapter VI we determine the equilibrium composition of
working medium at prescribed pressure Py and some value of

O @©®@ »u o m® O

temperature T. Values of T right up to true, satisfying the equation %
nf energy, are improved by the Newton methcd, applled to equation e
(8.3). Equation of conservation of energy at arbitrary value of

temperature T has the form:

I--l,"“b,.




or

1

By app itey the Sewlon movhod to 1L we cbtaln
+ ’ Y ’.
|"{}’ -\’ (]
vr
'.! !.'
10 Bel =R N .

o ol (8.7)
ol ',

werivative (al/aT)p mny a 30 be determined numerically:

ﬂv);lﬂ+an—lfl
o !y o7 '

Refinement of temperature is carrled ocut by formula

T‘””-‘»‘]"’ ' A-I(uf). (8.8)

where r - number of approximation. Approximations are fulfilled
until achievement of the necessary accuracy.

One could use a more general and more economical method of
calculation. Let us give this method for a general case of hetero-
geneous mixture. Initial system of equations consists of equations
obtained earlier namely: equation of dlssoclation of uncondensed
substances (6.3), equation of conservation of substance (6.11),
equation of Dalton law (6.8), equation of dissociation of gas phase
of substances 1in condensed state (6.12).

Furthermore, the system 1s supplemented by equation of conserva-~

tion of energy, being written for uTMT kg of propellant and working
medium:

E ”qlg + ”ul?z i n,'/‘r)l_P',J"lr =) 0- (8'9)

¢




To closed system of equations (6.3), (6.11), (6.8), (6.12),
(8.9) let us apply the Newton method, bearing in mind that a new
unknown appeared - temperature, with respect to which differentia-
tion must also be performed.

Appearance of the system after application of the Newton method
in this instance is such:

[ [TA
Elatr)ert (3w Gl -, (8.10)
where
Ar-AlNTO (8.11)

Solution of system of linear equations (8.10) permits finding
the corrections to unknowns: Aq, qu, AM, AT. Refinement of
unknowns is performed just as when determining the composition.

Thus a joint solution of the equations (6.3), (6.11), (6.8), (6.12),
(8.9) permits determining both the equilibrium composition and
temperature.

8.3. Calculation of Isentropic
EquiITbrium Expansion

) b
Let us examine the calculation of different variants of
equilibrium expansion within the framework of isentropicity.
Expansion up to Prescribed Pressure
The most commonly used variant of such calculation is calcula-
tion of the process of expansion from conditions in the combustion b
chamber up to prescribed pressure in the nozzle. The problem of (

calculation - determine the equilibrium compusition of working medium
and the temperature. at this pressure. By these data one can determine
the other necessary parameters.
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For general case of hetorogeneous system the unknowns are
In Nq (ln pq). In n In Ppg s In M, InT - (“ +# m+ 2) quantitiea ’
in all.

sz’

There are (I ~ m + 1) equations of type (6.3), (6.11), (6.8),
(6.12) and additionally - equation of constancy of entropy (8.6),
in which quantity 8, is known after calculation of combustion. '

One way of calculation consists of solution of system of 1
equations (6.3), (6.11), (6.8), (6.12) at prescribed pressure p and
assumed value of temperature T. The temperature is refined by the
Newton method, being applied to equation (8.6). This gives:

(‘-’—'??)’A nTe= -3,

where 68 =8 -8, (s - entropy at accepted value of T) and

AInT=-—(——o. =L, (8.12)

The derivative can also be found numerically.

From approximation (r) to approximation (r + 1) the temperature
1s refined by formula

(nT)*" = (In7)" + alnT"*Y (8.13)
until achlevement of the prescribed accuracy.
A more economical method of calculation of expansion 1s provided
by Joint solution of system of equations (6.3), (6.11), (6.8),

(6.12) and (8.6) and simultaneous determination of the composition
and temperature,.
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Expauslon Lo Prescribed lumperature

If the temperature of the end of expanslon ' han been prescribed, L

then the preasure of working medium p corresponding Lo this tLemperi- i
ture becomes unknown, -
124

Analogous to the case of calculatlion of expansion to prescribed
pressure, one means of calculation 1s to determine the equilibrium

composition 1t prescrit.d temperature T and approximate value of 1
pirewidie p, and then rerine the solution by Newton method, applying

it Lo ~quation of entroapy (8.6). th%
s
At assignment of appruximate value p the equation of constancy p”j
of entropy 1s not satisfiled: 1t
(3.
s(lnpy—s, =3,
According to the Newton method of H
Anp s — b (8.14) N

(0s/dtn p)r

Derivative (3s8/39 1n p)T is either determined numerically, or is
reduced to the form (see Table 7.1):

N A S R W o L (R
(dlﬂp )r p( Jp )r Pror )p = TP

or

Then

Alnp= 2T 1) (8.15)

Roll-(gésgg)p}

Refinement is performed until the prescribed accuracy has been
attalined.




The sceord vartant o deulatton 1s provided by Jolnt aolav,
off cquat o of Haesoedntlor uncondensed gubstances, equations of

1, congervatlon of substance, cjpuntlons of dlasscelation of gany phuse of
subatancer o condensed state and equation off constaney of entropy.

Slonee vie ey cibure Yo uasiened, corrections AT are abuent In
correctt o equatlons,

sapanst! oo Ly rescribed Number M

A feature of Lhls varltant of calculatlon consists of the fact
that both pressure and Lempoerature were earlier unknowns, Let us
use tne system of equations of the variant of ealculation to
prescribed pressure, wlth the exception of eagu=tf~n or Dalton law.
1t consists of (! + m + 1) equaticons of type (0.3), (6.,11), (6.12),
(3.6).  uumtep of unknowns 13 1 +m o+ oo,

The <quatiecn closing the system In the equation of conservation
of energy, being written for 1 kg of mixture in the form
e A ]
\ 2

A Having multiplied and divided the second term by the square
of equilibrium speed of sound, we obtaln

3

/ LMQ—a—P —-lrr:().
' 2

Having rvturned to expression (7.19), let us write

A M-z___k_"R"'_z_‘__../T=O. (8.16)

’ diny
2“['+(olnp)r]

Common solution of system of equations (6.3), (6.11), (6.12),
(8.6) and (8.16) by Newton method allows determining the equilibrium

composition ana temperature. Pressure is determined by equation of
Dalton law.

o
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Expansion to Locul Speed of Sound (M = 1)

Pn

Calculation of expansion to local speed of sound is
necessary for accurate determination oi flow parameters in the
noggle throat.

It is obvious that this calculation can be pertormed as a
particular case of the previous variant when M = 1,

Let us give an additional means of determination of parameters
in the nozzle throat. It is known “hat pressure in this section 1is
approximately (0.53-0.57) p, *. Having prescribed the value of
pr from this range, by the method examined earlier it is possible
to calculate equilibrium expansion to prescribed pressure and find
approximate value of Txp and other parameters. Further refinement
of the amount of pressure 1s performed with the aid of equation
(8.16), to which the Newton method is applied. Equation (8.16) in
general form can be written so:

‘P(Po 3) -0.

By applying the Newton method and considering that as a result of
isentropicity ds = 0, let us write:

Ap=-- 28 (8.17)
(;;’7')3

The denominator of equation (8.17) can be found with the aid
of Table 7.1, in this case in the interval of change of pressure Ap
quantities kp, u, (3 In u/3 In p)T can be consldered constants. As
a result we obtain the calculation expression for Ap:

pp=t 2 (8.18)
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Pressure is refined by formula

(re )

prt o p - aptt,

after which calculation of isentropic expansion to prescribed

pressure p(r+1) is repeated. The entire calculation is finished .
after obtaining the prescribed accuracy with respect to pressure:

Ap <o, |
where w - permissible error of calculation prescribed in advance.
Expansion to Prescribed Relative Area

Characteristic quantities of any section of the chamber passage
are: relative area of section (for nozzle - geometrical expansion
ratio of nozzle)

f=;£ﬁ (8.19)
xp

[Translator's note: Kp = throat]

specific area of section

F’.___._’G:_. (8.20)

[Translator's note: yan = specific])

It is obvious that

Fya

Fyanp'

and on the basis of continuity equation

(e®)xp

f= : (8.21)

Lw
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The considered varifant of calculation allows determlinlng flow

parameters in the nozzle section with prescribed quantities r“ or
0
P

ya'
It 18 necessary to solve equation
S=r°
or
Fy=Fiu (8.22)

Slive ot crescrlbed pressure in the combustion chamber quantity
Fyn.np 1s .onstant, ‘The vglue of Fgu is determined according to
prescribed celative area f° and quantity Fyn.xp’ which 1s known
after calculation of expansion to M = 1:

Fr= (qf;_' g (8.23)

Specific area Fyn depends on the pressure and temperature in the
given nozzle section; equation of state and general thermodynamic
relationships allow use of other quantities as arguments.

Relatiounship
Fya=g(lnp, s)

is close to linear, therefore equation (8.22) is expediently
represented In the form

¢(Inp, sl=InF , —InF9 . (8.24)

Ey applying the Newton method and taking into account that as a
i't of 1sentropicity ds = 0, let us write

lan.—lnFy]

Inp=
Alnp (@In Fypfoln p),
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Dertvative (3 in Fyﬂ/a In p). can be determined numerte:itiy *y

with the ald of theemodynamlic relatlonships. The last way 1is
preferable. By usling equatlon of conservation of energy In the form

S |

"
let us represent ln Fv" 01N
R AR
llli“y‘=—|||Q—lllV§(7,—;7). )

Now with the ald of Table 7.1 it is possible to write

(()lnFyn). R()T 1 l)
\.()Inp"_p w? a:' +

and the final expression for A ln p takes the form:

InFY, — InFyx (8.25)

Alnp= ————.

R (1. J_)
[ <w2 ay

Calculation of expansion to prescribed relative area fo can be
completed in such a sequence., Let us designate the assumed value
of p(o) (for example, with the aid of tables of gas-dynamic functions)

and let us calculate expansion to prescribed pressure. As a result
let us determine all the thermodynamic characteristics and properties

(0)

at pressure p Ry formula (8.25) let us compute logarithmic

correction A In p and let us refine the gquantity of pressure

Inp" =Inp®-Latnph,

After this the calculation of expansicn to assigned pressure,
etc., is repeated until the required accuracy with respec to

quantity f is attained.
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8.4, Calculation of Isentropic Frozen Expansion

Chemically frozen expansion ls taken as expansion with
constant composition. of working medium. If we consider frozen
expansion from some initial known conditions up to pressure p, then
the constancy of composition can be written in the following manner:

Paman  Puy  Mrgy
= — —

o A =g, (8.26)
Rrz ngy =nllu!u =1, . (8-27)
Nra Ngs

[Translator's note: Hau = initial]

In expressions (8.26) and (8.27) m - assigned quantity.
Relationship (8.27) follows from condition

2Zg=const,

where z_ - welight fraction of q-th condensed product, determined
by expression (6.32).
4

Inasmuch as the composition of working medium and quantity M,r
are determined by relationships (8.26) and (8.27), there is no need
to solve complex system of equations of chemical equilibrium with
refinement 6f temperature or pressure. Unique unknowns are:
temperature - during calculation of expansion to prescribed pressure,
pressure - during calculation of expansion to prescribed temperature,
or temperature and pressure during calculation of expansion to M = 1
and to fo. For their determination we use equations (8.12), (8.15),

(8.18) and (8.25) respectively.

As the basis for calculation of frozen expansion to various
conditions (pressure, temperature, number M or fo), as 1n the case
of equilibrium expansion, there can be used calculation of expansion
tao prescribed pressure. Let s examine this rariant tn meore
detall.
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In accordance with formula (8.12) in case of working medium of
constant composition 1t 1is possible to write

AT = T (Syay — $)

€pa
where B ey known quantity of entropy of 1 kg of working medium. .
Entropy and frozen thermal capaclty of the mixture are 1

determined by formulas (7.3) and (7.13). Let us substitute initial
values of n (pq), Ng,s Nn,» M. 1n them by formulas (8.26) and !
(8.27). After simple conversions we obtain:

T [P-r (MyS)uge — 2 Rq nay 33 — RoPray In ”] d
AT = g +

> Ny wanCrqg+ Mz navCrz + Mgz ugu Cs2
q

T [RO D g van 10 Mg wgu— 172 S8, — gz 82,]
7

(8.28)

t+
E ng,ayCpq + rz nanCrz + ng:Cq.:
q

where entropy and thermal capacity of gas (Sg, Cpq) and condensed .
0
(s

Pz ng, crz’ Csz) phases are calculated at temperature T.

The temperature is refined until achievement of the prescribed

accuracy. In zero approxlmation the value of T can be estimated by
isentroplc equation of type

o

T =n-n‘7-.“'

using tentative values of mean isentropic index of expansion.

Conversion of formulas (8.13), (8.18) and (8.25) for
calculation of other variants of frozen expansion 1s performed »
*] similar to that described above.

By compining the variants glven in *his paragraph, other schemes

of the graocoss bhest los Yha o xaadand can e ealenlated, Thus, for
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instance, the scheme with sudden freezing s described by equilibrium
expansion to prescribed temperature or pressure (depending on

whether conditions of freezing have been specified) and further by
frozen.

8.5. Calculation of Combustion in Nonisobaric
Cylindrical Chamber

Nonisobaric, or high-speed, as they are stlll called, combus-
tion chambers are characterized by small values of relative area of

combustion chamber

=iy (8.29)

Fip

[Translator's note: x = chamber]

Under identical initial conditions in section 1-1 (see Fig.
8.1) the parameters of working medium at nozzle inlet (section k-k)
will be different depending on values of fx‘ When fK = 1 the working
medium in section x-x reaches critical velocity.

For calculation of combustion in nonisobaric chamber, besides
total enthalpy of propellant IT and pressure Py the quanity of
relative area of combustion chamber f'K must be prescribed.

Fer determination of the equilibrium composition of working
medium, its properties and temperature in section k-x 1t 1s possible
to write the following equations: equations of dissociation of
uncondensed substances (6.3), equations of conservation of substance
(6.11), equaticns of dissociation of gas phase of substances in
condensed state (6.12). Equation of Dalton law cannot be used,
inasmuch as pressure Pk is unknown earlier. Let us use the equatlon
of pulses, written for a sectlion of cylindrical pipe between sections

1-1 and k-x:

P+ awl=pt+ ;. (8.30)
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Having designated known guantities

um -
Py QWi=pr
and bearing in mind that
px=2 pﬂ'
q
Let us write eguation o pulses so:
qu i ‘.’xfw?\-:‘ Pr- (8.31)
q
Finally, one ought use equation o! energy. For nonisobaric
combustion chamber it was written in form (8.5). By using expression
(7.1) for enthalpy of working medium, we obtain
.\:.f'q 13+nrzlgz+n.x:,2¢ ,“..'2
4 L =—7 =0
ng u, M, 2 T
l .
- 3
w
Epdlt}&nnlgz i'n\'l/gz +PrM7—2_—!“thlT=0' (8-32)

’ q

Thus, there are (I + m + 2) equations for determination of
(I + m + 3) unknowns: equations (8.31) and (8.32) include an
additional unknown - velocity Wee The system of equations can be
closed by use of equation of continulty, written for section x-kx
and throat.

The solutlon consists of finding the values of W at which the
system is valid.

Let us write continuity equation for sections k-x and Kp-xp:

e ew Fy
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—_— e T g —-——:T
or
—rt
Q=" (8.33)
where
€ =Qu,Wep: (8.34)

According to equation of state and with allowance for relation-
ship (6.33)

— Pubx __ 1 My

& RTe  RoTx (8.35)

Let us write equation (8.31) in the form

3 (0x19y)2
L Pq'*‘%':l’r

q

Then with allowance for expressions (8.33) and (8.35), we obtain:!

T
qu’{’d';"::pﬁ (8.36)
£ ”~
where
d:;féf&
x Bt

In logarithmic form the equation of pulses looks like:
T
In (zp,-f—dh—,r)-'"'h'—‘-”- (8.37)
q

Let us also convert equation of energy, using relationships (8.33),
(8.35):

'When writing the equations, which determine composition and tem-
perature of working medium in sectlion x-x criterion of the section -
index "x" is dropped here and further.

191




2 pl®+- n,,/9,+ns,/g,+R042—§:-—p,m,1, =0, (8.38)
a T
To system of equation (6.3), (6.11), (6.12), (8.37) and (8.38)
we can apply the Newton method and obtaln equations that are linear

A A A

relative to corrections: A A sz? Oume

q?® “rz? T*

Algorithm of the solution of the system is the following.

We assigned initial values of unknowns pq, N.,s Ngys MT
(randomly) and quantities ¢, indirectly characterizing the velocity
of working medium W In zero approximation the wvalue of quantity
¢, assigned by formula (8.34), is taken according to calculation
of isobaric chamber (fx = o), Equilibrium composition and flow

parameters at the nozzle inlet are determined.

By the found data we calculated the entropy of working medium
and calculated equilibrium expansion to local speed of sound. We
found new parameters of the throat and, consequently, new value of
quantity c¢, which is introduced into calculation of the followlng
approximation, etc. Calculation 1s repeated until in the nelighbor-
ing approximations the values of control parameter 1n the nozzle

throat coincide with prescribed accuracy. Such a parameter
can be temperature, pressure or velocity.

S

After termination of approximations the parameters of
working medium at the nozzle inlet are determined by the following
formulas:

1 = = -_ b_M._' N ;—_-_p.:.“_"
18 P 2}”‘ 6 omeE o=,
_ QxpWyp - 5T T
') ’ W, = oS x or W= VZ(/., Il)'

It is interesting to determine total head values of working
medium at <*he nozzle inlet. For this the isentropic equilibrium
tem- stagnatlon of working medium to w. = 0 must be calculated. The
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process 1s described by equations of dissociation and conservation of
substance of type (6.3), (¢.11), (6.12), by equation of energy of
type (8.1) and by equation of constancy of entropy of type (8.6).
Solution of the system gives the equilibrium composition of stagna-
tlon working medium, quantity MT and the value of stagnation tempera-
ture TK*. Stagnation pressure is determined by usual formula:

Pe - Piv
¢

Calculation cf high-speed ccmbustion ciiimber 1s more general
with respect to calculation of isobaric cuwbustion chamber. The
latter 1s obtained as a particular case, 1f in the caleulation of
high-speed combustion chamber we assume fx = o,

After the conditions at the end of the high-speed combustion
chamber (at the nozzle inlet) have been determined, it is possilble
to consider (dlfferent variants of expansion by usual methods.

8.6. Thermodynamic Caleculation with the Ald of
Dlagrams and_ Nomogiaus

Results of completed thermodynaiile caloulatlons can be
represented not only in particular form for «ach concrete problen,
but also in more general form - 1n the form of thermodynamic diagrams
or nomograms, which are converiiently used with repeated change of
initial data.

Each diagram characterizes one particular propellant or working
substance. For liquld rocket propellants the diagram corresponds
to the determined excess oxldant ratio a.

Figure 8.2 contains I-s-diagram for combustion products of
kerosene with oxygen when a = 0.7. The calculation course according
to the dlagram is the following. The point characterizing the state
5f combustion products in the comtustion chamber s detarmined o,
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prescribed pressure pK* and by the quantity of total enthalpy of
propellant I (for example, point A on the diagram of Fig. 8.2).

It gives the value of temperature TK*.

Flg. 3.2. I-s - diagrza for combustion
products of kerosene with oxygen (a =
= 0.7).

The state of worklng medium at the nozzle exit (Ip and Tc) is
determined by prescribed pressure at the nozzle exit P, and by the
value of entropy S, = S, (point B on the diagram of Fig. 8.2).

The rate of equilibrium outflow is determined by usual formula,
or directly round on a special scale. With the aid of the diagram,
the diagram of the exit section of the nozzle and thermal capacity
of gas can be rapldly found. All this can be determined at various
comblnations of pressures pK* and Py The advantage of the diagram
also consists 1n tihe fact that it allows determining the character-
tic parameters with change of Lnitial enthalpy of propellant (its
preheating or cooling, refinement of heat of formation, etc.). The
main disadvantage is the limitedness of each diagram by some
particular composltion of propellant. This dcoes not always justify
the large expendltures of labor and time for 1its formulation.

The entropy diagrams for working substances, which were under-
going heating from an independent source of ernergy (for examnle, in
nuclear engines) have wlder value. One such a dlagram can




characterize the capabilitles of this substance in a very wide
pressure and temperature range. Example of such a diagram for
hydrogen is on Fig. 8.3 [5]. The diagram contains lines, showing
the degree thermal dissociation and ionization of the working
medium.

p=10° 0° 107! 10 *var

IR

=7/ |
Py /By = 100%
L |

e

kg

:1
\”“ir?_
\ 3

-

=

~

o

s

-

o

I.

|
|

Fig. 8.3. I-s - diagram for hydrogen.

40 90 140 190 240 290
Ky kJ/kgedeg

For thermodynamic calculation of a rocket engine use can also
be made of nomograms, representing a compact unification of charts
of basic relationships for the given propellant or class of
propellants. Nomograms have the same disadvantages as thermodynamic
diagrams with respect to labor input of formulation and the limited-
nesses of characteristics being represented.
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L.

CHAPTER IX

L#
DETERMINATION OF THEXMODYNAMIC CHARACTERISTICS
'n the chapter are listed working formulas for deLermining
thaowodanla charnutek1st1cs, imethods of thelr extrapolation and
interpolation are given. Initlal data are results of thermodynamic 3
calculation of proucuses 1n tLhe chamber.
9.1. Determination of Therrodynamlc
Characteristics in Terms of Data
of Defalled Calculation
e o

' After fulfillment of thermogas-dynamic ,caizhlation under
prescribed conditions in any section of the chamber the flow paramcters
i p, T, p, u, I, and also the composition and other properties on the
Jorking mediuﬁ are known. With the aid of these quantities one can
Jeternlne Lhe thermodyramlc characteristics.

Velocity or oombustion produets in an arbitrary section
w=y2(l,=7) m/s, (9.1)

ic U 13 in J/kg.

Specific chamver section area 0

=—R£- Zﬂ2'S/k£§, (9-2)

-if-‘ Ro 138 1in J/mole+de~; w is w/s, p !'s in /0",




delative canumber area N

F _F
=l =Tn
s Tt Py (9.3)
Specific thrust in a vold .
_ 4
d l
Pra=c+Fpyope N-8/Kg (9.4) |
if
\ B\ o 2
w, is in n/s; Fow is in m" s/kg; p.1is N/m".
‘ |
Speciflc thrust at altitude h 1
Pylh=Pyn.n_Fyl.:pk' : (9.5) F‘ |
Soeelfic Lhoest o at coadlt =
RISTERLS B iR 5 L oat jition P Ph
P!lgpyl.l—F"_,pe. (9-6) !. K |
Specific pulse of pressure in the chamber (expenditure complex)
p=BCX _peF =T X nes/ke. (9.7)
Dxp  Wipip 1
Thru s wrrteLaat
| ;
| 0 Kp=-';io (9-8)
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By using formulas (9.4)-(9.6), one can determine the thrust
coefficient in a voild, at altitude h and when P =P

h.
The process of equilibrium expansion from pressure pK! to
pressure p 1s often characterized by mean index of isentrope of

expansion n. The proéess is conditionally described by equation
pvn = const, in connection with which

Py=pon. (9.9)

Mean index of isentrope, being determined according to the
connection between pressure and specific volume, in case of a
reacting worﬁing mediup depends not only on pressure and temperature
at finite points of the process, but also on molécular welght at

'these points. With allowance for equations of state quantity n
is determined by formula

. P RT (9.10)
A —

When p = p“p and RT = RKpTKp we obtalin the value of n, approxi-

mating the expansion process on the section of the nozzle before the

throat; when p = P, and RT = RcTc index n approximates the expan-
sion process from the nozzle inlet to the section.

9.2. Determination of Thermodynamic
Characteristics with Respect to

Gas-Dynamic Relationships

Approximate values of parameters, necessary in the precomnutation
and analysis stage, can be obtained with the aid of mean index of

1sentrope n, determined by formula (9.10) for the process of expansion
between pressures pH* and p.
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When determining parameters of the subsonlc part of the nozzle
the best results are obtalned with use of n, calculated by drop
of ng/pHp; when determining parameters in the supersonic part - by
drop of pK!/pc.

The basis of the formulas 1s equation (9.9), equation of state
and usual gas-dynamlc relationships:

) mzznnt)) GaD)

Rxprrp 2 . °
R, =m_' (9.12)
ﬁ;.=(._2_.)'_:' B

o =l I o19.13)

where R 18 in J/kg-deg.
Isobaric Chamber

The velocity of combustion products at the nozzle section 1s

determined by substitution of p = P, in equation (9.11). The velocity

of gas in the throat with allowance for equations (9.11) and (9.13)
is usually written in the form

U.’t l/ﬂ+| R.T'. (9.1")

If instead cf preSsure at the'edge or in any other section of

the nozzle relative area f has been prescribed, then for determination
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of ratio p/pH* use can be wmade of knoun .ns-—liynanic relationshing
{31]:
=L __1
Fip q()°
L=, (G205
Py

where q(a) and n(A) - gas-dynamic functions of reduced velocity i,
determined by tables at rrescribed n and f.

Gas flow rate per sccend through the nozzle 1s equal to

By applying formulas (9.12)-(9.14), we obtain

G=Am%£ﬁ’

VR.T‘ ! (9.16)
where
n41]
=D __
4 (u)=(ﬁ) V. (2.17)

The specific area of nozzle sections can be determined with
the aid of formulas (9.2), (9.1%) and (9.16). As 2 result we obtain

_VRT,
YR Amypy
Fyz.xp
Fy g

Vit

1




13 f N - . F :.‘ 7 e
ilaving values of auantities Has Do yase® “ya.up Ly formwmulasn

‘(g.u)~(9.a) syecific thrusts wa.n’ Pyn.h’ Pyg’ and also comnlex @
and coefficient cf thrust Kp can be calculated. lasic quantities
are written so:
s W .
a-P.F'I.Q-T(T;-; (9.18)
20 41)
Pyn.--‘/ ('. R.T; z(0), (9.19)

where

0Tt B i, +-L),

lionisobaric Chamber

Parameters of the working medium at the nozzle inlet in the
case of nonisobari~ combustion chamber are determined with the aid of
' i . . ik
known quantitics f“, Pqys T . #2068DN . n and k. According to the
value of f“ we calculate ras-dynamic function [Translators lNote:

naobapu = isobaric]
Glh)=—
fe'

whichh 1s then used for determination of x“ and numbers M“ at the

nozzle inlet, and also functions s(A), t(a), e(a) [3].
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Statistical parameters at the nozzle inlet are consicered by

formulas

o 1Fmy (9.20)
T 1
p— LN (9.21)

and stagnation parameters p:, T:, p: - with the ald of gas-dynamic

functions »(2), t(A), e(1) at assigned value of n:

. Pn . To__ru 3 . Q

Pi= 2" )’ %=t

Quantity pK'/pl, which 1s usually designated o is the

f’
coefficient of pressure reduction in a cylindrical combustion chamber

so that

il 1
°’_aon1+tMn' (9.22)

Expenditure complex B8 and specific thrust Pyn.n are determined
by formulas (9.18) and (9.19). 1In case of prescribed relative
area f, gas-dynamic function z(xc) is found by known value of q(xc)
in accordance with expression (9.15). If pressure at nozzle section
P, is prescribed, then the value of z(Ac) is determined by gas-
dynamic tables with the aid of function n(xc), vhicn in this instance

lcoks like [Translators Note: ¢ = section]:
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)\ = De
() poy (9.23)

According to cauations (5.10) and (9.19) quantities g and
PyA.n when fc = const do not depend on the value of f“, inasmuch’
as gas-dynamic relationships do not allow determining the chanre
of efficlency of gus caused by dissociation, RKT“* dependir

p“*(fK).

It 1s necessary to pause on the characteristics of calculation
of gas-dynamic functions q(ir), n(a), 1(1) and others. Utilization

of isentropic in form (9.9) leads to such relationships:

T)=1+2=h (9.24)

n+

n(x)-_-(l -:::n )"—l.

The connectlon betwecen i} nunber and reduced velocity » is

sivan by formula:

M2-= n+! ) (9.25)
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with fulfillment of calculations with the ald of tables of
gas-dynamlic functions, the efficlency ratic k ~iven in tairles is
taken equal to n and tabular values of functions q(ir), t(r), n(A).
Results of calculations are approximate.

9.3. Extrapolation and Internolation of
Thermodynamic Characteristics

Calculation of thermodynamlc characteristics at certain values
of determining parameters and even over a wide range of thelr chanre
still does not completely solve the problem of thermodynamic designine
of a rocket engine. The polnt 1s that iIn the process of engine
designing changes in the values of determlning rarameters are
practically 1nevitable. By these or other considerations the oressures
in the combustion chamber and at the nozzle section, relative to
nozzle area can be changed. The vaiue of enthalpy of propellant
can be changed 1n connection with change of its temperature
(preliminary nonregenerative preheating or cooling), taking into
account heat losses in combustion chamber (nonregenerative coolinf,
undercombustion). Often the enthalpy of propellant changes in
connection with refinement of earlier used values.

In the process of engine operation conditions can be created
which differ from nominal when real values of initial teriperature
and enthalpy of propellant, composition of propellant, pressure
in combustion chamber and at the nozzle section do not colncide with
those accepted in thermodynamic calculation.

Change of some of the initlal parameters can require the
fulfillment of new thermodynanlc calculations. Ultimately, the
labor Input of desirnins increases. In connectlon with this, the
method of rapid and accurate extrapolation or interpolation of all
basic thermodynamic characteristics and parameters of the chambier
with changes in 1nitial conditions 1is of practical interest. In
this case extrapolation and interpolation must be perform;ed hy a
limited quantity of data, obtalned Ly detailled calculation of
"reference” points.
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velow 1s g¢liven the method of extrapolation and interpolation
of theruodynanic characteristics [1], [4]. In the wethod are used
results obtaincd at the previous staces cf thermodynamic calculation.

Formuulas of Lxtrapolation and Interpolation .

for extrapolation there is used exnansion of the function in
Taylor series:

S(xp)= /(#)4-2 (‘{!‘)o(x,—.ﬁ)-}

R AT
+7§'«§&)°("“4)(*'-*3)- -

If the second derivatives of the function are unknown, the
expression is used without quadratic term. To get the necessary
accuracy of extrapclation such a form of functions and arguments
should be specially selected, at which derivatives in the interval
of extrapolation are close to constant.

For lgterpolation there are applied polynomials of type

y=A+Bx+4Cx* 4D+ Ext 4 F 8,

Coefficients of polynomial are found from joint solution of
cquations, including values of the function, 1ts first and second
derivatives at two points.

If only the flrst derivatives are known, then interpolation is
perforaned by polynomials of tne third power. However, in this
variant the accuracy of intermolation i1s increased as comnared to
the case of linear interpclation, when at two points only the values
of function, and not its derivatives are known.

Thus, for cxitrapolation and interpoclation of thermodynamic
characteristics their partial dcrivatives must be known.
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First Partial Derivatlves of
Thermodynamic Functions

All thermodynamic properties of the system with known initial
composition can be unlquely expressed through any two thermodynamic
functions, for example, a and B. If the initlal state of the system
was determlined by point (ao, BO), then for determination of 1ts new
state at finite point it 1s necessary to know the character of
passage and one of the coordinates of finite points, for example, a.
In this case @gs 80 and a are independent variables of the process,
and B and all other thermodynamic functions are dependent variables.

The type of passage is often characterized by constancy of
some -third thermodynamic function y. In this instance 1t 1is possibhle
to write: '
Mo 9@ B=4(a, 9)

where ¢ - any dependent thermodynamic variable at finite point of

_the process of passage. Any change of ¢y, caused by change in the

position of initial point (ao, BO), must be equated to chanpge of
wo’ i.e..’

@G A 0

Having made use of usual relationship

AW W AR,

(0“ )9(09 )'(N )l !
from equality (9.26) we obtain expressions for partial derivatives
of functions at finite point of the process relative to initilal

coordinates:

(9279
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(9.28)

In the richt sides of expressions (9.27) and (9.23) enter

! usual first partial derivatives, which can he determined directly,
! and also derivatives (aa/aso)ao and (aa/aao)ao, which can be '
determined for some concrete relationshlps a(ao, 80).
. If a = const, equations (9.27) and (9.28) take such a form:
(A7)
(2’_) =(090)|° 3
le 0f0/ag e (QL) " (9.29)
L ¥/
(e
oy day/s,
= . 9.30
(060)3.& (‘E (‘ 3 )
0’/'
If o = const-ao, we obtain
AL
| 2) _&
033. s (.01 : : (9.31)
0 = o’ A
i
y
Al
(ﬂ) —._.——EQ_'J.__G_ a_’_ (9032)
dao!, ao \da /¢

Let us note that the rirht sides of equations (2.29) and (9.31)

are identical.

Let us apply the obtalned cquations to description of processes

the chamber, including isentropic expansion in the nozzle (s = const).

T R T e

4.
P

Let us considcr the

this ease

In equations

values at tae nozzle inlet initial values. 1In

(2.29)-(9.32) one should assurne:
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$=S§, Yo=S,: '
a=p, Gy=p:"
;$=/' p°=IK°

From equations (9.29) and (9.31) we obtain:

(3, (2

Here and further = = pK/p. From equation (9.30) follows:

(9.34)

Finally, from equation (9.32) we have

(3%),,.. = ), (9.35)

1

With the ald of equations (9.33)-(9.35) one can determine the
partial derivatives of various functions, the most interesting of

which are temperature, ehthalpy, idensity, molecular weight. Table

9.1 contains a summary of the first partial derivatives of these

functions. Table 7.1 1is used during derivation. For all auantities,

except enthalpy, frequently having negative values, the logarithmic {
form 18 accepte?.

IRelationships listed in this paragraph pertain to isobaric
combustion chambers, for which P, *® p“*.
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Obviously the condition that P, = const and IK =

= const sinmulta-
neously 1is equivalent to condition 5, =58 = const. Therefore

(o)

bina ), = (ome),

dlnx (9.36)

Furthermore, since

(%%)I.,p. = (%% ) Iy,Py i (g_:—:%)l..p.'
then | |
(?'_"z. Fo ( "_"'_?.) .

olnn r o'“’ ]

(9.37)

Equality (9.37) is presented in the table of derivatives.

Analysis of the table of first partial derivatives of thermo-
‘dynamtc functions shows that for calculation of derivatives it
is sufficient to know the quantities of thermal coefficients ap, pr
and relationship of equilibrium therma%/capacities k,, These

quantities are found when determining thermodynamic properties of
the working medium.

First Partial Derivatives of Thermodynamic
Characteristics

Thermodynamic characteristics are determined by formulas of
$ 9.1. The first partial derivatives of these characteristics can
be obtained analogously, with use of earlier found quantitles.
Summary of first partial derivatives of this category 1s listed in
Table 9.2. By derivatives of specific thrusts derivatives aPsﬂ/ax

ar? easily determined, application of which in extrapolation
formulas gives more accurate results.
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Tavle 9.2.

paraneters.

"lrst partial derivatives of
certaln theriodynaiiic characteristices and

Aocording to enthalpyl of propellant p,, p== const

(om ) (dlnl )
ol Pyt ol Py P

LR d=
”‘I ll—’

Fy.

~(S), (7).

_/ Olnl"" 0‘“Fyl.rp)
\ oly )p..- oly Pt

(=522,

o | Py..n'

Ul (0Pa) OInF,.) ]
. P’I.A_Py‘( o’l "-' p L d’i /A’“-'

— o e e ——
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Table 9.2 (Cont'd).

Acoording to pressure in combustion chamber /,

x+ P == const

)['.p

dlnl)
,lt

(0 Inpy

oln Py,
ala p,

=

fis

(e

(

doln p,

éin P’.

)ue=5)s

/

-~

"l’y.

(

INFype

) (5

Olnpy dlnp,

b

(

dlnFy, 0lnFy,up)
Iges dlnp, )l'.l

dlnp,

1 [ /dp,,
P: P"( olnp,

dlary,
+.ﬂ'n('m

)

+
)’r'




Table 2.2 (Cont'd).

jiceording to paremeters of nozz_Le_sootionl,. Py= const

A
(om dlna 'an)
dlna),x_,,;:_(dlnp ), (Olnf s
0lﬂpyl
p ReT ( olnn )’u"x
y” 2y —=1)p frp  _RoT
by L
OlnFy.
E d1n Py, dlng ( dinn )l‘.p.
T dlnn Ji.p, \OInm J1 p, frp _ RoT

7
kp  Pyp

ol"F’.
4 ( dinn )l‘.px

p — —
1 21n Pys
Pyan {P’l ( dinn )’x- Py * (dl: :,". n)
na /1,
Pyan [ 0InFy, —
4 aFy, |y frp _ RJT
’ dlnn J1.p, ky _pyilp
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In the previous section of the thermodynanic characterlistics
and parameters of the chamber were considered as functions of enthalpy
I“, pressure p and degree of reduction of pressure =:

A=A(ly, py, n),

including relative nozzle area
I=1(s. pu, %). (9.38)
B& excluding » from these relationships, we obtain
f-l(li, Puf). (9.39)

The functional form of the last type 1s useful when designing.
Partial derivatives for this form can be obtained in the following

manner. Total differentials of equations (9.37)-(9.39) have the
form:

dlux-(""")“ p,+("'“) dinl, +

dinly f ) -
;Txl . (9.40)
dlnf=(a )lm.dlnp,-{-(:::{.)’” din/, +
”’(%f):.,.‘““' 2
dlinkm ':;.),.',d p,+(%) din/ +
+(:':"',‘) dinf (9.42)

By excluding d 1n f from expressions (9.41) and (9.42) and
comparing the coefficients at differentials with corresponding,
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coefficlents of equation (Y.40), se obtain the follouln: relation-

lpy ships (for I the passare of nonlojaritimic forrn has been accomnlished):

(M) _(M)I..- _(om )'6%%)/,,. .

olnpy 'm’_ d1inp, dlnn (.d_l!'i) ’ (9-“3)
dlan J,
dlnd dln) (d;ll‘f)
n n 1 x s
(T)p.,/=( ol )p.,._(:lnn::), oln,p" ; (9.44)
dlna),
dind
(3::;),7(32))'- (9.45)
ding /,
r Thus the group of partial derivatives of this type can be

.obtalnea from the previous.

Thus, for ¢.tr.nolation and interpolatlon of all thermodynamic
functlons and char :ct:.ristics there are the necessary partial deriva=-"
tives. 1In reference Lo characteristic sections of the charber
} extrapolation formulas for any quantity ¢ have the following form,

Extrapolation of parwieters 1n the combustion chamber:

ln9=ln9°+(odl—":!-): pA1+(g%‘!;)L.unp,. (9.46)

Lxtrapolation of parameters in the nozzle throat (M1 = 1):

my=ing+(27L)  ar(ery

ol olnpy ImAlnp,. (9.47)

PuPxp
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Extrapolation of paraneters at the nozzle section (indeconendent
variables I“, p“,_pc):

ng=Ingd4(2N0Y 47y (llne)
¥ ?°+( ol )l‘.PcA +('"“Pu)’..leA nPet A
LA8)
dlng \0 (9.48
In p..
+(0|ll’g)l‘.p‘A P
Extrapolation of parameters at the nozzle section (independent
vargables In, P> fc):
dlng \¢ dlne \0
Ing=1 .t AL &
Pt () A+ G, At
Oln! (] u
+(0|nle)l,,t.Alnf‘. B (20

If some of the determining parameters P,s IR, P, (or fc)

_remain constant, then formulas (9.46)-(9.49) are simplifMed accordingly.

For example, change in specific thrust Py’q as a result of change in

initial enthalpy of propellant Al at constant P, and p, can be
determined so:

In Py, =ln Py, +(22P0 )" al.

ol P Pe

Taking into account formulas of Table 9.2 the last expression
is converted into known formrula

Ay (V- 7) (9.50)

1

' 0 . ,0
where APvA PyA - Pyn’ PyA specific thrust at initial value of

enthalpy'or propellant.
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Tables 9.3 and 9.4 cont-iin couparative appraisal of the

accuracy of extranolation of ’IH, 5 and D for propellant

with a = 0.9,
BRNC ¢0 bar; Po
characteristics sccording

.+ 0
2 2

Parameters of rcference point: I_ = =011 kJ/¥e;

a
listed

columns "exact' there are
to Jdnbta of thermodynanic calculation,

= 0.1 bar. In

i

in columns "extrap” these caaracteristics cbtaineu by extrapolation

from a refercnce point. s ¢1n be seen, the accuracy of extrapolation

is entirely acceptable witn . 372all change in determining oparameters

P> I Dg-

Table 9.3. Comparative appraisal of the
accuracy of extrapolation of tempecral'.e *n
the combustion chamber and complex B.

- o 1,=—811 kJ/kg I,=0
axact. l extrap., exact, l extrgp.
20 3420 3416 3485 3483
80 T K 3609 3609 3688 3680
150 3694 3700 3781 3773
250 3761 Kye/] 3855 3851
20 22,2 223.5 27,1 227.8
HeLy. B0 g ygeemg | 2266 226.6 231.0 21,1
150 227,8 228,1 232,2 232,5
250 228,9 229,3 233.4 233,8
| able 9.4. Comparative appraisal of the
accuracy of extrapolation of specific thrust.
I,=--811 kJ/kg I, =0
| | . Pe=1.0 par pc=0,0l bar | pe=1,0 bar | pe=0.01 var
Px bap
exact. extrep, 'exasts extrap. [exact. extrap, @xast.| extrap,
1 |
! 20 319,7| 321,8 | 430,9] 450,56 | 323,5| 327,3 | 461,7| 4614
] 80 377,5| 378,2 | 472,3| 471,5 | 385,2| 386,2 | 484.9] 484,5
150 398,2] 398,3 | 479,7| 478,4 | 407,0; 407,0 | 492,9] 492,2
250 412,8) 412,7 | 484,9] 482.7 | 422,5| 4224 | 49,5 4974
# 218




At present the composition and properties of cormbustion products,

thermodynamic characteristlics and coefficients of extrapolation
formulas are calculated on an electronic computer.
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CHAPTER X

RELATIOHSHIPS OF THERMODYHAMIC CHARACTERISTICS
TO BASIC FACTOKRS

In the chapter are examined relationshlips of thermodynamic
characteristics of rocket propellants and working substances to
basic factors, which determine the conditions c¢f application of these
propellants and substances in the chamber of a heat rocket engine.

' 10.1. General Information

Thermodynamlec characteristics include quantities, characterizing
the composition of working medium, and also basic thermodynamic
) paramneters of processes belng carried out in the chamber.

i Thermodynamlc characteristics are determined by means of
calculation, by methods discussed in previous chapters. Calculation
1s performed with some general assumptions, without allowing for
characteristics of a particular chamber (such as, for example,
carburetion system, nozzle circult, etc.). In this case the thermo-
dynanlc characteristics depend conly on the nature of orercllant
belnc burned or the substance beilng heated and on fmrd-rogial
condltions of' Lhe processes in the chanber, Ihese determining
conditlons are agwe et 337 lul rfor propellants contaluing a

! SCuiee ol enerry andé sourcce of vvoekine coliun, and feor suistances
For 4t w70 0 iy 0 Quring heating frus an independert urie

of enercy.
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For propellants consisting of fuel and oxildizers, the therno-
dynamic characteristics depend on the ratio of these components.
Component ratios in liquid propellant 1is characterized by the excess
oxidant ratio a, which can change during engine opecration. The
composition of solid propellant 1s characterized usually by weicrht
fractions of components. The necessary component ratios in solild
propellant 1s provided during its manufacture and cannot be chanced
during engine operation. An idea of thermodynamic characteristics
depending on the component ratios 1s necessary for correct selection
of propellant and for analysis of englne operation with variable a.

Other indpendent factor for chemical propellants 1s pressure
in combustion chamber pK*. With selected component ratios of

propellant pressure pK* uniquely determines the equilibtrium composition

of working medium, 1ts molecular weight and temperature in the
combustion chamber.

Composition and total enthalpy of the working medium at the
nozzle exit depend on pressure and temperature in the exit section.

‘Under fixed conditions at the nozzle inlet both these quantities

are determined by degree of pressure reduction in the nozzle

vy = p“'/pc (this quantity 1s also called expansion ratio) or by
relative nozzle section area fc and also by the character of the
expansion process.

If the combustion process 1s not carried out in an isobaric
combustion chamber, the thermodynamic characteristics are affected
by relative area of combustlon chamber fH.

A substance, which is heated from an independent source of
»rergy, has a fixed initial composition. Tenmnperature of working
<+-1Jum, obtained from the given substance, depends on the quantity
of heat supplied outside and on pressure in the heating chamber.
Degree of pressure decrease in the nozzle n  or relative nozzle area
fc, and also the character of expansion process determine the
composition and parameter of the working medium at the nozzle exit.
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Thus, tuernwodynanic characterlistics of substances, which are
neated frow an indepenlent source, <o not depend on the comnonent
ratlos, but there unpears a specific relationship to total enthalpy

or ncating tenperatures.

A change in such thermodynamic characteristics as temperature,
iolecular weight (or specifilc rau constant being uniquely determined
by them), pressure (if relative area is assigned) 1s advisable to
know at all polnts of the chamber passage. The most 1mportant
thermodynaimic characteristics - complex B and specific thrust
P are generallized quantities. lost frequently their equilibrium

YA
values are used, for specific thrust - values in a vold.

The totallity of thermodynamic characteristics over a wide
range of changes in determining factors 1s cthe family of thermo-
dynamic characteristics of the given chemical propellant or working
medium. Together with thermodynamic and thermophysical propertles
of working medium the thermodynamlic characteristics are usually '
represented in tabular form (see Table G.1).

Below are given primarily graphic relationships, clearly
illustrating the effect of baslic factors.

10.2. Relationships to Component Ratios of Propellant

For liqu!ld rocket propellants the determining parameter is the

excess oxldant ratio a.

he rclationsnip of equilibrium composition of combustion
products to a has a complex character, specific for definite classes
of propellants. As examples there are: on [Fiz. 10.1 the equilibrium
compositien in imolar fractions (for hard carbon - weirht fraction)
of cambustion nroducts of kerosene + O2m type propellant on Fig.
10.2 - propellant ”EH + ??n' Charts also show the ccrrespondine
values of teuperature and average uolecular welght W Meure 10,2

saews tne effect of srescuare in the eonitastion chizler,

A . e e
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Fle. 10.1. CZquilibrium
composition of combustion
products at different «:
Kerosene + O2m type propei-

lant; P, = 100 bar.

Fi~, 10.2. Equilibrium
ccuposttion of eonbustion
products at dii ot
propellant Il + F

2M C 2w’

« = 20 bar (dotted line);
W= 200 bar (solid lines).
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On #gs. 10.3 and 10.4 in the function of a there is shown
a chan;-e of tonperature and rolecular welcht of combustion procducts
of two mentioned propellants at Jdifferent pressures. #s can be
seen, the funuamental character of change of these naranreters is
identical in both cases. Tewperature of equilibrium gas mnixture
in the combustion chainber TH changes with respect to a uith ﬂaxiwum.
In the absence of dissociation this maximum nust corresnond to
stoichiouetric propellant conposition, i.e., a = 1. As a result of
dissoclation this is not observed. As can be seen on Figs. 10.3
and 10.4, maximun TH for kerosene + O2 propellant lles in the ranre
a < 1, and for propellant H2 + F2 - when a > 1. Durinz comparison
with charts 10.1 and 10.2 it can be detected that the maximum
of temperature moves from a = 1 into the reglon of ralsed content
in the working mediun of molecules, the most resistant to dissoclation.
In the combustion nroducts of kerosene + O2 propellant such molecules
are molecules of carbon onoxide CO, 1n combustion products of
propellant H2 + F2 - molecules ilI'. Content of the latter with
allowance for dissoclation is maximal in the region a > 1, and
content of CO - in recion a < 1. The exact position of maximum
is deteruined for different fuels only by thermodynamic calculation.
It is natural that it depends on the pressure, indicating the
intensity of ulssociation.

K
. s —
oo
7zl f"“
.F~ Fig. 103. Relationship of
: Y T and u to a: kerosene +
e T o, typ ellant
B N — o, type propellant.
ks | 7200 [ F\‘%7__.
= 1000
]
2800 s
n} d
300
_— I:] 1001
Tp,(=mt7ar'
2w}
06 08 10 12 o
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K T
5:71)0 - LN
)& '\ 100
- 7d 7 | Fig. 10.4. celationships of
x| 4600 1/’ =1 T and py_ 2 to a: vpropellant
L~ 2w K H
K N A A
;{,—_ / s Hpy + Py
T b ‘
/ ¥/ 200
N
. 40
9% r h
™Y py=20ber
14
(78 o

For molecular weight in the combustion chamber W, A considerable
decrease with a decrease of a, i.e., with increase of light products
of incomplete combustion in the working medium is characteristic.

Figure 10.5 contains characteristic relationships of complex
B and specific thrust Pyg.n to a in case of equilibrium (solid
lines) and frozen (dotted line) expansion. As can be seen, 3
and Pyn.n are changed with respect to a with maximum. Coefficients
a, corresponding to maximum values of 8 and Py'n.n with frozen
expansion are less than with equilibrium.

Fig. 10.5. Relationship of
A-+=4] complex ?8 and specific thrust

y ¥ in a vold to a with equilibrium
and frozen expanslon: kerosene +
+ 02m type propellant; P, = 100

< var, P, = 1l bar.

41 A

3 R EY ”’ﬁ"
N

¢ a8 a L0 2 o
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{ N
foacre e Loy conslerenie llsnloscerment of riaxina of 8 and
!y" & into v tan a4 < 1 i courncteristic for all nropellants, in
P
wnich the wel ot cteolciiioietrlic coeffliclent of component rating is
F more taan one (k. > 1), H
In:izes o equilivriun cxpanslon are airher than frozen., This
is explained by Lhe fact that in case of equilibrium exransion
i nart of the molccules of cot liberated during recombinatlion 1is ;
converted into xinetle «ner;sy and, consequently, increases the
cutflow veloecity and specifle thrust.
It 1s interesting that specific thrust with equllibrium expansion
Is _reates than speciflce thrust with frozen expansion, whereas the
| teiperature difference is greater in the process of frozen expansion.
| ‘ne polnt is tiet specific thrust is determined not by the difference
of tenperatures, but by the difference of total enthalpies in the
Ible process of expansion.
its
} As can be seen on ['i;s. 10.0, desplite the fact that the difference
of temperatures 1is g reater with frozen expansion, the difference of
: total enthalples 1s creater with cqullibrium. This is explalned
} by the substnantlal (iifference of thernal capaclities of working
neciun with equilibrium and frozen cxpansion (¢pp>Cps), which was
ts shown in Chapter VII. [Pranslator's ote: p = equilibrium;
i
i 3 = frozen.]
b Al 1
kJ/ ke i/"
! 000}
: )4 ~KJbar 5
J600 Fi,:. 13.6. TFor connarison of
i ATK specific thrust a2t equilibrium
| 'm0 +d = (solid 1lines) and frozen (dotted
' pes 7T~ r line) exranaion (conditions are
: N I the sare 2s on i, 10.5).
f 1200
Pyan
8 T~ ™
300 } < =1y
20| T
gt 45 48 W0 LIl
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The difference between quantities of cquilibrium and frozen
specific thrust depends mainly on nature of propellent. Tor
propellants with high combustion temperature it can rcach 5-107.

Figures 10.7 and 10.8 show the change of equilibrium specific
thrust in a void with respect a for two propellants at different
values of pressure in the combustion chamber pK* and degree of
pressure decrease in the nozzle "c(pé = 1 bar = const). Character-
istic for these and other propellants with increase of D, is the
approximation of values of a, corresponding to maxima of terperature
and specific thrust, to one. Theoretically when p * = ~ dissociatlion
is completely suppressed and maximum values of Pyn.n are reached
when a = ].

K R
¥ ..l-l'H ||
Zdi Fig. 10.7. Felationship of P
. vAa.n
: to a at different values of p
N H
1 and =, (p. = 1 bar = const):
Fro By 7.4 i / c ‘e
¥
V kerosene + O2m type propellant;
s F equilibrium expansion.
PR /P10 /
7
¥ ! i ./
| [N

k [ ]
Pas kg
T
$75 ¥
=dBY A Fig. 10.8. Relationship of P
P B =400 yAa.n
a i to a at different values of P,
A I and me (pc = 0.5 bar = const):
"
1T A TN fuel H2m + F2m; equilibrium
'y o N expansion.
Low
Pe
5 ™

8 4 ¥
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L ot-dash lines on the charts arce lines of maximum values of

specific thrust. Values of a, corresponding to maximum values of
P

ya. 0 can be called thermodynamically optimum. ‘laxima of relation-

ship PyA . f(a) are often rather mildly slopinr.

Relationships of thermodynamic characteristics of solid rocket
propellants to the composition (usually to weight fractions of '
oxidizers 1in the propellant) in principle are the same as for
propellants of liqulid-propellant rocket engines.

10.3. Relatlionships to Pressure in the
Combustlon Chanmter

Relationships of temperature and molecular weight of products
in the combustion chamber to pressure p“* can be seen on Figs.
10.3 and 10.4. On Fig. 10.9 these relationships are shown in
evident form. Their character is uniquely explained by attenuation
of dissoclation with increase of pH*.

K
//—‘r?ru
460 l I Flg. 10.9.. Relationship of
7800 = ) T, and u, to p : propellant:
-7 1 — kerosene + O2 type; 2 -
H, +F, . s
’m 2m 2w
!
%5
. T N4
25 1 vl |
7 ,
s F;
1 |

20 80 190 " 150
Dx bar

Figure 10.10 contains relationshlips of equllibrium values of
B and specific thrust 1n a vold to pressure pK*. mantity P

Yhen
is deterinined with constant derree of pressure decrease 1n the
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nozzles Te (dlfferent values of‘DH*in Lnls iInstance corresncru to

different noczzles).

Pyan
kgl o8 {
“r - ]
an
40—t i
) rig. 10.10. Telationshin ot
0 e complex &, specific thrust in n
ol L] P”11 ' void and apecifi~c throat arca Lo
oy T O e P, (propellants are tie sane as
on Fle. 1C.9): —-=-- pH/nC S
n /o = 2000,
v e

As can he seen, the effect of‘p“*on complex B 1s rather weak.

It 1s different for different fuels, somewhat increasing duringe
considerable dissoclation. Usually the change of complex £ in
characteristic range p“' does not exceed 1-2%, in connection with
the fact that in preliminary calculations this quantity for the
given fuel (a = const) is frequentl; assumed constant.

Constancy of 8 explains the decrease In the quantity Fvn P

characterizing the handling capacity of the nozzle. Acccridin~ to
formula (9.7)

8

yl.l'=_p:—'

Decrease of Fyn WpP i.e., increase in nandlin; canacity of

the nozzle with increase cf pK*, is physically explained by 1increase

of the density cof ras at the nczzle inlet,

The effect of pK* on specific thrust 1s considerable, especially

in the case of highly dissoclated combustion or heatine products,

22r




This effect is less perceptible with larpe degrees of pressure
decrease 1in the nozzle L

Tne character of relationships 8 and P tC)pK*is also

yA.N ;
explained vy the change in intensity of dissociation and recombination

accoupanying it at various pressure levels.

Of interest is evaluation of the effect of pK* on specific
thrust in 3 veid for a cihamber with fixed nozzle (fc = const).
Characteriztic data are listed 1in Table 10.1, where results of
calculation for the following example are shown: kerosene + 02m

= 250

type propellant; a = 0.8; fc

Table 1C.1. Indices of equilibrium expansion
in a chamber with fc = const at different
pressures p:.

pe bar 30 70 150 300

Pe bar 0,1468 0,3315 0,6900 1,346
e 204,4 211,2 217,4 222,9
n 1,128 1,136 1,143 1,149
Pypn kafe/kg 345,9 8,1 349,8 351,2
8 kaf-s/kg 179,9 181,8 183,38 184,7

As can be seen, with 1ncrease of pressure pK! the specific
thrust in a veoid grows noticeably. This is exnlalned by change
in the properties of working medium as a result of change in
intensity of dissoclation, by growth of pressure difference
g p:/pc and, in the final analysis, by increase of drop of

c
total enthalpy in the nozzle.

10.4. Relationship to Degree of Pressure Decrease
in the 'lozzle or to Relative liozzle
Section Area

This relationship 1is conveniently analyzed with fixed pressure
at the nozzle inlet. For the given working medium the derree of
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pressure decrease in the nozzle LI and relative nozzle section area
fc are connected Fogether uniquely (Fig. 10.11), therefore it is
sufficient to examine one of the forms of relationship. The
relationship to fc is more graphic.

e -
n T
Y./ Fig. 10.11. Relatlonship
A, S between n  and f_ for various
¥ = 00 Fa H
1S 15 propellants (pH 100 bar)

e 1 ~H, + Fyla = 0.6); 2 —
Hy + 0,(a = 0.6); 3 —
kerosene + 02(0 = 0.7),

L nt _ 0 fe

Figure 10.12 shows a change 1in basic parameters of workinc
medsum depending on fc with equilibrium and frozen expansion.
Specifically, practically the same curve p = f(fc) is noteworthy.

- Vd

PFigure 10.13 shows the relationship of thrust coefficlent
KP to fc during operation of nozzles under various conditions
(p“'/ph = var). There 1s separated the curve of optimum nozcles
under these conditions (pc = ph), and also the boundary of flow
separations inside the nozzle under conditions of deep overe:xpansion.
Inleuch as for the given working medium the quantity of complex
8 can be considered constant, the relationship of K
equivalent to relationships Pyn‘s f(fc).

P to fc are
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Typical change of parameters of working medium in the
nozzle at equilibrium (solid line) and frozen (dotted line) expansion:

i, 10.13. PRelatlonship
of thrust coefflcient to
relative nrozzle area.




10.5. Relatlonship to felative Combustion Chamber Aren

As 1s.known,'the supply of heat to gas in a cylindrical nipe
leads to acceleration of flow, accompanled by a drop not only of
static, but also total pressure. TFigure 10.14 shows in relative
quantities the change of pressures and veloclity at difTerent
quantitles of f;.

My |
) St = =
as
2 R /P
!\ 2x/Pr My |
Q4 TN
4 e no
Y mat
' 2 J 4 5 § fx

Fig. 10.14. Change in flow para-
meters depending on the relative cor
combustion chamber area: propel-

lant kerosene + 02m(° = 0.9).

of
The temperature of flow, statistical and total simultaneously
‘ change. Change of the latter in the 1senthalpy process 1s explained
) i by change in the composition of gas and its thermal capacity.
3 Figure 10.15 shows the change in relative quantities
ev
= T
Ty =g
* (rl)umpl.
and he
Fo___ T of
lt. (T: )uoﬂl'ﬂ. fol
_ pr
' 4 There we listed relationship #,=——=®(f,), caused by
v (Px)nom»v.

change in intensity of dissociation with change of p and 7.
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i, 10.14. Pelationship of ‘
relative quantities T *, T |y )
H H H

to fK (propellant is the same as
on Fig. 10.14).

Decrease of fH sicnifies lowering of total pressure at the
nozzle inlet pK*. In the 1limit, when fx = 1, it 1s lowered approxi- F
mately to quantity O.8pl. Change in intensity of dissociation in
this pressure range does not practically affect the quantity of

complex 8, which therefore can be considered independent of fK.

Lowering of pK* leads to decrease in the handling capability
of the nozzle throat, 1.e., to increase in its specific area:

=t

yAx p
P Py

Concerning the effect of fH on specifi¢ thrust, it can be
evaluated in two cases.

1. If one coi:pares chambers with isobaric and nonisobaric
heat supply whern 7y = const and pl/pc = const, then the advantage
of the isobaric chamber 1is revealed. This 1s explained in the
following manner., General drop of pressure can be written as the

product of

iy, 21 B
=8 =,
Pe Py Pe
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in which the first factor is the pressure drop, utilized in a
cylindrical combustion chamber (heat nozzle), the second - in
geometric nozzle. It 1s known that the effectiveness of the reometric
nozzle 1is higﬁer than heat. Therefore, with decrease of fH, l.e.,
with increase of pl/pK‘, the specific thrust will diminish. On

Fig. 10.16 this position is illustrated quantitatively. Quantity

Pya.n is ratio

B, ——fus
yi.n . (P_X“F?H!oﬂlw.

As can be seen, relationship Fyn , = f(f,) is more substantial

at small pressure drops pl/pc.

T /pc- Joo

an o
P1/Pe=100
an 1

w M 30 40 50 & fy

relative quantlity of PMn n to
fK (propellant 1s the same as on

Fig. 10.14).

2. For all practical purposes it 1s more important to compare
the specific thrust of chambers with isobaric and nonisobaric heat
Telease at condition p; = const and f_ = const. In this instance
the effect of fK on PyA_n.will be 1ndicated only by change in pressure
p“'. In the extreme case, f“ = 1, change of pH* does not exceed
approximately 20%. As follows from data of Table 10.1, correspondineg
change in specific thrust in a void in this case will not exceed
tenths of a percent.

On the basis of the typical relationships given on Firs, 10.1l-
10.16, it may be concluded that the change of separate therrolynamic
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caaracteristics in function fR can be dlsregarded, beginning from
certaln values of fH. Usually the combustion chamber 1is considered
isobaric if quantity f 1s not less thun 5-6.

10.6 Relationship to Temperature o. Enthalpy
with Independent lieating

Let us examine the relationship of the most important thermo-
dynamic characteristic - specific thrust with fixed degree of pressure

decrcase in the nozzle LI

With increase in the temperature of undlissoclated working medium
the specific thrust increases approxiicately in proprotion to the
square root of temperature. Increase in the equilibrium specific
thrust in case of reacting working medium at the same temperatures
is more considerable. As the temperature increases the difference
in specific thrusts is increased.

This 1s explalned by decrease of molecular weight during
dissociation and, consequently, by increase in the gas constant.
From this 1t does not follow, however, that dissociation is
energetically advantageous. The point 1s that heatlng of working
medium, belng accompanied by dissociation, and 1ts heating to
the same temperature without dissoclation require substantially
different quantities of heat. In the first case the necessary
heat supply 1is considerably more. Disscriation, however, is
useful in the fact that 1t allows the working medium to accumulate
a yrecater quantity of energy at a lower termperature than without
ulssoclation. fecombination, proceeding with equillbrium expansion
of tue worsing mediw: in the nozzle, partially returns the heat
spent on Jdissociation to the working mccluri. This heat is then
converteu into kinetic ener:y of the exhaust stream. l!lowever, if
expianslon of the workin - weuiun is froze:n, then such return of

heat 1s obsent.
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Since the intensity of dissociation increases with reduction
of pressure, at low pressures in the preheating chaber accurulatine

power of the working medlium at the same temperature is increasecd.

The result can be increased In the specific thrust when pK*/pC = const

or fc = const.

On Fig. 10.17 according to [2] there are listed values of
2quilibrium specific thrust at various pressures and temperatures
in the heating chamber for two substances - hydrogen {(solid lines)
and helium (dotted line). ‘!onatomic helium dees not dissociate and
for all practical purposes does not undergo 1onilzation in the given
temperature range. In connection with this, the specific thrust of
helium at constant pK*/pc does not depend on pressure in the heating
chamber, but is determlined only by the heating temperature. The
plcture 1is different for hydrogen. At low temperatures (for example,
2000°K) the reduction of pressure at constant pK*/pc leads to
increase in specific thrust. If the temperature 1is higher, the
maximum of specific thrust 1is reached at pressures corresponding
to practically total dissoclation of the working medium. At a

‘temperature of 4000°K this pressure is about 0.1 bar. When the

temperature 1s even higher, maxima of P a are reached at pressures
in the heating chamber greater than pK‘ = 10 har,

T=10000°K Fig. 10.17. PRelationship of
8000 specific thrust to pressure
so0g and heating temperature:

Y p./p. = 100 = const; equili-
—— K ]

f; brium expansion.

4000
_

T= Zﬂ':“c? K

s § § §

F L]
Qo0 401 0 10 Py var
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At leow nressures and hi-h tenperatures the tendency of srecific

tnrust to ancther, hi-her maximum, caused by thermal lonluatleon of
the working i ediws 1s clearyy cvident., Ionization, as dissociation,
leads to increes«e the capabllity of working medlum to accumulate
ener:;sy from an independent source. In connectlon with this, in
rocket. en-ines 'ising energy of nuclear reactions, we sometimes
propose the appllication of lcw pressures in the heatlng chamber and
easily dissocclating (lorizing) working media. lowever, the beneflts
of utllivation of low pressures can be conpletely realized only
anider tne condition of zquillbrium of the expansion vrocess 1In the

qozzle, whlech s not aluways Suacantecd.
H >

Various quantitiec of supplied energy correspond to values
of speclfic thrust for hydrogen, obtailed at the same temperature
and different precsures pK*. It 1s interesting to compare the
specific thrusts at various pressures 1n the heating chamber
(nc = const), but identical quantities of supplied energy. PResults
of such calculations arc listed on Fig. 10.18. As was to be
expected, in ca ¢ [ icentical total enthalpy of 1 kg of working
medlun large specific thrust 1s attalned at high pressures in

-

the heating chamber, since hecat in thls case 1s used energetically
~ore suitably.

ya .

kef.s

kg 1740409kam4

2000 i = Fip. 10.18. PRelationship
nf specifiec thrust to

1500 =", pressure and total enthalpy

ﬂma_——ﬂ—f:.fi of heating: working medium -
[ = =

Iégqa*uA; RPY pM/pc 100 const,
500 PR equllibrium expansion.

9901401 41 1 10 py bar

[11 rocwet encines with heating of the working substance from
an inaepencont souwree of energy the limiting factor will obviously
be the neatln;: ternerature on which the rate of heat exchange
te Jnils ot tihe cohasber derends, Therefore, compariscn of the

et'fectivyenens -7 vapisus vars-ine scubstances at identical heatine
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SECOND SECTION

Thermogas-Dynamics of Real Flows and Heat [xchange
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CHAPTER (I
PRCPLERTIES OF REAL PROCKSSES

‘In the chapier Is <ramired the effect of some devintions from
idealized schemes of céluu!ition for thecmodynamic proverties and
characteristics of combustion products, including specific thrust.
The effect of heterogeneity of parameters and incompleteness of
combustion, nonideality of working medium, and also noradiabaticity
and chemical nonequilibrium of processes is analyzed.

11.1. Basic Distincticns from Theoretical Schemes

In Chapter VIII the methods of calculation ot basic processes
in the wnglne chamber have been examined. The totality of accepted
assumptions permitted determining the theoretical thermodynamic
characteristics of propellant.

Actual processes in engines proceed with noticeable deviation
from i1dealized schemes of calculation, differ from calculation and
properties of combustion products. These differences basically
will be reduced to the followlng.

Limited iInformation about the qualitative composition »f
combustion products, p-v-T and other properties of indiviiual
components at high temperatures, mechanisn and speeds of chemical
reactions hampers the obtaining of reliable data on nronerties of
tlie working medium. Asswaptions about the ideality (in the sense
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.of equation of state) of components, energy and chemical equilibriunm
of the mixture are valid conly in limiting cases (p = 0; infinite
time of stay). Therefore, known noncoincidence of calculated and
actual properties of the working properties can be expected.

dlotion of combustion products in the chamber generally 1s not
descrived by equations of one-dimensional eqailibrium isentropic
fiow. FReal flow 1s not orne-ulisensional and can be accompanied by
nonequilibriws: phenoniena, for exauple, energy and chesnlcal nonequili-
vrium phenonmena, for exzmple, energy and cnemical nonequilibrium.
In two-phase flow high-speed and temperature nonadiabaticity have
substantial value. As any real substance, combustion products
possess viscosity, thermal conductivity, emissivity. They return
part of the heat to the chamber walls.

As can be seen, even with ideal organization of processes in
the engine, one should expect some nonconformity of calculated and
real thermodynamic characteristics. Real organization of proecesses
can only increase this nonconformity. Incompleteness of combustion,
heterogeneity of flow paramneters on the cross section of the chamber,
nonadiavaticity of flow - all this can introduce noticeable corrections
into theoretical values of characteristics.

Sonie of the properties enumerated above are examined in this
chapter, others - in the following chapters of the section.

11.2. lionadiabaticity of Processes

In real conditions the processes in the combustion chamber
and nozzle of the engine are aluays accormpanled by heat exchange
with the surroundins medium. 'wo baslc cases are possible.

1. lieat is carried off through the chamber walls into the
surrounding mediu. forever. Such, for example, i1s independent
cooline bv special liquid, winlich is not returned to the chamberiand
takes away remwovea heat with it. Such rermoval of heat i1s observed
in chambers cooled by radiation.



2. Heat carried off into cooling liquid is returned torether
with 1t to the chamber. Thlis takes place with repenerative coolins

of chamber walls By propellant conponents.

The qualitative effect of adiabaticity of specific thrust is
evident. Irreversible heat removal from the working medium doubtlessly
reduces specific thrust in comparison with its theoretical quantity
during adiabatic processes. Regenerative cooling of chamber walls,
on the coptrary, can Increase the value of specific thrust of the
chamber in comparison with theoretical, if in this case we do not
consider the expenditures of energy for forcing the liquid through
the cooling passage. The benefit from regeneration of heat appears
than ‘the pressure at which it returns to the chamber. Thus,
regeneration of heat on the section of the combustion chamber with
constant pressure does not lead to increase of PyA in comparison
with the theoretical value of P at? and regeneration on the nozzle

;loction should bring some benefit. The greater the latter, the

‘'more heat that 1s removed at low pressures, i.e., closer to the

;nq:slo exit.

Let us apﬂroximately estimate the eNfect of nonadiabaticity on

"‘ipocific thrust. Pressures in the combustion chamber and rozzle

section are assigned and constant. <

A

Effect of Nonadiabaticity with Independent Cooling

Heat Q carried uway from the chamber is the sum of two conponents:
heat Q“ ) carrlied away on the section of the combustion chamber,
and heat Qc, carried away on the nozzle section.

The effect of heat removal in the combustion chamher can be
evaluated by extrapolation formulas (see Chapter I). Assuming in
expression (9.50) Al = -Q, o» ve obtain [Translator's Note: kc =

bl f o

= combustion chamber; ¢ = nozzle]:
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(11.1)

= J
where APyA = Pyﬂ Pyn’ va
nonadlabaticity.

is specific thrust under conditions of

As can be seen, all things beinc equal, losses of specific

hrust are proportional i . tlre nuantity of removed heat QH ¢’

Let us determine losses of specific thrust as a result of

nonadiabaticlity of the expanslon process. Let us formulate change
in total enthalpy 1n the process of expansion with heat removal

Alg=le—(lo 4 0l¢)—Q,

or

Alq= (Ix—1e)—81—Q,. (11.2)

In expression (11.2) I“ and Ic - values of total enthalpy of the
working medium in corresponding sections of the chamber during

adlabatic process of expansion; GIc - change 1in total enthalpy at
the nozzle exit caused by heat removal Qc.

With P, = const quantitw éIc can be uvritten

8lc=T,ds, @783

where 65 - chance in entropy, connected with nonadliabaticity
of the process. ‘'his quantity 1s equal to

=~ (L2 (11.4)

(:.inus sisn corresponids to ieat removal from the working nedtur),
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For detersnisation o 40 oy formula (Ll )Y LU Lo necessary
know the law of heat removal betwoen temperatures T“' and ”c,
generally spenking, different for different chumbers. Hxpression
approximately (11.4) can be written so:

T}
7] ¥ ;

where T - mean temperature on the nozzle section of heat removal.

In the first approxzimation quantity 7 can be taken equal to

temperature in the nozzle throat T“ Then

pl

'.sﬂ—ﬂ’-,

p

Since according to approximate gas-dynamic relationships

2 4
T.’-m 7 %)

then

-t
Wl (= 1)—Q, (1 -"2E! Te (11.5)
! -10',: (' .') o‘(l 2 1,)

Let us ¢ompose relative change in specific thrust as a resuist
of nonadlabaticity of the expansion process

Pl= alg
;é ar !

25
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By woln o expression (11.9), let us wplte:

It ., << al, then 2:cordlng to rules of approximate calculations

Py, Q. R4i T
Ayl e "r)
va 27 2 T
ar
Pype 1 Qe j_nHl T
Py, 2 k-1, - 2 ?:-) (11.6)

In the lower part of the chart on Flyp. 11.1 are given values
of APyn/PSA’ deternined by formula (11.6). As can be seen, at the
same relative quuantity of removed heat QC/AI the specific thrust
1s lowered more subsfantlally at large values of pK*/pc. The
amount of relatlve quantity of heat, removed from the working
medium in the nozzle, 1is usually not more than 0.02-0.05 (smaller
values pertain to heavy engines). The lowering of specific thrust
causea by this 1s small.

with Independent ccoling of engines, tested on a stand, a

conslderacle quantity of heat Q can bte removed and decreasec of

pr can reach bx for small engines.

]
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Effect of Nonadiabaticity with Regenerative Cooling

With regenerative cooling the same scheme of selection nf
heat Qc in the nozzle throat can be taken. When determining "he
change in total enthalpy in the nozzle it 1s necessary to consider

that heat Qc is completely returned to the combustion chamber. 1In

connection with this, expression (11.2) take® the form
Mo=(l—1)~-3/.. ' (11.7)
Quantity GIc’can be written, as earlier:

8lc=Teds.

Entropy change in the case of regenerative cooling is caused
not only by heat removal Qc at temperature T“p, but also by reverse
feed of it at temperature T:, iges ,

u-“l+6$g,
where
531': —-&-— —’i’ o:
Txp 2 T,
247

_——— S R — . ]
f




——y

and

as.-u-%i-. ‘

Consequently:

-t g

rl
and
n--1 Tc
U= === 7 Qe (11.8)
By substituting expression (11.8) in equality (11.7), we obtain:
n—1 T, '
AIQ=(I,‘—1¢)+T -'-TTQC.
By analogy with the previous case l
P_Ll_ n—1 T. Q.
pg,-1/ T *
Approximately
Py, n—1Q. T
“~l _‘ <
Ao LT T
or

R VI (11.9)

Relationship (11.9) is shown in the upper part of the chart

of 15, 11.1. 25 can Le secn, increase In speciflc thrust as a
bl 3
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result of regeneratlive coollny even when :C/Al = 0,1=0,¢ comprliaes
only fractions of a percent. Actually the relative quantity of hent,
circulating in the reienerative cooling system, 1ls cven less due to
a number of limitations (see Chapter XX).

Thus, regeneration of heat in the cooling passage of the
chamber of a liquid-propellant rocket engine is not so substantial
a means of increase in gspecific thrust in comparison with PyA .
However, external regenerative cooling of the chamber walls at
least elimlnates irreversible heat removal from the working medium
and thus averts losses of speclific thrust connected with such
removal.

11.3. lleterogeneity of Parameters and
ncomplete Combustion

Heterogenelty of Parameters

The method of determination of thermodynamic characteristics
examined earlier proposed identical distribution of propellant
components along the cross section of the combustion chamber. In
actuaiity the Jistribution of propellant components is heterogenegii,
This heterogeneity can be intentional or can have a random ches,pter.

. ' -

Equilibrium mixing of components in some assigned ratio provides
maximum possible liberation of heat under the given conditions.

Value of optimum component ratios is selected from conditions of
obtaining the best basic indices of the chamber.

However, high values of temperature, at which it is difficult
to organize reliable cooling, correspond to the magnitude of optimum
component ratios. Therefore, homogeneous distribution can be
unacceptable, 1f it does not provide the nccessary life of the
chamber.

The low-temperature range near the chamber walls can be orranized
by various means. This can be, for exauple, supply of propellant
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when x %oy OF other speelal liquid, pas (Mlquid=propellant roeciet
enzinen), utilization of npeclal low=temperature propellants or
coatings that burn up (PATT) [RDI = solld-propellant rocket enpines)
and others, 1In all such cases the composition and properties of
combustion products arc heterogeneous along the cross section of

the combustion chamber. [Translator's Note: onrt = optimum.]

The reason for random oscillations of composition and properties
of combustlion products can be heterogenelty of propellant composition
(possible in KDTT), scattering of characteristics of mixing elements
(1iquid-propellant rocket engines).

Let us determine the basic thermodynamic characteristics of
nonuniform flow, consisting of 1 propellants of various initial
composition (for example, different xi) with relative flow rate gy
In addition to earlier accepted assumptions (see Chapter VIII)
we will conslder that combustion products of separate propellants
are lsolated from each other, and pressure is constant along
the cross section of the chamber. Theoretical characteristics of
separate propellants (PyA 1+ By» Ny FyA i and others) are known
by results of thermodynamic calculation.

Continuity equation for comousticn products of i-th propellant

can be written so:
_PiFiMja;
=S = (11.10)

A

vhere 'i - Tach nuruer,

oy using oporosl.ate foriulas for tie speea of scund a, and
Y a . 2 1

conplex N in tiic Torn
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flow) and NZHN (boundary layer) at pressure In the compbustion

. chamber 10.5 har and general coefficient of component ratios
x » 1,2 kg on/kg fuel. As can be seen, formulas (11.12) and
(11.13) give practically coinciding results.

] 4

Table 11.1. Comparative appraisal of the
accuracy of approximate formula for 8.

N M4 Naty 4+ NaO4 ~ Norunifors flow
& » a ¢ * [ n p from 8apua
0,0 1,21 10,96| 1,23 | 188,4 188 ,4 188 ,4
0,085 10,74] 1,37 | 132,3{ 1,4 | 20,80| 1,23 | 185,! 181,7 181,68
0,ll4| 10,74 t,37 | 132,3] 1,6 | 21,66| 1,21 181,! 175,68 175,6

[Translatop"s Note: rouw = exact, nputn =
= approx.

For determination of specific thrust in a void in case of

) ‘nonuniformity of flow (pressure at nozzle section p, 1is prescribed)
5 ¢ Wa use known formula:

P,.,,,=—(‘3-(2‘} G.w.J‘rp,z:Fl)- (11.14)

By substituting the value of Fi in formula (11.14), we obtain:

Pyl.n =El:glpyx.n i
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The of' et o aeterorencous clstrlbution of comnonents on
spectfle thrust ot propellany nerozlne=50 + 1,0, g shoun on Flr,
1.2 blstrlouticn « alon: the croass gectlon of chamber, taken an
initial data, 3z shown on “able 11.2 [9).

Table 11.2. Exanples of distribution of
propellant components.

0,0333 | 0,2847 0.1453|0.2770 0,1433 | 0,134

Yariant |
00 | —13 wo | 5|12

i
I 7
|

A0 |0 g 10 7
i

: ‘ 0,023 | 0.2500 | 0.1477 i 0,2870 ' 01453 | 0,1467

As can be secen, heterogeneous distribution of propellant
components in the considered case reduces the specific thrust.

Amount of losses Pyn.n is changed depending both on x, and on
relative area of nozzle section.
e
%zﬁ e e 1T
&%& fo=40 |A . 2 .
720 yant Fip. 11.2. Tiffect of hetero-

weneous distribution of
propellant components on

260 . | specifiic thrust.
Pynnt
et r—4+ <
Z ey
2olf=13 =
1,7 L8 a1 X

uenerally tne specific thrust of nonuniform flow i1s always
less than the speclfic thrust of uniform flow at average «, 1if
relationsnip Pyg_n = f(x) has been directed concavity downward in
the entire rvanje of x. iy levelling the flelds of xys accompanying

real rloy, Lthc ofTeey of nonunictormity of flow diminishes.

r
n
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Incomplete Combustion

For evaluatién of the effect of incomplete combustion we

proposed a number of models. The simplest method consists in the
following.

It proposes that as a rosult of incomplete combustion the
temperature in the combustion chamber is lower than calculated; the
composition and properties of combustion products correspond to
equilibrium values at this temperature. Temperature change T“*
can be uniquely connected with change in enthalpy of mixture GIT,
which allows making use of extrapolation formulas.

‘For simplicity let us examine extrapolation of specific thrust
under conditions of equality of pressures Pe ™ Ppe Relative
change in specific thrust in accordance with {ormule (9.50) is

Y- e ’;-P?r- (l_%) =
"ET-W_)’_' (11.16)

ya2

Quantity (Pgn)2 is convenliently represented by formula

(P;,)mn—?{k.n(: -L).

Then expression (11.16) is reduced to

. .n—l 57
.p,.g o R'Tf: . (11.17)

Change of quantity (n - 1)/2n in range f. = 5-50 can comprise
several percent (increase with increase of fc). Therefore, losses
of specific thrust as a result of incompleteness of combustion
increase with the increase of fc. When n = const and ot sonctant
pressure in the combustion chamber the losses of specific thrust
because of incompleteness of combustion do not depend on fc.
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11.4,. ontdeality of Voridne lediun

LLet us estinate the effcct of deviations from cnquation of state
of ideal gas.

Let us cxamine the state of the system at some preacribed
pressure and temperature 7. To 1t corresponds equllibrium composition,
determined by nunbers of moles nq (molar fractions x_ ). Let us
assume that from state p, T can change into arbitrary state with
invariable chemnical composition. Then xq = const and it 1s simple
to establish connection betwcen properties of the mixture at pressure
p and when p = 0 (ideal gas).

Let us determine enthalpy and entropy of the mixture, for whichu
let us integrate the following differential thermodynamic relation-
ships with respect to pressure from prescribed p to p + 0 when
T = const:

d/=['u—r(§§)’]dp. (11.18)
=_(%
dS—= (or )pdp- (11.19)

As a result we obtain:

(= Znltet [o=r (7)o

Pux

]
=SS0~ F{(%) (%), Jon (1120

Translator's Note: wua = ideal.]

256




The first terms in tne right sldes of cxrressiong (11.20) B o9
and (11.21) - enthalpy and entrony of sowme flctitious 1ldeal mixture,
composition of which (numbers of moles nq) 1s equal to the comrosition
of mixture of real gases.

For this ideal mixture when x_ = const the followlns relation-

a
ship 1is valid
[ §
Pe  n¢ '

Having substituted 1t in equation (11.21), we obtain:

obt
S=X (S8, ~Rslnny)— RNInp4+RN InN —
q
4
= ([ — e (11.23)
J[(or), (or),,"]d”' '
I'(')Fl{
: whid
As earlier, the number of moles of propellant MT is taken such, QU4
8o that the following equality would be fulfilled rena)
N=p. (11.24)
By using equality (11.24), we obtain:
g o " /4 0% ov and
—;"'( Gll- onn’)—§[(d7-)p—(;r—)F..]ap. (]1'25) Ship

In accordance with the formula for chemlcal potential of the
gq-th component in a mixture of real gases let us write:

<[IU=TS) =70 _ - -
?'-[ ong  lp.7.n faus 7T (e = Roln ) (11.26)

p

- RoT
- — R\ 4p,
j(v' P ) 2
0
)
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e Vq = (av/ar. ) - woar partial volume, determined by

T p,T,ni
p ciuntlion of atate of nlxture,
Ton
var tdgnl coas on tae bamls eof formulas (11.22) end (11.24)
noo= opo, cne nodare rartiol velune is equal to '
1 ]
-— 0 E
N ong E”aﬂ-\ SELL (11.27)
toong P p
\ q p.T.n
)
Taking intc account formula (11.27) and equality n(_1 = pq we
obtaln the expression applied in Chapter YI for chemical potential:
Cgun =13, —T(S3 .~ Roln py ).

Equilibrium composition of homoreneous mixture of reacting
real gases 1s found from equations of thermodynamic equilibrium
which also were considered in Chapter VI. The original form of

equations of chemical equilibrium and conservation of substance
remain as previcus:

P\ Y aun=9s
{

2 any-t 1y =Mb, .,
]

and Instead of equation of balton law there 1s used obvious relation-
ship:

cxg=1.
2,:' (11.28)

In the “incl Jora or calculations the systen of equations
anpears in tne followin, form:

! 8\ .
nny - ;:aljlnn, -rlllK["-—W‘Aﬂ—za‘}A?[\’=o. 112




!

ln?n,—lnp=0. (11.31)

where

14
sre= {22 a5

Technology of solutions of equations (11.29)-(11.31) remains
basically as previous, it 1s necessary only to note the following
feature. Generally the last term in equation (11.29) depends on

the temperature, pressure and composition. Inasmuch as equilibrium
aconposition of the mixture of real gases was not known earlier, in

——t e
e

i .of ideal gas 1s used. The found composition of real gas is then
used for refinement of quantities Aoq, change of which, in turn,

leads to the necessity of repeated calculation of composition, etc.

By differentiating system (11.29)-(11.31) with respect to

logarithm of. pressure or with respect to logarithm of temperature,
we obtain values of partial derivatives, necessary for determination

of thermodynamic functions and properties of the mixture. The
latter are calculated by usual thermodynamic relationships.

An important moment in thermodynamlics of real cas 1is the
selection of corresponding equation of state. As criterion of
correctness of this selection there 1s coincidence of calculatec

and experimental properties of the mixture. As applied to conditions

in the chambers of rocket engines the experimental determination
of properties of combustion products is difficult and therefore
can be performed only with the ald of theureticai eguations of
state.
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he first approximation for determination of this term the composition
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Let us taxe the equation of state for a mixture in virial form

[4]:

(11.32)

po=JART (142 BN xniBy ).
) LI

vihere Bij ~ the second virial coefficients.

Selection of equation of state (11.32) 1is Justified by the
following considerations:

a) theoretical validity of equation of state in virial form;

b) possibility of approximate determination of virial coefficients
B1J in the absence of 1lmmedlate experimental data;

on

¢) range of temperatures and pressures (T > 700°K, p < 500 bar)
for which 1t 1is proposed to use the equation of state.

Values of the second virial coefficlents are determined by
formulas or molecular-kinetic theory in accordance with the accepted
model of interaction (potential):

: B)=1,26153} B}, (T})-

The tabulated values of functions B;J (TzJ) for the most commonly

used potentials are listed in reference book [4].

In Table 11.2 as 1llustrations there are presented equilibrium
properties of combustionr products of propellant 02H8N2 + nzou
when a = 0.8, cooled to tenperatures 2000, 1200, 800°K at pressures
150 and 300 bar. ¢Cnits of :easurement of thermophysical quantities:

Cpp KJ/ke-der, a,'jef'l, gy /<, unner value - properties of ideal

(2]

riixture, lower - real _[1].
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Table 11.3. Equilibrium cronerties of ideal
and real mixtures,

p = 150 p =300
T .
ay-108 Cpp ap ap-103 Cpp ap
800 1,3594 | 1,9650 | 557,3 | 1,3292.| 1.8392 | 538,1
: 1,4987 | 2,0438 | 566,7 | 1,6054 | 2,001! | 577,8
1200 0,9002 { 2,1809 | 708,7 | 0,9920 | 2,3844 | 702,2
0,9204 | 2,2341 | -726,3 | 1.0235 | 2,7108 | 736.,5 <
2000 0,5002 | 1,8979 918,2 | 0.3001 | 1,9084 918,2 :
0,4947 | 1,9038 | 935,5 | 0,4894 | 1,8960 | 953,0

As was to be expected, dlvergences in properties of 1ldeal 2nd
real mixtures correspond to known theoretical posliticns: they are
decréased With increase of temperature and with decrease 1in pressure.
From Table 11.3 it 1s also evident that under conditions (p, T),
analogous to tabular, allowance for deviations in the properties of

col]

working medium as a result of nonldeality 1s expedient. th

ros

Calculation of processes in the rocket engine chamber with de]

‘nonideal (in the sense of equation of state) working medium is a1

analogous to calculation listed in Chapter VIII with ideal WOPki:;f#,F par
medium. In this case the values of composition, enthalpy, entro

and other properties of combustion products must he determined with
allowance ror a particular equation of state, for example (11.32). tur

dat
A8 illustrations Table 11.4 contalns relative deviations of

real thermodynamic characteristics from ideal for propellant
asymmetric dimethylhydrazine + uqou at values of excess oxidant
ratio a = 0.5 and 0.9. As can he seen, in tnls instance the effect

of nonideality is relatively small and cannot be considered 1n firn
calculations. ' the
of «

Results of fulfilled calculations allow making the following tn ot
‘conclusions [2]. In the pressure range 17C-500 bar and temperature acnu

range 1000-2000°K the reality of gases weakly affects the compositlon,
enthalpy and entropy of the ulxture and rat.uer notlceably affects
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Table 1.4 Pelative change in thernmodyvnanic
2huracteristies cf propellant Cﬁﬂa b e

[ [ o~ L0l
with atilization of equation of state of
lueal and real gas.

ombistion chambeW nozzle throat |nozzle edgep =05
a
py larp T % Bpp(p% “ﬁ% hfe% prl-n% 4
I |
0,5 ’ 150 0,25 0,39 0,72 0,55 0,05
250 0,42 0,65 1,19 0.85 0,11
0.9 ’ 150 0,02 0,11 0,45 0,27 0.06
! 2° 0,04 0,2 0,74 0.41 0.09

In connecticn with the change in thermal capacity under these
conditions a change of temperature in the combustion chamber and
throat 1s possible. In g¢as generators (see Chapter XVII) as a
result of low tenperatures thils change can ve substantial (tens of
degrees). In the process of gas expansion the effect of reality is
diminished rapldly and, most frequently, 1s not reflected on

parameters of the end of expanslon.

Since values of virisl coefficients By, By; 1t elevated tempera-
tures are known only approximately, then the obtalned calculation

Jdat1 arc estimateld.

11.5. <Chendcal onegullibriu.,

It 1is knewn that for estavllshmont of equilibrium In ~ases
finlte tlie 1s necessary. For gas located in thermal equilibrium, !
the separate :olecules ccnstantly acquire or lose energy as a result
of colllsicns, however tie complete cnnnpe of cnergy of the system
in this case turns out to be equal to zero. GLuantity cof enerey,
acqulred or lott cn one colllsion (1.e., effectiveness of cellisions?,

iner equiile-toe conaitions tuarneg out to be unessential.  owever,




g

if external conditions (for example, temperature and pressure)
suddenly change and the gas starts to approach a new state of
equilibrium, then the rate of approach to equilibrium (measured

usually by time of relaxation) directly depends on the effectiveness
of collisions.

With decrease of the temperature in the flow (for examnle, durins
flow in the nozzle) various internal balancing processes (energy and
chemical pelaxation) for thelr realization require a greater numher
of collisions between molecules before equilibrium will be attainea.
If the time of achievement of equilibrium is of the same order as
the time of stay, then deviation from equilibrium is possible, which
C... change the character of flow. These so-called relaxation
effecfn can be observed every time that changes of external conditions
with respect to gas occur so rapidly that inside the structure of
gas there 1is no change.

In order that the relaxation process of a separate degree of
freedom would affect the flow, two conditions are necessary: time

‘of relaxation must be comparable with the time of stay, and change

of energy, connected with the process of relaxation, must comprise
a considerable part of the overall change in gas enthalpy. From
this viewpoint in the chamber of the engine (time of stay 10'3

to 10'“ s8) the most important relaxation processes are processes
of dissociation and recombination, as "slower" and leadins to
noticeable change of energy in comparison with other types of
relaxation. However, in certaln cases the nonequilibtrium of the
process of energy exchange between different types of internal
motion of molecules can also show a noticeable effect.

Investigation of processes with allowance for finite rates
of reactions requires the inclusions of chemical kinetics - studles
about the mechanism and rates of chemical reactions dependin- on
various conditions of the passage of processes.
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The rate of cherrlcal reactions is determined by change in the
concentration of reactinz substances with time:

_de¢;

T, . (11.33)

where 1t - tine; cy - molar concentration of i-th corponent of
aixture:

— (11.34)

Sonetimes as the measure of concentrations we take density or
partial pressure of the component, or the number of 1ts molecules
in a unit of volume.

The rate of reactions denends on the number of collisions of
particles in a unit of time, which 15 proportional to the product
of concentraticns of reacting substances. The equation, which
:onnects the rate of the reaction with concentrations of reacting
substances, 1s cailed kinetlic or equation of kinetics.

Relative to rates and mecihianlsin of cheuical reactions as

applied to processes in rocket enzgines uve usually use the following
assuwuptions:

a) as components of co.b..ivlon products we consider only
aonatonic, alatomic ang triato..lc conponents of nixtures; the

presence of molecules with a laris¢e nusiber of atons is considered
luprobable;

b) we conslder only double and triplc collisions, l.e., we
conslier bLil.olecular and trinolecular reactions as the more probable
ang studleu In experinental vorks;

c) we consicer, as » ruale, —encralized reuctions of dissociation-
Fecovbinmtian with ~Encrwl eatalytic santlole . ISuet pwrtlolies
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can be any mixture component, consequentl;, its concentration is
equal to

CM=E(I:
é

d) when writing equations of kinetics we apply the principle
of independence of reactions,i.e., consider tnat each of then
proceeds independently.

As theoretlical investigcations show, notleoenble leviation Cron
equllibrium is more probable in the supersonic part of the nouuzle,
In the combustion chamber and subsonic part of th» nezzle the nish-

temperature mixture is usually in the stabe of cbealeal equilibrium,

In gas zenerators as 31 result of relatively low tempercatures tic
chemlcal ronequllibriun 15 possible. Its effect 135 evalu:sited In
Chapter XVII.

it present 1t I1s not gossible to strictly a vl unlgquely select

.the me¢chanism of reactions in a multicomponent mixture. This is

caused by great difficulties in research on kinetic pi'nrcesses In
reactin'gkaxturea. N

Nonequilibrium flow of gas 1in the nuzzle in a one-dimensional
arrangement is described by such a system of equations: T“quation
of motion -

dp +qudw=0; (11.75)
equation of continuity -
Féw-const; {11l.36)
equiation of energy -
S §”=fmmu (11,27)
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cquation of stiatve -

i (11.38)
equaticns of kirctics -
de; g g ’
m=lilenen g, i=1,2,8,. L (11.20)

er stotionary prece-3ses eauaticns (11.36) can e presented in

‘

= e ferma

I
- { %
dx ,fl~r|‘¢.2l' . -|c,|n' (11,“0)

q .
oo ~a
Tnastiilen 88

System (11.3%)=(11.38), (11.40) of (=~ + U) equations for

determination of (r + 5) urknowas: p, 7, w, p, **y, {&} 1s open.

Therefore, .n dditlonal condition 15 necessary, for exaaple, cne

ol the rollewing:  Taquaricn of noszlie prorfllle -

- ®
g

F=F(x); (11.41)

dotetiytton of resenee along the nozzle, deternined by ealculation
WY (‘_l.p!'.‘f‘j ORI 'Ellj =

P=p(x); (11.42)

the <hange in density o working meaiunm In the nozzle, ohtnined
by calculation c¢f cquilivrium nrocess -

e=olx). Al %y

2a€
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As was noted in § 10.4, the chemical nonequilibrium of expansion
weakly affects the distribution of density.

System of equations (11.35)-(11.38), (11.40) and one of
conditions (11.41)-(11.43) allow completing the calculation for a
particular nozzle by numerical methods.

For 1llustration of the character of calculations of chemically
nonequilibrium flows, let us examlne one of the probable reaction
mechamisms for propellant with the simplest chemical composition

'Hz + 0, [7]. Possible components of combustion products in this

case will be: Hz, 02, HZO’ OH, H02, Hzoz, 03, 0, H. Proposed
mechapism of reactions are such:

1) Hy+MZ22H+ M; 8) OH+OHZZH,0+0:;

2) 0;+M2204+M; 9 Hy+0 2OH+H;
HHO +MZ2OH+H+M; 100 OH+O 2H+0;
YHO+MZ2H,+O+M: 11) H0,+M Z2OH+OH+M;
5) OH+MIZO+H+M:  12) HO+M ZHH 0+ M;
6) Oy+HTOH4OH; .. 13)  Hy+HO, 2 Hy0p+ H;
N H+OHZHO+H, 14 0,40, 20,40,

) 7~
where M - general catalytic particle - any of the components of

combustion products. Mathematically the equation of kinetics is
written for each component in the form analogous to that given here
for 820:

—‘:%'2"%[ — Ky(T)eueo ¢ u+ Ry (N couene u— K o(T)en0e 4+
+Renkof ut+ K (T)encon—Ky(T)enocn+ (11.40)

L K(T)con con—Ks(T)en,0¢0),

where Ki(T), Ki(T) - constants of rates of direct and reverse
reactions, respectively.

Thus, in case of cherically nonequilibrium expansion in the
nozzle the problem is reduced to soluticn of a coaplex syster. of
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diffcrential equotions, whicii 1s feasible only on an (OLM) [BvH
‘elcctronic computer].

As 1llustrations on Firs. 11.3, 1ll1.4 there arc souce calculation
data on temperature, speciflc thrust and molar fractionsz for
dissociated air [5]. Curves 1, 2, 3 correspond to equilibrium,
frozen and cher.ically nonequilibrium expansion. As can be seen,
account of rates of chemical reactions al large values of r = r'/rnp N
zives noticeable deviations frow results of equllibrium calculation.

B I — 1.~

Paan 7oK

Kl o8 [
‘2927' - 3400 ?
J Fig. 11.3. Tenperature and
Y 3 pera 1

0} 2800 Z specific thrust in a void with
expansion of dissoclated air
in a supersonic nozzle.

\I
250 1800
~N ~ ]
S

238 1 1000 l
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lot Xno
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avfan Fig. 11.4. ‘folar fractions 1

of NO and 02 with expansion ‘

!

o | a0 \A of dissoclated air in a 1
,gs superscnic nozzle, |

o7 tan HH I

| T | N
) - “‘-.g

in conclusion the followlng features of the study and calcula-
tion of chemr:ically nonequilibrium flows must he noted.
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l. During fulfillment of calculations we encounter difficulties
connected with thg limited knowledge of true mechanisms of reactions
and constants of reaction rates. WMany questions of kinetics (theory
of chain reactions, theory of combustion, heterogeneous reactions,
etc.) have been studied insufficiently for practical utilization
and sti1ll await comprehensive solution.

2. Calculations are much more bulky than durincs calculation

of equilibriuum flow, since we introduced additional variable - spacc

coordinate x and equations of kinetics - system of Jdifferential
equations of type (11.40).

3. The character of nonequilibrium flow depends on the vhysical
propéfties of mixtures, on 1nltial pressure and temnerature, on the
shape of channel (nozzle). Consequently, calculations do not possess
generality of results, it 1s necessary to perform them for each
concrete case.

Comparatively good agreement of obtalned calculation and

'experimental data can be noted. Results of calculations, conducted

without allowing for the effect of separate catalytic particles,

differ within 5-10% with respect to quantities of molar fractions
of components and practically coinclde with respect to specific -
thrust and temperature.

The absence of reliable data about the mechanism and rates

of chemical reactions, labor input of accurate calculatlons frequently

force us to resort to approximate methods of analysis of chemically
nonequilibrium flows [3]. As an example let us consider the method
of "sudden freezing," initially proposed by Bray [3] and modified
in other works.

Bray, while studyling nonequilibrium flows of dliatomic gases

in nozzles, revealed that three regions of flow can be conditionally
distinguished.
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1., .oqguilibriu::, or alwoct ecauilivrium, recion, becinnins {ronm
tihhe conbustion chamber, in whicn the rates of dissociation ., and
recombination w, are very great in comparison with the rate of

change in concentration dci/dr necessary for equilitrium flow.

2. '‘ransition region, in which the density and temnperature. are

substantlally diminished, and dci/dr, W, ,wp become quantities of
o

R
one order. This causes notlceable deviation from equilibrium,
and the process soon after tils approaches frozen state.

> reglon c¢f almost frezen fiow, iIn which there is fulfllled

concition

_de

L wp. (11.45)

Approximate solutlon of the problem can be obttalned if we
consider that the transitional region is on infinitesimal section
of the nozzle, i.e., polnt dJdurin one-dirensional flow.

Consequently, the ©ray method proposes calculation of equilibriunm
flow tc the polnt of instantaneous freezing, and after it - calculation
of frozen faw. The pesition of this poirt Is ietermined with the
ald of bray criterion, obtained on the basis of cquatlon

o
_.(—ﬂ =kmn’—". (ll-u())

dt )pnu

(“ranslator's ote: paew. = equilibrium]

In equation (1ll.4u) the Jderivatlve of concentration wit!i resnect
to tiie ange tne rwte or ilss ciztion w, &re Jecternined Ly results

of equilibrliu. calcuiatisn, © = coefficicnt of the order of one.
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In the following works tie _ray uethel 'ias developed for
multicomponent systems. In this Instance of all the chenical
reactions only those which play a determining role 1n thermodynamics
of the system and mechanism of reactions are considered. 1In cach
of these reactions a limited number of components take part. The
component, taking part in all reactions, is considered the main.

By analogy with Bray criterion in exanining a multiconponent system
there should be compared the rate of -change i1n concentration of
"main" component, required by conditions of equilibrium flow, with
its total rate of "compound" reaction. The rate of "compound"
reaction 1s determined by kinetics of all separate reactions, in
which the "main" component takes part.

For complex mixtures the rate of “"compound" reaction and its
freezing point depend on the propellant composition, pressure in
the combustion chamber and nozzle shape. Selection of the main
component is carried out on the basis of analysis of equations
of kinetics, energy contribution of heat of reactions and results
of equilibrium calculations.

As calculations of various authors (8], [9] show, losses of
specific thrust as a Fesult of chemical nonequilibrium can comprise
from fractions of a percent to several percent and even tens of
percent. Concrete quantities of losses of specific thrust depend

.on the propeilant, pressure in the combustion chamber, nozzle shape

and relative nozzles area rc. Some illustrating results are shown
on ’1". 1105'11.7.

! ! ! Fig. 11.5. Specific thrust in a void
\ = 7 with expansion of hydrogen in a super-
000 _ - sonic nozzle: P, * 30 bar; T, * 6000°K,;
- 2 1, 2, 3 - equilibrium, frozen and
o nonequilibrium expansion respectively.

271

Fig
lant

equ|
Flg|

cauﬁ
N, H)

i gal
of 1
St

i1zd-

reak
reac

indl

subs




ics

-

Pyan ” |
kﬁ-n — : !
0 =1 :SfL Afunn 3 )
e~ = ——-
00 ‘
/ rf
5oL 2 bt
R B S

Fig. 11.6. Fig. 11.7. ’

Fig. 11.6. Relationship of specific thrust in a void to x: propel- )
lant H, + Fss fc = 40; P, = 21 bar; —=--- 4.2 bar; 1 — with

equilibrium expansion; 2 - with allowance for kinetics.

Fig. 11.7. Relationship of losses of specific thrust in a void
caused by chemical nonequilibrium, to x: propellant (50% C2“8N2 + 507
NZHN) + “20H5 P 7 bar; fc = 40.
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CHAPTER XI1

SINGLE-PHASE FLOW IN THE NOZZLE. FUNDAIENTALS
OF PROFILING

In the chapter are examined fundamentals of profiling round and
ring nozzles, a systen of coefficients considering pulse losses in
a real process of expansion is presented. For round nozzles basic
principles of selection of optimum superscnic contour are described.
Solution of these questions is presented for a single-phase working
mediui.

12.1. General I tion

During flow.of a real gas in the nozzle the process of expansion
proceeds with noticeable distinction from the idealized scheme of
calculation accepted in Chaoter VIII. This distinction is caused
by Internal irreversible processes and due to this has decrease in
the outflow velocity and specific thrust. Optimum construction of
nozzle profile must guarantec a uinliaum level of losses of specific
thrust at some limiting requirenents (overall sizes of nozzle,
weight).

Calculation of ras flows in the nozzles 2nd construction of

extrernal nozzle contours, which satisfy certain specific conditions,
are complex problems. Thelr solution is obtained in [§])-[16].
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A contenporary supersonic nozzle consists of three basic
parts:

1) subsonic part of the nozzle;
2) critical section region (nozzle throat);
3) supersonic part of the nozzle.

In the subsonic part of the nozzle there occurs acceleration
of flow, velocity of which in the throat region reaches local speed
of sound. In the supersonic part immediately after the surface
of passage through speed of sound there begins a region of preliminary
expansion of gas, where flow 1s accelerated to a certain velocity.
Curved wall AA', during flow around which the flow is accelerated,
in limiting case can be replaced by break of contour - angular
point A (FPig. 12.1). According to [15], during flow around the
angular point the flow increases its velocity to prescribed at the
shortest length in comparison with any other methods of acceleration

'of flow due to flow Around the wall.

a)

b)

Fig. 12.1. Contour of super-
sonic part of the nozzle:

a) without angular point;

b) with angular foint.
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After acnieverent of prescribed value of velocity con the
axis of tae nozzle by flow, 1ts parareters with further rotion are
deternined by the contour of the supersonic part of the nozzle.
Corresponaing construction of tials contour glves the po§sib111ty
of obtaining flow uniform and parallel to the axis on the nozzle
section.

Profiling of rocket engine nozzles is based on solution of
a syste:u of equations of gas dynamics, which for steady 1r- -“a2tionzl
axlsymmetrical flow of inviscid and nonneat-conducti:
written in the following fori:

(wi—a*) 2ot wm, (54750 ) +

ow aw
+Ho— =5

L./ Ty
oy ox

where Wys wy - projections of flow velocity w to the axes of co-
ordinates x, y. Axls x 1s directed along the axis of the nozzle,
axis y - perpendicular to it.

System of differential equations (12.1)-(12.2) depending on
the flow velocity has different form: elliptic (1 < 1), parabolic
('t = 1), hyperboliec (' > 1). Accordingly, the methods (basically
numerical) of soluticns of the syste:.. are different. Therefore,
questions of profilin, the subsonlic and rupersonic parts of the
nozzie are usually considered separately.

12.2. Profilin.- tle GubLsonic Part of Found liozzles

Ml o)

cfilo of Ll wuusconle part of a nczzle cian ve found by
solation of systewn of eguuticns (12.1)-(.0.2) under concrete boundary




condltions. hLowever, the solutlon of tals system 1s extrerely 1
complex. Complete and accurate calculations of flow in the subsonic
part of the nozzle were obtained only recently [11]. Empirical
relatlionships alsc received wide dlstribution for profiling the

subsonic part of a nozzle,; sone of then are listed below. i
Usually the suusonic part cf toe nozzlie 1s characterizet® by !
the following elements (Fig. 12.2): 4
FPox = radius cf nczzle inlet at the place of conjugation witn j
the contour of the combustion chanber. 1f the combustlon chanber j
is cylindrlical, then rox = Tus Translator's !lote: s8x = inlet] ,
t
r, - radius of curvature of nozzle inlet. "
Bax - cant angle of conical section of the nozzle to axis;
t
r, - radius of curvature of profile in the nozzle throat; .
sl
r - radius of throat nozzle.
S O S - . cq
- - ‘-;l
Contour of the subsonic part must guarantee continuous flow wt
. (to avoid burnouts) with uniform and knewn veloclty fleld in the
" ¢hroat. This gives the possibility of reliably profiling the
. supersonic part of the nozzle. In accordance with geometrical
acoustics the stability of the combustion process must be ruaranteed

from the viewpolint of high-frequency oscillations. 1In this case

the overall dimensions (and consequently weiprht and losses on friction)
must be minimum. Theoretical construction of the optimum profile

of the subsonic part of the nozzle i1s a complex mathematical problem.

[Fmx

2 Fig. 12.2. Contour of
rn | subsonlc nart of tihe
nozzle.
rlp
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If the profile of tiie subsonic part 1s selected arbitrarily,

" then the possibllity of sliock waves is not excluded in the suncrsonic
part of the nozzle, caused by nonconfirmity of tiie subsonic and
supersonic parts. The reason for this can be, for example, a too
prolonsed (gently sloping) profile in the throat region.

As a consequence of the appearance of shock waves, in the
nozzle appear dlsturbances of flow along the entire length of the
supersonic part, which leads to decrease in the thrust. Too great
a curvature of the wall in the throat region, althoursl it excludes
the appearance of shock waves, leads to large nonuniforr'ty of flow
in the nozzle throat, as a result of which thrust is a2lzo diminished.
Optimum magnitude of radius of curvature of the nozzl: profile in
the throat region is established experimentally; usually it does
not exceed 2r“p.

The magnitude of entrance angle Bax insignificantly affects
the shaping of flow in the nozzle throat, however it strongly affects
the intensity of heat output from gas to the wall. It is experimentally
shown that increase in angle 8 from 10° to 35-45° diminishes
convective heat flow by 40-5C% [2]. Furthermore, with increase of
B8 the length of the subsonic part of the nozzle 1s decreased,

ax
which favorably affects the welght of the chamber.

Finally the contour of the subsonic part of the nozzle ic
Joined with the contour of the combustion chamber with radius rye
[ts magnitude affects the character of flow in the region of coup’ing
of combustion chamber and nozzles, where positive pressure gradients
are possible. At small values of ry (r1 < O.Brax) and larre values
of Bax as a result of large positive pressure gradients boundary
layer separation is possible at the wall, which intensifies heat
output to walls of the nozzle.

Thas, when designing the subsonlic part of the nozzle one can
use the following relationships:
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pn < 45°%

Fp<ra<2r,,.

0<n<r,
' (12.3)

In certaln cases instead of radius subsonic part one can use
a conical subsonic part with parameters

B < 45%
r,zo.

0<rl<r'llv
] (12.4)

Conical subsonic nozzles create noticeable nonuniformity of
flow parameters in the throat.

12.3. Profiling of the Supersonic Part
of Round Nozzles .

- Idea of the Method of Characteristics

. The basis of construction of the theoretical profile of the
s gupersonic part of a nozzle is solution of system of differential

_ ;equations (12.1)-(12.2). Let us examine the fundamental means

of solution of this system.

Let us assume that hydrodynamic parameters Wy Wy alv,, "y)
are assigned on some line F and it is required to find their values
in the region close to this 1line. If we could calculate the first
and highest derivatives of velocities, then values of Wyes W, can

¥
be continued outside the curve by expansion into Taylor series:

ow ow, N
W=t () dx+(TE) dt .

',-',,-l-(%-)’dx-{—(-‘-:;'-)’dy-}-. .

For determination of the values of partial derivatives
(3wx/3x), (awx/ay), (awy/ax), (awylay) let us use equations (12.1)-
(12.2) and also the relationships valid along curve F:
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dw,:(""")dx+( d‘;’*)dy; \

)d.\' + ("—:I.) dy.

QU
»?[3&

dw,=(

-

As a result for deteruination of the four partial derivatives
necessary to us we have a systen of four equations: '

ow 0w, , ow ‘wy
(o) 2 (S 2 o) 22 '

oy y
owy _ 0%y _ o
dy ox !

oy _dwe_Owe dy
ax dx oy dx' (12.5)

dwy =_q_!!__ owy ‘.’L,
dx dx dy dx (12.6)

Excluding derivatives awx/ax, awy/ax from equations (12.1)
and (12.2) let us write:

v pE——

£ o 3__q? X ] !

r—r a8 . feAp . . - )

Wiy 0% _iny
dy dy ax

’ ———e e

where

i'he obtalined systernr of two algebrale equatlons are conclsely
rewritten so:

(12.7)

(12.8)




By solving this system of equations, we find:

0wy __ 81163 — 8316 4,

9y  ayan—agan a’ (12.9)

Ows _ Gagfr—outr A&
i)y ) allaﬂ_.amau ' (12.10)

Il

Let us determine the values of the other two partlal -erivatives
from equations (12.5) and (12.6).

Thus, all derivatives can be found if the following determinant
i1s not equal to zero

' A=011G2—0110,, 0.

If A = 0, then system of equations (12.1)-(12.2) can allow only

.indeterminate solutions. In order that these solutions would remain

finite, 1t 1s also necesséry in this case to require vanishinpr
deternirants A, and 4.

It 1s clear that determinant A 1s not equal to zero on any
line y(x) with tangent of cant angle y'. Curves, determined from
equation Ao = 0, are called characteristics of system (12.1)-(12.2).

From equation 8y = 0 (or b, = 0) we obtain conditions of connection

between L and wy - differential relationships on characteristics.

]
Let us introduce Mach a into examination, determined from
relationship

siha=3% =
1 J

1
M (12.11)
vl 217~ let us take into account equalities

W, =wCosb,
’ (12.12)

w, == wsing,
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where § - ansle co:prisec¢ by veloclty vector with axis x. Ty
solvin~ equaticns & = C and Ly = 0 relative to v' and dwx/dwv
ana considering (12.11), (12.12), after a series of conversions

2.9) we obtain two solutions:
1) for characteristics cf the first family
12.10)
dy=1g(6 -a)dx, {(12.13)
1w _de_-._sinu’sinﬂ dx:
wiga ucos (0 4+ a) (12.1“)
ninant
&) for caaracterlsiics of tne sacond Iamily
dy=1g(6—a)dx, 2. 15)
Vi
dw __ sina@sin#
~emain o T s (12.16)
Fquations (12.13), (12.15) assign the directions of character-
v istlecs, and eyuations (12.14) and (12.16) - differential relationships
rom on the characteristics.
}?.2).
nection Thus, through any noint In the repion of potential sunersonic
{ies. flow It Is possible to «draw two lines - characteristies of first
and second To-11{ea (itfe, 12.2), aloncs which the parameters of flow
are chanced In aceoriance witih aifferential relationships (12.14),
and (12.1C). This serves as n basis of numerical methiods of solutlion
of correrpcncin: .as-dynanic proulens.
”.11)
Suring nunerlical calculatlon of supersonic flows 1n the nozzles
by nethnod of ehnracteristics four gcroble:;.s can he separated [4]).
!:)

282




- e ———

y ct
o Fig. 12.3. Lines of characteristics:
wy o ct - characteristic of first family;
o C~ - characteristic of second
family.

l. Cauchy problem. Eydrodynamic parameters are assigned on
some line AB, not being the characteristic (Fip. 12.4). It is
required to determine the values of all flow parameters in re-ion

ABC, limited by curve AB and by characteristics of first (BC)
and second (AC) families.

Pig. 12.4. Cauchy problem.

2. GQGoursat problem (Fig. 12.5). lydrodynamic parameters are

assigned on characteristics AO and OB. It is necessary to determine

hydrodynamic parameters in region AOBO', where AO' and 30' - char-
acteristics of different famillies.

y (4
‘ ﬁ' Fig. 12.5. Goursat problem.
P
. e
X

3. Hydrodynamic parameters are assigned on the characteristic
of one of families A0 and solid wall AB is given (Pig. 12.6).
Calculate the field of flow in region AOO'B (BO' - characteristic).
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[
7ig. 12.6. <Calculation of field of
A flow by tihe nethod of characteristics. -
0 ' 4
z

4. Fara.eters on the characteristic of the second family and
pressure on the free surface are assisned. It 1s required to »
deteriiine the shape of free surfacg and flow parameters.

Desigzn construction of the nozzle prcfile, determination of
flow parameters in a nozzle of prescribed configuration will be 1
reduced to solution one of the enumerated nroblems, or a combination
of them. The technique of numerical solution of these problems
has much in common. Let us exanine it in the example of Cauchy's L
problem. Let us divide curve A3 (see Fig. 12.4) on which all
hydrodynamic parameters are known, by a number of small segments and
from points a, and a, let us draw characteristics of first and
second families (let us replace increase of arguments by finite \
differences):

ye, =[tg(0+a)ks, AXe,: (12.17)

Aye, =[tg(0 — )]s, Ax%e,, (12.18)

where
Ayq, =V —hei A%, =X, —Xui

Aye, = y.; -Ua.;. AXg, ==x.; —Xg, .

Systen of equations (12.17), (12.13) gives the possibility of

determining coordinates of point ai: Kavs Ygue For determination

1 7
of flow paraiseters at point ai analorouclly let u3s replace differential
relationships (12.14) ani (12.19) by finite Jdifferences:
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( t:c )..('-. —®,)— (8, —ba)=

sinasia®
T Lco.(o+a)] ( o) —Xe.) (12.19)
1
(Sl o ==+ —0)=
L;hc:h.
col(o—a)] (<, e —Xa,)- (TS )

Solution of the written system of equations 2llows determinins
the values of the velocity w and angle 6 1t polint a%, and with their
aid and quantities of all the remainins parameters. "7 similar
means we find coordinates anu parameters of flow also at other
points, a', aé, ai, «ooy ', 1l.e., position of new curve a'b' is
determined with fldow parameters known on 1it.

When performing practical calculations on an electronic computer

system of equations (12.13)-(12.16) is usually reduced to a form

more convenient for calculations. Particular working formulas are

presented in [8].
/

Construction of Contour of the Supersonic
Part of a Nozzle

The most common problem of profiling a nozzle is determination
of 1its contour, providing maximum specific thrust (coefficient of
thrust) with minimum weight of the nozzle under assirned conditions.
Inasmuch as at prescribed quantity rc = r"c/FNp a fFood measure of
nogzle weight is its length or surface, maximun specific thrust
should be obtained with minimum length or surface of the nozzle,

The simplest shape of the supersonic part of a noczzle 1=
conical. For conical nozzles the length of supersonic part LCB
at known dc and c!“p is uniquely determined LYy aperture ansle of
the nozzle:
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de—dyy

b=Sue (12.21)

where ", = half the aperture angle of a conical nozzle.

Rational selection of angle a, can be done on the basis of the
following considerations. With increase of a, the length of the
nozzle and its surface are shortened. In connection with which
pulse losses on friction and also weight of the nozzle are diminished.
However, dispersion losses simultaneously increase as a result of
nonparallelism of outflow. Uith decrease of angle e, dispersion
losses drop and the wel:ht of nozzle and friction losses simultaneously

increase as a result of increase in the length and surface.

Thus, for each nozzle there exists an optimum value of L)
providing a minimum of losses of specific thrust. However, optimum
angles a, in conical nozzles are rather small (°c ~ 10-15°),
Therefore, the length of nozzle and its weight are obtained -
considerable, especially for chambers which have large values of
tc. Because of increase of finite weight the characteristics of
the apparatus are impaired. Increase of nozzle surface means an
increase of heat removal from combustion products, i.e., cooling
of nozzle is hampered. Other limitations are possible, for example,
complexity of control of swiveling nozzle, etc.

Theoretical znd experimental investigations showed that the
mentioned deficlencies can be decreased if we replaced the coinical
nozzle by one specially profiled. Construction of the profile of
the supersonic part of a nozzle in tnis instance is based on the
followiny conslderations. '

After establishment of critical condition the velocity in
nozzle throat becomnes equal to the local speed of sound. We will
assume that flow 1s uniform in the nozzle throat. This assumption
35 senerally accepted, wihlch 1s used when profiling the supersoﬁic
part of the nozzle. Tor deternination of the real distribution of

part.
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With uniform flow in the nozzle throat the line of constanrt

velocity, equal to the local speed of sound (transition line),

will be straight. On Fig. 12.7 this line is AOl. iWilth motion of
gas downward along flow from the transition line around angular
points A Prandtl-lMeyer type flow appears during flow around an
external obtuse angle by supersonic flow with the difference that
each elementary volume of gas in reg%on AOIO takes part in two such
motions: on one hand this motion is in a fan of waves of rarefaction,
proceeding from point A, on the other hand, - motion in a fan of
waves of rarefaction with the center at point A on the opposite side
of the nozzle. In this case the flow velécity at point O is
parallel to the axis and equal to prescribed. Let us profile the
generatrix of nozzle AB so that on the characteristic of the

second family OB, proceeding from point O, flow parameters are
constant. In this instance the characteristic will be rectilinear,
flow velocity at all its points is identical and parallel to the

~axis, and the nozsle will provide flow that is uniform and parallel
to the axis at the exit.

”~

Fig. 12.7. Diagram of
construction of super-
sonic contour.

|
|
'
!

!
i}

G If there 1s no angular point, i.e., the nozzle contour in the
throat 1s made, for example, in the shape of an arc of some curve,
then analogical reasonings can be nade by subatitutins ¢

e are
by a curve with broken line.
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+ow the scucre of construction of the contour of the supersonic
part of a nozzle can be represented so. PFirst there 1is considered
the acceleratin:; section - regclon AOIO. Calculation is performed
by the nethiod of cnaracteristics, in this case the last character-
istic of accelerating section AO is constructed from condition of
achievenent of prescribed velocity or !i; nuaver by the flow at point O.
The sequence of calculation is shown by pointers on Fig. 12.7. For
exanple, by using the assigned values of hydrodynamic parameters on
the characteristic of the first family AOi and solving the Cauchy
problem, we find coordinates and distribution of hydrodynamic nara-
meters on characteristic AOK. As a result of calculation of acceler-
ating section AOlo we obtain distribution of hydrodynamic parameters
on characteristic A0, in this case at point O the flow veloclity 1is
equal to prescribed.

For construction of nozzle profile AL it 1s necessary to
calculate flow in the balancing section - in region AO3. As initial
values for this we use the values of hydrodynamnic parameters on
characteristics AO and OE. As already was mentioned, characteristic
of the second family OB rmust be a straight line and at every point
have constant value of veloclty an¢ other parameters. Inasmuch
as all hydrcdynanic pararieters after calculation of the accelerating
section at pcir. G are known, consequently, they are also known
on charactcris:.ic 03, angle of slope of which 1s determined according
to the prescrited nunber HO:

|
nNges—- ,
sina Mo

Characteristic A0 was constructed above.

‘hus, e have known values of flow parameters on two character-
Istics: N0 and 03, It is required to find the values of these
parareters 1in region N03, i.e., to solve Goursat problemn. The
scquence of calculation is shown on Fig., 12.7 by pointers, where

he construction of the next characteristie A'0' i{s shown,
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Thus, as 2 result of coinleted calculntions e “.ave voluas
of all flow paramgters in re«ion AOIOB. This 1s sufficient In
order to construct current llnes, zolns out from any point of the
sound line AOl. sach of them can be taxken as reneratrix of the
nozzle, in this case the current line, goinr out from point .,
glves us the contour of the nozzle with break of reneratrix (nozzle
with angular pcint), other current lines (intermediate) give 3
contour without break of generatrix. Inasuch as contours constructed
in this way rest on characteristic CO, they all rnrovide flow thnt
is uniform ancd parallel to axis.

Tables of supersonic contours for different values nf numhers
Mo at.the exit and ratios of thermal capacities are listed in a
number of works. Usually in tables are listed relative coordinates
. of contour X = x/r“p, y = y/rNp
surface and flow rate, projection to axis x affecting the line of

, and also 6, a, relative side

Icurrtnt of pressure forces and series of quantities necessary for

id‘t.rlination of pulse losses on friction and scattering. As 2

| *ale, all calculation of contours are performed for a workinsg

"medium of constant composition with constant value of ratio of
thermal capacities. The effect of variability“of propertiE; of
working medium with respect to the nozzle on its geometry can be
considered with sufficlent accuracy with the aid or';;an index of
1sentrope n, 7/alue of which along with number MO 13 used when
selecting the contour. As immediate calculations show (13},
contours, ccnstructed with allowance for variability of composition
and properties of working medium with respect to the nonzzle, and
qonteurs, constructed according toc mean value of n, practically
'eoinodde. The same is valid during calculation determination of
fpullc losses in the nozzle.

Comparison of conical and profiled nozzles, which have identical
relative nogzle section area, shows that wnile ualntainin« tae
constancy of thrust coefficient the profiled nozzle can be 397-507
shorter. Approximately the same firures express decrease in the
weight and surface of the nozzle. If the nozzles telnr conypad
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nave identical lenzth, then the profiled nozzle provides a gain
in specific thrust up to 2%.

iiethods of profiling the supersonic part of the nozzle,
examined here, are not unique. ‘iethhods have been developed which
provide construction of extremal profile with maximum thrust with
certain specified conditions (weight, lengtn, etc.). The startiﬁg
point of construction of extremal nozzles is the following. As
it 1s known, in the abserce of losses maximum thrust 1s obtained
for contours of nozzles, which create flow at the exit parallel
to axis. Ilowever, the end section of such nozzles barely takes
part in the creation of thrust, inasnuch as its surface 1s practically
parallel to the nozzle axis and does not perceive forces directed
alonz the axis. If for such a nozzle the end part 1s cut off, then
with insignificant loss of thrust on scattering substantial economy
in weight can be obtained, in this case frictlion drop losses.

As can be seen (see Fig. 12.7, wavy line) the contour of a
shortened nozzle rests on characteristics of different families AC
and CB'. Thrust, created by section of nozzle AB', can be determined
having examined reference surface OCB'. Generaliy the distribution
of paraneters on CB' is not optimum in the sense of obtaining
maximum thrust.

Thrust characteristics of the nozzle can be improved, if
we specially select distribution of pressure and velocity on OCR',
providing maximum thrust. Gas-dymamic feature of the given variational
problem is the 1ndependenée of parameters on characteristic A0
and in the region to the left of it from variation (change) of
contour AB'. Therefcre, the variational problem is solved only
abou!. the extremal contour of the supersonic part of the nozzle,
passing through two fixed points A and 3' and providing the
distribution of parameters on characteristic CB' required from
condition of maximum thrust.
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The problem 1s solved by methods of calculus of variations
(10], [14]-[16]. 1In this case the following distribution of
parameters on characteristic CJ3' is obtained:

'-Jﬁlﬂiiﬂu-umuﬁ l
cos G

et g st =consy |

Characteristic CB', on which these relationships are fulfilleid,
they are called variational. If point C coincldes with point 0,

then, as 1is easy to note, characteristic CB' coincides with uniforr
characteristic.

Shortened nozzles, contours of which are constructed on the
base of variational characteristic, have less friction and scattering

losses in comparison with any other nozzle, contour of which passes
through the same points A and B'.

Profiles of shortened nozzles, constructed by variational
methods, somewhat differ from profiles obtained by simple shortening
of the contour of a nozzle profiled for parallel and uniform flow
at the exit. However, the corresponding difference in coefficients
of pulse losses in this case 1s relatively small.

12.4, Fundamentals of Profil}nc Ring llozzles

In contrast to round nozzles the dlagrams of rinr nozzles are
numerous. The picture of flow in them can have noticeable .lifferences.
Pigure 12.8 shows some possible diagrams cf ring nozzles [5], [12].

In nozzles on Fig. 12.8 (1) the throat is perpendicular to the
nosgle axis. They are distinguished by the relative role of the
nozzle skirt and inner body in the creation of thrust. 1In the type
(a) nozzle thrust is created simultaneously by the skirt and inner
vody, auu types (b) anc (c) - inner ovody and skirt respectively.
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Fir. 12.8. Some diagrams of ring
nozzles.

llozzles of these types are usually calculated by the method of
characteristics for uniform and parallel flow at the exit. Immediate
calculations of contours of the type on Fig. 12.8, Ia in [12]
show that by displacement of lower angular point according tov flow I
it 1s possible to increase the number 1 at the nozzle exit 1n
comparison with number jc of ring nozzle with the same dimensions of
throat, but with anpular points in one plane.

Utilization of a nozzle with displaced lower point allows
shortening of the length of ring nozzle two times in comparison with
a corresponding round nozzle. '

Tables of contours of ring nozzles of the type on Fig. 12.8 1Ib
when n = 1.4 are contained in [7]. 1In this type of nozzles the
surface of the skirt does not create thrust, however the presence
of this surface diminishes the possibllity of lowering of thrust
because of overexpansion.

In ring nozzles of Fig. 12.8 II the radial plane of the throat »
i1s turned to a certain angle a, in this case the annular throat

gas venlical snape and directs the flow fronm the entine axis. 1In
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these types of nozzles turust can ve created oy tae nozzle ana

.
vy

inner body, or only by the nozzle skirt. =~y reanrs of change of tie vy
throat angle various distribution of thrust Letween the inner body an
and skirt can be obitalned. liozzles are profiled by the rethod of

characterlstics. In this case one should Lear in mind that the shape
of the inner body in any diagrarn of the glven type of nozzles has

a relatively small effect on nozzle parameters if all other conditiors
remain the same.

In the three subsequent types of ring nozzles on Mpg. 12.8, TII
the throat angle procvides direction of flcw t{o the nozzle uxis. Q
In this case thrust 1s created elther by the nozzle skirt and inner
body, or by only the inner body. In all diagrams of these nozzles
the ﬁreferred role usually leads to the inner body. Sometimes the
skirt 1s replaced by a cylinder, which protects the flow around the
inner body from external effects.

Advantage of the nozzle of Fig. 12.8, IIlk (sometimes called
aerodynamic) - the possibility of substantial shortening of the
inner body. In this case in the end region a small flow rate of
the working substance 1s supplied (for example, products of (TilA)
[TNA = turbopump unit] exhaust), lacreasing the oressuce 1in this
zone and lowering the losses because of shortening. “

Nozzles of the type on Fig. 12.8, III are calculated also by
the method of characteristics. As experiments show, nozzles with
radially convergent flow possess poorer parameters in ccuparison
with nozzles of Fig. 12.3, II, lnasmuch 2s the 3wnall surface of
inner body 3n the region of flow constralnt -ices net provi.ic it
good directlion.

As can be seen, the general distinction of nozzles of -, 17..,

II and 12.8, III from nozzles of Fig. 12.2, I is turn of the thraiat,
making it possible to noticeably shorten the length of rin: :ozcle,
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: Profiles of some diagrans of ring nozzles can be constructed
oy approxiaate methods. As an exauple let us consider nrofiling
a nozzle with inner Lody (Fig. 12.9).

Fig. 12.9. Approximate
construction of the profile
of inner body.

Let us assume that in the geometrical nozzle throat the flow
velocity equal to local speed of sound and is directed at Prandtl-
Meyer angle v_ to the nozzle axis, value of which 1s determined
by number Hc:

c

ve= (2 arctg [2 S (M- 1) [ - aretg (2 -1y,

(12.22)

Further let us assume that the fan of rarefaction waves in the
vicinity of the nozzle edge 1s the same as in the plane case:
characteristics are rectilinear and flow parameters on them are
constant. ; :

The current value of passage area for gas 1is equal to

Pe—7r "(’»:“-"’)
et o ol A (12.23)

where a - jach angle.
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Length of any characteristic fron the nozzle edre to tire surface
of inner body will be

or, with allowance for equation (12.23):

e

By in%roducing the value of current relative area f = F/FNp
and relative section area rc in the last expression, we obta*n in
dimerfsionless form:

\“-. . ‘_[l_;(n-v.:zu....r

Is

n-——-l
i e sinl

* (12.24)

A

where f . i Ny = Ty/r, - dimensionleL end radius.

»

Equation (12.24) together with equation

Vv, —v(M)—a(M) (12.25)
determines the profile of the inner tody.

Thus, for construction of the profile of the inner body vy
approximate method we should assign the nunmber ﬂc at the exlt
(determined by rc) and value Ny (0-9.5). When selectin; quartitics
m, one should bear in mind the length of the inner Lody relatlively

weakly influences the effectiveness of the nozzle. “Thus, for Instance,

reduction of length of pointed inner body ("b = 0) by 22% imrairs

295

the Y
shapq
valué

in a
theoq
basig

lead
with

the r

S0 ré
Alth l

cond

rhen




the ras-dynai.ic characteristics of the nozzle by 2-57. Anproxirate N
shapes of contours of the inner body when n = 1.4 and different

values of Ec arc listed in [1].

12.5. ustination of Pulse Losses 1n the ilozzle ’
3 a result of tuaerinodynanle and ;as-dynaitic losses the thrust .
in a vold (total pulse of nozzle) is <istinpulshed from the

theoretical value obtained in taernolynamic calculation. The following 1
basic features, characterizing real flow in a nozzle can be isolated.

1. llonparallelism of velocity vectcr of nozzle axis and

nonuniformity of pressure in the nozzle exlt section (pulse loss
on scattering). These losses can Le caused, for ecxarple, by
shortening of the nozzle, profiled flouv that 1s uniforit and parallel

to axis.

2. Pulse losses on friction as a result of viscosity of

conbustion products.

3. lionuniformity of flow parameters 1in nozzle throat, can

lecad to nonuniformity of parancters at the nozzle section, increasing
with decrease in the length of the supersonic part of the nozzle,

4. Cheilcal nonequilibi'iurm of flow, rossible in cases when

the process of expansion of workin; medlu: In tne nozzle proceeds
so rapldly that the rate of change of flou parareters is balanced
wlth the rates of chenrical transformations.

r 5. Temperature and hirh-speed noncquilibriumn between pras and

] condensate, possible durinc passare of Lwo-rhase flow 1In the nozzle.
tos

r - »

v in all cases the rrocess with nonegulillibriun nhysicochenical
FLJ‘C" phenocena 1s accowpanlied oy rulse lonses,
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6. Pulse lusses because of the difference of contcour of real

nozzle from theoretlcal profile in view of characteristics of
technology of production and certain other reasons.

Inasmuch as results of thermodynamic ealculation are used
when selecting the profile of the nozzle, comparison of real and
ideal nozzles should be performed under the following basic conditions:

a) flow rates per second of both nozzles are identical;

b) in the throat of the nozzles being compared (with the
exception of uLoundary layer in a real nogzsle) the distribution of
parameters and properties of flow 1s identical and corresponds to
equilibrium state of the working medium; g

¢) real and ideal nozzles have identical.nozzle section areas;
.' d) real and ideal nozzles have equal values of total nozzle
| inlet pressure p:, which when necessary can be averaged with respect
?to flow-rate:

i |
F! ‘ ,:_!':4‘0,'(1r::40), )

ag a

Here and further the quantities without indices pertain to
real nozzle parameters, with index "t" - to theoretical.

Perfection of the real nozzle is evaluated quantitatively
~by coefficients characterizing deviations of real processes from

ideal. The nost important of them are the following.

1. Flow coefflclent of nozzle

_ G
PF‘ET (12.26)
when

F."=F.v,; (p:,. S I.p)=(p:" St /.P)' .
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real

i
and
onditions:

n of

8 to

areas;

zle
respect

rom

(12.26)

N
2. Pulse coefficlent of nozcle (homvle coeffleicnt)
v __ Py
Yc_r (1(’\.27)

vhen
G:_Gl: Fc_chl: (p:p' S.'. I"P)=(p:" s‘" I'P)l'

Theoretical value of totnl nozzle pulse Pn must be determined

t
by results of theruodynaric calculation with allowance for losses,

caused by 1iuperfection of orranization of processes in the combustion 1
chamber.

3. Coefficlent of pulse losses

P. -Pu
b=t =14 (12.28)

[Translator's Note: n = totall]

In accordance with the reasons enumerated above, causing
N
pulse losses in the real nozzle, coefficlent of pulses can be
written so:

EC=EI+EY’+EI'+£II+EDO (12.29)

where ¢, - coefficlient of pulse losses on scattering; ben =

ccefficlient of pulse losses on friction; ch - coefficient of puise h
losses, caused by nonequilibrium of physicochemlcal plienonena

(cheilcal and phase nonequilibriuam); §¢ " coefficlent of pulse
lcsses In the nozzle because of distortions of profile in comuarlison
with theoretical as a result of technological and othcr reasons;
So coefficient of nulse losses connected with features of flou

of pract!o! Lo In tae ti.roat.




For determination of coefficients of pulse losses gi one conld 1
use gas-dynanic and thernodynaiic relationships. i.ouever hecause
of the limitedness of our knowledge relative to a numiber of rhenonena

during flow in nozzles not all types of losses can be calculrted with
sufficient accuracy.

throat
Quantities of pulse losses in the nozzle wore or less cdoepend

on properties and parameters of the working mediun at the nczzle
inlet, which determine the mean isentropic index of exnansion n.
Therefore, values of thermodynamic characteristics of vropellent,
. serving as basis of determination of real values of indlices of the
nostle, must be corrected accordingly due to inmperfections of
. processes in the combustion chamber. the ex
" ‘Pulse losses on scattering in a shortened profiled nozzle can
;bo determined with the aid of theorem of momentum. Ry uritine this

. ‘ﬁh.or.m for volume, limitea by throat area, hy side surfuacc of the
‘ F!npcrsonic part and nozzle section area, we obtain

'#'- Py= Q+PJI;+2P:F1'§'£T Fd;'
‘ B x
‘where P_ - total pulse of real flow at the nozzle section; r - relative Am
. . of len,
radius of the nozzle; F-ji.?d? - projection of pressure forces nozzle

: \t cons

_affecting the current line (usually its quantity is listed in 'f Z°"q
tables of contours). ot bcw
Ffor thi

Let us introduce gas-dynamic function z()) into examination, ESi ek
which when n = const is determined so:

In
z(g)_mu_!_(; + L) coefflc
Goyp + Pupf op 2\° 7 the for

How the formula for determination of coefficlent of rulse lnasses
on scattering can be written in the form
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Altive

t _Pnl-Pn__ (qup +Pprlp) [2(e)— ,l-?P: F!pi).
/ Pn: (Gw,y +Pu_pfnp) T ()

Let us convert the expression for total pulse of flow in the
throat:

1
. %%y O | P . 9 \A-T
G'n'f'p-'Fl':PgF-p( ’: _Q:p__*_ _":')"2P.Fq (n+l) 0

Having shortened p“"l"“p in the fornula for £, and consi-erinr
the expression for Gw“ + p, F , we finally obtain

p ¥ Pup’up
s
(— M(:(u )y=1}—=P
R - (12.30) '
2 A=] . '
() 200 : [

Amoun® of pulse losses on dispersion depends on the relationship
of lenith of the supersonic part of the nozzle Lca and radius of
nozzle section, mean isentropic index of expansion in the nozzle n.
At constant value of radius r. quantity o is decreased with increase
of Lcu as a result of decrease in nonuniformity of flow at the exit.
['or this reason £ 1s decreased with decrease of r. when Lca = const.,

I.ffect of n on the coefficient of pulse losses is slicht.

In case of conical expansion nozzle with half ancle a, the
coefflcient of pulse losses on dispersion 1s usually determined hy
the foraula valld for radial flow:

: 2 8¢
v=“"q-

- (12.31)

=0 LR BEFINE RTE

i3
-
ce
s
=
L
=
—
~
P
=)
=
?

%4 to raticenile errors.




ilagnitu<de of pulse losses on frictlo: HITU aan b fangn
resultant of friction forces along tie entire surdrse hetine o
lined
‘t
AP, = ; 2artdx,

where xc-- coordinate of nozzle section. ‘larnitude of friction

stress 1 ic determined from solution of boundary layer equations

(see Chapter XIV), or according to empirical relationships through

friction coefficient Cr.

If the solution of boundary layer equations is known, then the

thickness of lost pulse §%%* in any section of the nozzle 1s usually

found. Therefore, quantity APTp can be written so:

8Py =2nr 0w}

In accordance with formula (12.28) the coefficient of pulse

-losses on friction is equal to

b = APy, uhr.t:'
Pay Gw, + p. 7

Considering known gas-dynamic relationsht::

2l = | .
OO +ple  14+aM; '

we finally obtain
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Auantity §%% con he repr sented aualftatively 1o for ol
2y !
-~ 024 = (b(n' M' Lc)'
r Re™ } T..

[Tranclator's Jote: cv= wall)

whence, sreciflically, wc see the relationship of frictlon losses
to the wall temperature. /411 things belng equal with increase of
TCT the coefficlent of pulse losses on friction is diminished.

wdality ETD depends on the length of tgg nozzle, radius of
nozzle section r,, n, heat exchange factor T . = TCT/TK' and
Reynolds nwiber, characterizing flow conditions (laminar or turbulent).
At large "e nuwsbers as o result of the effect of wall roushness the
coefficlent of nulse losses on friction cannot depend on Re. Usually
in rocket enzine nozzles the flow conditions are turbuleant. -

Ceefficlent of pulse losses crp grows with increase in the

nozzle lengtn at ﬁcr’ r,» n = const as a result of increase of

nozzle surface. #ith decrease in radius r_at L, T;t,
and also wvith decrease of Tcr’ n at L Lc = const coefficient

grp 1s inereased in connection with increase of gas denzity in

the boundary layer.

n = const,

celtuullity of enlewlatlon dnteprination of ETD lepends »on
the acearaey of sceluttor of Louni-ry laver cquatiors, Accoriiln~
to cblatl. tieal dotn 7,, = 0,.01-..7 .
L
ot ko el mP gl TlaBe L v lilbes Ulg dTCoeR @
"
et d o Lo & g et S T bt e mnat,, Seldiine Go0 dlei e
Ea s S R S e AR e L R T L DR AW T TRl
L ¢ e . ImgelE . ] A O3 1 0, @ LA BTN A OO




Calculation determination of pulse losses -3 = result of

O

nonequilibrium of physicochemical phenoicna present rent dlfficulticn,

Basic physicochemical phenoiiena, leacin- to decresse in srecific
thrust, can be considered speed and teriperaturc noneauilibriur in
two-phase flows and chemical nonequilibriuri of the exnansion nroces:
(see Chapter XI). ‘''onequilibriur processes in two-phase flows are
considered in the followuin: chapter.

The degree of nonequilibriun (EHp increases) with decrease
in the time the working nediurn stays in the nozzle =t

L
‘«ﬂ‘:- (12.33)

, Where L - distance from nozzle entrance; w - flow velocity.
|

!
By graphic integration we can determiﬂ%ytc and compare it with
o

value T for an engine, accepted as a prot pe. Vith equality
Te and pressures in nozzles of comparable engines the correspondine
pulse losses on nonequilibrium can be taken close.

As follows from formula (12.30), pulse losses on scattering
depend on distribution of flow paramefers along the nozzle. As
a result of possible deviations of nozzle contour from theoretical
for technological and other reasons, distribution of flow parameters
along the nogzle can become different, which increases pulse losses
on scattering. This is evaluated quantitatively by the introduction
of coefficient of pulse losses cr X Quantity €, depends on
distortion of the nozzle wall angle, distortion of radius and
length of the nozzle.

During flow of visc.us gas in the vicinities of anrular polint
a number of features appears, causeu Ly vlscosity. “orresnondlng
pulse losses can be considerec by a speclal coefflclient, auantity
of which 1s usually small.
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condniforiiity of flow in the throat and viscosity of cas,
vein- saaifestea in the foration of boundary layer, also lend to -
anzererse of flow vate throu . h the nouzle, which is usually evaluated

by flow coefficicnt Moo Mo co

cxrerientally.

efficient M is usually determinecd

It can ve written so:

P‘:l - AP’f—Ap’rp‘ L

(12.3h)

where quantity (1"A"f)’ consicering the nonuniformity of flow

para.eters, 1s determined by exnerimental or calculation relationships

(Flg. 12.10), and the effect of friction is considered with tre aid
of dlsplace.went thickness 6% by formula

Abp ==2a8, J7 e (12.35)

Jor smooth plpes coefficient a is equal to one. Magnitude of

flo  coefficlent for rocket engine nozzles comnrises i o) 0.98-1.0. ¥
1-agy
—
499 /.r
y, Filg. 12.10. For determination
L of flow coefficlent of the
.o0zzle.,

a7

w1

(1

[

Qs

o

82 W ryry

In concluslon let wus establish the connection Letween pulse

coefficients Yy ani coefficients of pulse losses 51, consiering

particular types cf losses. Acc

(12.29)

":L:—l

-l

\y
!

ordin: to formulas (12.2%) and

e1=Y (=2 {(12.8@)
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Wwhen evaluating the particular values cof pulse coceflflceiarnte
it 1s revealed that they all are cloese to one. “is =lves = brats
for substituting formula (12.3C) by frequently anpliel o-rreui 2to
formula of type

Pe=P1P2F3: - - %m

or

P =Py PrpPaapFsu: (2. 87N

Values of coefficient L2 for englines with horogeneous combustion
products comprise 0.95-0.98. Pulse losses for two-phase working
medium are consldered in the following chapter.

12.6. Some Principles of Selection of a iiozzle

Selection of a nozzle for an englne 1s deteriilned by concrete
tactical-technical requirements, imposed on flizht vehicles. Hozzle
.of the engine, as its other elements, must puarantee maxinum f;iust

at the least possible welght. Furthermore, selectiomw”of a nozzle
. can frequently be limited by some additional requirerents, for
. | example, by the cooling capability, arrangement of the engine on

i the flight vehicle.

Solution of practical problems o! selection of an extrecmal
nozzle 1s based on analysis of values of thrust coefficlents in

a void and at altitude H (KP » Kp ), determined with allowance fcr
n h
losses in the nozzle. We will consider that combustlon charber

:!;th subsonic part of the nozzle are assignel anid mean 1sentrontc
'index of expansion in the rozzle, flow rate of fas and other ther. -
dynamic characteristics are known. For eiample let us exarine th
problem of selection of supersonic contour from the farily of nozzle

contours, providing maximum value of K under sone assicned

P
n
conditions. Ccnditional thrust characteristics of the faniily of
nozzle contours with angular point, necessary for solution «f the

problen, are listed on Fig. 12.11.
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Fig. 12.11. Thrust characteristics of famlly of nozzle contours

when n = const; Tct = const: =----- nozzle contours; ----- lines of
constant values of KP ; —=s=s+=e=e== lines of constant side surface of
Q. " const. &

1. ilozzle with maxirmum pulse at constant relative side surface
of the supersonic part of the nozzle Eﬁa = const. Among the family
of nozzle contours there are selected shortened contours which
have identical side surface 505 = R (for example, AB). It
is obvious that the requircd properties of maximum pulse when
5;5 = const are possessed by a nozzle, contour of which is terminated
at the point of contact of line 5;8 = const with the line of constant

value K, = const (point 0).
n

2. Nozzle with maximum pulse when rc = const. Such a nozzle
is located on the point of contact of 1line CF fc = const with line
of constant value KPn = const (Point H). Nozzles with the same
value of fc, but longer or shorter length, will have greater pulse
losses, sinre wiih decrcase in length the scattering losses strongly
Increase, and with increase in lengtii the friction losses rrow.

3. llozzle with maximun pulse at constant lensth tca = Lcﬁ‘/_r'“p =
= const. Jelectlon of sucih a nozzle from the familles of shortened
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contours 1s perforimed analorously to previous cases. Point of

contact of straight 1line fca = const with line KP = const deteruines
n
the required nozzle (line DZ, point 0'). Other nozzles of the same

length, but with larger or smaller quantity fc, have large pulse
losses: 1n the first case dispersion losses, which are not comnensated
by increase of rc strongly increase, In the second - pulse drops

as a result of decrease of fc.

Above, only certain limitations, being imposed on selection of
the nozzle have been examined, 1in this case the equivalent of weight
of the nozzle with respect to thrust was not considered. Combined
limitations are possible in principle when, for example quantities
fc and Eﬁa are assigneg. In all cases of selectlon of 1ozzles
quantities Qca’ fc or Lca must be deslignated with allowance for
the effect of external conditions and welght of the nozzle, in this
case role of the latter is determined on the basis of ballistic
l calculations of the fligh. rajectory.

1
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CHAPTER XIII
TWO-PHASE FLOW IN A NOZZLE

In the chapter are examined questions of flow of two-phase
combustion products in a nozzle. Possible amounts c¢f losses of
specific thrust and method of calculation of nonequilibrium two-phase
flows is given with allowance for the possibility of collision and
fusion of 1liquid particles of metal oxides.

13.1. Basic Features

Combustion products of metallized propellants in most cases
contain a considerable quantity of condensed metal oxides.

Two cases should be sepirated: the first, when pressure of
vapors of oxlde at the combustion temperature is insignificantly low,
and second, when it comprises a noticeable amount relative to
overall pressure. In the first case the gas contains an insignificant
quantity of metal oxide, condensation is accomplished during
combustion and condensation can not be considered in the process of
expansion. Examples of such propellants are fuels with the additions
of metals Al, Be, Mg, oxides of which Al203, BeO, MgO have low
pressure of saturated vapors. Welght fraction of these condensed
products during expansion, as a rule, 1s changed insignificantly.
Another type of propellant 1s, for example, BSHQ + H2O2. In the
combustion chamber boric oxide 8209 can te entirely in gas phase
and precipitate into condensate with lowering of temperature in
the nozzle.
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In the first case the characteristic process of Interaction
between gas and condensed phases in the nozzle 1s acceleration of
particles and thelr cooling - transmission of heat to gas. 1In the
second case there 1s added another process of condensation of oxide
vapors.

Assumptions about equilibrium acceleration, heat exchange and
condensation with expansion of combustion products in the nozzle,
accepted in thermodynamic calculation, are approximate and are needed
in refinement for conversion to real characteristics of the engine.

Basic Characteristics of Condensate

For examination of the 1nteraction between gas and condensate
we must know the basic characteristlics of both phases. Earlier
(Chapter VII) were determined thermodynamic and thermo gas-dynamic
properties of gaseous products; from reference books the thermodynamic
properties of the most important solid and liquid metal oxides are
known. Such propertles as density, coefficlent of viscosity and
surface tension have been studied less. For certain oxides these
data are listed on Table 13.1.

Table 13.1. Physical properties of certain

oxides.
Q_mfg"’;z'"3 Coefficiunts faat of
Guidg T'K meltin;
solid liquid |v, Nes/m? ¢ N/m kJ/ke
Al 04 2303 3,94 | 3,06 0.06 0,7 1149,7
BeO 2820 3.01 2,56 —_ 0.3 0Rr435,3
MyO 3075 3,58 . — - 1920,8
B30, 723 1,82 1.7 0,50 0,11 330,63
(2100° K) | (2100°K)
Li,O 1700 2,013 | — I — - 1639,3

Note: Properties of solid oxides are given
at normal temperature, liquid - at
the melting point.

[Translator's Note: subscript nn = meltinc].



The combustion temperature of propellants, as a rule, 1s higher

. than the melting point of oxides, therefore, liquid particles under

the action of forces of surface tension assume a spherical shape.

The most important characteristic of condensed phase, which
we will also call disperse phase, 1s the size of its component
particles. We distinguish mono and polydisperse systems. The first
includes those which consist of particles of identical size; theilr
obtaining is a difficult technical problem.

The particles, which form during combustion of metallized
propellants, will form a polydisperse system, i.e., have different
sizes. The complete picture of dispersity 1is characterized by
distribution curve of mass of disperse phase according to sizes of
particles, example of which is listed on Fig. 13.1.

.

Fig. 13.1. Function of
distributlion density.

vt

/

On this curve along the axls of absclssa are plotted values of
radiil (or diameters) of particles from the smallest to the biggest,

and along the axis of ordinates - so-called function of density of
distribution

where M0 - overall mass of all particles; AM - mass of their narrow
fraction in the size range fromr to r + Ar.

Polydisperse condensate can be characterized by average sizes
of particles. Among them the most important 1n our case is average
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weight radius!

r,m—_:

Ot Myt

glryrdr. (13.1)

Here 0 and « conditionally designate the minimum and maximum
slzes of particles. According to experimental data the combustion
products contain particles with radius from fractions of a micron
to tens of microns. During combustion of blended solid propellants
with aluminum and beryllium additives particles of oxldes with radius
o 0.5-2 um will be formed [12]. Behind the nuzzle section,
according to experimental data, particles are coarser and their sizes

eac = 5- -
reach r,. 5-8 um

Characteristics of Motion of Two-Phase Mixture
in a Nozzle

Gas 1s accelerated in the nozzle as a result of pressure gradient,
affecting the volume of gas. Particles can accelerate only under
the actlon of aerodynamic forces, which appear with gas blowing
them, 1.e., 1in order to accelerate, they inevitably must move
slower, lagging behind gas. Analogously the heat of particles can
be transferred to gas only in the presence of a temperature difference.
Both these processes are nonequilibrium, are accompanied by energy
dlssipation in the process of exchange between phases, entropy of
the mixture increases and the process of expansion seems less effective
in comparison with equilibrium case. In this case the greater the
losses the greater the delay of particles with respect to velocity
and temperature,

Let us examine which factors in the simplest case determine
the lag of particles.

lIn this chapter the following system of designations 1is used:
quantities pertaining to the entire condensate have index "z," to
i-th fraction - "i," to a separately considered particle - "p."
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Force, affecting the particle of mass m in the flow of

accelerating gas, 1s equal to the product of mass of the particle
by its acceleration:

dw, 1
m——=— Canrlw, — w,|(w,—w,)e,.

(13.2)

In accordance with Stokes law, at small Reynolds numbers

Re,,=zr’ {w; — wple,
"
the drag coefficlent is equal to

4
€ it

Rep \

Then, by substituting Cx in equation (13.2) we obtain

W, W, =50 —. (13.3)

The obtained equation allows reveallng the effect of basic

factors, which determine losses of specific thrust because of
high-speed lag of particles.

Average velocity of motion of a two-phase mixture w can be
written so:

v=w2+w,(l~2)=w,—(w,—w)z.

(13.4)

Quantity w 1s lowered with increase in lag of condensate. If
we do not consider the change in gas velocity, lowering of w 1is
proportional to the square of radius of particles and to acceleration
dwp/dr. In order to explain the role of acceleration, let us note
that comparatively small lags of particles are discussed, then

acceleration of condensate in the nozzle 1s a quantlity close to

acceleration of gas. If some average veloclty in the nozzle is

equal to wcp, then the time of stay in the nozzle with length Lc
comprises
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T=—

Wep

[Translator's Note: cp = average.)

hence acceleration in order of quantity

dep dw, W,

~

ra et

Inasmuch as W and wcp approximately do not depend on the size of

the nozzle, it is evident that acceleration is inversely propecrtional
to the length of the nozzle. Since all nozzles are approximately
similar geometrically and Lc " d“p, the greater de, is the less
acceleration and the less the lag of particles. Now 1t 1s possible
to write

2
0p I
R, =W~ — _P [
z 3
" (13.5)

The completed analysis is rough, but it correctly reveals basic
regularities. From equations (13.4) and (13.5) it follows
qualitatively that losses of specific thrust because of high-speed
lag of particlea\increase 50:

with increase of welght fractions of condensate - linearly;

with increase 1n the silzes of particles - proportional to square
of radius of particles;

with decrease 1n the diameter of nozzle thrust - inversely
proportional to diameter.

It is possible
determined by these

to show that temperature lag of parti:ies .

factors in the same proportionaliuy.

Thermodynamic Estimation of Maxinum
Posslible Losses

of “ne roir of levigtlions cof Li prrres. €

a8 Bixgture from eyallibpedum 9 B et oo
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examine limiting cases of high-speed and temperature lag of condensate.

Total Equilibrium with Respect to Velocity and
The Absence of Heat Exchange
Between Phases

With equilibrium expansion the outflow velocity is determined
by formula

where Al = IK - Ic - drop of enthalpy in J/kg. In the absence of

heat exchange between phases the temperature and enthalpy of condensate

remain constant, due to which the enthalpy of 1 kg of working
subgstance 1s diminished to quantity

BI.BZ(lu— Ilc)'

Here Iz K? Iz c "~ enthalpy of condensate at the combustion chamber
exit and the nozzle section during equilibrium expansion.

At the same time, with the absence of heat supply from partic)
the temperature of gas at the nozzle section is lowered, i.e., 4

of enthalpy of gas phase increases. This Increase can be evaluateu
in the following manner.

In the absence »f heat exchange between phases and total
equilibrium with respect to velocity the process of expansion 1is
isentropic. The entropy of 1 kg of gas phase 1in this instance will

be less than the entropy of gas at the nozzle section 1in case of
equilibrium expansion to quantity

33,=i:';(8,.—-3").

where 8, u? 8, N entropy of condensate in the combustion chamber
and at the nozzle section with equilibrium expansion.
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Hence a decrease of enthalpy of 1 kg of gas at the nozzle section
with expansion to the same pressure Po>s which 1is also in equilibrium

case, approximately comprises

3/,=|—:;(S,.—-$, I e
where 'I‘c - equilibrium temperature at the nozzle section.

Then the overall drop of enthalpy of 1 kg of working substance
during expansion with temperature nonequilibrium will be equal to

-\/npr_ '\l_z(lli—Ilt)Jl—zTc'~sll_slc)‘

In accordance with the accepted model of calculation the temperature
of condensate in the process of expansion does not change; consequently,
i1f the thermal capacity of liqulid phase c, 1s considered constant:

/Jn"' ":c’:c:(r. "‘T‘):
Sen =S (InT,—InT,).

Then
——= ———_\—I—(T,—T‘~-Tt InT, = T nT),

and specific thrust coefficient, considering temperature nonequilibrium,

comprises

'.é.pr:'l'/r_h_?lr'—r‘ (1+ l";_:-)]z

w-

zl—%’;[n—n (1+|n;_:)].

(13.6)

Let us consider for example a typlcal blended solid propellant,
consisting of 70% NH,C10,, 20% binder (polyester) and 10% Al. When
P, = 40 and P, = 1 bar the propellant has the following equilibrium

thermodynamic characteristics:

T,=3220°K, T.=2050° K, w.=2445 m/s, 2=019.
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Thermal capucity of aluminum oxlde compriac: ¢, ® VU2O 0 7k v dey,
By substituting these quantities {n formula (14.6) we obtuln

Thus, maximum loss of outflow velocity, caused by temperature "
nonequilibrium, under characteristic conditions for solid prupellants
comprises a gquantity on the order of one percent,
M

Total High-Speed Nonequilibrium at Equilibrium t]
Heat Exchange

The considered model is conditional. In this instance the gas W
does not interact with particles mechanically, does not perform works
with respect to their acceleration in the nozzle. Therefore, kinetic
energy of particles can be disregarded, however, the weight content
of condensate in combustion products (flow rate) in this case
remains constant.

hi

By assuming in the first approximation that the temperature at
the nogzzle section does not change while malntaining a pressure ratio, He
we obtain that the gas velocity must be increased, since the entire
drop of enthalpy 1s expended on acceleration only of gas:

,,, "I/.Qil,' (13.7) in

f'u
Here ®, 5 - gas velocity with total high~-speed nonequilibrium ex

of
However, the average outflow velocity, determined by formula

(13.4), 1s decreased, since w, = 0. On the basls of formulas (13.4)
and (13.7) 1t will comprise

an
Weps=(l=Nw,,,c w) I-z

Specific thrust coefficlient, consldering high-speed nonequlllibrium,
when w, ¥ 0 will be equal to

Tupw | -z

[S)
-
|




nb rium,

oot el ovadues of 2 (less tha, 000«0, 9)
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For the exumpie considered above the quuantiiy ol lovpea, o

cun be secy from expression (172.4), comprises about 0%,

Thun, the effect of high=aspced nonequllibrium 18 conslderably
more than temperature, and Lthe amount of possible losses of specific
thrust 1o very conslderable.,

High=-speed nonequllibirum is reflected also on the flow rate of
working medium tiirough the nozzle,

For determination of flow rate of two-phase substance with total
nigh-speed nonequilibrium known formula (9.16) can be used:

G =AD"
VR,

Here A(n) - function of mean isentropic index, change of which as
a result of nonequlilibrium is nct consldered.

With assigned parameters of worklng substance at the nozzle
inlet (pﬂ' and TH') and constants F‘;‘p and A{n) the flow rate is a
function of gas cunstant, which iepends on the character of the
expanslion process. With equitlibrium expansion the gas constant

of the mlxture 1is equal to
R~ K,1—2)
and the t'low prate

.,‘.h
G oAy — T
} R(1—2)T!




With total high-speed nonequilibrium the gus 18 expanded without

action on the part of condensate (thermal effect is disregarded),
a8 pure gas, and its flow rate is equnl to

o
G “A L] L '
' (’l)-‘fz;r

Inasmuch as the relative content of condensate in gas in this
case is retained, the total flow rate of working substance comprises

. F
Gy 0,1+ )= A(n B,
v '( l-n) ”u-.-) RT

Relationship of flow rates at assigned nozzle inlet pressure
in cases of total high-speed equilibrium and limiting high-speed
nonequilibrium 1s equal to

£= Vi-z.

Thus, high-speed lag of particles from gas in the nozzle can
lead to considerable increase in the flow rate in comparison with
equilibrium, all things being equal. It is interesting that the
flow rate increases in the same degree in which the average outflow
velocity 1s lowered.

13.3. Nonequilibrium Expansion of
Two-Phase Flow

Experimental data attest to the considerable increase of losses
of specific thrust in (PATT) [RDIT - solid-propellant rocket engine]
operating on aluminized propellant 1n comparison with RDTT operating
on propellants without metal. The quantity of these additional
losses can reach several percent.

The analysis given above shows that "two-phase" losses can be
the basic reason for deterioration of the degree of perfection of
the process 1in the engine. In connection with this, in recent years
abroad considerable attention has been given to determination of
such losses [9].
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Below {8 examined the method of calculation of nonequilibrium
two-phuse flow in a rocket engine nozzle [8).

As obviously follows from § 13.1 the quantity of lag of particles
from gas is determined to a decisive deglree by their size. Calculations
show that particles with dlameter less than a micron under typical
conditions of natural enginec have velccity close to the veloclity of
gas, and coarse particles move with considerable lag. Ultimately,
for example, the velocity of motion of particles 1 and 10 um in size
relative to each other can comprise several hundred m/s. As a
result of the relative motion of particles of different fractions
collisions can occur between them, and !n the case of liquid
particles - fusion and coarisening of drops. This phenomenon must
be taken into account during calculation of two-phase flow.

With description of processes the following assumptions are
taken,

Flow is adlabatic, insulated with respect to mass, one-
dimenslonal and stationary; during expanslon the weight fraction,
compcsition and thermal capacity of gas and condensate are constant;
pressure, caused by Brownlan movement of particles, 1s negligible;
the temperature of condensate particle is identical over 1ts entire
volume; the volume of condensate is negliigible; heat exchange between
particles and gas 18 only convective; viscosity and thermal
conductivity of gas are manifested only Jduring interaction with
particles and are functions of temperature; particle concentration
is rather small, which allows ccnsidering them independent during

interaction with gas and not considerlng the simultaneous collision
of three and moie particles.

It 1s assumed that distribution ol particles according to their
masses 1is determined by normalized mass function of the density of
distribution g(m):

{e(mydm =1,
5

dG(m =a,g(m)ydm,
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where m = mass of particle, a, und d0(m) = flow rate of entire

condensnte and particles o! fraction m.

Limits of integration U and = conditionally designate minimum
and maximum masses of particles, being considered in calculation.

As initial data there are prescribed characteristics and
properties of gas and condensate, distribution of particles according
to sizes at the nozzle inlev. and also nozzle profile.

During calculation of nonequilibrium flow in a nozzle of
prescribed contour in the regiori of the throat where the gas
velocity 1s equal to the local speed of sound in gas (number M = 1),
a specific point is encountered: derivatives necessary for numerical
integration must be calculated by a formula of type

dw, A

dr M-’

where A - some function.

For passing through point M = 1 ig 18 necessary to specifically
select initial data, in order that the numerator would become zero
simultaneously with the denominator: A(x) = 0 and M = 1, This is
a very laborious procedure.

It 1is expedient to solve so-called "inverse" problem. In the
prescribed nozzle contour equilibrium flow of two-phase mixture is
considered and the relationshlp is determined, for example, of the
density of gas to coordinate along the axis of the nozzle - p2(x).
Other parameters can be used also, such as pressure p(x), veloclity -
w,(x) , etc.

For the found density distribution there 1s considered non-
equilibrium flow: along axls x all parameters of gas and particles
are determined. 1In this instance, as we shall see below, a speclific
point does not appear. By knowing in cach section the flow rate
(equal to equilibrium), the veloclty and density of guc, we can flinu
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Lhe nred of the pase e from caqaatton of conttmlty, Yooo, petermine
Lhe contour o Yhe new nogzae, tlose Lo Lhe contour ot oyt

[ thila nnzede parameters of nonequillbrium '1ow are known.,
Caleulation of equllibrtum fflow {n the obtalned nozzle and compnrlson
of ity purameter: with nonequilibrium glves the possaibility of
determinting lossey of apeciflc thrugt,

Thus, we will solve "tnverse" problem of nonequilibrium flow,
from the beginning withcut allowing for collisions and fusion of
particles (without allowing for coagulation).

With the used assumptlions relative to properties of gas and
condensate equllibrium two-phase flow can be calculated by usual
gas-dynamic relationships.

For description of nonequilibrium flow the entire range of the
mass of particles 1s decomposed into n parts so that parameters of
particles with masses, 1ntermediate between selected m, (1 =1, 2,
.e., n), could be determined by interpolation.

'

Let us write equations of motion and heat exchange of particles

with mass m, 1n the following form:

i

dwy . 0wy —w)) |w,—w| nd]
my— =ty 2 3 '

al
mcﬁmqﬂ—ﬂh%

where ) dj, Tl’ I, - velocity, dlameter, temperature, and also

13 Cx10 9 -
coefficients of resistance and heat output for this particle.

i
specific enthalpy (on 1 kg) of particle of mass m

By changirng to derivative with respect to x and taking into account
that

1
TT e '— 3
m, : J'tdlpp,

(II[ '(:(ITI,




¢ ——y———— v

we finally obtain
a _:_ C.0, (o — ), —w),

dx - 'dil ' (13'9)
a7 S —T)
7;‘- widi0pts (13.10)

Coefficients of resistance and heat exchange can be determined
by relationships, considering the effect of inertial forces and
rarefaction, when the length of free path of molecules becomes
commensurate with the size of the particle.

Resistance coefficient

G
T oroaact M’
(13.11)
Co :.:-ﬁ-~ —4_'4_- 0
ey Ve T 04

where Re,=°‘—""—”'L“5‘- - Reynolds number, M;=|1"'—:!i - Mach number.

N

Heat output coefficient

__Nu,l,
=T,

a
! 4,

where Nui - Nusselt number, determined by formula:

'Nuo
NU‘= ! H g

*

M, 0 (13.12)
L4342 i N

Nu9=2-0,46 Re,0.5 P03,

Here Pr - Prandtl number of gas phase.

Quantities designated by index "0" above are determined with
allowance for forces of viscosity and inertial forces, without the
index - with allowance for even rarefaction.

Continuity equation for gas 1s written so:

o,w.F=(1—21G.
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For condensate let us intrcduce funcuion p(m), defining the
mass of particles of fraction m in a unit of volume is the product
p(m)dm. From equation of continuity for particles of fraction n '

olmyw(m)F dm - Qg (mydm

and equation of continuity for gas we obtuin the expression for this
function:

gty Se g
om)-= =m0, o g ). (13.13)
Equation of motion of gas must be written with allowance for
volumetric force, acting on the part of the condensate:
g —{-i-tﬁ—..—.. _’.I‘.,. 1
L dx dx p"
A unit of gas volume on the part of particles of fraction m

1s affected by force equal to the product of thelr mass by accelera-
tion and opposite in sign:

d )
dP, (m)= —o(m) 2 dm
or, taking into account expression (13.13):

—_? w, dw(m) .
dP,(m)= P =i g{m)dm.

Force acting on the part of particles, contained in a unit of
volume, comprises

Finally the motion of equation of gas assumes the form:

dw, +Q+

)W
Q. %, dx 'dx  l—2z

0, S—""’—j‘-”'—’- g(m)dm=0. (13.14)
ax
0

Bl




dquation of conservation of energy o' the mixture if obtained <t
from the conditlop that energy, being carried through any section
of the nozzle, remains constant with respect to x, 1.e.,

ow,F (/. + !;) -{-Fjo(m)w(m) ll(m)+ !'—‘;")P-| dm=sconst.

Let us divide the last equation by constant °2w2F and substitute ]
the value of p(m) from equation (13.13). During differentiation

with respect to x we obtain in final form: ,
we
i, dw, C[. dT(m)
(1—z)(c,,—d;+w.3-)+z5[c. ey
wes) ] m)dm = 0. de
+w(m)=—"—g(m) (13.15)
Let us write equation of state of gas of constant composition
(s, =const)
P=Q,RoT ,Ip,
in differential form .
7
LA 1 dT, 1 de_
pdx T, dx ¢, dx (13.16)
acc
System of equations (13.9), (13.10), (13.14)-(13.16) is supple-
mented by the known relatlonship
e, ~f(x). (13.17)

Let us introduce designations:

K,==—l z 0w, ydwd(m) g(mydm;

-2 X

o

K2=——‘1——§ [C,%ﬂ-}.w(m)‘%]g(”l)dm:
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Then equations (13.00)=(13.16) tuke the form:

) :_Ig" L’P_:__ v
e, W + dx Kh
a4y .
2 t¢o dx = G (13.18)
: l!‘,,‘ = ! lﬂ', A’

p dx T, dx &

Thus, for determination of 2n + 3 unknowns (wi, Ti’ w,, T, p)
we have 2n + 3 equations.

Having solved system of equations (13.18) relative to derivatives,
we obtain expressions for them in evident form

PR '3
110__;____ I C‘,T,
'—:Ix - w, (12 '
cpT, P
d; Ko % dw, (13.19)
dx Cp cp dx !
%': Kl' Qw, ”{—‘7—:

Calculation of parameters of nonequilibrium two-phase flow is
accomplished in such a sequence.

It 1s assumed that in the combustion chamber in section X with
a rather large relative area (and, accordingly, low velocity) the
gas and condensate are in equilibrium and from this condition there
are determined initial data - values of unknown parameters. Flow
rate of the mixture and ¢.=/(x) are determined during calculation
of equilibrium flow in a nozzle of prescribed profile.

Farameters of nonequillbrium flow in section X + AX are deter-
mined by numerical integration of equations (13.9), (13.10) and
(13.19). After W
ment of the integration step 1n sectlon X + LX, §18 temperature is

Ti’ and w,, are determined as a result of fulfill-

)
[2S]
Ch
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more accurately and simply calculated by finite relat:onship, obtained
from equation of energy in integral form:

r,=T —L{-"i+—’—— [c T(m)—c,T,+
4 K 2 l_zé‘ 2 24 K

74
+!1;—"i)]g(m)dm] }

It 1s expedient to determine the pressure in this case from equation
of state.

Area of the nozzle after each integratioi step is found from
equation of nonequilibrium by known parameters and flow rate of
gas. Repetition of the described procedure gives values of parameters
of nonequilibrium flow along the entire noz:le. The shown calculation
is rather laborious and is done on an electronic computer.

13.4. Coagulation of Particles of Condensate
in the Nozzle

Estimation of the Possible Role of
Collisions of Parhicles

As was noted earlier, particles of different slzes move in the
nozzle, at different velocity. PFlgur: 13.2 shows typical results of
calculation of high-speed lag of parzicles from gas, obtalined by the
methods given in the previous paragraph for conditions: 2z = 0.32,
aKp = 100 mm and BALe 40 bar. The rouzzle profile is shown or this
figure. it 18 evident that tne msximum difference of velocities of
gas and condensate tskes place after the nozzle throat and for
particles 10-20 um in dlameter conprises several hundred meters per
second. Let us note that at such velocitles of blowing of drops,
their deformation and splitting are possible.
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Fig. 13.2. High-speed lag of partlcles

w07 of various sizes in the nczzle.

g

The velocity of motion of particles relative to each other
also reaches considerable quantities. Thus, in the region of the
throat and downstream the difference c¢f velocitles of particles of
unequal sizes comprises about 250 m/s for drops 1 and 5 um in dlameter
and reaches 500-700 m/s for particles 1 and 10-20 wm in diameter.

In order to clearly represent the possible role of the process
of collision of particles, let us examine such a typlcal case. In
the throat region of the nozzle the density of condensate Py il el
mass of particles in a unit of volume, comprises a quantity of the
order of ~0.5-1.0 kg/m3. Let us assume that condensate consists of
two fractions having diameters dpi = 2 ym and 5 um, welght fractions
of which relative to condensate comprise 0.8 and 0.2, respectively.

Having made use of the cbvious formula for the number of
particles in a unlt of volume

Q:1 6024

e

- e——

’
m; n«imop

in the considered case when Pl 1.0 and “p = 2.‘4-103 kg/m3 we obtain
the following quantities:

ny=08-10" and n2=12.10" particles/m3.

The velocity relative to motion of fractlons comprices about
200 m/s according to data of Fig. 13.2. Each particle with dlameter
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5 um, moving relative to two-mlcron, in a unit of time should encounter 60‘{
those of them which are contained in volume the
|
V' =W, ~ @l (r g1 + 7 g2)s (13.20)
i.e., with n1V' particles. i.e]
tim
Diagram of this process is shown on Fig. 13.3. fra
subﬂ
™ * 1
e s e b 1
1
¥ Fig. 13.3. For calculation of enae)
5 the number of collisions of
a particles. obvi
- O™ lead
ERLF—TIn N EE coll
- cond]
quan
data
Substitution of numerlical values gives the quantity of collisions of me
of one five-micron drop with two-micron:
mV’'=2.107.3,14(35- 10-4)3. 0,87 f0"=06-108 g1,
Let us roughly estimate the numbér of collisions of one drop
during the time of passing a path with length on the order of the densi
throat diameter in the throat region. Assuming that veloclty partl
woo X 103 m/s, then the time of passage of path L = 101 m is with
L {
1= — 1074 S.
W
4
In this time there will occur
N=nV1=06 100=60collisions.

Thus, a rough estimation shows that a five-micron drop during
the time of passage of the throat region will encounter approximately
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£0 two-micron. If each encounter leads to fusion, then the mass of

the particle will increase tc

= m [ 1160 (-z—)’] =-3,84m,,

i.e., increases almost 4 times, and the diameter increa.es ;§3Z§}ﬁ
times and reaches approximately 8 um. The relationship of welight
fractions of particles of both fractions is changed even more
substantially.

However, the assumption about fuslon of drops with every

encounter 1s not always valid. During collisions with high velocities,

obviously some of the encounters, close to the tangent, will not
lead to fusion. Results of investigation of the process of
collislons, deformation, splitting of drop by gas flow under various
conditions of blowing are contained in special literature. For
quantitative evaluation of the role of these processes rellable
data are necessary about the physical properties of liquid oxides

of metals.

Equations for Calculation of Coagulation of
Particles in the Nozzle

Let us introduce function n(m) - calculating distribution
density of particles along masses, determining the number of
particles of fraction m in a unit or volume. In accordance
with expression (13.13)

e(m) 2 0ot
m 1 2 mw(m)

n{mj

g(m. (13.21)

As before, we will consider the particle trajectories during
approach rectlilinear and each collislon effective, 1.e., leading
to fusion. Then each particle of fraction my during time dr will
encounter those particles of fraction m, which are contalned in
volume V', determined by an equation analogous to equation (13.20).
The number cf these particles of fraction m comprises

N = 1:_(‘“”” d P lwm)— wy ngmydm dr,




——Y

Evaluations show that in all cases of interest it is sufficlent to
consider only two-body collisions of particles.

Let us introduce a designation for coagulation constant

K(m,, m)=—:'-[d(m)+d,]’|w(m)—w,|- (13.22)
The physical meaning of the introduced gquantity - amount of

collisiong occurring in a unit of time between particles my and m

with their concentration along one particle in a unit of volume.

All particles of fraction m, during time dr will encounter

K(m;, m)n(m¢)n(m)dmdmdx

particles of fractlion m. However, after the collision the mass

of particle my increases and 1t leaves fraction L By integratirng
with respect tom from 0 to », we obtain the expression for rate of
decrease 1in the concentration of particles of fraction my because

of collisions with all the remalning particles

L] /
g
[;n(m,)dm, ](-—)= —n(m;)dm, Zfl((m,, m)r(mydm.

(43223)
With fusion of two particles there is fnrmed a new, coarser,

m' = m, + m, entering fraction m'. If we continue to conslder

fraction m, the particles of this mass will be formed with fuslon

of two finer ones, having masses m and m, - m.

Just as before, examination gives such an expression for ircrease
of the number of particles of fraction my due to this process:

d
—n(m;,)dm =
[h (m;) e
n,/!

=dm, J K(m, m,--myn(m)n(m, - m)dm. (13.24)
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By summing expressions (13.23) and (13.24) and changing to
derivative of x, we obtaln integral-differential equation for change
of function n(m) as a result or fusions of particles:

or

fK(m,. m)n(m)dm +
0

on(my) __ _ n(m)
ox w;

m,/?

] :
5 - 5( K(m, m;—m)yn(m)n(m,—m)dm. (13.25)
Numerical solution for n selection fractions n of equations
(13.25) together with (2n + 3) equations, examined in the previous
paragraph, gives the possibllity of determining all the necessary

parameters of gas and particles in the nozzle under assigned inlet
conditions.

Let us note that as a result of fusion of two particles, the
reformed, coarser one will hive 2 higher velocity and lower
temperature than particles of its size (mass), but "older age" for
example, moving the nozzle inlet. Thus, for instance, when a
particle 5 ym in diameter 1s formed as a result of fusion of two
particles with diameters approximately 3 and 4.5 um, then 1its

veloclity can be found from condition of conservation of momentum

5%y = 3w + 4,530,

If we use the data of Fig. 13.¢ then it turns out to be approximately
40 m/s higher than the velocity of basic fraction d = 5 um.

This can be taken into account in the calculatlion by correspond-
ing change of average velocity of partlicles of fraction m, . As
the basls for determination of the amount of change 1n velocities
of fractions with coagulation we use condition of conservation of
momentum: Iinteraction between partlicles must not change the
quantities of motion of the whole condensate. For taking into

account analogous temperaturc shift we use condition of conservation
cf energy of condensate.
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Some Results of Calculations of Nonequilibrium k

Two-Phase Flows with Coagulation found

is sH

Let us cite come results of calculations on an electronic part
computer, obtained for combustion products of solid propellant, having of t

combustion-chamber temperature TK = 3100-3200°K and containing in
their composition 13-38% condensed aluminum oxide. Nozzle inlet

pressure in different cases varied from 10 to 80 bar, diameter of #
nogzgzle throat - from 20 to 500 mm. : 1

In all cases we assumed that at the nozzle inlet the particles
are distributed according sizes in accordance with logarithmic-
normal law with root-mean-square deviation ¢ = 1.5 and average
geomeétric diameter dz = 1 um. r

Figure 13.4 shows functions g(d) obtained by calculation in
various sections of the nozzle, geometry of which is shown on this
figure, when z = 0,28, P, = 40 bar and de = 100 mm. As can be
seen, the process of coagulation in the nozzle substantially changes
the initial function of distribution.
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Fig. 13.4. Change 1in the distribution
density as a result of coagulation.




Charige of average diameter dZm along the axis of the nozzle,
found under the same conditions, but with different throat diameters,
i1s shown on Fig. 13.5. From the chart it follows that growth of
particles 1s substanﬁially greater with increase of absolute dimensions

ng of the nozzle.

it Ty T
0 i i
P =i Fig. 13.5. Growth of average
100 —

diameter of particles in
nozzles with various throat
dlameter.

12

analysls shows that such a character of relationship to de is
4 regult of the opposition of two processes, which affect coagulation.
In larger nozzles the delay of particles and, consequently, the
constant of coagulation are diminished (13.22), but time of stay
of the mixture in the nozzle lncreases 1n proportion to the throat
diameter. The effect of the second factor turns out to be

consideritly greater.

Figure 1| -.6 shows relationships analogous to previous, obtalned
when dH = 10C mm and 1t various ccntents of condensate. The
considerably greater rrowth of average diameter of particles with

increase of thelr cuncentration 1s physically obvious.

According to equatlon (12.2%5) the rate of coagulation must be
proportional to the square of concentration. Therefore, with increase

in pressure in the combustion chamber, all things being equal (z =

const, dH = const), the average size of particles increases.
i Figure 13.7 shows quantitles dzm at the nozzle section when z = 0,02%,
d = 100 mm,
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Fig. 13.6. Growth of average diameter of particles 1

depending on the weight fraction of condensate.

Fig. 13.7. Change of average diameter of particles
depending on pressure in the combustion chamber.

Thus, results of calculations indicate a very substantial
growth of particles of condensate during motion in tne nozzle. It
we consider that losses of specific thrust are determined by the

slze of particles in the region of the nozzle throat, one should c?%
make a conclusion about the determining effect of the process of Ly
coagulation on these losses. ZZf

This conclusion is 1llustrated by data of Fig. 13.8, where Sia
there are presented values of losses of specific thrust in a void pro
calculated with allowance for and without allowing for coagulation coi
(curves 1 and 2 respectively) with identical initial distribution :z:
of particles according to siges. Quantity z in calculations 1is .
accepted equal to 0.32, and f, = 6.5. With throat diameter =
d“p = 100-200 mm and more quantities APyn_n differ 10-15 times, -
As a result of the considerable growth of particles in the rozzle scr

"two-phase" losses of specific thrust are slightly diminished with
increase in the absolute dimensions of the engine.

Decrease of the complex B, connected with nonequilibrium of two-
phase flow in the subpsonic and supersonic part of the nozzle, as
calculations show, is close to the amount of losses of specific thrust:

A3 APy n
—=(1,1—1,2) = .

E ya.n
[Translator's Note: n = loss.)
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This decrease of B8 must be consicered wicti determining through ¢rwx
measured value of ¢a (see Chapter XVI).

A P yn.n
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~—t# Pig. 13.3. Change of speéific
3,0 thrust in 2 vold depending on
20 throat diameter.
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13.5. Nonequllibrium of the Crystallization Process
of Condenszte in tne Nozzle

In methcds of calculation ¢f theoretlcal thermodynamic
characteristies 1t 1s assumed that the process of expansion in the
nozzle is equilibrium. For two-phase combustion products this means,
specifically, that temperatur¢s and velcclities of particles and
gas are equal everywhere, and condensate *s equllibrium through phase
states 1n proportion to cooling the nozzle. For example, combustion
products of blended solid propellant with Al additives contain 15-35%
condensed aluminum oxide, having melting point 2303°K. The
corbustlon temperature of these preopellants 1s 3000-3500°F, and the
temperature cf combustion products at the nozzle section 1500-2000°K.
According to equilibrium thermcdynamic c¢ialculuticn In the combustion
] chamber the particles of alum:.nium oxlde ure in liquld state. In
the course of expansion the t-mperature :{ combustion products in
scne section reaches 2303°K and the expansion process further
prcceeds 1sothermally, untll heat of crystalllzatlon of alumirum
oxlde 1s converted into kinet!c energy. On this section of the
nozzle the condensate gradually, in propcrtion to output of heat to
gas, changes from liquid state to solid. In each secticn the fraction
of hardened condensate is equal to the fraction of removed heat of

rust:

crystallization.




In a real case the equilibrium course of this process can be
limited, first of.all, by finite velocity of heat transfer from
particles to gas, secondly, by finite veloclty of crystallization.

Let us examine the question of the effect of finite velocities
of crystallization and heat output on losses of specific thrust
as a result of incomplete utilization cf heat of phase transition
of condensate.

Kinetics of the crystallization process is determined by two basic
parameters: number of crystalline nuclel, which appear in a unit
of time, and linear veloclty of growth of crystals. Probability of
formation of a nucleus of new phase in a unit of column on Fol'mer
1s determined by the following expression:

Be?
TAT:)'

o= Aexp [---

where o, AT, A, B - interphase surface tension, supercooling of
liquid and certain constants respectively.

For metal oxides the process of crystallization was not investi-
gated and cohstants in this equation are unknown.

Qualita;ively the less the probability of formation of at least
one center, the smaller the mass of liquid. From investigations
in meteorology it 1s known that small drops of water are supercooled
to temperatures several tens of degrees lower than zero. Time
necessary for freezing micron drops of water 1is measured in seconds
and in minutes, and submicron - in hours. For water quantity o
comprises about 10 dyn/cm, for aluminum oxide - about 200 dyn/cm.
Time of flow of combustion products in the supersonic part of the
nozzle, where crystallization should occur, comprises a magnitude
on the order of 10 us.
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Thus, a number of factors - small sizes of particles (on the
order of a micron), considerable magnitude of interphase surface
tension between c¢rystalline modiflcation and liquid oxlde, and
also a very short time, durlng which hardening of particles must
occur, place under doubt the possibility of equilibrium process of
crystallization in the nozzle of the engine. Therefore it 1s not
excluded that particles of metal oxide after achievement of melting
point and with further cooling are located in liquid, supercooled
state.

For calculation of kinetlics of possible crystallization at
present there are no published data. Limitling case of nonequilibrium,
when particles of oxlde are located in liquid supercooled state,
can be calculated by thermodynamlc methods. Results of calculations
glve an answer to the question of maximum posslble effect of the
consldered process on power engineering of engines.

Approximate thermcdynamic estimation of nonequilibrium can be
given by proceeding from the following examination. We wlll consider
two-phase combustion products conslisting of two subsystems: strictly
combustion products with condensate in 1liquid state and a source
of heat.

In equilibrium process, when crystallization takes place, heat
from a source is supplied to combustion products at constant
temperature, equal to Tnn. If there 1= no crystallization, heat
is not fed from a source to combustlon products. 1In both cases the
entropy of the entire system (combustion products and source) remalns
constant. Hcwever, in the process with crystallization the entropy
of strictly combustion products wlll increase.

Let us examine the difference of outflow velocity in these two
cases during expanslon to prescribed pressure. Equatlon of energy

in the case of absence of crystallization can be written so:

i 'N

"’2"—', /K'—(/c"{"alc‘_Qnu (13.26)
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where wc.Hp- outflow velocity of combustion products in nonequilibrium

process without crystallization; IH, IC - enthalpy of combustion
chamber and at the nozzle section for flow with crystallization;
GIc - change in enthalpy at the nozzle section with respect to flow
crystallization; an - quantity of heat on 1 kg of working
substance, liberatling during phase transformation.

Let us rewrite equation (13.26) in the form

2

w;-"P_(/K._ {)= —8Ic—Qna'

The second term in the left side of this equation is equal to
half the square oi outflow velocity in the equilibrium process:

(5]

o]
P .

With allowance for this, it 1s possible to approximately write

Awwe=—0/ ¢=Qua,
where

Aw = wc_“—'ch

The quantity of heat, which 1s liberated during phase transformation,
is equal to

Qua=2Alr.,

where AInn - heat of melting 1 kg of oxide.

Since the temperature during phase transition 1s constant,
change of entropy of combustion products 1s equal to

_ zA-I,, 2
Tnu

A=

corresponding change of enthalpy at the nozzlie section at
constant pressure p_ comprises
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where TC - temperature of combustion products at the nozzle section
in equilibrium process.

Final expression of relative change cf outflow velocity for

the process without crystallizatlion has tne form: »
dw ,rl;- 1 ’"TC 71..\
e (13.27)

From expression (13.27) it follows zhat the greater the welight
fraction of condensate in combustion prcaucts and the lowver the
temperature at the nozzle section, the grecater the effect heat of
phase transition has on the cutflow velczity.

Table 13.2 shows decrease of outlflouw veloclty in case of the
absence of crystallization for two propellants using ammonium
perchlorate as base with 7 and 15% aluminum, calculated by formula
(13.27).

Table 13.2. Reduction of outflow velocity in
the absence of crystallizatlon.

% Al T °ik z w, m/s Aw %
in propellant
= 4
1740 0,13 ' 2390 0,63
15 2050 0,28 l 2500 0,56
]

As can be seen from the table, decrease in the outflow velocity
i1s about 0.6%. 1In this case for propellant with 7% Al despite a
considerably lower content of condensate than for fuel with 15%
aluminum, the absence of crystallization leads to a higher decrease -
of outflow velocity. The determining role here 1s played by the
fact that the temperature at the nozzle sectlon for the first
propellant 1s considerably lower.
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The above given approximate estimation of the effect of
crystallization on the outflow velocity carries a more qualitative
than quantitative'character. The process of expansion proceeds
with prescribed value c¢f relative nozzle exit section area. 1In
case of the absence of crystallization in the rocket engine nozzle
the pressure at the nozzle section, as will be shown below, can
considerably differ from design pressure during equilibrium
expansion. Therefore, comparison of .processes with crystallization
and in 1t§ absence in a fixed nozzle (at assigned fc), but not under
condition of constant exit pressure, is more correct and accurate.
Furthermore, comparison of the effectiveness of processes of expansion
with respect to outflow velocity can lead to incorrect conclusions.
As is known, the addition of heat to supersonic flow slows 1t down.
Consequently, by taking the outflow velocity as criterion, the incor-
rect conclusion can be made that the process with crystallization
is less effective than in its absence. It is more correct to
compare with respect to specific thrust in a vacuum.

For estimation of the relative effectiveness of expansion process

-in a nozzle of prescribed geometry in the absence of crystallization
they were conducted special thermodynamic calculations of the above-
mentioned solid propellants with 7 and 15% aluminum. Thermodynamic
functions of condensed phase when supercooling below the melting
point were determined from the condition th‘% the thermal capacity

of supercooled 1liquid is constant and equal to thermal capacity at
Tnn'

Figure 13.9 shows temperature change of combustion products 1n
the nozzle at equilibrium and nonequilibrium, in the sense of
crystallization, flow for the propellant with 15% Al. As can
be seen, curve 1 (with crystallization) and curve 2 (without
crystallization) after the section where crystallization occurs
during equilibrium process, go practically equidistant. Temperature
of combustion products in some section of the nozzle after this
section in case of nonequilibrtum expansion is approximately 200°K
lower. For other propellaﬁts the chara-ter of curves is analogous,
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and decrease of temperature in the nozzle depends on the content

\
of condensate in combustion products, weight fraction of which also
determines the extent of the crystallization section. The more
condensate in combustion products, the larger the section of
crystallization and the more considerable decrease of temperature
at the nozzle secction in the absence of phase transition.
INCTTLT '
2200 \ — 7»— -4 q
i Fig. 13.9. Temperature at the
w00t \\ nozzle section with allowance
4 N for crystallization (curve 1)
10 and without allowing for it !
(curve 2).
1500 P
N
%0 - +
J ¢ 56 2 nnkit

On Fig. 13.10 for propellants with 7 and 15% Al there is shown
the ratio of pressure durlng flow in the nozzle without crystalliza-
tion to pressure at equilibrlium expansion. On the crystallization
section the pressure ratio rapldly drops, and then it begins to
increase.

Fuap
T
17

Fig. 13.10. Change of pressure on
the nozzle section in the absence
of crystalllzation for various
propellants: 1 - 7% Al; 2 - 15%

E _:_lh —

in Al.
<o) MR I
ture
On Fig. 13.11 for the same propellants there 1s shown decrease
o K of outflow velocity and specific thrust in a vacuum during expansion
us , without crystallization of liquid phase in percent of values at

equilibrium expansion in comparison with equilibrium values. As

should nave been expected, on the crystalllzaticn section the flow
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in equilibrium case, when heat of crystallization 1is supplied,
accelerates slower than in nonequilibrium case. However, with
respect to the amount of specific thrust in a vold the process with
crystallization always has advantages. Losses of PyA.n because of
the absence of crystallization for engines of earth stages reach

1.0 percent and for engines of upper stages - 1.5 percent.

' [
a - —
LY -

q

] IA 567 8 10Kt 20
ol 5 %
-q8 _w Aw N

-12 ! M 2
Fig. 13.11. Change of outflow velocity

and specilic thrust in a vacuum in the
absence 0. crystallization.

Thus, maximum losses of specific thrust in a case when heat
of crystallization 1s not converted during expansion into kinetic
energy can be considerable., It 1s perfectly clear that with finite
value of coefficient of heat outppt for transmission of heat from

particles to gas some drop of temperature is necessary, consequently,

the temperature of particles 1s always higher than the gas
temperature. Even if crystallization 1s not retained, the removal
of heat separating with it will shift toward lower temperature

and pressure than in equilibrium case, and, consequently, it will

Be leai effective. It 1s possible that under definite conditions
the considered process will be limited not by the crystallization
rate, but the rate of heat removal from particles.

For research on the role of the process of heat exchange by the
methods given in § 13.3, we performed calculations of nonequilibrium
flows of two-phase combustion products of blended solid propellant
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with 15% aluminum, dzm = 5 ym in a conical nozzle with half angle

of aperture 15° and throat diameter 10C mm. Example of the
calculation picture of the change in the difference of temperatures

of gas and particles along the nozzle 1s shown on Fig. 13.12. Curve

1 corresponds to nonequilibrium flow in the absence of erystallliza-
tion, curve 2 - with crystallization taking into account finite

rate of heat removal. In the second case on the section of '
nozzle b-d the temperature difference snzarply increases, since

before termination of heat removal of phase transition the temperature
of condensate remains constant, equal to Tnn, and the gas temperature
continues to lower. On thls section there is increased, in comparison
with the first case, supply of heat to gas, as a result of which

the specific thrust in a vold increases. However, since section b-d
is lower along the nozzle than section a-c, where there 1s crystal-
1i1zatlon in equilibrium case, the appllied heat 1s transformed into
work of expansion less effectively. With increase in the diameter

of particles of condensate section b-d 1s displaced to the exit
section and increase of specific thrust due to liberation of heat of
crystallization is diminished.

rz'T‘-
K d
09 ,?”P\
I//’ N Fig. 13.12. Temperature difference of

i J// gas and ccondensate along the nozzle.
20 T '

|

|

c)

0 100

0 § ] /e

Results of calculations of the above-shown increase of specific
thrust' in a vold at various sizes of particles of condensate are
listed on Fig. 13.13. For the selected throat diameter a noticeable
fraction of maximum increase cof specific thrust (curve dp + 0) can
be realized under conditions of heat output from particles only with
thelr diameter smaller than 3-5 ym. Namely, for fine particles a
delay of the process of crystallization 1is more probable.

3
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' @”“m“—ﬁ Fig. 13.13. Increase of specific thrust th
0 - — in a void with crystallization.
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For particles more than 10-15 um in diameter the increase in in
specific thrust !s negligible under conditions of heat removal. 149
Possible supereooling of 1liqulid oxide of metal reduces this small of
quantity. St4
As was noted above, behind the nozzle section of heavy RDTT
the average diameter of particles of condensate reaches 10-15 um. 1In cal
these conditions, according to material presented above, it would nug
be closer to reality to perform thermodynamic calculation withoul AP
-allowing for heat of crystallization of condensate during expansion E0H
in the nozzle. inv
13.6. Nonequilibrium of Condensation ProceSs
in the Nozzle
If the pressure of saturated vapors of substance, which 1is
in condensed state, is commensurate with pressure in the combustion pro
chamber, the weight fraction of condensate in combustion products pro
according to thermodynamic calculation substantially changes with for
expansion in the nozzle. An example is propellant pentaborane Com
BSH9 with hydrogen peroxide H202. In combustion products of this Cio
propellant the condensate can generally be absent in the combustion &y
chamber or be contained there in a quantity of several percent. pha
On the nozzle section with deep expanslon quantity z reaches values of
of

from gaseous

-~ -

state intc l1iquid is accompanied by liberaticn of o

0.5-0.7. The process of transition of boric oxide 820
quantity of heat, which increases the specific thrust. If this
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3
crn3

345




hrust

on

In

process will proceed with delay or condensation generally does
not occur in the novzle, considerable losses of specific thrust, on
the order of 5-10% will take place.

Kinetics of condensation can be limited by the formation of
nucleation center, condensation nucleus, and also diffusion of the
substance belng condensed to centers and removal of heat of
condensation from particles.

Obtalning results on kinetics of precipitation ~  -~nnden._ate

in the nozzle by calculation 1s hampered by the *ellable
ideas about the mechanism of the process, and Lgnorance
of many constants, which determine the rates .ther known

stages of the process.

Specific difficulties are presented by the description and
calculation of the process of homogeneous formation of condensation
nuclei. At present there 1s introduced active theoretical and
experimental research of processes of condensation as applieda to
conditions in rocket engine nozzles. Some results of these
investigations can be found, for exanple, in [1], [6].

13.7. Profiling of Nozzles for Two-Phase
Combustion Products

The task of profiling an extremal nozzle for two-phase combustion
products, as well as for homogeneous, lnvolves seeking a profile
providing the greatest thrust from the famlly of nozzles, which have,
for example, identical length, surface or some other parameter.
Complicaticn of the problem consists, first of all, in the need to
conslder a4 more complex system of equations in comparison with the
varlant of pure gas, describing nonequilibrium spatial flow of two-
phase mixture. Secondly, losses of specific thrust, caused by delay

of particles, decisively depend on the geometry of inlet and throat
of the nozzle.

e




The slight dependence of losses of speclfic thrust on the
geometry of nozzle inlet for gaseous products allows, as was shown
in Chapter XII, being limited by selection of an extremal supersonic
part of the nozzle. On subsonic and supersonic parts in this case

there 1s imposed a number of minimum requirements, revealed
experimentally.

In case of two-phase flow the cptimization of only the supersonlc
secticn with arbitrary fixed geometrﬁ of the remaining part 1s by
far an incomplete solution of the problem. Moreover, as will be
shown below, for decrease of losses connected with delay of particies

of constant size, it 1s required mainly to change the nozzle throat
region.

At present the methods of calculation of nonequilibrium two-phase
spatial flows have been developed only for the region of flow where
the gas velocity exceeds the local speed of sound in gas. In principle
methods of optimization of only the supersonic part of the nozzle
have been developed, and this problem can te solved numerically,
however, there are no results of such calculations in literature.

In a one-dimensional formulation there can be examined the problem
of seeking a nozzle contour, for example, of definite length at
prescribed pressures p, and p., which provides maximum average
outflow velocity of two-phase mixture. Solution of such a problem,
obtained by methods of variational calculation in [14] with
assumption of small deviation of flow from equilibrium, gives a
nozzle contour substantially differing from usual. Figure 13.14
shows a contour of the usual nozzle and by a dotted line - a nozzle
contour which provides minimum losses frown delay of particles
(p, = 70 bar, . = 60, dp = 5 um, dyp = 150 mm and z = 0.4). A
distinctive feature of the optimum nozzle is a highly elongated
throat. If for these nozzles we examine typical curves of delay
of particles with respect to velocity (Fig. 13.15), then the result
of elongation of the throat becomes clear: acceleration of flow
(a quantity proportional to delay of particles) becames close tc
constant on the nozzle, the sectlion of more rapid dispersai in
the throat area of a usual nozzle di:zarpears. Amount of losses of
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outflow veloclity, caused by delay of pa:-icles, for an optimum

nozzle in the examined case typical for RDIT can be reduced by approxi-

mately one third. Thus, iIf these losses in the case usual for RDTT
comprise a quantity on the order of 3%, then by change of the
nozzle contour while maintaining its overall length they can be
diminished to approximately 2%. It 1s entirely obvious ‘that losses
from nonparallelism of flow in the nozzles, such as shown on Fig.
13.14, can substantially exceed the indicated 1% gain. '

wp—p
]
| f
1
Py
¥ 7
Fig. 13.14. Fig. 13.15.

Fig. 13.14. Comparison of cptimum and usual
nozzle contours.

Fig. 13.15. Character of lag of particles with
respect to velocity in usual (1) and optimum
(2) nozzles.

In [7] a one-dimensicnal solution cf the problem of selection
of extremal nozzle contour with fundamental account of losses on
nonparallelism of flow has been examlre:

A solution for axisymmetric nonequilibrium flow, as was noted
above, can be obtalned if we specify the profile of subsonic and
supersonic part of the nozzle and initial data of flow cn a certaln
line, where M > 1. These initial data can be approximately
obtained, for example, from one-dimensional calculation or with
the ald of calculation of trajectories of particles in a flow
of gas, which, in turn, is calculated for equilibrium flow.

Existing methods of calculation of nonequili' rium supersonic
two-phase flow allow finding the extermal proflle cof the expansion

148




section of the nozzle by methods of variation calculation. In the
latter case, firsp of all losses connected with heterogeneity of
flow on the nozzle section will be reduced to minimum possible,
whereas for decrease of delay of particles it 1s necessary to affect

the nozzle throat region remaining constant in this variant of
optimization.

It is necessary to note that everything given above pertains
to the case when particles do not interact together. In case of
calculation of coagulation of particles it can turn out, for

example, that 1t 1s more advantageous not to lengthen the throat,
but shorten it.

The point is that with elongation of the throat region (with
preservation of overall length of the nozzle) according to calcula-
tions the growth of particles increases as a result of coagulation.
This increase in the size of particles can be more substantial than

decrease in the gradient veloecity, and the amoung of losses of
specific thrust increases.

Thus, until such complete solutions of the problem of selection
of extefnal nozzle profile for two-phase combustion products are
developed, we make use of methods of profiling of nozzles for pure
gas. In this case the properties of gas are assumed identical
with properties of equilibrium two-phase mixture.

Bibliography

1. Geterogennoye goreniye (Heterogeneous combustion), Collection
of translations, izd-vo "Mir," 1967.

2. Detonatsiya i dvukhfaznoye techeniye (Detonation and two-
phase flow), Collection of articles, izd-vo "Mir," 1966.

3. Karlson, Khogland. "Raketnaya tekhnika 1 kosmonavtika,"
1964, No. 11.

4. Kligel', VRT, 1965, No. 10.

5. Krayko A. N., Sternin L. Ye., "Prlkladnaya matematika 1
mekhanika," AN SSSR, 1965, No. 3.

349




T TTwesSyaere T T Y

No.

10.

Kutrni, "Raketnaya tekhnika," 1961, No. 3, VRT, 1965, No. 11.
Sternin L. Ye., "Mekhanika zhidkosti i gaza," 1966, No. 5.

Grishin S. D. et al., "Mekhanika zhidkostl 1 gaza," 1969,

Khogland. "Raketnaya tekhnika," 1962, No. 5.

Khoffman, Lorents, "Raketnaya tekhnika 1 kosmonavtika,"'l965,

1; 1966, No. 1.

11.
12¢
13.
14,

Khoffman, Tompson, VRT, 1967, No. 3.
Brown B., Pyrodynamics, 1965, Vol. 3, p. 221.

Carlson D. J., AIAA Paper, No. 66-652.

Marble F. E., ATAA Journal, 1963, No. 12.




CHAPTER XIV
HEAT OUTPUT TO CHAMBER WALLS

In the chapter are examined methods c¢f calculation of heat
cutput from combustion products to chamber walls. There are listed
methods of determinatibn of convective and radiant specific heat
flows, their distribution along the chamber passage is analyzed.

On the basls of generality of processes transfer 1n the boundary

layer working formulas are gliven for determination of fricticn
stress.

14.1. Preliminary Information

Boundary Layer

As any real liquid, combustion products possess viscosity and

thermal conductivity, which leads to formation of a boundary layer
directly near the wall.

Depending upon the character of flow, the condition of motion
in the boundary layer can be laminar or turbulent. In chambers of
rocket engines, as a rule, a turbulent boundary layer 1s formed,
which 1s caused by high flow velocities. However, 1in reglons
directly adjacent to the wall, there 1s always a viscous (laminar)
underlayer, where motion 1s laminar. Thickness of the viscous under-

layer 1s relatively small in comparison with overall thickness of
the boundary iayer.
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layer.

zero at the wall.

‘ and properties of flow.

In the boundary layer there occurs change of many parameters

A change of some quantity from the value

in external flow (nucleus of flow) to the value at the wall
determines the corresponding characteriscic thickness of the boundary
For example, in dynamic boundary layer with thiekness §

(Fig. 14.1) 1is a characteristic quantity there 1s considered the

gas velosity, which is reduced from the value in external flow to

In the thermal boundary layer the characteristic

when Pr > 1.0, & < §

quantity is considered temperature or enthalpy, which is changed
frcm the value on the boundary layer tc the value at the wall.

Generally, the thicknesses of thermal (éT) and dynamic (§) layers
do not colncide (6§ > §

when Pr < 1.0).

T T
ted
Fig. 14.1. Characteristic teme
peratures and thicknesses of
boundary layer: & - thickness
M of dynamic boundary layer; ép -
thickness of thermal boundary ‘
layer. '
Wy
bd
er
} It is not possible to clearly determine the external boundary
(and thereby the thickness) of boundary layer. Thecretical analysis
on shows that only at dimensionless distance from the wall are parameters
of in boundary layer compared with their values for external flow.
Therefore, the boundary limit 1s frequently determined conditionally,
! for example, for dynamic boundary layer the limit is where the
2) local velocity differs from the velocity of external flow by one -
nder- percent.

In calculations there are frequently applied conditional boundary

layer thicknesses.

Usually three conditicnal thlcknesses are used:
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6% - displacement thickness, §** - momentum thickness, GT** - energy
thickness. For example, for axisymmetric boundary layer of compres-
sible 1iquid the conditional thicknesses are determined by formulas

on (14.1)
_.___,,__._

oo f—!COIG _!i Qw,

: 5 —t ;)_"z;,“y' (14.2)
ir

oo r—pycora Al*\ ow,

=] =y (l—A—T‘a A (14.3)
0

Here AI® = 1% = ICT - difference of enthalpies at stagnation
temperature and wall temperature; r - radius of nozzle (Fig. 14.2);
a - angle wall to the nozzle axis, symbol ~ designates parameters
in the nucleus of flow.

Fig. 14.2. System of coordinates

during integration of boundary layer
equations.

Conditional thicknesses 8, su8 GT" have a clear physical
meaning [2]. Utilization of §p» 8§ = = as upper limit of integrtion
in formulas (14.1)-(14.3) rids quantities &%, s¥#, GT" from uncer-
tainty, connected with conditional selection of boundary layer
thicknesses §, 6T.

During the study of turbulent motion the statistical method
1s applied. The true value of each flow parameter 1s represented by
the sum of mean ¢ and pulsation ¢' values:

P=9+¢", (14.4)
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where averaging obeys the following rules:

u+'0=.l;-f--‘z—) (114.5)
G E_a (14.6)
ot ov ' ox  ox ' . '

w=i. (14.7)

In accordance with rules (14.5)-(14.7) the average pulsation
values of density ¢', pressure p' and temperature T' are taken
equal to zero. Average values of velocity w, temperature T,
static enthalpy I and stagnation enthalpy I* can be determined by
formula

Q9 =09, (14.8)
where ¢ - values w, T, I, I%,
With the aid of formula (14.8) by direct substitution in it

of quantities in the form of expression (14.4) and by subsequent
averaging we obtalned equalities:

QW' 4 Qw =0; (14.9)
el'+e7 =0 (14.10)
)7. % _’—"_—.

g = (14.11)

System of equatlions for boundary layer 1s derived from Navier-
Stokes equation [6] where values of parameters are substituted in
the form (14.4). In this case averaged motion 1s considered
stationary. With averaging of equations of motion and energy the
effect of molecular viscosity and thermal conductivity 1s usually
disregarded. After averaging, the terms considering viscosity and
thermal conductivity are assigned to obtained equations. In conver-
sions are used formulas (14.9;-(14.11). In this way we can obtain a
system of equatlons that describe turbulent flow of viscous
compressible liquid.




In applications to various problems of turbulent flows this
system is simplified accordingly. Specifically, for flow in the
boundary layer the following simplifying assumptions are used:

W, Wy

% ¥
ox <dy

where ¢ - any hydrodynamic quantity. - These assumptions are applied
when evaluating the possible quantity of each term of equations;
terms of higher order of smallness are rejected. As a result, a
system of quptigggpis obtained which approximately describes

the flow in the boundary layer. For axisymmetric flow characteristic

in rocket engine nozzles 1t has the following form (for simplicity
the sign of averaging is preserved only in pulsation components):

3y reme) + 2 (remy)=0,

d'al‘ o'l
Y +ow, oy

ow,

a0 L O
- 6x+r (rv);

ow,

where . =1
oy

—ew,w, —stress friction;

s ol Fir
‘Io—; (Z'—QI w, — heat flow.
Boundary conditions for system (1l4.12)-(14.16) will be
following.

“hen y = 0, i.e., directly on the wall:

w‘-_-. ‘wg =] O;
T== T‘ =T“:
=1

Po=Fcr " 9a-
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When y = §, 1.e., on the 1limit of cynamlc boundary layer with
nucleus of flow:

W =W, }
1=0.

(14.20)

When y = GT’ l.e., on the 1limit of thermal boundary layer:

T*=T"]
ol

(14.21)
q 5

/

Integration of obtained boundary layer equations 1s connected
with great mathematical difficulties in - lew of thelr nonlinearity.
Therefore, in boundary layer theory appr:ximate methods of solution
of equatlions are used. The baslc group ¢f these approximate methods

1s connected with utilization of integral relationships of pulses
and energy.

Integral relationships, which express the law of momentum and
law of conservation of energy, can be cbtained in integration with

respect to y equations (14.13) and (14.15) using continulty equation
(14.12).

In our case the integral relationships are written in such a
form (3], ([4]:

'ZZ', 71 (6&1’&”) -
X

+ I&Tr’ l,.u . 1 4,4, 5"‘ ”&',r = .
TarviCER S L PR A B bl 7 (14.22)
;"; (0®,raAT*}) = rq,, (14.23)
=1
where A=
% pm?
To=l: (14.24)

[Translator's Note: cT = wall.]
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cpm - average thermal capacity when p = const over temperature
range T-T#,

Thus, from the system of differentlial equations in partial
derivatives we obtained two usual differential equations (14.22)
and (14.23), which contain five unknowns - &% 6 s## GT", Topsr Ay
Together with additional relationships, assigned on the basis of
experimental and theoretical data, equations (14.22) and (14.23)

allow determining heat flow and friction stress in the boundary
layer.

Heat Transfer from Combustion Products to
Chamber Walls

In a rocket engine chamber there move combustion products which
are at high temperature and are highly dissociated. Heat is transferred

from combustion products to chamber walls by means of radiation and
direct contact with walls (convective heat emission).

Processes of dissoclation and recombination in the boundary
layer intensifies heat exchange. In the thermal boundary layer
a large temperature drop occurs, the level of which is high.._.Under
these conditions turbulent movement of gas volumes from the high-
temperature region to low-temperature region near the walls leads
not only to .transfer of kinetic energy, but also to transfer of
heat, which 1s liberated during reactions of recombination in the
sone of lowered temperature. Composition and properties of the
working medium across the boundary layer in this case will be
variable.

In the viscous sublayer of the turbulent boundary layer as
a result of concentration gradient the molecules, which were

dissociated in the high-temperature zone, diffused towards the wall.

In the low-temperature region there occurs recombination of these
molecules and heat liberation. As a result, heat flows increase.
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Thus, in contrast to the case ~f heat exchange in a medium of
constant composition, during calculation of convective heat emission
from chemically reacting working medium one should take into

account the heat transfer of chemical reactions.

On a considerable part of the engine chamber passage there
take place high, including supersonic, velocities of motion of
compressible medium. As 1s known in this instance the liberation
of heat as a result of friction of gas against the surface must
be considered.

Thus, the overall quantity of energy, transferable through
the boundary layer by any volume of gas, is equal to the difference
of 1ts stagnation enthalpies at extreme points of the path.

Very high thermal head between combustion products and the
wall, high pressure in the engine chamber, the possible presence
in working medium of condensed luminous particles, and also substantial
instability of flows, caused by small relationshlps of length to
diameter of passage, also contribute to increase in the heat emission
from combustion products.

"he combustion products of certaln rucket propellants can contain
compur»r .=, #hich are in gas phase in the basic flow ind are
condens 4 -t reduced temperatures at the wall. With a stationary
process thls can lead to the appearance of a film of condensate.
If the surface temperature is sufficlently low, then the exlstence
of solid oxide, covered on top by a liquid film, 1is possible.
From gas to the surface of film in this instance heat 1s supplied
by threc types of heat emissiocn: radlation, convectlve and heat
emission connected with heat liberation during condensation.

Calculation of friction and convective heat exchange in the
rocket engine chamber 1s based on solution of boundary layer
equations, or on criterial relationships, obtained by generalization
of experimental data.
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Besldes purely systematical features, connected with use of
the theory of turbulent flows, large difficulty is involved in
reliable determination of properties of the working medium in the
boundary layer. It 1is caused by nonuniformity of flow Parameters,
its properties and composition along the cross section of the

14.2. cCalculation of Convective Heat Exchange and Friction
in the Boundary Layer of Reacting
Gas (V. M. Iyevlev Method)

Investigations of heat exchange and friction on the basis
of boundary-layer calculation are presented in the works of
V. M. Iyevlev, V. S. Avduyevskly, S. S. Kutateladze, M. F. Shirokov
and others. Below are listed basic moments of the solution of
V. M. Iyevlev [3], [4], frequently utilizcd in practical caiculations.

Laws of Friction and Heat Exchange
for Incompressible Liquid

For solution of differential equations (14.22), (14.23) additional
regularities of friction and heat emission must be obtained. Thelr
derivation is based on the following considerations.

Let us assume, as 1is usually done in boundary layer theory,
that during flow of 1liquid along the wall the heat flow and
friction at each place depend on local values of physical constants,
ix, Aio, and also on quantities characterizing the development of
thermal and dynamic boundary layer: thickness of loss of energy
GT" and thickness of pulse loss §®*®, 1In accordance with equations
(14.22), (14.23) 1t is possible to write:

qn ':4.(0- ". (", )' ATD‘ a’x' a.' 6?):

= L]
=1, "m0 )
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with use of dimensionless quantities

— coefficient of convective ‘Ye.t emission; a——T¢ -
’ 2

T euweTy owy

N
0,=QK(R85. RC;,. Pr). (1’4 . 25) r
a=a(Rey, ' (14.26)
0;1"‘“ Q;x'.r.
where Rey= ,» Rey, = — characteristic Reynolds numbers; R
4« .
L

friction coefficient.

Instead of characteristic Reynolds numbers let us introduce
new arguments:

[ er..
voSpE=—te (14.27) L
In this case, as Investigations show,
£ = const. (14.28) } {
Ir *

Considering equalities (14.27), let us now present relationships
(14.25) and (14.26) so:

a,=a,(z, zp, Pr), a=a(2) (14.29)

Laws of friction and heat emission (14.29) are derived in two
ways: by utilization of semi-empirical theory of turbulent boundary
layer and by utilization of avallable experimental data. Comparison
of regularities obtained in this way allows establishment of some final
form of these laws.

For axisymmetric flow with a smooth wall over the range
z = 10°-10%; Pr = 0.7-2000; z/zp = 0.3-3.5 when Pr = 1.0 and .
2/ = 10"%-10" when Pr = 1000, V. M. Iyevlev obtained the following
relationships:
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o (14.30)

~0,5
1 ( z)O.MPr -.

= )
[307.8 + 54.81g? (19—'5)] Pr0:45,0.88 _ 650

e
@=0,033272""""* 4 3,966-107¢, (14.31)

With satisfactory accuracy expressions (14.30) and (14.31)
approximate known experimental data, and also various empirical

formulas, obtained for particular bases (for example, z = 2

T’
Pr = 1-0)-

Scheme of Solution of Boundary Layer Equations

Subsonic and supersonic gas flows possess a whole series of
features, distinguishing them from flows of incompressible liquid.
However, 1if we consider only the questions of friction, heat exchange
and diffusion in the boundary layer without compression shocks, then
between flows of incompressible liquid and gas no qualitative
differences are discovered. Basic differences are quantitative:
for incompressible liquid propertles across the boundary layer are
constant, and for gas they depend on temperature and pressure. This
is valid even for mixtures of gases, includingyfor those dissoclated
with effective values of temperature and thermal capacity.

' d

It can be expected that the regularities for heat emission and
friction on the wall in case of gas flow will be the same as in the
case of flow of incompressible liquid, 1f as physical constants of
gas we use certalin mean values of them in boundary layer. It is
expedient to assume that as the indicated mean values of constants
we can take their values at some determining boundary layer tempera-
tures, computed :4dentically for various cases of gas flow.

Selection of corresponding effective temperature for turbulent
flow of reacting gases presents definite difficulties. Although
the average temperature 1s determined formally by relationship
(14.8), the composition at this temperature cannot correspond
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simultaneously to the value of enthalpy In the equation of energy, pas
constant in the equation of state and to other properties depending

on the composltion. The effect of change of composition can be excluded
if for the basis we take the composition of undissoclated mixture at the
same initial conditional formula of Propellant. Inasmuch as the
quantity of total enthalpy 1s approximately proportionai to product

RT, then

T RHlel; Il~ R,T,.

where 1ndex "wa" pertains to undissoclated mixture, index "g" - to
dissociated.

If the following equality 1is valid

TN N B G T S o

fy=14 (14.32)
then
RJle RHITII' (lu 0 33)

Value of specific gas constant RH’n of undissociated gas for all
practical purposes does not depend on temperature and pressure, there-
fore 1n many instances 1t is not necessary to solve equation (14.32)

for determination of temperature ’I‘H and RHA. Having ccpleted

thermodynamic calculation at prescrfbed pressure p and rather

low temperature (for hydrocarbon propellants on the order of
1300°K), we take the found value of gas constant as RHA. Now from
equality (14.33) let us determine the static temperature of

undissoclated gas:

T ety | (14.34)

It 1is obvious that equation (14.32) is satisfied only approximately
as a result of inaccuracy of RHA. However, the real value of THA’
dgeterminea from conaition (14.32), and Tun from equation (14.34)

are usually acceptable close to each other.
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Magnitude of temperature Tun corresponds to the value of static
enthalpy I; to the value of stagnation enthalpy I* will correspond
stagnation temperature T,, — effective gas temperature.

Inasmuch as stagmation enthalpy 1s uswually equal to enthalpy
of working medium in the combustion chamber, for calculation of
To, the following formula can be recommended:

r.,,=.§~_;£:, (14.39)
where
. R,
T°'=R—.,.' (14.36)

and T, 1s determined with the ald of equation (14.32) when
g --»- ]
IHA IK .

Analogous to temperatures TH'n and T,, 1t 1s possible to introduce
into examlnation the effective thermal capaclity of undlssoclated
gas, which, as is simple to note, corresponds to usual frozen thermal
capaclty. Effectlive thermal capacity is calculated by the
composition of undissociated gas, at temperatures TH'n and T,
In calculations there 1s used certaln mean value of thermal capacity
cpm over temperature range T.nT—To,.

When determining the "average" temperature in the boundary
layer — determining temperature, the following positions are used.
Mean stagnation temperature and velocity of motion In the boundary
layer are respectively equal to

. TutTo (14.37)

0, =—, (1’4.38)
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- Then the determining temperature Tm 1s

2 =2

v o 'M __T.’,.+ :',;» i '.l

or taking into account equation (14.24)

ra=Tu( e o)) (14.40)
Py Now we can derlve laws cof friction and heat emission for

the case of turbulent gas flow. An important moment in this case

is the selection of characteristic quantities of density om and

nm. These quantitlies are calculated when determining the boundary
) layer temperature T,. In this case it turns out that quantities

z and Zp for gas can be found through values of these quantities
for incompressible liquid, for which p = 0y and n = n- Characteristic
values of px, n, can be selected so that values of Wm, and eém do not
enter expressions (14.30) and (14.31), utilized for gas. After a
bce series of conversions and some assumptions V. M, Iyevlev obtained
} the following formulas for a and a, o valid for compressible liquid:
21

14T A2 gin

2 4

] ?

-v ==,

1—Pr ( A2 )]o.ms

['-om 5w

X

Pr
307, : 9 | —— 0.45 ,0.08_ 550
['!07 84 54,81g (19.5)] P’ ®2

STEA falig (14.41)

L

14T, A? u
- 2 4
3 a=(0,003327-27%"* 4.3,966-107") ( e ﬁ) . (14.52) !

2 4

3 J

where index cp pertains to average quantity with respect to the

nozzle.
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In this case

- o P )
; o R.-To.( 3tTe o Aa\m( L+ Ter _’i)m ' (14.43)
N 4 16 2 4
Ne=f (Tuc) (14.44)
147
T-cp=T0:( ) _%) . (111.135)
cp

For the purpose of simplicity of integration of differential
equations (14.22), (14.23), expressions (14.41) and (14.42) are
approximated by power dependences of form

0= Azr"Pr™", } (14.46)
a= Az,

where A = const; n~0,15 m=~0,58.

Solution of integral relationships (14.22), (14.23) with
allowance for a number of simplifications, reliability of which is
checked by calculation, gives:

l—ru(m -’[d(m ]"’Mx.);,(x.)dn ’
z'-wj[l—fum d(x) nWa p bl

where coordinate Xy 18 counted along the axis, and x — along the
generatrix of the nozzle.

In formula (14.47) the constant of integration is accepted
equal to zero, and integration begins from conditional origin Xy = 0,
starting with which there exists an already developed turbulent

boundary layer.

Let us pause in detall on the formulas necessary for calculation
of convective heat exchange.

In the case of a rocket englne chamber the integral in expressicn
(14.47) 1s usually written in the form cf tue sum of:
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3)

5)

6)

17)

fon

b
o lon

s

o= fan+ {as (14.48)

in thils case the first component pertains strictly to the combustion
chamber, the second — to the nozzle. '

In many practically important cases during calculation of the
first integral in formula (14.48) it is possible to disregard the
change 1n parameters along the length of the combustion chamber,

especlally as quantity =z, enters the expression for qK in power

T
0.15. Then for a cylindrical chamber

{mdxz 7 LI (14.49)

where quantity X, is taken from some conditional origin:
xx=¢ely. (14.50)

For (MP4) [ZhRD — liquid-propellant rocket engines] quantity ¢
characterizes the position of flame front and iIs usually taken equal
to 0.75. Calculations shew that when € = 0.3, 0.75, 0.9 the
differences in aQ, for the throat comprise only several percent.

Sequence of Determination of Specific Convective
Heat Flows and Tangentlal Friction Stress

Let us pause in particular on the determination of separate
quantities and the sequence of calculation of specific convectlve
heat flows.

1. The composition of undissociated mixture 1s determined by
methods cited in Chapter VI. Calculaticn 1s performed at asslgned
P, and T; in this case the temperature of undissociated working
medlum 15 designated equal to 1000-1300°K. Composition (number of
moles nHa) i1s necessary for determination of the molecular welght
of the mixture, gas coratant PHA, thermal capacity ¢,.. and

coefficient of Jdynamic viscority Nye
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2. Effective temperature T, 1is calculated in accordance witn
formulas (14.35) and (14.36). Temperature T; 1in this case 1is
determined from equation

S0 =1pM,. (14.51)
i

As calculations show, when 7, = 3000-400C°K the values of
T, and T, practically coincide.

3. Thermophysical coefficlents, entering Pr number, are
calculated according to the composition of undissoclated mixture
at the determining temperature in boundary layer T, (14.40). For
the sake of simplicity of calculations the Pr number can te taken
constant and equal to 0.75.

U, Specific convective heat flow q, and tangential friction
stress Tor are determined in the following manner. By formulas
(14.47) and (14.28) for given value of Xy we find quantity z.
also ratio z/zT. In this case the wall temperature Tcr 1s considered
assigned, and the value of velocity ﬁx, necessary for calculat#®n
of quantity A by formula (14.24), is determined by gas-dynamic
relationships. Then by formulas (14.41) and (14.42) we consider
quantities a,»a and determine q, = 9%, and Ter!

9.,=00,9 A% 1. =agw}, (14.52)

where

alr =1l —1.,.

In all cases the integral, which entered the formula for Zm s
is determined by numerical integration. It is recommended tc take
ratio z/zT equal to

z 1,28

L4 V 1—7"
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Some relationships necessary fcr calculations (propellant
kerosene + O2H) are listed on Figs. 14.3-14.6.

Te:
*K

ya s

/N

1

/4

Fig. 14.3. Effective temperature '
of combustion products of propel-

lant kercsene + 02H'

Fig. 14.4. Coefficient ot
viscosity of combustion products
of propellant kerosene + OPH

(multiplied by 106).

Fig. 14.2. P¥unction S of
combustion products of

pvropellant xerosene + O2m.
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Conversion of Specific Convective Heat Flows

From analysis of formulas for q, it 1s easy to see the
relationship of specific convective heat flow to properties of
propellant, pressure in the combustion chamber, wall temperature,
With change of at least one of these
factors repetition of laborious calculation of convective heat flows
is required. This can be avoided by the following means.

and geometry of the chamber.

In formula (14.43) for Py let us disregard quantity A2
and let us take the temperatures from under the sign of integral
Instead of absolute values of hi

Fig.

for Zps considering them constant.

pressure anq diameter in the formula for Zn let us use thelr relative
quantities p/pn, d/d“p. Let us represent veloclty Wx by approximate H

.
A l/ ;_—‘R..T,,.

formula

14.6.

Gas constant of
undissoclated combustion products
of propellant kerosene + Ozm.

Then the expression for Zp takes the form

2
l.2|/ =0 T pedry

2
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In an analogous way by using equation of state and formula
(14.46) let us convert the expression for q,

Ped ‘/—_T )
= Azz"Prem i (1b4.54)

31‘0,+1‘ 0,18 Tg,,+T 0.82°
nll( ‘ ) ( 2 )

Let us substitute the value of Zm from formula (14.53) in

expression (14.54) for heat flow q, and let us compare the values

of q, for geometrically similar chambers in sections where

da/d = idem. Inasmuch as in similar sections with identical d/d

Kp
the values of p/pR, A are also identical, then

@6 (@ %
where

4‘7.7&5“—")'];
RO (o 4 T O oy, 7 ) 0y *

S.

Calculation determination of the viscosity coefficient at
high temperatures 1s an estimate. Therefore, into the fcrmula

for S 1nstead of ny, it 1s expedient to introduce viscosity coefficlent
n, at some normal temperature TH, for which experimental data can

be known.

Let us use exponential function of form

L (’_-_"_)"
" T.

or takiny Iintc account the formula for Tme and gas-dynamic

relatlonchips

‘ . 01 ] R -1 Al 0.7
':, '1.(7',,, . T") Lr-[l "n' an*—‘,.—m‘] }.
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During comparison of heat flows for two geometrically similar
chambers the expressions in curly trackets will be reduced, inasmuch
as they weakly depend on TCT and relationship of thermal capacities k.
With allowance for this and assuming n = 0.15, we finally ottain the
following formula for conversion of convectlve heat flows:

R

SRl e “wl S8 (14.55)
AT . ]
S-E‘(ﬂ‘wrzmﬂr..)fﬂ' (15.56)

Quantities with index "O0" pertain tc "standard" chamber, i.e.,
to a chamber for which calculated or experimental vaiues of
specific convective heat flows are known.

Formula (14.55) permits indicating the relationship cf
q, to pressure in the combustion chamber, properties of combustlon
products and geometry of the passage. The last relationship 1s weak
(power 0.15), therefore with utilizaticn of conversion formula
observance of strictly geometrical similarity 1s optioni}.

14.3. Utilization of Criterion Relations
for Calculation of Convective
Heat Exchange

For calculation of convective heat exchange in heat engineering
criterion relationships were widely dictributed. These relationships,
based upon experimental investigation cf reat exchange during turbulent
flow 1in long stralght pipes, are reccmmended in a number cof works
for calculation of heat exchange in a rocket engine chamber.

The value of specific convective heat flow q, from gas to
the wall in case of high velocities of motion of gas is determined
by formula

Au=a,(To—Tre,). (14.57)
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where ¢, — coefficient of convective heat emission from gas to the
wall in W/mz-deg; Te — effective temperatuire on the cuter 1imit of

boundary layer; T — temperature cf the wall on the rart of gas.

cTt.r

The relationship between stagnatior temperature in the flow
T, and Te can be established with the alc¢ of temperature recovery

factor

— (14.58)

wrhere T, — thermodynamic (static) gas tcaperature in basic flow.

Value of recovery factor r is determined experimentally, or
by semiempirical formula

f’—“-:!‘ pi’ (luosg)

For turbulent boundary layer in a mixture of dlatomic and
multiatomic gases r = 0.89-0.91. Magnitude of stagnation temperature
in basic flow T. and flow velocity are usually known, therefore
we have all data avallable for determination of Te.

For calculation of the coefficient »f convective heat emission
a, in case of forced convection we use criterion relationships of
type
Nu=aRe »Pr",

where Nu=a—§£— Nusselt number;
_="_Q_l__ 4
Re- ~ Reynolds number; (14.60)
.p,=".%’.— Prandtl number;
l— characteristic length;

a, m, n— constants determined experimentally.

Relaticnshipys {14.60) are valid over the range of determining
criteria, covered by the experiment. The determining terperature,
to which pertalned thermopl.ysical parameters cf working medium —
¢;.m. », must be specially s=tipulated. £s charactericstic length we
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usually use equivalent diameter of sectionlh=-§Q where F — area,

and N - perimeter_of section of channel. For round sections quantity
d3 colncides with inside diameter 4.

For conditions similar with conditions in the rocket engine
chamber, we recommend assuming m = 0.8; n = 0.4 and a = 0.025-0.028.

Let us take the value of factor a equal to 0.026, and product
wp, entering the Reynolds number, let us replace by ratio G/F,
equal to it. Then from criterion relationship (14.60) we obtain
the calculation formula for g, :

a,=0.026c’w£pr“(_g.)”. ' (14.61)

2
Dimension a, — W/m®-deg, if ¢ — in 3/kg.deg, n = in N-s/n’,
d —innm, A - in W/m.deg, G — in kg/s, F — in m",

Thermophysical parameters in equation (14.61) should be
determined at mean temperature of boundary layer, equal to

T=letlos v (14.62)
There have been proposed other methods of selection of mean
(determining) temperature of boundary layer, ailmed at more accurately
considering the variabllity properties of the working medium in

boundary layer by empirical means.

For example, Bartz [7] offered relationships, which can be
precented in the form

¢u=o,(T,-T,,.): (14.63)

r

0.1
@,=0,026c, 11 ypreas (E)( 22 )7, (14.64)
where r — radius of curvature of wall in the c-ns'dered -oct!

0 — parameter considering the change of propertles of gas across the
boundary layer.
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It is recommended to calrulate quantity o by formula

=@ -6

where quantities p, n are calculated at determining temperature

T= (T, — Ty +0,22P0(T3— T (14.66)

vk

Friction stress on the wall can be found on the basis of hydro-
dynamic theory of heat exchange, establicshing the generality of
transfer processes with friction and convective heat transfer. With
number Pr ~ 0.7 the calculated expression has the form

=08 a,, (14.67)
14

where aKp — critical flow velocity.

All the given formulas far from reflect the specific conditions
of heat and mass exchange between gas flow and the rocket engine
chamber wall. Therefore, thelr application for calculation of heat
exchange and frictlion in rocket chambers can give only roughly
approximate results.

14.4, Calculation of Radiative Heat Exchange

According to Stefan-Boltzmann law specific radiative heat flow
1s considered by formula

q,—5,764¢., [c, (1%))‘— A, (%J—)‘] -:7. (14.68)

where 5,764 - radiation factor cf absolute blackbody; e, — effective
emissivity factor of the wall; e, — emissivity of gas at T, °K:
A, - absorbing power of pgas at T.,.°K.

Attertion should be drawn to the fact that ruantity [, is not

stapnation, tut tne thermcdynnmic temperature of gas.




Inasmuch as the wall temperature in a rocket engine chamber
is usually much lower than T,, radiation of walls piays a small

role. Therefore, by disregarding the second term in formula (14.€8),
we obtain

q,=5,764z;,e, (%)‘ (14.69)

The effectlive emissivity factor of gases 1s determined by the
method discussed in Chapter VII,

In view of the 1lndeterminancy of the state of wall surface
its effectlive emissivity factor eéT is determined as arithmetic
mean. of the emlsslvity factor of wall surface ot (absorpticn of
heat with single incidence of beam) and one, corresponding to total
absorption of heat with repeated reflectlons from the inside surface
of the chamber:

ter == 0,5(¢,, + 1), (14.70)

Values of emlssivity factor €t depend cn material and the states

of its surface (presence of oxide film, contamination, etc¢.) and are

listed in reference books. The .presence of soot on walls sharply

increases €t
One should note that utilizatlion of the discussed methcds of

calculation of radiative heat exchange 1s qulte Justified only when

combustion products are uniform along the cross sectlon of tihe chamber.

With the presence, for example, of boundary layer, the compositlon
of which substantially differs from the composlition in the nucleus
of flow, the picture of phenomena is complicated due to mutual
radiative heat exchange between layers.

Calculation of q, in such cases must be modifled.
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14.5. UDistritution of Spec fic Heat Flows
Along the Chamber Passage

Total specific heat flow to the chamber walls is made up of
convective and radlative heat flows:

9=qx+qn.
(14.71)

[Translators note: k = convective; n = radlative.]

Let us examine the change of commpunents of heat flow a, and

' q, aiong the chamber passage. Distribution of q, can be perceived
from analysis of change of quantities, which determine quantity Q,
according to formulas (14.52) and (14.57).

It 1s simpler to analyze formula (14.57). Change of effective
temperature on the external border of boundary layer 7, scarcely
differs from change of 7,. These changes are relatively small
and for qualitative analysis 1t 1s possible to take temperature
Te constant.

Distribution of wall temperature on the part of gas T
can be various. With usual relationships between Te and T

CT.r

cT.r
the change of TCT r by 100-200° leads to change of difference

(Te—Terr) by 5-10% in all. Therefore, for qualitative analysis of
the distribution of heat flows we will consider difference (Te—Terr)
constant.

Thus, change of q 1s determined by change 1n the coefficient
of heat emission a,. As follows from formula (14.61), maximum of

a, colncldes with maximum of quantity

a (L) =L (14.72)
since quantities Pr, cp, and n, determined at mean temperature,

are close to constant. Complex of quantities (14.72) has maximum

in ti.e section with the least area, 1.e., in the throat. Specifilc
convective heat flow has analogous character of change, shown 1in
Fig. 14.7.
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; Fig. 14.7. Distribution of
] specific heat flows along the
-I'T' chamber passage. !
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Distribution of specific radiative heat flow depends mainly on
the change of thermodynamic temperature 7,. In connection with
this, one should expect an intense drop of a, in the nozzle.
However, on the section before the nozzle throat the chamber walls {
quite substantially absorb radiative heat flow from combustion
products, whicn re located in the combustion chamber and have high
temperature. Therefore, drop of q, on the nozzle section does not !
. begin at once; this drop 1s very intense in the cupercritical
part of the nozzle, where beams from the combustion chamber do
not fall for all practical purposes.

cri
Considering the degree of approximation of é;lculation of i
radiation, it is expedient to compute q, énly for the combustion bei
chamber. Quantity q, in other sections of the chamber can be eaJ
determined empirically. of |
pro

1. Starting from the nozzle inlet to a sectioun 1in the
subcritical part of the nozzle with diameter d = 1.2 dH radliative i
heat flow 1s considered constant and equal to Qe calculated hea
by average gas parameters in the end of the combustion chamber. med
hea
2. In the nozzle throat radlative flow 1s assumed equal to (ow)
0.54q, (14
is
gas

is

BT
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3. In the supercritical part of the nozzle there is assumed:

a) 1in the section with diameter d=1.5dwp; 92=0,15¢1.;

b) in the section with diameter ¢=25d.p; §:==004qxx

On the section of the combustion chamber of a liquid-propellant
rocket engine, beginning from a distance of 50-100 mm from the head,
radiative heat flow 1s constant and equal to P directly near
the head - 0.25 Qe

Radlative heat flow to the wall of the combustion chamber of
RDTT additionally depends on the arrangement of charge in the engine.
Typical distribution of q, is shown in Fig. 14.7.

Change of total specific heat flow 1s determined by change of
9y
to the subcritical part of the nozzle is characteristic for 1it.

and q,- Small displacement of maximum from the critical section

Thus, in any event the most thermally stressed zone 1s the
critical section of the nozzle, which requires effective protection.

Absolute value of q depends primarily on the type of propellant
belng applied and the temperature of its combustion products. For
each propellant maximum of q 1s obtained with component ratilos
of propellant corresponding to maximum temperature of combustion

products.

The pressure substantlally affects the magnitude of specific
heat flows. With increase of pressure the density of working
medium p and quantity pw increases, on which the specific convectlve
heat flow basically depends. Since quantity qK proportional to
(ow)%® consequently, g9«~p*®, This 1s evident from stricter formula
(14.55). The effect of pressure on specific radiative heat flow
is determined mainly by the relationship of emissivity factor of
Fas to pressure. The effect cf pressure on the gas temperature

is consiaerably weaker,
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As can be seen from Fig. 14.7, the relationship between convective
and radiative heat flows 1s changed along the length of the chamber.
The greatest portion of radiative heat flow will come to the
combustion chamber. It increases for combustion products of high-
energy propellants, propellan%s with large content of condensate
and for large sized chambers.

Some tentative values of specific heat flows along the length
of the nozzle are the following:

6

entrance q = (1-5)-10° W/m°; q, = (0.7-0.9)4;

throat q = (20-80)-106

W/m?, q, = (0.85-0.95)q;

6

exit section q = (0.5-3)-10° W/m°, a, = (0.97-0.99)4.
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i CHAPTEPR XV
LIQUID ROCKET FULLS

In this chapter the features of lig.1d substances &and thelr
characteristics as components of rocket fuels are examined. The
characteristics of a number c¢f typlcal fuels and oxldizers, and
likewise, the basic data on certalin used and promising bipropellants
(WPA) [ZhRD = liquid-propellant rocket engines] are presented.’?

Liquid unitary fuels, which have lcw energy characteristics,
are used 1In gas generators anid auxiliary engine devices. The
specific character in the utillzatlion of these fuels has been briefly

examined in Chapter XVII.

i
!S.l. Requirements fcr Fuels

The requirements for liquld rocket fuels 1s based on the more
general requirement of creating a rocket complex with a minimum of
investment over specifled and usually short periods.

!Information on fuels have been borrowed basically, from
foreign sources,
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Depending on the designed purpose of the rocket complex the
requirements for physical, operational, and economic indexes of
the fuel will vary. Thus, in a case, where the fuel 1s selected
for an engine of a military rocket, the requirement of high
combat readiness permits the use of only those fuels, which allow
for fueled-up storage in launching the rocket. The rockets are
carriers, designed to insert an artificial earth satellite into
orbit; as a rule, they are launched at a prescribed time and their
prelaunch preparation must be planned since this requires,
specifically, fueling. In this instance there are no obstacles in
utilizing cryogenic fuels, 1.e., since one or both components are
liquified gases.

The great thrust'of the englnes of heavy rocket-carriers
determines the consumption of large quantities of fuel, specifically,
with respect to engines during launching pad burn off. Therefore,
for example, for the lower stages of rocket-carriers cheap fuels,
producible in large quantities, must be used,

The requirement imposed on the fuel components of ZhRD of
antiaircraft rockets, which are stored in a fueled-up ready condition
out of doors, 1s that the fuel should be maintained irn the uid
state over the range of #50°C. ///;kr

From the given examples 1t 1s evident that rather varied
requirements are imposed on a fuel depending upon the intended
purpose of the engine., Among all the fuels it is expedient to
separate out the group of so-called long-storage fuels, the
components of which consist of high-boiling substances, which can be
put in storage in the tanks of rocket or other contalners at
ordinary temperatures and pressures without substantial 1losses.

This group can be divided 1nto specific subgroups such as fuels
whose components have the most desirable physiccchemlcal features and
can undergo storage for many years in hermetically sealed contalners.
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The range of temperatures and pressures, at which the components

must be kept stable 1s, to a certaln degree, arbitrary. It proposes,
for example, in relation to easily stored fuels that those components
whose critical temperatures are higher than ~70°C (they can exist

Iin the jiguid state at the maximum ambient temperature), the vapor
pressure at 70°C should not exceed 35 bars, and during storage the
rate of decomposition should not exceed 1% per annum at a constant
temperature of 50°C [10].

The components of fuels for rockets whose tanks are also fueled
up and hermetically sealed at the plant, generally should not
decompose in storage.

The scope of application of stable fuels is not limited to
military rockets. In certain cases engine devices of space equipment
will be exposed for a long time under space conditions or on the
surface of planets. The utilizatlon of stable fuels in such cases
must simply provide for the avoidance of considerable losses during
storage.

Thus, based on condltions imposed on the operational charac-
teristics of a rocket complex, all fuels can be divided into two
major groups. One group includes the stable fuels, sultable to long
storage, the other — everything remaining that does not meet this
requirement, specifically, the cryogenic group.

If any group of fuels based on physicochemical features meets
the requirements for the operational characteristics of an engine
device, further selectlion can be based on the next most serious

requirement for fuels.

1. High energy characteristics, i.e., high values of specific

thrust and density of fuels. The sum total of these two parametercs
must provide for the creation of a rocket of minimum over-all sizec

and Aelght.
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2. The possibility of creating an effective and reliable
engine device. The fuel used makes 1t possible to obtain the

practical energy characteristics of the engine, close to theoretical,
as determined by thermodynamic calculation. This implies, for
example, that the process of combustion must be rather complete, must
not appear of large losses,

The utilization of self-igniting fuels, 1.e., fuels, in which
the combustible component and the oxidizer combust upon cerntact with
each other without a supply of energy from the outside, also
simplifies the design, and consequently, increases the rellatility
of the engine. Adequate cooling features, lack of danger of
decomposition and of the explosion of components, non-corrosiveness
to the structural material all provide for a high degree rellability
of the engine with low custs.

Some of the noted features can be improved or have been
accomplished as a result of conducting special research. Such
research should include the realization of self-ignition by using a
special additive with the combustible -cuponent or oxidizer, by
lowering the corrosiveness, by reducing the tendency toward
decomposition, and others.

3. The possibility of safer operational characteristics. It
is advisable that the combustible component be less inflammable
in order that 1t will not self-ignite in alr. The components of the
fuel should have less tendency toward ignition, decomposition and
explosion during handling even when in accidental contact with
varlious substances. The utilization of components having low
toxicity facilitates handling them safely during the production
process, in powering up the engines and in using rocket components

with low consumption,

b, Good economic indexes. Fuels, designed for extensive
utilization, should take into account thelr production in a quantity,
which meets all the demands of rocket technology. It 1s advisable,
that the components find application ir branches of the national
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economy, not related to rocket technoicgv. The latter can provide
for a substantlal expansion of producticn scales of components and

a reduction in their cost. The low cost of 1 kg of fuel is desirable,
but first of all analysis of the effect cf fuels to the cost of
achieving the goal set for the developead rocket complex, is required.
In this case without excepticns, the variant with a more expensive
fuel will be cheaper.

Such are the basic requirements «f liquid rocket fuels.
Naturally, there is no fuel, which comr.etely meets all the above
examined requirements. 1In each concrete case there 1s some charac-
teristic that determines the selectic:r f the combustible component
and the oxidizer.

15.2. Physiccchemical Features of Components

The melting point, dependence of saturation pressure on
temperature and the rate of spontaneous decomposition of the component
comprise those physicochemical features, which determine the long
storage 1ife or utilizatlon of the compoiient in rockets with plant
servicing.

Tables 15.1 and 15.2 and Figs. 15.:-15.3 present the above
indicated features of certain fuels and oxldlzers together with such
characteristics, as density, heat of evuporation and toiling point.

From the presented data it 1s evident that such fuels, as for
example, hydrazine, asymmetrical dimenthylhydrazine, monomethyl-
drazine, kerosene and pertaberane are stable, and they possess good
physical features sultable four long stcrage. Those possessing
properties of oxidizers, are for example, nitric acid, nitrogen
tetroxice, chlorine trifluoride and, to a2 lesser extent, due to
chemical instability, hydrogen peroxide and others.
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Table 15.1. Certain properties of fuels and
oxldizers.
c o g Chemical
aapeaant Pormuls 2{ [ » K3 stability
£s [BsBE |2,
2% |a3% 4-3. M)
2 |93 |8 9
x -8 3 & £ :} (-]
T— Puels
Rbvogm —- — .
. Spente Hy 13.9] 20,4 | 452 0.071 1 geuy
§ m NH. 195.4 (239.8 | 1370 | 0.68 "
Wpdresine (CHgN  [158,2 |362,5 | 311 0728
Mrnsmetiyl- NqjH, 274,7 |386,7 | 1335 1,01 o
hpdrazine HaN—NH(CH,) (220.8 |360,7 | 877 |0.875 e
Aayumeirical
dimethylhydretine HgN-—-N(CHy), {215,9 (336.1 | 583 0,79 "
Xylidine .
Ethyl alochel CgHs(CHy),NH, 288.7 [490.2 | 379 o017
Methane CHsOH  [i58,6 {351.7 | 837 (0.789(
Kevesins CH, 90,7 {111,6 0,416 .
CrnH 20— 450 | — [o,82—
Pentaberane TR 220 0,85 '
BeHy 2263 [331.2 | 481 10,633 [g4010 1n o
hermetically sealed
Diverane | i container
BiHy  (108,2[181.2] — [0,45 | gy 4
M’n kidiz."
[ T 02 54.4 90,1 (213,511,144 Stable
Fy 55,2 | 85,2 {172,5 |1.51 | 0010
Shierime, wriflueride FyCl 190.8 [284,9 [208,5 [1.825| " m
e NF, 56,6 [153,2 [164 1,55 |
[AErine,pershl hetde FCI0,  [127.0[226.2 [188,2 1,7 | »
Aere g HNOy  [231,5 (339,0 (625  [1.52 |yatable
Hydregsn peroxide H904 273,5 |423,7 | 1520 (1,46 "
Nitregen tetrexide N,O4 261,9 1294,3 (415 {1,451 {Stable
Bromine pentafluoride BrFs 210,7 313.5 | — 2,47 [suatle
Perchloric acid HC10, 161.2 (383,2 | — }i.,77 |Stable
Ovﬂuorido OFQ 149.3 128,3 1205,5 11,52 ktakle
385




syxoy ATETH | — 1-01-61°0 +—01%2°0 ‘g SO s
10000°0 6.7 = oove e-01°€'0 LITEES| PURL 059U
€0 -— — — 910 ¢=0l"51°0 Oﬂ.r.,—v—;.c.rw [ 28{ 1-XeNY )}
otxo3 AT3WIIS| - - = »-01°85'0 4 Lle] 0IeyION
o'l 144 1-01°€2°0 (1374 Lo ~01-21°0 HO%H® ToyooTe TAYRZ
§00°0 - - :—01°6r'0 [PHNUCHD) H" SUFRTIAX
ou; ZeapAY
. — | woweo| oz 602°0 §-01-62'0 | UEHDIN—NH PR R
- I — 0¥6Z e=01-8L'0 {CHOIHN—NEH SUiRRIpAL R0
S J'0l 1—01-49°0 0L0t ¢—01°26"0 YHEN 01729JpAH
oyx0y €3 1-01°12°0 o N—.O e—01°CE°0 ZnAm—\—«Uv euTwe TAYL e TJ]
70°0 = 1-01-22'0 oLy $'0 £~01-92°0 EHN © Juouny
23x03 3ON — t—-01-82°0 (174 43 -— »—0I1°€1°0 T uer o plH
sgeng
s
=%
LR )
(1 /foa 8 m /N bosBerIn/p om.hmow.oa....\: L) o LK Jueuodwor
e i S | ‘Ussisus | ‘fypawdso -ﬁpo:uwww PRy
. 2 1qTss Tuaed c 9% Ing 390} Teuouy ..ﬂﬂﬁmoun«\.
E:.u“xcsv ofxoy u d 3

"SJ9ZIPIXC pue

L
stang JO sofjJdadoad EOIS

Aug

‘2 Gl STARL

386




*seseyjuesud Uy Yo

up pessesdxe §] esniviedue; ey; JO ONTEA 3 SeEUC UTRIJED Ul  *eunssexd ojJeydsowne 3w e )
= seuo ojueSofao eyi JoJ -uooonnoon 1% pessesdxe eJv Secuwisqns FUTTTOQwFTY JoJ senTea [V °*2

*UITFeS3USOUOD FOOT 37 SE0UWIEGNS JoJ pesseadxe eJw wyuy ‘T :SeloN

100000 — e -— - ¢-01°82'0 840 pTJoN T AN
e~ . = - - YOIDH PIoS OTJOTYOded
opxo} ATHTH| 05y -~ - - - sgig opraonT viued suTEoJg
(:22) (s82)
900°0 — 1-01°€°0 0gs! e1'o =01 ¥'0 YoiN €07X04303 USFOJI TN
1060 z - Asﬁwﬁ - LR SOfH oprxoded ueHoapdy
00’0 | <9 T%&..c <Ll — e-01°28'0 SONH aaibdoad
- 1-01°3°0 g6 - 01880 | 0104 oproeTand eutdeniy
o (T - itz e E ™ eprJonT ey UePCuR TN
100000 - 1-01°92'0 M...hw\u_v - ?M_u_...me.v.c 0% PTIONTITSY UTJOTYD
£0000°0 - 1-01°61'0 9081 - £~01°92'0 4 sugaonyy
£0000°0 i s S6/ - ~01°91'0 f0 suczQ
b o S i-ot-gr'o | oot iz'0 e-01°2'C L) ued Ry
SJOZTPIRD
- =
~ | &
5.88!§kmhﬂ i3 wii| vepedws | PO/
orqestuded ‘uoteuey ’ﬁa ‘A U s /N o4 jueuodmo)
wwixes) e7xol “ o0 jang vey g ‘Aype008ty

“(P,3u

*2°GT °Tqel

387



100 = =
0y = c"oi
o |
» ! 204/
=k 7 7 B
w
- — 4 l’
7
& ==H
1 L 'I]LJIJ,_
d L Cll’; mJL
w -
AR D (AN TSGR 2

1
100 200 Jou 400 T°K

Fig. 15.1. The dependence of
saturation pressure on tem-
perature for certain oxidizers.
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Fig. 15.2. Dependence of satura-
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The density values of the components, given in the table and
in Fig. 15.3, show that the high-boil'ng nxidizers, such as nitrogen
tetroxice, hydrogen peroxide, and nitric acid, considerably surpass
the widely used cryogenic oxidizer — liquid oxygen according to
this index; thus, the weight characteristics of engine devices of
rockets using these acidifiers 1s vastly improved.

Among the fuels — hydrazine for example, has a high density and
liquid hydrogen — very low density. It should be nb.qq~Fhat the
density of one component is not the determining factor. Thus,
hydrazine based on dersity 1s substantially better than dimethyl-
hydrazine, but when paired with nitrogen tetroxide as a result of
larger quantity of oxidizer necessary for the oxidation of the
secondary fuel, the density of the fuels seems almost identical in
both cases.

For the feasibility of coming up with a reliable engine, the
components of the fuel must be effective coolants. This means that
their viscosity must be low, in order to provide a high flow rate
with low hydraulic losses, and thermal conductivity and heat capacity
— with high losses. Such a combination of proper:ies provides good
n~opditions far the transmission of heat from the wall to the coolant.
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The viscosity of components should be capable of making a small
change with temperature, so that there is no change in conditions
of injection and atomization. The dependence of thermophysical
coefficients on temperature for a number of the most interesting
components of rocket fuels are presented in Figs. 15.4-15.6.

o] = : F
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thermal conductivity of
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Cooling components should not decumpose and also should not
leave deposits on the wall, because this can result in scorching.
In order to increase the quantity of heat, which the compone:t can
absord, it is desirable that the component possess ¢ high heut
capacity and a low saturation pressure. The latter takes into
account the increase in temperature, to which the componert {n the
Jacket of the engine can be heated at a prescribed pressure,.

A low value of surface tension and a low heat of evatoration
are the favorable features, which improve atomization and evaporation
of the components during injection in the combustion chamber of the
engine or gas generator.

; The important feature is the ccrrosive action of the components. {
Having high corrosiveness, in order to acnieve long perlocds of
i storage of the component without the formation of compounds from 1
| material of the tank or pipelines the utilization of a select group |
| of resistant, possibly critical and expensive materials may be 1
[ required. At the same time there are methods of reducing the ’
f corrosiveness by means of utilizing a small quantity of an additive,
i which hardly affects the energy characteristics of the fuel. The l
l
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last method requires considerable expense of means and time in the
selection of additives and in checking *their effectiveness.

The data on substances, which can bte used with various
components of fuels, are presented in Table 15.3. ;

Table 15.3. Certain material used in components
of rocket fuels.

T

Componernt Structural Nonmetal.ilo

Oxygen Copper, aluminum ac their Teflons, blue
alloys; chrome and chrome- asbestosses, paronit,
nickel steels; alloyz of leather
megnesium ard titanium.

Fluorine Alloys of nickel, copper,

Chlorine trifluoride aluminum and magnesiun; staine Teflona
less steel

Nitric acid Aluminum and its alloy; chrome  Asbestos, teflons

and chrome-nicke! st-inless
steels; titanium and ite alloys

Hydrogen peroxide Aluminum and its alloy with a Polyvinyl chioride,
small content of copper; staine teflons
less steels

Nitrosen tetroxice Alloys of eluminum, and of Teflons, trifluorc=
nickel ; chrome and © rome- chloroethylere
nickel stainless steel; alloys polymeric film
of titanium

Ammonia Steel, alloys of nrickel Tefl ns, glasses,
monel-metal rubber

kerosene

Ethyl alcohel 0ilegasoline
Majority of structurel reristant grades of

Triethylamine saterisls rubber

Xylidine

Hydrezine
Aluminue and its alloys; Nmm‘m
steinless steel

NIMG* Alloys with iren and aluminum
bases

Pentaborane Muminum, copper amd their Asbestos, rubber,
alloys; lead, soft steel, polyethyler~,
steinle ss steel teflons

Hydrogen Aluminum arnd its alloys; alloys

alloys of titanium

oN™M3 [Transleter's note defined as & asymmetrical dimethylhydrazine],
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Table 15.2 presents some of the mentioned properties of a
number of components of rocket fuels. Information on toxicity s
also presented there,

Prolonged exposure of man in an atmosphere containing the
vapor componer.t serves as the charcoteristic toxicity at maximum
permissible concentration. It should be noted that uny hazard
during the operation of rockets involving toxic components, is
substantially diminished where there is plant servicing and hermetic
sealing of tanks.

15.3. Kinetic Properties of Fuels

The kinetic properties of a fuel are defined by the process
of combustion and the process of stationary burning of the fiel,.

Praperties of a PFuel During Ignition

The ignition temperature of the vapors of liquid componer.ts is
usually not less than 300-500°C. Such a temperature¢ can be attained
in various ways.

When using nonself-ignition components of a fuel, the heat
necessary for the vaporization of the mixture and for the development
of exothermal preflame reactions in it, are generated from an
external source, The self-ignition of the fuel vapors in this
instance can be called thermal. Thermal self-ignition is defined as
the minimum temperature, at which process of self-ignition is
developed, and by the delay period of this process. The latter is
defined as the period of time from the moment the flames appear.

The temperature and delay period of thermal self-ignition exist
not only for a listed fuel by physical constants inasmuch as these
properties on experimental conditions; however, when determined
ander standard conditions, they are defined as the comparative
activity of fuels of ZhRD [4].
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Condittoocs necepgnry Uor thepemal gelf=1gnition whiboape
variable, arc takepr tnte aeecynt when the englno as well i duringy
the steady uvperation,

Inttdal tenftton Includes the creation of a local limited zone
OfF hot ¢as whoze temperature excecds the temperature of self=-ignition
of the ruel vapors., Thiz c¢un be facilitated, for exumple, by a
speclal lgniting torch, rur which a self-1gniting fual or powder,
electrical spark and ¢o l'orth, are used. Because Lhe heterogeneous
and homuesneous mixture 13 chemically unequal with respect tn
priming for combustion, initial combustion takes place proceeds in
the form of a source whereby the local mixture ratio is close to
stoichiometric. The occurrence of even a local area of combustion
accelerates processes of fuel preparation for the exothermic

reaction and facilitates the ignition of the entire homogeneous
mixture.

During the steady operation of the engine, the temperature level
of the process ir. the combustion zone 18 higher than the temperature
of self-1gnition of the fuel. In connection with this, the need
for special ignition diminishes. However, there 18 a need for a

rnliable mqﬁpanlsm for the transfer of heat from the zone of developed
combustion to the fresh mixture.

The self-igniting components of the fuel already under ordinary
temperature conditi{ons react upon contart in the 1liquid phase with
the release of heat. As a result of the initial energetic warm-up,
the fuel mixtures initiate the preflame exothermal reactions, which
facilitate the warm-up to the boiling point and higher, leading to
the self-ignition of the vapors. This form of self-ignition, which
begins in liquid phase and terminates in the gas phase, can be
called chemical self-ignition or simply, self-ignition.

The feasibility of self-1gnition depends on the chemical
affinity of the fuel components. One combustible component with

various oxldizers or, conversely, one oxildizer with varicus tuels
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will form various fuel vapors based on activity. 1able 15,4 shows and \
the degree of this activity for various fuel compoasitions, the q
a, th
Table 15.4, Characteristics of combustion of compo
compor
Produste of the 1
1INO,| KgDy [ Hytry [docomionttton compo
\ Puele Hi0y
ol comm—— . Wt g ——— e
NHg c |c|u |« l K ] (¢ 1
CoHsOM clec | |inw. . nl« . fuels
Ny c C H ¢ e K (. are e)
Kerssess c|lc|n|mn l H " «
Ha c cluwl|c ¢ " '
CHN M, c c H (':(: " “
(CH N, ¢ |lc  mjc ! C T ¢ ST ,j
cond!

Designations: C = self-igniting, N - nenself-1gniting, P = in the
preserse of a oatalyst. and a
[Trenslater's 10tet subseripts for M 1quid™ ablreviated w0 replace W ], q

port.ri
even !
. Self-ignition of nonself-igniting fuels under ordinary conditions to the
of fuel vapors can be facilitated by a catalytic effect or by of fue
introducing an activating additive into one of the eomponents. Thus,
for instance, fuel kerosene with nitric acid can be made self-
igniting, leac in kerosene by introducing considerable (up to 40%)
quantities of asymmetrical dimethylhydrazine or small aaditions of .
solid active substances. A suspension of potassium and of 1ithium '
or lithium hydride in kerosene provide facilitates self-ignition
with a small (up to 2%) content of the active substances. Fuel
kerosene with liquid oxygen becomes self-igniting with an addition
of small quantities (on the order of hundredths of a percent) of ‘
fluoric ozine F203 to the oxidizer.
under
The most important quantitative characteristic of self-ignition relati

i1s the delay of self-ignition — the time from the moment cf contact
of the 1ligquid self-igniting components up to the moment of the
appearance of flames (13). Naturally, the delay value of self-
ignition depends, first of all, on the nature of the fuel. For one
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ong

and the same self'-igniting vupor (combustible component + ovidizer)

the quantity of 13 changes depending on the exress oxidizer ratin,
a, the pressures of madium, and the initial temperature of the
components. The effect of the unevenets «f injection of the

components is demonstrated here. The value 13 can llao'changc with

the introduction of Anactivating or a ballasting additive to the
components.

The dependence of the deluy of self-ignition of 1iquid rocket
fuels on the various factors and methods of deturmining this value
e examined in special literature [2], (4],

The relisbility of starting the engine substantially depends
on the value of 13. The basic requirement for the starting
condition i{s a smooth change in pressure in the combustion chamber
and absence of considerable overloading chamber with time is
portrayed in Fig, 15.7. A pressure peuak P, max is undesirable or
even harmfuli. The reason for the appearance of such a peak is due
to the accumulation in the combustion chamber of a large quantity

of fuel components and their subsequent ;apid combustion.

’ g

[ Fig. 15.7. Character of the change
in pressure in the combustion
chamber when stearting.

T 3

The value of the average pressure in the combustion chamber

under steady engine operation, Eu can be determ.ined according to the

relationship

= R.T,
/).;“.G-_o (1501)

Vie
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where T - time the fuel stays 1in the coimhusticr chumber, 6 — tecg

corisumption in secondc under steady engine cperu® o, V o e e
LY

of the combustion chamber.

When starting the engine over a period of time, equal to the

period of delay of self-ignition, the quantity of fuel delivered
in the combustion chamber, is equal to

'y .
o{ Gn'f.(l)d‘ 3'6“’(.Y“ (15,2)

where Gnycn — average value for the starting fuel consumption in

seconds.

By assuming that the quantity of fuel ﬁqycﬁr3 barns instantly,
it is possible to write:

= ReTy
Px s = '3“"16! -V:- : ( 15 . 3 )

By equating exprersions (15.1) and (15.3), we will obtain:

Pumu _ ¥ Toyex (15.4)

P Ww G "
Thus, the relative increase 1in pressure when starting 1is
directly proportional to the delay of ignition, and as related tc the
starting and nominal fuel consumption, 1t is inversely proportional
to the time the fuel stays ’r *ne combustion chamber, T

From formula (15.4) 1t follows: for starting at nominal fuel
consumption (Enycu/ﬁ = 1) without an overload lased on pressure

(p, max’P, = 1) it 1s necessary that 13/1n 2 1,

The time the fuel stays 1n the combustion chamber T ¢overed
in the next chapter, depends on the nature of the fueli, on the
geometry of the chamber and on the extent of organizatlion of the
processes. For the majority of ZhRD it amounts to severa!
milliseconds.
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The naoumptlon that the Ytenition which .as accumuliated
throughout time 1, of the fue !, occurs fantantly, Is an extreme and
also a poor one; fhcrcfore. permissible value 13 can be somewhit
larger than 1_. I the value 13 is considerably larger than T
the starting fusl consumption should be less than nominal for the
proper starting of the engine.

Properties of 1 Fuel During Stationary Combustion

The required property of a fuel should be its capability to
burn completely and steadily. The absence of this quality practically
precludes the utilization of the fuel. It is known, for example,
that the utilization of an additive consisting of finely-dispersed
boron to kerosene which increasas the theoretical specific thrust,
was not actually effective as a result of the low combustion
efficiency of boron., The utilization of fuels on the basls nuitric
acld was limlited for a long time due to the unfavorable character-
istics of combustion in the sense of resistance,

The conversion process of fuel into products of combustion
under steady engine operatlion involves a complex of physicochemical
phenomena. These phenomena are closely interconnected, and it 1is
difficult to demarcate them in reference to time and space.

Furthermore, the conversion process of the fuel is substantlally
different for engines of ordinary design where both components
were fed into the combustion chamber as a liquid, whereas for
engines with an afterburner design, one or both components are fed
into the combustion chamber in the heated as well as gaseous state.
In the second case the contact and conversion of the liquild
components 1s carried ocut 1n a gas generator.

It 1s obvious that the behavior of the fuels, to a conslderable
extent, 1s determined by their many characterlistics and conditions
in the chamber. However, as a result of the complexity of the
processes a quantlitative relationship between the integral

characteristics of combustion (efficlency, resistance) and the
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properties of the fuel have still not been achieved analytically.
Therefore, in order to determine the kinetic properties of new
fuels for the purpose of future design special investigations using
model engines and devices are conducted. In order to perfect fuels
there are usually statistical data, enabling one to formulate an
effective process of carburetion an¢ ccmbustion, and to select the
necessary volume of the combustion chamber,.

15.4, The Leading Fuels Used

In engine devices of rocket-carriers, for launching space
obJects, cheap and efficlent fuels are widely used based on a
cryogenic oxidizer — liquid oxygen. Certailn characteristics of
these fuels have been presented in Table 15.5.

o

Table 15.5. Characteristics of certain fuels
based on liquid oxygen O? at pH/pC = 70/1 and

4,
with an cptimum proportionality of the
components.
Combustible utili;
component a als TeK| ToK w| n g w| fe minim
-gg J:na é » gg ]
- v Lol T insul
s 1EF i < B ®
E;;yl aloohol (9,9] 1,78 | 0,99 [ 3411 | 2306 | 174 | 1,124] 288 | 314 |10,65 ° )
9
Kerosens {0.8]2.70 | 1,02 | 3690 | 2482 | 181 [ 1,129] 298 | 325 |10,54 f-uelj
NIMG 0,9) 1,921 0.99 | 3524 | 2487 | 186 [ 1,124] 307 | 335 [10,70
NH, 1,0{ 1,41 | 0,89 | 3065 [ 1710| 181 1,170] 204 | 328 | 9,484
Haw 0,7 5,56 [ 0,35 | 3422 | 1888 | 230 | 1,174| 386 | 418 9,375 A
as fr
impro
Oxygen-ethyl alcohol fuel was used in the early stages of the compar
development of rocket technology in German and the USA, and it was range
replaced by a more effective composition of a fuel of the kerosene where
type. Here and further on, the name "kerosene" means a special for sm
rocket hydrocarbon fuel the aviation kerosene type, derived from for a
medium

petroleum. Such a fuel 1s widely used both in the USA (for rockets
(Atlas), (Titanium), (Saturn-v)), and the USSR (the rocket {(Vostok)).
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The use of asymmetrical dimethylhydrazine (NDMG) as a fuel
made 1t possible to create an engine in the USSR with the greatest
specific thrust with respect to high-boiling fuels. The RD-119
engine working on 02m + NDMG fuel 1s widely used for lgunching the
Cosmos series of satellites. A practical application was found
for O2m+ NH3m fuel; it 1is used in the ernglne of X-15 experimental
aircraft of the USA, Its efficiency 1s relatively low.

The 02m + H2m fuel 1is classical as one of the most effective
fuels in mass application. At present, it 1is used, for example, in
the engines of the second and third stages of the "Saturn-vV"
rocket. Low density and high volatllilty of 1liquid hydrougen are 1its
negative.qualitlies; however, they are overcome as a result of
successes achieved in the considerable degree, the realization of
main advantage of the fuel — its hlgh specific thrust,

Fuels with a base nf high-bolling stable components find
application 1n military rockets and space obJects, where the fuel
must be stored for a long time in a ready state in the engine. The
utilization of high-bolllng fuels in the latter case allows for
minimum losses of the components without large welght losses to heat

insulation.

Energy characteristics of the predcminantly used high-boiling
fuels are given in Table 15.6.

Fuels with a nitric acid base, feature and whose properties (such
as freezing point, density, power engineering, and others) have been
improved by an addition of 20-30% of oxides of nltrogen, have
comparatively low energy characteristics, but a wide temperature
range in the liquid state. These fuels are applied in those cases
where the last characteristic 1s the determining one; fcr example,
for small aviation rockets whose conditions of operation are subjected
for a long time to the low or high temperatures cf the surrounding

medium without constant temperature control,
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Table 15.6. Characteristics of certain stable
fuels when pH/pc = 70/1 and with the optimum

proportion of the components.

M. 0
® g £
Oxidizer Fue) a 4 ~ % n . é /.
el 7 el ¥
!S i‘ ° E B
. w = %
A o
HNO, + Kerosens 0.9 | 4,76 {1,36[3170{1854] 161] 1,157| 263| 286 9,719
+ oxides
of nitrogen

HNO;+ Msxture of | 0,9 | 4,16 [1,353173)1848 162] 1,158} 263| 286 9,600
+ oxides amines

o nitrogen

HNOg+ NIMG 0.9 | 3.01 |1.27{3165[1771 169| 1,169f 273| 206 9,445

4+ oxides

of nitrogen

N0, Hete 1,0 | 3,06 [1,18(3413|2245( 172| 1,132| 283( 308(10,47
N,O 50% NIMG 4| 1,0 | 2,25 [1,20{3353/2008] 175 1.143| 287 312]10,15
= +50% NaH, >
90% Kerosens | 0,9 | 7,17 |1,272773[1479] 164} 1,177| 264] 286( 9,326
H30,

Fuels havingznuNzou base with NDMG, or of a mixture of 50%
NDMG + 50% NZHM’ named "aerozine-50", have higher energy character-
istics and they are used in ballistic rqckets. For example,
"agerozine-50" + N20u fuel has been used 1n the Titanium II rocket,
It replaced the cryogenic composition of Ozm + kerosene, because
it makes it possible for the rocket to be stored for a long time in
a ready state for launching. The high melting point of nitrogen
tetroxide is not a substantial deficiency, since the launching
sites for ballistic rockets provide a narrow range of temperature

fluctuations of the surrounding medium.

The comparison data in Tables 15.5 and 15.6 show that better
from among the stable fuels the classical cryogenic O2m + kerosene
based on specific thrust are inferior, but have the advantage on

density.

401




The fuel N.©, + "aerozine-50" 1s alsc used in the sustalner

2"
engine of "Apollo" gpaceship In the American space serles, intended
to land a man on the Moon, The important advantage of this fuel

i1s 1its spontaneous inflammability.

15.5. Promising Propellants

The search, perfection and introduction of all the more effective
fuels — is the invarlable trend in rocket technological development.
Let us dwell at first on the material which are involved in cryogenic

fuels.

Here, one of the basic trends for increasing the efficiency
is considered to be the perfection and utilization of liquid fluorine
F2m, its compound, FZO’ and mixtures of liquid fluorine with 1liquid
oxygen. The utilization of an oxidizer, consisting of 30% F2 and
70% 02, was considered as a means of substantially increasing the
energy characteristics of the "Atlas" rocket in the USA. When using
kerosene as a combustlible component, it turned out that an oxidizer,
consisting of 70% F2 and 30% O2 by weight was optimum for specific
thrust. The composition with 30% F2 was selected for the purpose of
facilitating the solution to the problem of the compatibllity of
structural material with an oxlidizer. Except for the 1lncreased
energy characteristics, the positive quality of this fuel 1is its
spontaneous inflammability.

Table 15.7 presents the characteristics of cryogenic fuels,
which, according to published data [3], are being investigated as

promising fuels.

Fluorine-hydrogen fuel 1s most efficient of all known fuels
having components which are chemically stable individual substances.
Together with high specific thrust thic fuel also has a comparatively
high density due to the high density of the liquid fluorine and the
high value of optimum «. This fuel is regarded both as a natural
development as well as an improvement of the already perfected

0. + H.. fuel.
W M

e
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Table 15.7. Characteristics of certain
promising cryogenic fuels with pN/pC = 70/1 and

with an optimum proportign of the components.

™ 1
* w0 21a
Oxidizer Fuel a - é n <‘.‘ *
x‘g » 3 g x| fe
,aé Sl¥ =P *1 e
p -
- & (: l-? « n." c:'
H, 0.8 | 15,1 [0,67|4762(2791| 250 | 1,179{405|438| 9,380
= NH, 1,0 | 3.35[1,184568(2543| 222 | 1,187350 | 388 | 9,147
2 NH, | 1.0 | 2,37[1.32046002737| 225 | 1,177] 364|304 0,416

Kerogene | 0.3 | 2,40[1,20{3918|2799| 187 | 1,200|313)|343|11,09

30%Fy+ | Kerosem 0,8 3,26(1,11]3955|26321 191 | 1,137]314|342]10,40
+70% 0,

OF, ByHg 0.7 | 4,10/1,04/4742{3120( 226 | 1,141|370)404]10,30

A combination of F2m + N2Hu has high values of specific thrust
and density. The good cooling features of hydrazine diminish the
difficulties connected with the high temperature of combustion.
According tc published data, special additives, which do not affect
its power engineering, eliminate the danger of decomposition and of
an explosion of hydrazine when it 1s used for regenerative cooling.

Fluorine monoxide fuel with diborane is of interest when applied
in systems where it 1s stored under space conditions from the
several months up to one-two years. By calculatlon, the physidsi
properties of these cryogenic components (melting point and saturatlon
pressure) enhance storage under space conditions with small losses
and small costs involved in heat insulation and thermal control.
The high energy characteristics are combined with such unfavorable
factors, as low density and the unsuitability of both components for
regenerative cooling. It has been considered that an engine, which
would operate on this fuel, should be shielded by means of ablating
heatproof material.

The combination of F20 + keroserne with respect to efficiency,
corresponds to a fuel using a mixture of (70% F2 + 30% 02).
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Promising high-boiling fuels have likewlse been comparatively
little studlied. Published material basically amounts to several
compositions, presented in Table 15.8. Accordingly to this data,
the most efficlent with respect to speclfic thrust is a fuel having
a concentrated hydrogen peroxide base with pentaborane.

Table 15.8. Characteristics of certain

promising high-boiling fuels with a pH/pC = .
= 70/1 and with an optimum proportion of
components,
1]
™ )
3 < S
) w w0 ? q
Oxidizer Fuel a . : % n E’ E f
3 el ® e g
o T L s I
Xl o | - Ll Q Q,
NoO, Bsty | 0,7} 3,0591,08[3017|2682 | 182| 1,121 301] 320hp, 76
9% H,0. | BiHg | 0.4] 2,64 |1,06[317212029 | 190| 1,135( 30| 337[10,47
CIFy NoH, | 1,00 2,89 |1,5013880(1848 | 184| 1,232| 202| 314] 8,349
N,H, BsHg | 1.1 3,35 |0,8812002] 932 | 184| 1,237 291| 313| 8,376

Pentaborane is extremely toxic (see Table 15.2) and self-ignites
In air. However, additives have been found, which eliminate the
danger of the latter (temperature of self-ignition 1s ralsed to

10 GeT)E

Test reports from the USA tell of an engine working on pentaborane
having a thrust of more than 20 T. The deficiencles of the
Investigated fuel include the elevated melting point and the chemlcal
instability of the concentrated hydrogen peroxide. The rate of 1ts
decomposition amounts to about 1% per annum at 30°C, as a consequence +
of which this oxidizer 1s unsuited for storage in hermetically sealed

ccntalners.

The N2Ou + BSHQ fuel has a somewhat poorer theoretical value of
specific thrust, but a higher density and excellent stability of both
components, suitable for utilization in systems with preliminary

servicing and hermetically sealed contalrers.
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A combination of ClF3 + NZHM has a unique advantage — high
density. Interest is generated in this fuel in connection with the ?
need for improving the characteristics of rockets under conditions
of limited volume.

There 1s definite interest in the composition of hydrazine with
pentaborane. These components possess excellent characteristics )
from the viewpoint of stability, and the combination of them has
high energy characteristics. The interaction of the components
proceeds according to the reaction

2BsHo+5N;H—19H, (gas) +10BN (s0114d).

Sclid boron nitride, which forms as a result of the reaction and
consists of 85% by weight of all products of the reaction, 1s the
heat source for hydrogen. The high specific thrust 1s created at
equilibrium exhaust of the two-phase mixture, i1.e., when the small |
particles of boron nitride are carried away by the hydrogen and

are elected from the nozzle practically at the same rate as that of 1ncr{
the gas. IS
15.6. Promising Metalliferous Fuels
/
Accordingly to thermodynamic calculatlions the application of f?
an addition of 1light metals — Al, B, Be and Li can guarantee a ‘
substantial increase in the energy characteristics of existing and ‘
promising 1iquid rocket fuels, both of the cryogenic and high-boiling ‘
types [8]. Figures 15.8 and 15.9 present the results of calculations
of the specific thrust of 02m + H2m and F2m + Hzm fuels with additions
of various metals. Along the abscissa the relative content of t*he
metal in the fuel is plotted, along the ordinate — the specific éi
5

thrust at pﬂ-/pC = 70/1 and the optimum proportion of the fuel and
oxidizer. As can be seen from the presented data, in the case of
the oxidizer, 02m, beryllium is the most effective additive, 1in the
case of F2m = 1lithium.
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The data given in Figs. 15,10 and 15.11, show the feasibllity of
increasing the characteristics of certain high-bolling fuels by
means of utilizing the metallic additive.
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The general rule of the efficient utilization of a metallic
addition is: the metal in conjunction with the oxidizer should
give at combustion the greatest energy release, and the residual
products should contalin the largest possible quantity of hydrogen.
As can be seen from the given results, for beryllium, boren and
aluminium the better oxidizer is oxygen, for lithium ~ fluorine.

The application of a metallic additive to a fuel having a
liquid hydrogen base, lowers the density of the fuel; this is
assorlated with a decrease 1n the quantity of the oxlidizer in the
fuel and with an increase in the quantity of hydrogen based on
optimum proportions. The optimum propcrtion of all components 1s
approximately such that all of the oxidlzer is spent on the
stoichiometric oxidation of the metal, and the hydrogen 1s added to
achleve maximum specific thrust.

Dependence of specific thrust on the quantity of hydrogen in
the fuel 1s shown 1in Fig. 1£.12, whereby it 1s clear that the maximum
specific thrust using lithlium corresponds to the content of hydrogen,
and it is considerably higher than in a fuel without metal (see also
Tables 15.5 and 15.7). This the reason for the decrease in the

density of the mixture. /

An

T 4:;:; Fig. 15.12, Dependence of specific
b thrust in a vacuum on the content of

/ /,\\\ hydrogen in the fuel: op Gy -2 ug iGp, <15
20 “%1 {J-i'h'h‘n‘\
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A reduction in the optimum quantity of an oxidizer with an
addition of a metal, 1s also characteristic for high-bolling fuels;
however, in view of considerably higher density of the fuels in
comparison with H2m, the addition of a metal, heavier than both
components, increases the density of the fuel. Figure 15.13 as an
example demonstrates the dependence of specific thrust on the

density of N2ou + N2HH fuel with additions of Al and Be.

Ann
| ‘l H1H|“‘H|h a
730 20 pe Fig. 15.13. Dependence of specific
% thrust in a vacuum on the density of
Ja0 the fuel. The figures designate the
\\‘mq, percentage content of metal in the
e fuel.
0% L 0%
Jo0 $5%
290 il
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In view of the high theoretical efficlency of metalliferous
fuels, various problems in thelr practical utllization take on a
significant role. One of the important problems is that of storage
and of supplyling metal to the combustion chamber,

Promising solution this problem 1s considered to be the
utilization of the metal suspensions 1n the fuel, which gelatinilze
(become like Jjelly) to prevent the precipitation of the metallic
powder. Investigations show [3] that by adding 0.2-0.5% gelantinizing
substances to the fuel structures in the fuel will be formed,
consisting of long chain molecules, types of polymeric molecules,
with transverse bonds between the chains. Under static conditions
a gelatinized fuel will not flow and under rather small stresses it
shifted similar to a solid body. Under such conditions the suspended

particles of the metal do not completely settle out,

Under the action of appllied stresses exceeding the limit of
fluidity, the failure of the structure of the gel already beglins at
rather large stresses; for example, by extrusion through the fuel
line under pressure, all the bonds are broken and the fuel with
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respect to behavior becomes indentical with a pure liquid having
suspended particles of the metal. After a lapse of a certain time
following fallure there 18 agaln a restoration of the bonds - again
a gel forms. Such a feature of a gel whereby it destroys itself by
displacement and restores 1tself agaln under static conditions is
called thloxotropy. The example in Table 15.9 demonstrates the
properties of pure hydrazine and gelatinized fuel "aluminizin"
[Translator's note: This term is not identified in availlable fuel
dictionaries].

Table 15.9. Comparison of the properties of
metallized and ordinary fuel.

Properties Hydrazine Aluminizin
8
g Hydragine 100 66,5
ia Aluninium : 0 33,0
B Gelatinizing additions 0 0,5
Benasty in g/en? 1,08 1,270
Viesosity in centipoises 0,97 45.10%
Limit of fluldity in g/oa? 0 1,7
Melting posnt in o 1,5 —-2,3

Considering the data given in the table, let us note that the
1imit of fluidity 1s rather small, such that the fuel would begin
to leak from the tank at a small pressure, but 1t 1s sufficient that
the particles of the metal should not settle out. The very high
viscosity of gel is diminished up to a value, close to the viscosity
of pure hydrazine, with the fallure of the ctructure of the gel
durirg the process of flow through the fuel line,

If the problem of storage, of supply and of combustion of
metalliferous fuel are to be successfully solved, the realization of
a high specific thrust in connection with losses, possibly as a
result of the unbalanced flow of a two-phase mixture in the nozzle
will remain as the most serious problem. The content of the
condensate (oxides of aluminum A12O3, of beryllium BeO, and others)
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in the products of combustion at a optimum proportion of components
amounts to almost 50% by weight. At characterlistic pressures in the
combustlion chamber of a ZhRD up to 100 bars and above, a content of
condensate that high can result in a very considerable buildup of
particles in the nozzle and can also result in large losses of
specific thrust (see Chapter XIII), It is possible that the size

of the particles in the area of the nozzle throat by virtue of their
considerable buildup does not depend on the dispersiveness of the
condensate in the combustion chamber and can be determined merely by
the resistance of the drop against atomizing by thelr gas during
blowoff,

To solve problems assoclated with the losses of specific thrust
during the flow of a two-phase mixture in a nozzle, research [5] is
being conducted, which affects a very wide range of problems: based

on the study of properties of the oxldes of metals and of interactions

of micron-size drops with gas and among themselves prior to the
testing the englnes using metallized fuels with an accurate
determination of the specific thrust.
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CHAPTER XVI

" PROCESSES OF FUEL CONVERSION IN THE
COMBUSTION CHAMBER

In thls chapter the qualitative description of the conversion
processes of fuel in the combustion chamber 1s given using various
diagrams of their layout. The generalized characteristics are
presented and methods of evaluating the perfection of the processes
are examined.

16.1. Overall Picture of the Phenomena

In the combustion chamber of a (KPA) [ZhRD = liquid-propellant
rocket engines] a complex of processes goes on, which should be so
organlzed that it guarantees:

1) maximum combustion efficiency;
2) rapid release of heat in a chamber of small sizes and weights;
3J) steady operation of the processes, necessary for reliable

and trouble-free work of the engine.

Depending on the phase composition of the components supplied
the combustion chamber several schemes of the organization of the
working processes can be distinguished.
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"Liquid-Liquid" Scheme

Both components in the liquid phase are injected through jets
in the combustion chamber, where the reaction between fuel and the
oxidizer should occur, Reaction basically goes on in the gaseous
phase. Therefore, conditions should favor the conversion of liquid
fuels into the gaseous state. These conditions will be realized in
a certaln section of the combustion chamber, where there 1s a

complex of processes perparatory to combustion going on: the splittiné

(atomization) of the liquid components into droplets, their mixing,
vaporlzation and mixing of the vapors, all included in the reaction.

The increase in surface area of the liquid as a result of the
splitting into droplets accelerates the process of vaporization.
The atomization of tlre liquid is carried out by Jjets of various
types. Purthermore, with the rapid movement of the droplets in the
gas medium they can change their form and under specified conditions
can split up which also leads to an acceleration of the process of
vaporization,

The criteria of atomization quality are the flneness and
homogeneity of the atomization and the flame configuration bf the
atomization. In order to estimate fineness and homogeneity of
atomization one should know the distribution of the liq:}Ef injected
through theljet, according *o the sizes of the droplets, or so-called
spectrum of atomization. A quantitative estimate of sizes of the
droplets 18 necessary in order to calculate the rate of evaporation
and motion of the droplets, conditions of mixing, and so forth.

The fineness of the atomization is characterized by a certaln
average diameter of the droplets. Various researchers have assigned
a different meaning to the concept of the average slize of the
droplets existing in the spectrum of atomization. Frequently, the
so-called median diameter 1s used. The specific gravity of the
droplet, whose diameter 1s less or equal to the median diameter.
measures 0.5. The medlan diameter of a droplet most commonly used 1n
a swirl injector of a ZhRD 1s usually 25-250 u, in a spray injector

200-500 wu.
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The homegeneous distribution of the fuel according to the
cross-sectional dilameter of the combustion chamber is necessary for
steady and efficient combustion, as well as the prescribed proportion
of the components x. These specifications are met in the process of
injection and mixing of components (both in the liquid and gas
phases). The mixing can be done preliminarily outside the combustion

chamber in a two-component emulsion injectors.

Figure 16.la represents a diagram of the distribution of the
fuels components ratio »=«,: based on the radius of the combustion
chamber. By duplicating such a plcture at any diameter of the same
cross sectlion of the combustion chamber, the distribution of x in that
cross section is ideal in the sense of completeness of the isolation
of heat. As was mentiocned in Chapter XI, such a distribution of «

is not always acceptable. A diagram of a two-zone distribution of
k is shown in Fig. 16.1b.

-.—"—-lc
x
o Ker Fig. 16.1. Distribution dilagram «
I according to the cross section of the
= i —_- combustion chamber: a) without a
- == boundary zone, b) with a boundary zone.
L)

a)

The sum total effect of the processes of atomization, of
vaporizations and of mixing cf the fuel components insures 1its

preparation for exothermal reactions of combustion.

The pretreatment processes of the fuel prlor to combustion and
actual combustion processes are closely connected. Exact boundaries

between the separate processes exist neither in time, nor in space.

The mixture in the combustion chamber pri»sr to complete
comtustion ot rne tuel is two-phase. The Interactlon ¢f the phases,
the heq* cutput from the prodjucts of cembustlion, the strongly

fevel 1.1 turbulerce of flow =11 the prresence ~f diffusicr. processes
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all accelerate the pretreatment processes and combustion processes.
The overall plcture of the entire complex of phenomena is very
intricate and depends essentially on the nature of the fuels, on the
design of the combustion chamber and on the carburetion system.

Figure 16.2 represents rough diagram of the transformation of the
liquid components into products of combustion when self-igniting and
nonself-igniting fuels are used.

Self-ignition cemponents

AMenization of the somponanis

o

Mixing in the Vaporization
uquu; phase

Reastion in the Mixing in the Hotero goansous
liqud M* gaseous phase combustion of
the dreplets

v.porsutun and
uixing of the vm-l
E Ronuon ia the
mul phase

Predusts or sombuetion

Diffusion ef intermsdiate
anxd end produsts

Heat exission frem the predusts of cembustion
dus %0 thermal eondustivity and radiation

Nensalf-igniting cemponents

r Atomization of the oa-?mu
Mixing in the liquid
phase (peseidly
pulh;nu-y)
BeEIRation ' Heterogeneous
oombugtion ef
Mixing of the vepers droplets

Rmu'on P::l the /
saseous .
\

Preducts of combustion

Diffusion of tis intermediate

ard end produsts

Heat emissien frem the pradusts of cembustien

duw % thermal eondustivity end rediation

Fig. 16.2. Diagram of the transforma-
tion of liquid fuel into products of
combustion.
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Exothermal reactions in the liquid phase already going on upon
contact (mixing) of the droplet of components is characteristic for
self-ignition fuels. The energy release of these reactions facilitates
the vaporization of the droplets, including those which did not
react in the liquid phase, because they did not collide with droplets
of another component. After that, the fuel vapors and oxidizer_
vapors are mixed and chemical gas-phase reactions take place which
lead to the formation of the final products of combustion. The
combustion of the gaseous fuel and oxidizer is homogeneous.

Whereas in this case the gaseous mixed fuels are not pre
mixed and are heterogeneous, combustion occurs simultaneous?
mixed components and with other processes, but the homogene.
combustion of a chemically heterogeneous gas mixture takes place,
since in the different sections of the combustion chamber the
combustion process can be limited by kinetics of reactions or by
diffusion (either this one as well as cthers), and under certain
conditions knocking combustion is also possible.

Heterogeneous combustion, i.e., combustion of liquid droplets
of one component in the vapors of another can also occur simultaneously

with homogeneous combustion.

This takes place, if one of the components vaporizes consider-
ably faster than the second, and also with considerable nonuniformity
in the splitting of the components into droplets (coarse droplets
vaporize more slowly than the finer ones),.

-1gure 16.3 represents a diagram of the combustion of an
un 'ssed drop of fuel in the vapors of an oxidizer. The boiling
poi..: of the 1liquid components are always lower than the temperature
of ignition; therefore, the vaporization of the droplets preceeds
combustion. After the initial ignition of the vapor cloud surrounding
the droplet, the combustion undergoes continuous vaporization of the
ligquid from the surface of the droplet due to the heat supplied from
the flames, and also ccmbustion undergoes continuous mixing
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(diffusion) of the oxidizer and the fuel vapors. The products of
combustion should be removed simultanec'.sly.

!

; Fig. 16.3. Diagram of the process of
p combustion of a droplet: 1 — drop of
the fuel; 2 — layer of vapors; 3 -
flame; 4 — layer of diffusion

combustion.

Predusts of -
Sombustion  Oxidizer

With the necessary condition for the development of homogeneous
and heterogeneous combustion which usually accompany each other,
there 1s a supply of heat to the liquid components in order to heat
them, vaporize them and ignite them. As has been mentioned, this
heat, in part, is released during the reactions of self-igniting
components 1in the 1liqrid phase, Another source for obtaining heat -
the products of combustion wnereby the heat is returned to the liquid
components due to thermal conductivity and radiation, and in addition
by means of the convective transfer of heat during the diffusion of
intermediate and products of combustion in the direction of the

head of combustion chamber,
\

A Y

The decisive role in this phenomenon is played by the so-called
"reverse currents." They arise as a result of an injection effect
of the 1liquld from the ejector. The 1liquid 1s swept away by side
currents of the gas, simultaneously with the reverse currents as
well. The reverse currents carry the products of complete and
incomplete combustion along with a high temperature, the heat of
which is returned to the atomized 1liquid.

The processes, which occur in case »f using nonself-igniting
fuels (see Fig, 16.2), are, on the whole, analogous to those
mentioned above, Distinction 1s that the exothermal reactions between
the components In the liquid phase do not occur or occur to a very
insignificant degree. In connection with this, the supply of heat
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takes on the : -irive role. » the iInitial ignition it 1s carried

out by an external source, but for the malntenance of a steady

state — by the products of combustion, predominantly due to convection.

convection.

As a result of the highly-complex interacting procésses
described, it is difficult to come up with a general theory, .
quantitatively evaluating the parameters of the individual processes
and their summary indexes. Qualitative investigations of the
stationary processes in the combustion chamber make it possible to
single out the basic phenomena and reconstruct a simplified model of
the processes. According to the theory, which describes such a
model, in certaln cases rather accurate quantitative results can
be obtained, such as presented in [2], [6].

Based on modern opinions the rate of the process of heat
emission in the combustion chamber according to the "liquid-liquid"
diagram 1s limited by the rate of vaporization of the 1liquid drops
and by the rate of mixing of the gaseous components. However, the
rate of the reactions of combustion under normal conditions of steady
work a ZhRD 1nherently exceeds the rate of the pretreatment
processes by several orders.

"Gas-Liquid" Diagram

According to the '"gas-liquid" diagram one of the fuel components
1s fed into the combustion chamber in the gaseous state, the
second — 1in the liquid state (Fig. 16.4). This diagram is realized,
for example, when the generator gas (a << 1 or a >> 1) and the liquid
component, which provides the prescribed proportion of «x in the
main chamber 1s delivered to the combustion chamber.

Fig. 16.4. Diagram of an injection
head of the "gas-11quid" type (RL-10A
ZhRD, USA).
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By supplying the components according to the "gas-1iquid"
diagram, the mixing and the reactions in the liquid phase are
absent in the processes of fuel conversion; the remaining picture
of the phenomena 1s analogous to that described above for the
"liquid-1liquid" diagram.

It 1s natural that the conversion of the liquid droplet will
occur in the shorter section of the combustion chamber in the
examined diagram, rather than in "liquid-ligquid" diagram and the
sizes of the combustion chamber in this case are reduced. A good
distribution of the liquid component in the gaseous state and 1ts
complete mixing are the necessary conditions. In a number of works
(3] it was noted that 1t was not the vaporization of the components,

but their mixing in the gaseous phase that was the determining factor,

especlally when the process of combustion goes to completion.

Y"Gas-Gas" Diagram

According to this diagram both components of the fuel are

delivered to the combustion chamber in the gaseous form. For example,

the generator gas from two gas generators enters the combustion
chamber, with a << 1 in the first generator, and with a >> 1 1in the
second.

The examined diagram, obviously, is a better variant in terms
of fuel conversion in the products of combustion, because the flow
in the combustion chamber 1s monophase. The overall diagram of fuel
conversion can be formally simplified (the processes of atomization
and of vaporization of the liquid components are absent); in this
case the determining process 1s the mixing of the gaseous components
or the vapor-gas mixtures,

Range of Stable Combustion

Tn 31 ¢he ~wgani!zationagl 4iagrams <f the werking precezcer,
the sizes of the combustion chamber must be adequate in order to
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guarantee the thorough burning of the fuel before the products of
combustion begin to enter the nozzle; in this case combustion must
be stable.

However, during the operationg of a ZhRD dangerous ‘unstable
(vibratory) combustion can arise., It is accompanied by fluctuations
in the pressure of the gas in the combustion chamber. The low-
frequency (tens and hundreds of cycle per second) and high-frequency
(hundreds and thousands of cycles per second) of fluctuations of
pressure in the combustion chamber can be discerned. Mutual
superposition of the low-frequency and high-frequency fluctuations
is possible. The physical nature of these phenomena 1s diverse,

A theoretical investigation of the 1lnstabllity of combustion
in a ZhRD 1s one of the most complicated assignments as possible
approaches to the solution; these are examined in special 1literature
[4], [5]. Along with theoretical dependences experimental data
are widely used.

The results of an experimental Investigation of the stability
of processes in the combustion chamber frequently follow the
procedure analcgous to that given in Fig. 16.5, where, as an
example, the results of the experimental investigatlion of the
stabllity of the operation of a ZhRD are given uslng various a and
pressures in the combustion chamber (fuel ~ furfuryl alcohol + HNO3).
As 1t appears, range of stable operation 1s possible only within a
specified pressure range in the combustion chamber and in the fuel
components ratlo.

L . Z
Staple ** /Unstable Fig. 16.5, Example of an experimental
'3 combustion pombustion o determination of the range of stable
z o combustion.
(-]
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16.2, Evaluating an Improvement of the Processes

Imperfection in the design of the mixing elements, incomplete
mixing and combustion of the fuel components and other losses
diminish heat emission and Ehe potential energy of the gas (full
inlet pressure in nozzle P, ), utllized upon expansion of the gas
in the nozzle. All this results in the downgrading of the engine
characteristics, specifically, a reduction in the specific thrust.

Inasmuch as the magnitude of specific thrust is proportional
V RTs*, then the degree of distinction of the actual processes in

the combustion chamber from the theoretical processes, i.e., the

quality index of the actual processes can be evaluated by the quantity

VAT,
9»,""'—“/(7";;—)"' (16.1)

where ratio of actual to theoretical chamber pressure; RJi

and (R,T:— actual and theoretical values of the product of the gas

constant, and temperature, respectively.

However, an experimental determination of the quantity R.T.*
in the chamber 1s not yet possible; therefore, another value 1s taken
as criterion of the efficiency of the combustion chamber, depending
in many respects on the perfection of processes 1n the chamber and on
that determined experimentally. Such a value 1s specific impulse
pressure in the chamber (complex B). Degree of distinction of the
actual processes from the theoretical processes in the combustion
chamber can be represented as:

u-;. (16.2)

where 63 - value of the complex, determined in the experiment; g, -
theoretical value of the complex.
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The quantity ¢B defines in its entire.y the complex of

'processes In the combustlon chamber together with the subsonic

section of the nozzle. In the absence of lrreversible phenomena in
the subsonlc section of the nozzle ¢B reliably defines the
nerfection of the processes in the combustion chamber. .Otherwise,
high or underrated values of ¢B can give an incorrect representation

of the perfection of work of the combustion chamber.

For example, during the determination of Ba under conditions of

Prs =Pyt Froa= Fupt expenditure of G3 as a result of friction in the
subsonic section of the nozzle seems underrated 1in coTparison to the
amount necessary to compensate for the lowering of P, due to
incompleteness of combustion. In two-phase flow the high-speed
nonequllibrium consumption process results in an 1ncrease in
expenditure. Thus, 1in first case the high values of ¢B can exist
even with a low quality of the processes in the combustion chamber,
whereas 1in the second case, the low values of ¢B — with perfect

combustion.

Just as the specific thrust, the specific impulse pressure in
the chamber is also proportional VR«T«*, and consequently, the
imperfection of the processes 1n the combusticn chamber can be
expressed by B through |} R.T«* The irreversible phenomena in the
subsonic section of the nozzle can be considered with the help of

coefficlient of consumption Moo In this way:

gy oot (16.3)

« P
)
B

cr

iy (16.4)

Coefficients ¢, and @, are the most commonly used coefficients,
evaluating the perfection of the processes in the combustion chamber,

Values of 4, usually amount to 0.96-0.99 and are determined by the
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fuel (coefficient of excess oxidizer a), by the carburetion system,
by the pressure in the combustion chamber and its length.

As has been mentioned, the basic reasons for the incomplete
heat release are the imperfect mixing of the fuel components and
incompleteness of other processes: vaporization "liquid-liquid"
diagram, "gas-1liquid," diffusion, actual combustion. These two
different reasons for losses sometimes can be evaluated based on
thelr nature in the following manner.

In order to estimate the degree of perfection of the mixing of
process of the fuel components the values of specific thrust in a
vacuum Pyn.n’ should be compared, where they have been obtained 1in
case of a prescribed distribution of the fuels component ratio as
well as in case of their actual distribution, supplied by the data

by the carburetion system (see 11.1).

In the particular case of the heterogeneity of k, with two-zone
distribution, the theoretical value PyA
(11.33) should be defined as:

Pyant "gnpn.n ' +¢npyn.n ten

where l‘;-gf and gey=G./G— relative fractions of the consumption,
respectively, in the nucleus as well as in the boundary zone; Pynin
Ppatcr— theoretical values of specific thrust in a vacuum in these
same zones with x=x and x=xer; these values are determined by
thermodynamic calculation.

Since ga=1—gc,» then

Pyant=Pyrnta—gecr(Praeia—Pyrater). (16.5)
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In order to determine the values Py, With actual distribution
of the fuel components 1t 1s necessary to subdivide the cross section
of the combustion chamber into larger possible number of elementary
sections with an area F1 and to determine the values of relative

consumption 9 and fuels component ratio Ky

The value of specific thrust in a vacuum Py, for entire
combustion chamber is equal to the sum of values Py,,, through all

sections (see Chapter XI):

n
Pyl.n‘:' 2 ‘ull,yl nal,
1

where n — number of sections, into which the cross section of the

combustion chamber has been subdivided.

Thus, the coefficient, determining the quality of mixing of the
components, or the coefficient of perfection of the mixing, is equal

to
S eiPyan
. 0 ikaas (16.6)
- Pybnl
or with two-zone distribution
éeP .
g frrt , (16.7)

Peu = Py..v: ta— et (Py\.n te — Pyl.n tct)

The value of coefficient ¢cm is usually 1less than of unity;
however, using a certalin curve Kys this coefficient can be more than

unity. The greater the value ¢CM, the better organized are the

processes of mixing of the fuel compcnents. The authenticity of
values of Ocm depends on the reliability of the determination of
diagrams of the actual distribution of Ky and gy The determination
of such diagrams for an actual head is possible by calculated and

experimental methods. Both methods are approximate,
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Thus, the losses, governed by the imperfection of the mixing
of the fuel components are determined separately. The degree of
perfection of the remalning processes in the combustion chamber
can be evaluated by a certain coefficient of ¢ro 5

p
By setting ucwcmné let us write down:
®p, = PeuProp: (16.8)
Since ¢, and 9. are known, then
v,..;=&. (16.9)

| I

The coefficient ¢rop evaluates the quallity of the processes of
vaporization and of the subsequent mixing in the gas phase (turbulent
diffusion) and the combustion itself. The degree of completeness
of these processes depends on whether or not the time of stay of
the fuel components in the combustion chamber 1is adequate, 1.e.,
whether or not its sizes are sufficient,

The relative change in the specific thrust as a #Asult of the
imperfection of the processes in the combustioﬁfshamber are
acceptable inorder to evaluate the formula ,/,

Pysnt—Py,.-

8Py ke # =1 — %,

As it 1s apparent, using such a means of evaluating estimation
the amount of losses of specific thrust, 6 Pyxc does not depend on
the parameters of the process of expansion., However, as the
calculations presented in Chapter XI show, the effect of chemical
heterogeneity and incompleteness of combustion change depending on
the narameters of the expansion process (8Py.. Increases with an
increase in the relative area rc or nc). A more thorough calculation
of the dependence of losses dPyxc=f(fc). requires reliable data based
or. the diagram c-f 2istribution of Ky and based on the incompleteness
of combustion and even in the absence of these, 1t 1s expedlent.
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16.3. Generalized Chsracteristics of the Processes

Th» best known generalized characteristics of the processes in
the combustion chamber of a ZhRD are as follows.

1. Time of stay. TIhe time of stay r, 1s called that time
during which the fuel components and the products of combustion

produced from them are actually in the combustion chamber.

Usually one uses the approximate value of Tho which merely
determines the gaseous phase (i.e., vaporized components and products
of their combustion) spends the time in the combustion chamber.

This quantity 1s written as:
One _ Vot

G e (16.10)

where GH - weight of the gas in the combustion chamber; G -

consumptlion 1n seconds; VH & = volume in the combustion chamber (it

is usually defined as the volume in front of the critical section);
@ — average density of the gas in the combustion chamber. It is
obvious that for "liquid-liquid" and "gas-liquid" dlagram vw<mu;.

for "gas-gas" a diagram these quantitles coincide.

A further approach amounts to replacing difficulty determinable
amount value @ by the quantity e*. which pertains to exit section
of the combustion chamber. Then

_ Veeeg (16.11)
«"

Since ¢:*<¢. then the value T,» as defined by the formula (16.11),

is less real. For a comparative evaluation thils 1s immaterlal.

Taking into account the equation of state and the formula for

complex B we will obtain:

Vied
fpRT,
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or
T =L .L
RN (16.12)
where
_vl-(_
L"’—F., (16.13)

the so-called given length of the combustion chamber.

2. The corrected length of the combustion chamber, As can be
seen from the formula (16.12), the quantity an is proportional to

the time of stay of the gases in the combustion chamher and determines
to some degree the combustion efficiency of the fuel,

The value an depends on the nature of the fuel and on
conditions of carburetion. For a "liquid-liquid" diagram the order
of value in L_  in & is as follows:

Nitric acid-hydrocarbon fuel.......oecvvuvees 2.
Nitrie AcdA=NDMA. ..\ wais v s% s 5 ome dls 8 s s ssnnssas L
Oxygen-ethyl 81COhOl...cececvrrncscncsasssess 2.5=3
OXYEEN=KLTOBENE o clsls » 66 s s@na s meh s s Booisssons LeDr2e5
OxXygen-hydrogen......ccceeessensscssncassssse 0,25-0.5
Fluorine-ammonia.....covcvvevivenssnsnsecsses 1.,0-1.5
Hydrazine (unitary fuel)........ccceeveveeess 0.8=3

3. Specific weight flow of the combustion chamber. The specific
weight flow is called the consumption of the working medium through
a unit area of the combustion chamber per second, It is determined
according to the formula

G PFo P (16.14)
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Experiments show that with an increase in pK*, the working
process in the combustion chamber is intensified. Therefore, with
an increased p“' through the same area of the chamber, FH can
deliver a larger quantity of fuel, 1.e., the value GF can be
increased.

The ratio of the permissible specific weight flow of the
combustion chamber of a ZhRD to the pressure in it, can be considered
approximately constant and 1t can be used with calculations making
use of such data (GF kg/s-mz, pK. N/m2):

* b
Class of englnes Gp/p ,*10
Nitrogen-oxygen 0.8-1.0
Oxygen 1.1-1.3
Fluorine 0.8-0.9

4, Volumeiric calorific intensity of the combustion chamber.
Its value 1s determined by the formula

GH,
Q=21
Y Ve

(16.15)

By solving formu.. ior B 1t 1s simple to derive the expression (16.15)
in the form

Qp=——. (16.16)

]
As it appears, all things being equal, QV depends on P, -

Frequently instead of QV the given calorific intensity is
used, being defined as

OV np=’9p'vi'-
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Using the expression (16.12), the formula for Qvm can be
written as:

H

Qv np= LRI (16.17)

Since RJT«~H. then Qv»"f— and can be used on an equal basis

with Tn or an.

Generalized characteristics of the processes t,, L Gr/p® and
Qv are interrelated; in this case none of them can be reliably
défkrmined by the theoretical method. Nevertheless, these values
are necessary for the determination of the sizes of the combustion
chamber. The basic source of information on the values T, Lup, Ga/p,*
and Qy., are statistical data, accumulated in process of testing
and perfecting models of the combustion chamber.
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CHAPTER XVII

e

PROCESSES OF GAS GENERATION

In thic chapter the processes of gas generation using 1liquid
fuel are examined. The methods of designing gas generators working
on unitary and two-component fuels are presented, the methods of
producing steam coolant passage are qualitatively described with
the assumption that the working process is ideal.

In concluslion, the thermodynamic efficiency of the various
methods of gas generation are examined.

17.1. General Information

Auxiliary power units, which utilize the chemlcal energy of
liquid or solid fuel, produce the working medium - the generator
gas, which 1s elther directly applied to the pressurized fuel-feed
systems and the power supplies of the servomechanisms, or it
enters turbine, which drives the necessary units. The processes
of gas generation - these are processes of the conversion of the !
chemical energy of the fuel into a thermal form of energy of the

working medium. 4

When utilizing liquid fuel the processes of gas generation are
similar in principle to the processes performed in the basic
combustion chamber of (MPA) [ZhRD - liquid-fuel rocket engine)]. In
princlple, the proc2sses are also the generallzed characteristics of
the processes of gas generation: the time of stay, the glven
length, :nd so forth.
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The basic requirements, imposed on an auxiliary power unit
including the liquid gas generators, can be listed as follows:

1) high economy, i.e., minimum expenditure of fuel for the
purpose of gas generation;

2) small over-all sizes and weights;
3) wide range and convenlence of adjustment;
4) high reliability and safety of operation.

Depending on the actual purpose of the system other specific
requirements are also imposed on 1t.

Figure 17.1 presents the classification of certain methods of
gas generation using liquid fuels.

Metheds of gas generation

ion of steam

smmpenant fu
Unitary fuel r- i “I ant passage

" /\
Cembustion when| [Cembustion when
ais small a 15 large

Fig. 17.1. Classification of certain
means of gas generation.

The distinctions among the processes in gas generators and the
basic combustion chambers 1s determined by the need to generate
a working medium at a relatively low temperature, not exceeding the
maximum permissible for a turbine, fuel tanks or servomechanisms.
The low temperatures and rather high pressures in the chamber of the
gas generator require one to consider a number of characteristics
of the actual processes upon completion of a thermodynamic analysis,
which one can ignore when calculating the basic chambers of a liquid-
fuel rocket engine. These are, first of all, the kinetic phenomena
(evaporation, rate and mechanism of the chemical. reactions), time
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.of passage which becomes commensurable with the time of stay of the

fuel in the chamber of the gas generator. The other characteristic,
that of the products of combustion, 1s not i1deal (in the sense of
an equation of state) and has a noticeable effect which 1s manifested

at low temperatures and high pressures.

The variety of factors, which determine the actual passage.
of processes 1n gas generators, the complexity of the experimental
investigation in order to confirm these or any other models of
calculations do not at present provide for general and strict methods
of calculation. Therefore, statistical aata are used in the design
of a gas generator for perfecting fuel. When utilizing a new fuel,
a speclal investigation is required. For initial evaluation a
method of thermodynamic calculation, based upor an assumption about
the chemical equilibrium can be used.

The effect of the nonideal nature of the combustion products
was examined in Chapter XI; there the methods of thermodynamic
calculation were described. Figure 17.2 serves as an example for
the comparison of the results of the calculation of the temperature
of equilibrium combustion for a fuel of the kerosene + 02m type.

As 1t appears, with an increase in the pressure, the deviation
AT = T - T increases; in this case, sign of the deviation

pean na
depends on excess oxidizer ratio.

ATK

Fig. 17.2. Effect of actual
conditions on the equilibrium
temperature of combustion.
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Let us examine the possible means of obtaining generator gas.

17.2. Utilization of Unitary Fuel

Most widespread and perfected liquid unitary fuel 1s hydrogen
peroxide.

Usually, aqueous solutions of permanganates, NaMnO, and Ca(MnOu)2
are used as catalysts for the exothermnal decomposition of hydrogen
peroxide. The contact of hydrogen peroxide and the catalyst can
be accomplished using two variations:

1) direct contact of the atomized H,0, and the liquid catalyst
sprayers;

2) contact of hydrogen peroxide with the surface of a solid
catalyst, a granulated substance, saturated in a permanganate
solution.

The catalytic actions on hydrogen peroxide does not immediately
yleld permanganate, but manganese peroxide, Mn02. At a 100% Soncen-
tration of H202 sodium permanganate reacts to form Mn02, as such:

2NaMnO, 4- 3H;0, — 2NaOH + 2Mn0, +- 2H;0,, + 30, +Q;. (17.1)

Only, then after ylelding actlve Mn02, does the second reaction
take place - the actual decomposition of hydrogen peroxide:

2H;03— 2H;0+ 03+ Q:.

The quantity of heat belng liberating in this reaction allows
for the evaporation of all formed water, and in addition, 1t allows
for the heasing of the vapor-gas mixture, consisting of steam and
oxygen. Takilng in*o account the expenditure of heat to evaporate
the water, this reaction can be written as:

2H;0; — 2H;0y43+ 0, + 108450 kJ , (17.2)
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Differences in the organization of the decomposition process
of hydrogen peroxide with the ald of solid or liquid catalyst can
be reduced to the following. When using a liquid catalyst, the
products of the first reaction (17.1), including Mn02, are removed
from the reaction chamber, 1s connected with the fact that for the
decomposition of new portions of H2O2 a renewal of the active
catalyst, MnO2 is required, ~.e., a continuous supply of the liquid
catalyst.

When using a solld catalyst which has been released in the
primary reaction, the manganese peroxlde 1s retained on the
surface of the pack of the catalyst. The quantity and activity
of the MnO2 are sufficlent for the decomposition of a considerable
quantity of hydrogen peroxide, which is continuously washed over
the surface of the pack. Thus, when using a solid catalyst, the
specific weight of the primary reaction (17.1) in comparison with the
main reaction (17.2) is very small. Therefore, when determining
the composition and temperature of the steam gas, i1t can not be
consldered the primary reaction. In the case of utilizing & liquid
catalyst, the primary reaction has relatively substantial value and
should be taken into account 1in the calculatilon.

In practice hydrogen peroxide 1s usually not applied at 100%
concentration, but it 1s an aqueous solution. The concentration

of hydrogen peroxide by welight ¢y o can be expressed usually in frac-
2

tions of unity. The calculation of the composition and of the
temperature of products of decomposition of hydrogen peroxide can
be performed based on described methods in Chapters VI and VIII.
As a result of simple composition of vapor gas (02 and H2O), the
calculation 1s quite simple.

Flgure 17.3 shows the welght (g) and volumetric (r) fractions
of HZO in a vapor-gas mixture, and in addition, the values of the
average molecular weight y of the vapor-gas with the decomposition
of hydrogen peroxide at various concentrations 1in presence of a solid

catalyst. As 1t appears, the higher the concentration of H?og, the
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smaller the fraction of H20 and the larger the fraction of oxygen in
the steam gas.

Because Yo >

2

uﬂzo, the average molecular welght of

the steam gas increases with an increase in CH.o."

: I r
h— Hy0 [~
g0 — F.--
M
Q140
o]
22 L
2120"1j
20L 10
4 1 o 99 cﬂ;Oz

272

Fig. 17.3. Composition and mole-
cular welght of the decomposition
products of hydrogen peroxide at
various concentrations.

The temperature of the steam gas depends on the concentration
of hydrogen peroxide and should be at a maximum when Cy o = 1.

272

Figure 17.4 shows the change in the theoretical temperature of
the steam-gas mixture depending on the concentration of the hydrogen
peroxide when using a solid catalyst. Also shown on this chart are
the values of specific working capaclty to steam gas, RT. The
actual heat emission is approximately 0.92-0«95 that of the

theoretical.
RT1073] T*X T
J/'kg T V
300 100 A
TV | /
400 t 900 BT
Jog t 700 //
200 t S00
97 08 48 CHIOI

Fig. 17.4. Dependence of T
and RT of the decomposition
products of hydrogen peroxide
on its concentration when
using a solid catalyst.
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The steam gas produced by the decomposition of hydrogen peroxides
is usually used for the drive of turbines. The power of the turbine
can be regulated by a change in the quantity of hydrogen peroxide
applied at a constant temperature of the steam gas.

As can be seen from Fig. 17.4, the concentration of hydrogen

peroxide, CHo. = 0.8-1.0, offers a wide range of temperature for
272

steam gas. The value of CH.0 is selected depending on the
272

permissible temperature in front of the turbine.

Figures 17.5 and 17.7 present the thermodynamic characterlistics
of other 1liquid unitary fuels.

T*K|ATO
J/kg

g Bl \ T LT Fig. 17.5. Dependence of T
- and RT of the decomposition

L~ . products of asymmetrical
mw! dimethylhydrazine, on pres-
j// sure.

lv/r \\\

on | 0

) W N 120 %0 200 pdar

The specific working capacity of the gas RT, of these fuels
is higher than by the decomposition of hydrogen peroxide. As a
result of complete absence of an oxidizer in the products of
decomposition the latter have a low-activity level with respect to
the structural material. The generator gas, produced by the decom-
position of 02H8N2, contains solid condensed particles of carbon.

A diagram of a possible design of a gas generator working on
monopropellant (for example, hydrazine) is presented in Fig. 17.6.
The monopropellant is forced through sprayer 1 in an annular space,
formed by cone 2 and cylinder 3. An electric coil 4 is set in the
annular space and is heated by a source of current prior to starting.
Subsequently, the source of current is turned off and a stable
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reaction goes on owing to the heat of the products of decomposition;
the coil in this case plays the role of a catalyst. The partially
decomposing monopropellant is fed through the system of apertures

5 1nside cylinder 3, where the decomposition is completed, and the
gas enters pipe 6. Cavity 7 serves to cool sprayer 1, in order to
prevent the beginning of decomposition of the fuel in the sprayer.

o Fig. 17.6. Approximate dia-
gram of a gas generator
working on monopropellant
(patent USA, No. 3142541,
1961).
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Experiments with hydrazine in a sealed bomb, showed that during
a thermal decompousition of Nzﬂu there are two successive-stage
reactions according to the equations

3N2H‘=4NH3+ N2+335.5 kJy ( 17 . 3)
4NH3=2N3+6H3—|84,2 kdo (17 Ll)

As the results of thermodynamic calculations show based upon
chemical equilibrium, at temperatures below 400°K in products
of decompositions, according to the reaction (17.3), there are only
NH3
4LOO°K, then NH3 decomposes thermally accordingly to equation (17.4),

and N2. However, 1f temperature rises significantly above

and at a temperature above 800°K the decomposition products of N2Hu NH3
should not contain ammonia. dep
and

In cases where the second reaction (17.4) for some reason does the

not on tn rompletion, the adlabatic temperature of decompocitinn ic
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The time of stay in the chamber of the gas generator can amount
to several milliseconds; therefore, it is natural to expect that
only a part of the NH3 will decompose depending on the rate of the
reaction (17.4). If the reaction (17.3) goes to completion, but the
reaction based on equation (17.4) does not go to completion (experi-
nents show that the first reaction goes faster than the sezond),
then the general reaction of decomposition can be represented as’

a dependence of the molar fractions x of the dissoclated NH3 in
the following manner:

2N,H, = 4(1 — x) NH + (1 4 2x) Ng 4 6xHy 4 (335,5 - 184,2x). (17.5)

The molecular weight of the decomposition products accordingly
to general reaction (17.5) is equal to:

pam (17.6)

5+ 4x’

where 5 + 4x - total number of moles of the products of decomposition.

z;; RT 1077
J/ke
L KT Fig. 17.7. Dependence of T and RT
1600 0 of the decomposition products of
\ hydrazine depending on the dissociated
A Fa fractions of NH3.
200 700

0 82 8% 4F 08 xyy,

The characteristics of hydrazine, applied as a liquid fuel in a
gas generator, depend, consequently, on the quantity of dissociated
NH3. Figure 17.7 serves as an example of values of T and RT
depending on x. It is wise to heed the fact that the values of T
and RT in interval 0 < x < 0.8 change approximately by 5%, despite
the fact that T with an increase in x substantially diminishes.

s B
is liberated and the average molecular weight diminishes at approxi-
mately the same rate T diminishes.

Tihiis 13 caused oy the ract that with the decomposition of NH
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Certain action in the decomposition of Nzﬂu can affect the design
of ‘a gas generator, enabling it to produce various times of stay.

17.3. Utilization of a Bipropellant

Using the same fuel in a gas-producing device and also in the
basic chamber is considered the most rational approach. Bipropellant
usually applied in rocket engines develop a high temperature of
combustion. Its limitation other than that imposed by the basic
chambers, are the conditions of the utilization of the fuel itself
in the gas generators. It iz obvious that the lowering of the
temperature of combustion can produce a deviation from those
relationships between the oxidizer and fuel whereby a maximum
température 18 reached. In other words, one of components by 1its
excess should ballast the mixed fuels and thus depress the
temperature of combustion.

Figure 17.8 shows the values of the theoretical temperature of
combustion and values of RT for the products of combustion of a fuel
of the kerosene + 02m type over a wide range of the excess oxidizer
ratio a. From the chart it is evident that the lowering of the
temperature of the products of combustion is also attained by an
excess of oxidizer (a > 1), and by an excess of fuel (a < 1);
howevef, this lowering is not attained with the same character of
change in values of T and RT in these two different ranges of n.

Accordingly to Fig. 17.8 the same maximum permissible tempera-
ture of gas can be produced at a constant pressure of combustion
either with small values of the excess oxidizer ratio a, or with
a large a. In the ranges of small a, there is a substantially larger
specific working capacity of the gas RT, which can be explalned by
the low molecular weight of the products of incompiete combustion.
The gas mixture, produced with a small a, 1s a reducing me:dium, not
harmful for the majority of materials, whereas in the composition of
the products of combustion, produced with a large a, there is much
free active oxidizer.
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Because the prescribed proportion of fuel components (excess
oxidizer ratio) is held constant only within specified iimits when
in operation, then with a change in a fluctuations in the temperature
of the gas are possible. These fluctuations can be dangerous for
systems, serving as a gas generator, especlially for turbine blades,
and these fluctuations must be reduced to a minimum. In connection
with this, it may be of interest to compare rate of change in the
temperature of gas within the ranges of small and large a. Consider-
ing what 1s specified for that or any other range of tolerance of the
regulator, and having the proportion of the fuel components in the
form 6x/x = 8a/a,we will obtalr that rate of temperature change
1s 3T/3 1n a. Figure 17.9 shows the change [3T/3 1ln a] based on a for
kerosene + O2m fuel. As 1t appears, at the same temperature and
constant relative tolerance for the proportion of fuel components,
the rate of temperature change 1s different in the range of small
and large a.

From this viewpoint a small a 1s more favorable for the specificd
fuel, where [3T/3 1n a] is less than in the range of a larger a.
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'Thus, the generator gas produced when a << 1, based on the
examined criteria has a decided advantage. However, when selecting
an actual variant (°rr << 1lora > 1) it is necessary to also
consider other no less important factors: necessary expenditure in
schemes with afterburning, possibility of using generator gas for

supercharging in both the fuel tanks, and the oxidizer tanks as well
as in others.

For two-compcnent gas generators it 1s better to use self-
igniting fuels or make one of the components of the nonself-igniting
fuel more active. However, even in this instance the organization
of reliable ignition and the ensuing stable combustion with large
excess of one of the components of the fuél poses serious dif-
ficulties. Therefore, apart from the diagram of direct mixing of
the fuel components with the required @ in the zone of the nozzle
head, there are other existing purposes for more reliable and more
stable work of the chamber. One of possible schemes 1s a two-zone
fuel supply into the chamber (Fig. 17.10). Here, in the zone I the
fuel and oxidizer are passed through the head in a proporticn rellably
facilitating ignition and atable burning, i.e., close to stoichlo-
metric. The excess of one of the components necessary for the

corresponding lowering of temperature passes through the auxllliary
belt in zone II.
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lst component
1st component

Fig. 17.10. Diagram of a two-stage
fuel supply in the chamber of the

2nd component
— gas generator.

It should be noted that the thermodynamic indexes of the genera-
ted gas using this method will be different from parameters of gas
generated using the same general value a in a single-stage scheme.

In order to calculatc a diagram with a two-stage fuel feed experi-
mental data is required on the complex process of vaporization and
on the partial combustion of the excess component, and in addition,
data is required on the degree of balance of the total composition
of the gas mixture. A theoretical prediction of the composition and
temperature of generator gas using complex hydrccarbon fuels 1s
difficult.

A thermodynamic calculation of the composition and temperature
of the generator gas with a two-zone fuel supply in the chamber can
be accomplished by assuming the following simplified diagram of the
process. Since the heat of evaporation and the heat capacity supplied
in the second zone of the component is usually rather great, the
products of combustion of the basic fuel after its introduction are
sharply cooled. The rates of the chemical reactions with the drop
in temperature diminish and at certain temperature T3, can be
compared to the rate of cooling. At further cooling the composition
does not change, and the final composition of generator gas is
acquired as a result of the mixing of the products of combustion of
the basic fuel and the vaporizing component.

As an example let us examine a possible scheme of calculating
a gas generator with an overall value of excess oxidizer ratio
& 2 l. Pressure in the combustion chamber the value of excess
oxidizer ratio in the first zone ays temperatures T3 and Trr will
be considered given.
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l. Based on the results of the thermodynamic calculation at
a known pressure P, let us determine the valuecxw at which the
equilibrium value of the temperature is equal to T3 (enthalpy of the
fuel in this case is equal to deficiency IT.3)° The lowering of the
temperature of the products of combustion from TH to T3 is caused
by heating, evaporation and by the participation of vy kg of oxidizer
from the total quantity of v kg, supplied in the second zone. It
is obvious that

vi=(a,--0,)x%,. (17.7)

2. In order to lower temperature of the products of combustion
of a fixed composition (number of moles ny 3) from T3 up to Trr for
each kilogram of the mixture v, kg of oxidizer should be evaporated.
At a temperature of Trr the enthalpy of the mixture amounts to

$ n ol (Ty))
$ R sy

(17.8)

The reduction of full enthalpy of the mixture in comparison with
its value at a, is equal to

2"’ slitrey)

AI=I,.’_ ';nl'm . _ (17.9)

This decrease should be campensated by the increase in complete
enthalpy of the evaporated Vo kg of oxidizer:

Al =(/ oy cn— /o'.,.)vg.' (17.10)

where Iou.m and Ion.ras - complete enthalpy of the 1liquid and

evaporated oxidizer at Trr in kJ/kg.

Prom the last equation the value vy is found:

vy (17.11)

Iu-rl: o lol.l
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In this way, the total quantity of oxidizer, appllied in the
second zone per 1 kg of fuel, is equal to

v=v,+ v (1 + azx), (17.12)

and the general excess oxidizer ratio in gas generator amounts
to

Gr=a 4. (17.13)

9

The gas constant 1s found in the following manner. The combustion
products with a molecular weight of My when a_, now consists of only
a part of the generator gas. Their weight fractlon is

&=——"0. (17.1“)

The weight fraction of the evaporated (and, possibly, the

decomposing) oxidizer with a molecular weight Mau.ras constitutes
Bowrs=~1-. (17.15)
or.rad 1+ v

The gas constant of the steam-gas mixture is equal to

R",'-’: ﬂ,R, 4‘ .'s’-m.ruRux.ru' ( 17 . 16 )

where R3 - specific gas constant of the products of combustion when
a3 Rou P83 = specific gas constant of the evaporated oxidizer

(molecular weight “on.raa)'

In order to calculate a two-zone gas generator when a - < 1
one could use the same mode of calculation, by changing the correspond-
ing formula (17.7) (17.11).

The deficiency of the examined method of gas generation aside
from the complication of design i1s difficulty of obtaining a uniform
fleld of temperatures at the exit of the chamber of the gas generator;
possible local temperature peaks are harmful to the turblne blades

and servomechanisms.
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Based on informatlion given in the literature for the purposes
of gas generation, previously examined bipropellants, such as
kerosene, ammonla, liquid hydrogen - with liquid oxygen, dimethyl-
hydrazine, hydrazine, with nitrogen tetroxide and others, were used.

The possible diagram of a gas generator working on bipropellant
of the kerosene + Ozm type is presented in Fig. 17.11. An auxiliary
supply of kerosene in the zone of the developed combustion through
the centrifugal sprayer provides the ballasting of the combustion
products with the excess of kerosene.

Fig. 17.11. Possible diagram of
a bipropellant gas generator:

1l - exlt of the gas generator
gas; 2 - fuel supply; 3 - supply
of oxldizer; 4 - spark plug; 5 -
centrifugal sprayer.

The above-examined method of reducing the temperature of the
products of combustion of bipropellanta consists of ballasting the
fuel rising the surplus of one of the components. The same effect
of depressing the temperature, in principle, can be achieved by

using as ballast the basic fuel and other substances having significant

heat of evaporation and a high heat capacity, as for example, water;
however, the presence of a third component is undesirable.

17.4. Obtaining Steam in the Coclant Passage
of the Chamber

Tl'e working medlum for a turblne can be produced by the
evaporation of the liquid in the coolant passage of the chamber.

An open ana closea scheme of' produclng coolant passage are distinguished.
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In the closed scheme for example, water can be used. Water 1s
fed through the cooling cavity of the thrust chamber, the water 1is
heated, with the removal of heat from the chamber walls, and the
water is converted into steam which enters the turbine. Turbine
is equipped with accessories, including a water pump. The consumed
steam enters the condenser where it is agaln converted into water.
Thus, by circulating in a closed circuit, the water performs two
functions: that of cooling the chamber and that of generating steam
for the turbine. Saturated water vapor of the high temperature can
be generated in the cooling cavity of the chamber at rather
high pressures. Its parameters are determined according to the I-S
diagram.

The closed system of producing steam in coolant passage is complex
and is characterized by considerable weight and over-all size;
possible leakages are very dangerous inasmuch as the water supply
is limited. The utilization of such a system can be rational only
for engines of large thrust.

Open scheme of producing steam in coolant passage does not
provide for the circulation of the same working medium in a closed
circuit. Because the ejJection consumed steam behind the turbine is
too uneconomical, schemes with the supply of steam from turbine into
the combustion chamber is proposed. If the steam is produced from
the fuel componient, then its combusiion takes place together with
the seccnd component in the combustion chamber. In the latter case,
Just as in the scheme with after burning, the system is characterized
by high economy. :

In scheme of the American RL-10A liquid-fuel rocket engine
(Fig. 17.12), operat.ng on hydrogen and oxygen, the liquid hydrogen
enters the cooling cavity of the chamber 3 at T = 20°K, and then
following evaporation and preheating, is gulded to turbine 2. Benind
the turbine, H2 is used as a combustible component in the combustion
chamber. The turbine in this scheme operates on a gas of a very low
temperature (%200°K); however, the adiabatic work of the expansion
of the hydrogen is considerable as a result of the large value of
the gas constant.
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Fig. 17.12. Diagram for generating
steam in coolant passage of a RL-10A
liquid-fuel rocket engine (USA).

If the power of turbine Nm which 1s required for auxiliary
systems is not very great, then quantity of neat Q, which must be
removed from the coolant passage, 1s also insignificant. It turns
out, in particular, the less heat need be removed, from walls for
the reliable cooling of the chamber.

17.5. The- ~“ynamic Efficlency of the Various
M.chods of Gas Generation

The most important indexes of a flight vehicle dep:nd to a
large degree on the efficliency of the system of gas generation. For
this vehlicle a system of gas generation can be considered most
effective, which provides the necessary work Lz while possessing
the least welght Grr' Consequently, the value, Lz/Grr can be the
criterion of the efficiency of the system, Value of the criterion
of the efficiency of the various methods of gas generation substantially
depends on Lan and (RT)rr. The latter can be called the criteria of
thermodynamic efficiency. Figure 17.13 presents tentative values
of (RT)rr and T__ using various methods of gas generation (pressure
of 100 bar). These results are produced by thermodynamic design
assuming chemical equilibrium.

The following methods of producing generator gas (ordinal
numbers correspond to meanings on the charts) are examined.

1. Combustion of the fuel H2m + O2m with a large a = 9.0-7.0.

2. Combustion of the fuel, H2m + 02m with a small a = 0.05-0.1.

by

small

nitré

nitrc

genen

solig

dissd




RT w01

LT 2/
150 /

) -,
il Bﬁ §
’ — 1)
s [ o _."'._.----é':-'-'-'-l
:>'_,.,- r""f
5 J
g 00 800 1200 16900 T°K

Fig. 17.13. Thermodynamic efficlency
of various methods of gas generation.

3. Combustion of the fuel the kerosene + 02m type with a large
a = 10-6.

4, Combustion of the fuel of the kerosene + O2m type with a
small a = 0,05-0.3.

5, Combustion of the fuel, asymmetrical dimethylhydrazine +
nitrogen tetroxide with a large a = 10-4,5.

6. Combustion of the fuel, asymmetrical dimethylhydrazine +
nitrogen tetroxide with a small o = 0.01-0.3.

In cases 1-6, the temperature and working capacity of the
generator gas change depending on.a.

7. Decomposition of hydrogen peroxide in the presence of a
solid catalyst; the range of concentrations 0.7-1.0.

8. Decomposition of hydrazine; the mole fraction of the
dissociated ammonia, 0.1-1.0.

9. Decomposition of asymmetrical dimethylhydrazine.
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10. Heating and evaporation of hydrogen in coolant passage
of the chamber.

It should be noted that the criteria of thermodynamic efficiency
do not completely characterize the perfection of the methods of

gas generation; however, they are used as a generalized estimate.
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CHAPTER XVIII

CALCULATION OF THE BASIC PARAMETERS OF
AN ENGINE

The procedure for calculating an englne may be formulated,
for example, in the following manner: the engine design, which
develops a thrust in a vacuum Pn at a pressure at the head of P
and on the exit from the nozzle, Pe: The fuel components, their
proportion k and the theoretical diagram of the distribution «
according to the cross section of the combustion chamber are

prescribed.

In this chapter the procedure for determining the specific
thrust, fuel consumption sizes of the chamber are considered. For
engines with generator gas ejection or with a pressurized supply
system losses should be considered, connected with the additional
expendlture of the working medium for the supply of components in
the thrust chamber. For the case of generator gas afterburning in
the basic chamber a scheme 1s examined for calculating the
connection between the pressure in the combustion chamber and the
parameters of the channel from the inlet into the pumps to the

combustion chamber.

18.1. Determination of Actual Specific Thrust
and Second Fuel Expenditure 1n Seconds

The thermodynamic calculation of a given fuel with several values
for the prcpecrtion - Lcmpenents Ky at a specifled Py and P, provides

vialues of pya 01 complexes of Si and other required parameters,
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After that, the relative area of the combustion chamber f
should be determined and the thermodynamic calculation should again
be made, in order to take into account the difference between p;
and p,, 1f £3 < 5-6 (see § 10.5).

Subsequently, we will consider the data of the thermodynamic
calculation obtained by the calculation of the pressure drop in
the high-speed combustion chamber.

The effect of the heterogeneous distribution of the proportion
of components based on the cross section of the combustion chamber,
on the theoretical values of specific thrust and of complex 8 1is
taken into account according to the formula in Chapter XI:

P,l.nl=zglpyl.n“; pl=zgl§ll'
J

The actual specific thrust in a vacuum

Py n=%Pyant (18.1)

Ve
18 determined on the basls of specific thrust efficlency ¢va’
reflected by the imperfection of the processes in the combustion
chamber and.nozzle, since

Pya=9p, Fc: (18.2)

Coefficient ¢c’ which takes into account the various types of
losses in the nozzle, can be determined by methods given in Chapter

XII. Coefficient ¢p , which takes into account the imperfection of
K
the process in the combustion chamber, 1s usually selected on the

basls of statistical data obtained during industrial or experimental
testing of samples similar to the developed engine.

In the experiment the value, ¢yn’ can be reliably determined,

The value ¢p can be obtailned as
X
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?px={‘_;‘_' (18-3)

where ¢c is determined by a calculated method.

By another method of the experimental determination of the,
coefficlent, ¢p , a comparison can be made of the expert and theo-
K o
retical values of complex B (see § 16.2). As has been mentioned,

the value of the coefficient of pressure ¢p amounts to 0.96-0,99,.
K

Thus on the basis of the results of the thermodynamic
calculation and experimental-theoretical coefficient of perfgction of
the processes the actual specific thrust of the chamber of the engine ﬁ

can be determined.

The fuel consumption in seconds, necessary to produce the
prescribed thrust, can be found as .

Py
il (18.4)

18.2. Determination of the Chamber Size

Combustion Chamber

The cylindrical combustion chamber is the most common form. One
of the baslc advantages is its simplicity of manufacture. Let us
examine the determination of the three basic dimensions - diameter
dx’ lengths LR and the diameter of the critical cross section of
nozzle de.

The volume and diameter of the combustion chambers are deter-~
mined on the basis of two characteristics - the time of stay and the
specific weight flow. The relationship between 5
length of the combustion chamber an (16.12) can also be used.

and the given
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In the expression for complex B8

V RTS
_.A n

since the value n is equal to 1.2, then it is valid for many liquid
fuels. Then, from formula (16.12) we will obtain a convenient
relationship:

iF (18.5)

where B is in m/s.

The volume of the ccmbustion chamber is determined, based on the
requirement guaranteeing the time of stay to be sufficient to achieve
the necessary completeness of combustion. As was previously
mentioned, the optimum value of the time of stay (or given length)
depends on the grade of fuel. The value an for certaln fuels 1is

presented in Chapter XVI.

In order to determine the area of the critical cross section,
let us resort to the formula of consumption taking into account the
combustion efficlency and the discharge coefficient:

Fr
a=-§#’- Bebiagr (18.6)

where M, - discharge coefficient which takes into account the
displacement of the thickness of the boundary layer and the
heterogeneity of the velocity fileld in critical cross section (see
§ 12.5); un¢ - discharge coefficient which takes into account the
delay of the condensate according to the rate and temperature with
acceleration of the two-phase products of combustion.

For the homogeneous products of combustion, l; in the case

H =
agp
of two-phase products this coefficient is greater than unity and

can be determined, a:u shown in § 13.2.
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Thus, from the expression (18.6) taking into account the
earlier given formula we will obtain a value of the area of
critical cross section of the nozzle

P.3
Fo=—">t
o Pektag P Pran 1%c ( 18 i 7 )

From formula (18.7) it is evident that the increase in losses
in the nozzle requires an enlargement in the area of critical cross
section 1n order to pass on the additional consumption compensating
for the reduction in the specific thrust. The losses in the
combustion chamber (¢px) do not affect the value, Fxp'

After the determination of an and Fxp the combustion volumes
which provide the necessary time of stay are found.

When selecting the dlameter of the combustion chamber or fK
one should consider that the decrease in f‘K increases the convective
heat flux and hampers the cooling of the combustion chamber,
diminishes pressure p; and therefore increases the over-all sizes
of the nozzle at a prescribed Pes hampers the positioning of the
sprayer on the head of the combustion chamber as well as the layout
of the atomizatlon and the mixing of the components. The positive
result of the decrease in fK is the lowering of the weight of the
combustion chamber,

In practice when selecting the diameter of the combustion
chamber can be oriented to the values of the specific weight flow,

attained while developing prototypes or the experimental engine.

According to expression (16.14) the relative area of the
combustion chamber can be written as:

fx=5;f' (18 .89

Thus, for instance, for an oxygen engine with values of complex
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B ~ 2-103 m/s and Gp/p¥ = 1.3-10'" kg/N-s, the amount of relative

area of the combustion chamber can be accepted as being equal to

f:=m=‘4. of {
low
It is quite clear that the above given estimates can change beh
depending on the accepted scheme of carburetion, and on scheme of _ the '
the engine. For example, in the scheme with the afterburning of the syst
generator gas in the basic combustion chamber, the process of
vaporization and mixing of the components will be substantially
different from that in the scheme without the afterburning, when Tl d
both components enter the combustion chamber as 1iquid. s
Thus, the diameters of the combustion chamber and of the I
critical cross section are determined. It 1s easy to determine the
length of the combustion chamber based on its known volume, or
based on an and the dlameter. wher
of w¢
The Nozzle utily
With known values of the dlameters of the combustion chamber l
and of the critical cross section, the subsonic part of the nozzle time,
can be profiled in accordance with the recommendations in Chr - | to

XII.

The basis for selecting the supersonic part of the nozzle are
the thrust characteristics of the nozzle, an example of which was wherJ
also covered in Chapter XII (see Fig. 12.11).

The rated value P, determines the relative area fc and radius !
Fc of the section of the nozzles.

If limitations are not imposed on the over-all sizes and lateral
surface (weight) of the supersonic part of the nozzle then a contour
which lies at the point of contact of line K = const, and T = BNt
= const, 1s derired. presst
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18.3. Calculation of an Engine Without the
Afterburning of the Generator Gas

In engines built according to the scheme without ‘afterburning
of the generator gas, the specific thrust is reduced due to the
low efficiency of the expansion of the low-temperature generator gas
behind the turbine with a pump supply system, ard as a result of
the considerable residues of gas in the tanks - with a pressurized
system.

The sum total expenditure of auxilliary or basic fuel, necessary
to accomplish the sum total of work of supply system LZ’ is equal
to

Ly

G..'=2';l'o (18-9)

where Lyn - theoretical specific work, which can produce 1 kilogram

of working medium of the supply system, in J/kg; n - efficlency of
utillzation of the working medium in the system.

Under the condition of constancy of consumption based on the

time, the required consumption of auxiliary fuel in seconds amounts
to

" T (18.10)
where 1 - time of work of the system of gas generation in s.

The relative consumption of auxiliary fuel is equal to

b (18.1%)
(G L. 0 '

Let us examine rhe expression for the relative consumption € in
two typlical cases of the utilization of generator gas: turbopump and
kFressurlization systems of fuel supply.




Turbopump Fuel Supply
The required sum total of work in this instance amounts to

Li=Nyx, (18.12)

where "r - power of the turbine, necessary to drive the pumps and
various units, in W.

Theoretical specific work of the generator gas when using it in
the turbine is equal to the adiabatic work cf expansion

L,=—" m‘;,,[l—(lj:)h%]. (18.13)

where (R'r)rr - specific working capacity of the generator gas at
the inlet of the turbine, in J/kg,
and outlet of the turbine.

p‘x. pnux - pressures at the inlet

The sum total consumption of the auxiliary fuel is equal to

S (18.14)

where Ry = overall efficliency of the turbine.
The relative consumption of the auxiliary fuel amounts to

Gl.u'l' 5

If the turbine drives only the fuel pumps, then its power must

be equivalent the sum of the power of the fuel pumps and the
oxidizer:

A’,:A".'+N.‘,_. (18'16)
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The power of the pumps can be calculated by the formula:

N..r - Gépr-ol " ¢
Crflnr (18.17)
N-.-.x =Gn:APnnn.nx g
Qox My ox
e,
where Apnon ® Ppnon ~ Pax.y — Pressure of the pump in N/m®; Pan. g ™

pressure at the inlet of the pump.

The required pressure of the feed pump Prox is determined taking
into account the losses in pressure in the injection head, in the
coolant passage as well as in the main feed lines:

Puox=P1+ APy + APoa+ AP (18.18)

In order to simply clarify the fundawental dependences, let
us take

APpoa.r =A8Puos.ox = AProx
and
N e ="g0n = Ty
Then, equation (18.16) can be presented in the form

N, =1’M| (&_+fﬂ).

ol Qo (18.19)
Since
Ge  Gow G
& G &
then, expression (18.19) can be rewritten as:
Ny= 3Pnedl z (18.20)

%
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By substituting expression (18.20) in the formula (18.15),
we will obtain:

o (18.21)

or

o——ph— (18.22)

(Translator's note: THA = TNA = turbopump)
where Mo ™ "y - efficiency of the turbopump unit.

As can be seen from formula (18.22), the relative consumption
of the auxiliary fuel increases proportionally to Apnon and 1t
diminishes with an increase in the adiabatic work of expansion,
density of the fuel and efficiency of the turbopump unit.

The value € is used to determine the specific thrust of the
engine and it usually amounts to 0.01-0.05. The smaller values
belong to engines of greater thrust and less pressure p,.

Forced Fuel Feed

The work, necessary to displace fuel from the tanks, by
volume Vd at pressure Pg» amounts to

The theoretical specific work of 1 kilogram of generator gas
or any other gas of specified parameters is egqual to

Lya= (p0)e= (RT ). (18.24)

The sum total consumption of auxiliary fuel, necessary to
produce work Lz, amounts to

G. -2 (18.25)
LA (m".
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and consumption in seconds,

G.--;-(—RTL‘)":. (18.26)

where N = coefficient Of thermal losses in a forced feed system
(in a section of the gas generator or storage battery-tanks).

The value of this coefficient, is equal to

") (18.27)
(RN

which one usually determines experimentally. For a preliminary
estimate it can be taken as equal to 0.2-0.4.

In accordance with formula (18.11) the relative consumption of
the auxiliary fuels can be determined as:

...___ﬂ‘__,
<G (RT ) Man

Inasmuch as

Gr=G,

v~

then

ey (13.28)

A comparison of the dependences, (18.22) and (18.28), shows
in principle, the same factors also have an effect on the relative
consumption of the auxiliary fuel in the force feed systems and in
the turbopump fuel supply. The most important characteristic,
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specifically, is the specific work of the gas Laa or (RT)rr' The
greater this value, the less the consumption of fuel (basic or
auxiliary) for supplying the components.

18.4. Calculation of an. ine with Afterburnin
of e Generator Gas in the Basic amber

Schemes for engines with afterburning of the generator gas in
the basic chamber are presented in Chapter I.

Let us examine conclusively the variant with an oxidizing gas
generator, when all of the oxidizer of the engine device and part of
the fuel is passed through it. The proportion of components entering
the gas generator, is determined by maximum temperature Trr’
permissible under operating conditions of the blades of the TNA
turbine. On the basis of the calculated or experimental data the
relationship - is determined, whereby the parameters of the
products of gas generation consist of: T ., (RT) ., n.

If the overall proportion of components in the engine device is
equal to x, then it is easy to show that portion of fuel passing
through the gas generator, amounts to

-
-

I e at (18.29)
14—

In this case the portion of fuel passing through the gas,
generator, is equal to ‘/‘rr'

It is obvious that in the engine with afterburning the losses
in specific thrust, associated with the supply of components in the
combustion chamber are absent. Therefore, an increase in the
pressure in the combustion chamber, resulting in an increase in losses
of specific thrust in the scheme without afterburning in accordance
with formula (18.18) and (18.22), is not associated with an increase
in losses here. The attainable level of pressure Py uepends on the
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power engineering of the generator gas, its temperature and parameters
of the engine. Let us determine this dependence.

Let the pressure losses during the motion of components from
the pumps to the gas generator (in the cavity of cooling, on the
sprayers of the gas generator, in the feed mains) constitute A'prr'
pressure losses along the way of the gas from the exhaust of the
turbine into the combustion chamber (in the flue, in the gas sprayers
of the head of the combustion chamber) - A"prr'

Let us write down the equation of the balance of power (18.16)
taking into account formulas (18.13) and (18.17):

G My - (RT), [ 1— (Lu)_:‘— ] -

Pax
s G' ‘Emn.r - 25:) + Gut (EF!\‘.’. o &!p_!l 3 ( 18 . 30 )
Qrr QoxMn.ox

Let us assume for simplicity that in this examined case the
pressure of the fuel pump and oxidizer pump are also identical, and,
in addition, the hydraulic losses from the pump to the gas generator
are the same:

A'Prr.n™ A'pn.l"‘= A'pr" ( 18 .31 )

inlet pressure in the fuel pump and oxidizer pump are identical:

Poxn.ox=Paxm.r = Pwue

Let us alsc assume tnat efficiency of the turbine N, and the
PP My " Ty Nu.ox?

the characteristics of the generator gas
(R'I')rr and n, the amounts of losses A'p and p are

"
! a Prp BX.H
constant and do not derend on the parameters of operation of the

device. Having noted that

pﬂl’ ’l ' A"/’IV:
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.=m -——&"—.;
Pux P +48"py

Puoa=Pr+ AP =3(p+A"p, )+ APy

let us write down the expression (18.30) in the following form:

G, — (Rm(l—-,,_l_._r)-

) ‘

=G 3P+ Apy) + 8 Pre —Puan
[ ™

(18.32)

Hence, pressure Py» attainable at selected parameters Knpo
(R'l')",. 8§, the hydraulic characteristics of main feed lines and
efficiency TNA can be found:

Pr=&e"ra® —— (RT),, (1—7‘_,.) 1o

—"’"+-:_ Pua __:_ "p". (18' 33)

The majority of parameters, which influence the value Py, are
defined as certain maximum permissible parameters. Such a tempera-
ture is T and the value (RT)_ . associated with it, and also the
losses irn pressure and NPHA® The controlling amount selected by

design, is the pressure drop, achieved in tne turbine.

Let us examine, as how to select the optimum value 8, supplying
the maximum pressure in the combustion chamber.

Let us designate
B-‘n"ﬂuov.—:.'i'(mw
and let us rewrite expression (18.33) in the following form:

’l’—'(B—A,’n"’p-.l} %_é—'A”prr' (18'3“)
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In order to determine the greatest possible pressure in the
combustion chamber Pmax let us take the derivative dpl/d6 and let
us equate it to zero:

Mn—1

d_ _B—prtped) g+ ) _
a " +8 w==0

From this let us fine the value of the optimum pressure
differential

e (e ) (18.35)

By substituting value § . in expression (18.34), let us
find Plmax®

Thus, in the engine of the examined scheme a pressure not
higher than Pilmax ¢2n be realized. The principles for the selection
of optimum pressure P, taking into account its effect on the
parameters of the flight vehicle are covered in Chapter XXI.
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CHAPTER XIX
CHARACTERISTICS AND THRUST-VECTOR CONTROL
In this chapter the operational characteristics of a liquid-
fuel rocket engine - the altitude performance and consumption are

examined, the basic means of thrust-vector control are described.

19.1. Preliminary Information

The dependences of thrust and of specific thrust on the basic
changing factors in operation are called the characteristics of a
rocket engine, including liquid-fuel rocket engine. The external
factors are the pressure of surrounding medium and the velocity of
motion of the apparatus, the internal factors - fuel consumption in
seconds and the proportion of fuel components.

As was previously noted in Chapter II, deviations diagrammed
pressures along external surface of the chamber from value Pp» which
is governed by the change in the velocity of the apparatus, is
accepted with reference to its resistance, but not to the thrust of
the engine. Therefore, the thrust and specific thrust of a liquid-
fuel rocket engine should be considered independant of the velocity
of motion of the apparatus.

In Chapter X the dependence of specific thrust on the propor-
tion of the fuel component (excess oxidizer ratio a) was examined.
However, » change- in Pyn and consequently, P owing to a usually do
not apply in operation, by holding a, it 1s dilficult to obtain
a wide range of adjustment, and secondly, the deviation of a from
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a certain optimum value results in a lowering of the economy.

Thus, the two operational characteristics of a liquid-fuel
rocket engine have practical value.

1. Dependences of the thrust and of specific thrust on the
pressure of surrounding medium with constants of fuel consumption in
seconds G and excess oxidizer ratio a (under constant operating
conditions of the engine). 1In the utilization of the engines of
flight vehicles, such a characteristic is usually called the
altitude performance, inasmuch as the atomospheric pressure is
uniquely associated with height.

2. The dependences of thrust and of speciric thrust on the
fuel consumption in seconds, G, at constant fuel compositions (a)
and the pressure of the surrounding medium (height). This
characteristic is callecd consumption.

Strictly speaking, the thrust and specific thrust during the
operation of a liquid-fuel rocket engine also depends on other
factors. For example, a change in the acceleraticn of tlight and of
the inertial forces governed by it is expressed in many parameters of
the fuel system and the gas generator and can influence the final
indexes: P and Pyn' The change in temperature of surrounding medium,
regularities of emptying the tanks, and so forth hold significances.
However, effect of such factors in comparison with the singled out
basic factors (consumption in seconds G, pressure of surrourding
medium ph) is secondary, and the complex quantitative estimate of
this effect is possible for a real engine and apparatus, when the
trajectory of flight, the characteristics of the power supply and
control systems and others are known in detall. During the stage of
preliminary calculation and design they are usually limited by the
aforementioned basic dependences.

Thz characteristics of the chamber and of the engine can be
distinguished. The characteristics of the engine can be distinguished

from the characteristics of the chamber, if there 1s auxiliary fuel
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consumption in the system of the gas generator (¢ > 0). The
characteristics of multichamber engines are a sum total of
characteristics of the individual chambers, utilized in a specified
combination.

The characteristics of the chamber can be calculated according
to equations

- Fops
P;n—?ynpyn.nl—“_(;f- (19'1)
and
P=o,F, . 0--Fp, (19.2)
For a chamber with a constant geometry (Fc, £, = const) the

values of Pyn "
under all conditions. This assumption in tne caiculation, does nct

and °yn in these equations are taken as constants
result in an error of more than 1-3¥%.

When calculating the altitude performance of a sole variable in
the expressions (19.1) and (19.2) it is P; when calculating the
consumption characteristic, the sole variable - G. If both variabiz
are varied within possible range, we will obtaln a family of
characteristics of the gi.ven chambher. One of the forms of preseating
such a family of characteristics is included 1In the values presented
in FPig. 19.1.

Fyn

Pmin

Fig. 19.1. A famlly of char-
il 'j acteristics of a liquid-fuel
8.9 [lixm - rocket engine.
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19.2. Altitude Characteristic

In order to calculate the altitude characteristic the dependence
of atmospheric pressure on altitude p, = £((H) must be known. It is
usually assumed based on the standard atmosphere (SA).

Because the altitude characteristic i1s calculated with G = const,
a change in thrust and specific thrust based on % (or based on H) has
an identical *haracter. If we plot the altitude characteristic in

relation to the value Pyn/Pyn.n, P/Pn, then both dependences are

represented as a single straight line in function P, Or as a single
curve in function H.

b.low a form of the characteristic, traditionali for engines of
fligh® schicles 1s examlned.

' gure 11.2 shows the altitude characteristic of two chambers,
operating under ldentical conditions, but having different relative
cross=-scctional areas of the nozzle fc(fcl = 10, £, = 50). Chamber
2 at low altitude+r operates under conditions of overexpansion with
the separation of flow inside of nozzle (point A on curve 2 -
beginning ci separation, dotted line - hypothetical continuous
charactzristic). The values of thrust and of specific thrust during
the separation of flow are determined according to recommendations
in § 2.3.

Pyp . P

" Pn

Fig. 9.2. Altitude character-
4 istic of the chambers. The fuel
Wr-——r—= e is the kerosene + 0,  type; p, =

,//7//‘ = 100 bar.
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IV would be Intepedling Lo vvaluale the rfclntive fiogrgar !
hrusl, and conaequently, the sreclfic Lhrust wit.a.: O RN
L0 earth (ph - po) - vacuum (ph ® G), This amcunt constitytes

Y] LY S &Y T A .
p. r. P..r,

As 1t appears in Plge. 19.3 and 19.4, the increment /V e

i'or chambers with a large rc. and with rc s constl = under vedce
conditions (small pg or consumptions).
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Filg. 19.3. Fig. 19.4,
Fig. 19.3. Dependence of increment AP on
fo: fuel CoHgN, + N;0y; o = 0s8.

Fig. 19.4, Dependence of increm AP on
pK'; the fuel is the same as thdt in Fig.

1903-

As 18 known a nozzle of constant geometry has only one optimum

range (pc = ph): within other ranges 1ts characteristic worsen.
In order to maintain the optimum range with an increase 1in the

altitude of the flight area, the cross section of the nozzle should

continuously increase. Figure 19.5 shows the altitude characteristic

of the chamber with that sort of an ideally adjusted nozzle (P
The same dependence, P

YE.UEL
= f(H) 1s presented for two chambers with

ya
various f_. Obviously, that the first step to the adjustment by
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neight Py‘1 {end conseguently, P) can be the utllization of the iw
positicon noco.e 2, tue cress-sectional area of which changes in

steps at the height of Hnepexa' The advantages of a two-positicn
nozzle over nczzle 1 are evident in the range H > Hnepéxa’ and the
advantages over nczzle 3 - in the range H < Hnepexx' There are known
attempis tec realize a twu-position nozzle with the aid of a sliding
skirt of the nozzle (for cxample, the RL-20 American liquid-fuel
rocket engine), having removatle inserts, and others.

Pya
Kivs
g

J60

Jv

20

Jud

280

260

Fig. 19.5. The altitude character-
is5tic of - chs.ber with a two-
position nozzle.

' -
[Translator's note: H:epexa o
H 3

v e
e .o "

The above presented dependences are with reference to chambhers
with Taval nozzles. Ring nozzles of external expansion (see Fig.
12.8k) »r» with a centra) plate-.like body (see Pig. 12.8e) have
considerahlv hetter nhrwastepri-tic under conditions of over-
expansion., including the zeparation of flow inside the nozzle. Under
such conditions these nozzles possess a known degree of self-
regulation. The so-called aerodynamic nozzle (see Fig. 12.81)
approaches the ideally adjustable nozzle over a wide range of
altitudes. PFigure 19.6 as an example 1s presented for a comparison
of the altitude characteristics of chambers with -1 aerodvnamic
nozzle {1) and with a fixed area Laval nozzle (2).
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J , Pig. 19.6. Altitude characteristic of
v \ the chambers with various nozzles.
v ?
&7 —
| 1
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19.3. Consumption Characteristic

The throttle or control characteristics are also called the
consumption characteristic of a liquid-fuel rocket engine, emphasiz-
ing that it reflects capabilities for adjusting the amcunt of
thrust.

According to equations (19.1) and (19.2) the elements of
theoretical consumption characteristic of the chamber with constant

geometry are:

P - constant value with assumptions based on an analytical

ya.n
calculation;

Pyn he hyperbola with asymptotes: G = «, Pyn = Pyn.n’ G =0,
Pym = ==

Pn - straight line, passing through the origin of the

coordinates;

Pp - straight line, parallel to Pn and lying below it by the
value F.p,.
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An example of the theoretical consumption characteristic {s
presented in Pig. 19.7. For each chamber there is a definite range
of a realizable characteristic from Omin t° Omax (Fig. 19.8). The
condition omaz is the maximum pormissible forced condition, at which
the strength and heat resistance of the chamber have been calculated.
Condition omln can be governed by threshold of effective and stable
work of the chamber, by the overheating of the 1liquid in the
regenerative corolant passage of the chamber (see the next chapter)

or by other limitations.

P, n
Rya
?. Pyan
F ya
Pn
Py

£ Ph{ Emin Fmas ?
Fig. 19.7. Fig. 19.8.

Fig. 19.7. Consumption characteristic of
the chamber.

Fig. 19.8. Operating range of the consump-
tion characteristic of the chamber.

Figure 19.8 shows a segment of the consumption characteristic
with a separation of flow inside the nozzle (dotted line -
hypothetical continuous flow).

The consumption characteristic can be obtained experimentally
on a test stand. 1In order to determine it measurements of the
thrust of second the consumption of fuel in seconds and of pressures
of the surrounding medium are required.

A comparison of the results of the calculation and of the
experimental determination of the consumption characteristic 1is shown
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in Plg. 19.9. In the defined prang of conditlon: good aprecment

is discovered; however, with a algnificant decrease {n the consumpe-
tion the results of the experiment and of the calculation become
increasingly more divergent. This can be explained in the followiny
manner. Prom equation of consumption of the liquid Lhrougin the
injecting devices (sprayers)

G o=ty ¥ 208P., (19.3)

it follows that the pressure differential on sprayers Apanp with

a constant area anp changes proportionally to the square of the

consumption., With a considerable aecrease of ApBnp
atomization and fuel mixing worsen, and, consequently, the specific

thrust efficiency °yn diminishes (owing to a decrease of ¢p ).
K

the processes of

P
P max
Pyn Fig. 19.9. For the comparison of the
p experimental and calculated consump-
ya.mox tion characteristics: calcula-
a6 tion; ==w=- experiment.
a4
42—

92 0% 45 08 z;L
max

The reduction in the specific thrust under all conditlions lower
than the maximum (when Py ¥ 0) is a substantial deficlency in the
adjustment of thrust based on the expense characteristic. Basically,
this reduction 1s governed by the lowering of the pressures
differential pK'/ph, and likewise by the worsening of the quality
of processes in the combustion chamber.

what is wanted 1is the regulation of thrust in the chamber, by
maintaining the speclfic thrust constant. Let us analyze how

this can be done in principle. For constancy of Py when P, # 0,

a
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it is necessary tc retain the optimum pressure differential pﬁ'/;L =
= p"/p, and .alntaln 2 high juality of the processes. First
condition require that the constant pK' and p, are held. The only
way to maintain px' at a reduced consumption follows frcm the
expreccion

a reduction in the area of critical cross section of nozzle Fxp is
proporticnal toc the consumption. In order to maintain a constant of
pressures p , It is necessary to retain the relative area of the
nozzle, rc = Fc/Fxp’ i.e., to change the cross-sectional area Fc

preportional to Fxp and G.

To preserve the quality of the working processes in the combus-
tion chamber is possibls by retaining the pressure differential on
sprayors Apanp ccrztant, With a reduction in fuel consumption this
can be done, as seen from the expression (19.3), by diminishing the

area of injection anp proportional to G.

Thus, in order to control the thrust by fuel consumption at a
constant specific thrust it is necessary in general to change Fxp'
F, and anp proportional tec G. In a vacuum (when P, = 0) a change
in Fxp and Fc is not required.

Figure 19.10 shcws the caiculizted characteristic 1 of the
chamber with changed fliow-through sections. For a comparison the
consumption characterictic 2 of the chamber without regulated flow-
through sections, i1s shown. Certain technical possibilities of
adjusting Fc were mentioned in the examination of the altitude
characteristic; the possible means of changing Fxp and Fanp will
be covered below.

Sometimes, the change in thrusts and specific thrust 1is

repesented as a function of the pressure in the combustion chamber
pK', and not as consumption of fuel in seconds. Experimental and
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calculated characteristics of this kind are shown in Fig. 19.11.
Comparing them with the usual characteristic (see Fig. 19.9) shows
that the characteristics are analogous. However, experimental and
calculated values of thrust as a.function of px' coincide throughout
the range of conditions. The reason 1s that the worsening of the
quality of processes in the combustion chamber at low fuel consump-
tions has the same effect on pressure px' and on thrust. With the
treatment of the results of bench tests this represents difinite
conveniences, equal as much as possible to direct control of the
parameter - pressure in the combustion chamber. However, character-
istics for px' are less universal, than for fuel consumption. It is
inccnvenient to use multichamber engines for these parameters,
because according to the pressure in each individual chamber one
cannot ascertain the fhrust of the entire engine.

.

P
! 2 mas P
e
2
m : Pyn 2 " A
yn.max "
& o a6
a¢ — P
/ Pmai 44 m
az— 8 .
0 - Y a2 g% 06 431—""‘
6
I e 7.
Fig. 19.10. Fig. 19.11.

Fig. 19.10. Two variants of the consumption
characteristic of the chamber.

Fig. 19.11. For the comparison of experi-
mental and calculated consumption character-
istic.

The consumption characteristic of chambers with ring nozzles
and Laval nozzles is identical under conditions of underexpansion.
Under conditions of overexpansion, with a large pK*/ph, consumption
characteristic of chambers with ring nozzles 1s more favorable for
the same reasons as that for the altitude characteristic.
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A comparison of the consumpticn characteristics of the chamber
and of the engine is shown in Fig. 19.12. In the basic chamber of
the engine with the afterburning of generator gas, there is no
) additional consumption of auxiliary fuel (¢ = 0) and the character-
istics of the chamber and of the engine coincide. The Specific
thrust of engines without afterburning of generator gas is lower
than the specific thrust of the basic chambers. Thelir differences
are more significant the greater ¢ 1s, and the stronger the dependence
€ = r(px‘) or e = £(G) 1s.

g k”yn e=0
.. —
-
fe=2 %

k1)

¢

ar 300

C'fz(pa’
0 l2s0 — LA

S50 10 150 200 250 pxbar

Fig. 19.12. Consumption char-

acteristics of the chamber and

| of the engine at various de-
pendence of € = f(pK').

19.4, Thrust-Vector Control

-

In order to fulfill the assigned mission, the rocket must move
along a definite trajectory, holding to a specified change-in-thrust
f pattern while in flight. Under actual conditions random disturbances
take place, whose effect can alter after the flight trajectory and the
' change-in-thrust pattern with time.

: Among the external disturbing factors there are, for example,

ﬂ the disturbance upon rocket 1lift off from the shaft or from the
launching rack, sudden wind gusts when travelling in the atmosphere,
disturbances at separation of stages, the asymetry of the aerodynamic
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forccs, and 8o forth., These factors aftfect the pocket, as'de from
the dependence on the type of engine.

The nature of the effect of the internal factors 1 assoclated
with type of engine used. For a liquid=fucl rockel engine Lh's
is, mainly, the scattering of thrust characterlstics of enginc: of
the same type, determined, basically, by the scattering of character-
istics of the fuel-feed system - pressure pumps, hydraulic resistances
of pipelines and of coolant, and so forth,

As a result errors, in the engine device on the rocket certain
asymetry of the thrust and constant motion can arise in flight,
which must be compensated for.

Thus, to facilitate the requiring program of flight it 1is
necessary to control the thrust of the engine according to magnitude
and direction, 1.e., to control the thrust vector. In this case the
necessary range of adjustment is made up of twc components. The
first one, a specified or calculated value 1s determined by the
character of the trajectory and by the change-in-thrust pattern
with time. The second component depends on the random external and
internal factors and it is rated, basically, on the data of bench and
flying tests.

Change in the Amount of Thrust

The basic means of changing the amount of thrust were shown
in the previous paragraph. This amounts tc a change (throttling) or
fuel consumption in seconds while maintaining the characteristic
flow-through sections of the channei (F
them.

Bnp® FKD’ Fc) or adjusting

The most widely used method, in practice, 1s that of throttiling
the fuel consumption per second at a constant jeometry of the chumber
chanrnel. I L5 carrled oub with Jhie uld 0 Lpeclul icguiators wiv Wi

fuel mains of the chamber or of the gas generator, and U can



guarantee a smooth change in the thrust.

reliable and also relatively simple.

cies were examined above (19.3).

Table 16G.1.

o
vo

The method is convenin:
limitations and deficien-

Table 19.1 qualitatively described the diverse variants of
change in fuel consumption per second in conjunction with the
adjustment of the flow-thrcugh sections of the channel.

liquid-fuel rocket engine.

Basic methods of changing the

amount of

thrust of a

Parameters of chamber

Specific thrust

Method Reasons for changing
constant variable Px me Th awo-| Py,
vacuum | gohere
1 Throttling of fuel Ip atmosphere:
onsumption with con- 1) decrease in p®y/pa;
tant flow=through Fuop Diminishes |Constant|Dimi- 2) deviatisn from
sections of the Fep Punp nishes Joptimum range of
channel In3zzle
> F. 3) lowering of 93
1 a) Punp
Fup Fanp Diminishes Constam.w Dimi- In atnosphere:
Throttling of fuel F. nishes |lst and 2nd reasons
vnsumption with ad- for method 1
ustment of the flow=
hrough sections of -
he channel
Panp In atmosphere: 2nd
) Founp FoinG Constant | IncreasefDimi- and 3rd reasons for
F. Kp™~ ishes Jmothcd 1
In a vacaum: ine
crease in f,
I~ atmosphere:
Panp Constant | In- Dimie reason for method
¢) | Fup/Fup Funps Fip~GC creases hishes [I
& In a vacuum: ine
krease in b
I’uup
d) Fonp ' Fup Fanp- Fyp, F.~G|Constant In- Constant¥ In a vacuum: ine
Fe/Fup creases reas) in f¢ (if F, is
’ ot regulated in a
acuum
Turning of f and on
he chambers of the p
vltichamber er.zine bl
(step-wise adjust= Funp Constant ]Constant|Constant
ent) ka 5
%

*If prior to throttling the nozzle is operated at underexpansi'n, then it is possible to increase Pya-
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A change in the total flow-through cross-sectional area of
sprayer Fanp (var. 1la) is, in principle, attained several ways.
It is possible, for example, to turn off separate groups of the
sprayer, without changing the optimum condition remaining. It is
possible to change the flow-through sections of the sprayer by
mechanical means. Both methods are rather difficult to achieve.
A way 1is possible to decrease the depaity of the fuel which is
supplied through the sprayer, by introducing an inert gas (helium,
argon) in the 1liquid component. Small quantities of the inert gas
having low molecular weight, and consequently, a high working capacity
practically have not effect on the specific thrust. At the same
time the introduction of gas provides a wide range of change in
consumption at a constant geometry of the sprayer without worsening
the quality and resistance of the carburetion processes and combus-
tion.

Changing critical cross section area of the nozzle Prep (var,
11b) 1o possidble by mechanical or gas-dynamical means. Pirst,
usually it is assumed a movable "needle-shaped™ stylus ("bulb”") is
used, inserted in the critical section; secondly - there is a de-
ocrease in the effective flow-through section owing to the injection
of the gas. The practical resliszation of these gad any other system

poses complex design problems.

The simultaneous adjustment of areas P.up and ’xp (var. llc) and
possidly P, (var. 11d), although it attracts interect due to its high
effiolency, 1is technically very intricate. It should also be noted
that the conditions for the adjustment of Pc simultaneous with Pnp
in many instances is, probadbly, superfluous. So when working in a
vacuulm such an adjustaent is not necessary. When working in atmo-
sphere, an adjustment of Pc is necessary in order to avoid the
lowering of P,. under conditions of overexpansion. It is possible,
however, either to reconcile it without lowering Pya very much or to
compensate for it by an increasze of Px' against the nominal, if this
‘3 admissible under rellable working conditicns. 7The utlllization of
nossles with external expansion, having a known degree of self-
regulation, facilitates this position.
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The method of step-wise variation in thrust (var. III) by means
of turning off individual chambers while maintaining optimum
operating conditions occupies special place. Such a means 1s free of
deficiencies, inherent in other methods. However, its utilization is
possible only when a smooth change in thrust is not reqdired.

Change in the Direction of Thrust

During the movement of a rocket along a trajectory controlling
forces must be produced in the vertical plane (pitch control) as well
as in horizontal plane (yaw coantrol), and likewise, a controlling
moment relative to the logitudinal axls (roll control). On the
basls of experimental design, perfecting and operting rockets a
number of general requirements for thrust-vector control systems were
developed. Basically, these requirements can be grouped as follows:

1) providing sufficient control forces according to magnitude;
2) high reliability;

3) minimum losses of specific thrust of engine controlled by
the presence and operation of a guldance system;

4) minimum weight and over-all size;
5) simplicity of design and convenience of operation.

In practice it 1s impossible to produce a system, which
satisfies all the enumerated requirements to an equal degree. In
accordance with the purpose of the apparatus the defined requirement
can be singled out, which, depending on 1ts specifications, can
be met in the very best manner, using various methods. In connection
with this at the present time it was assumed that a great number of
various methods of thrust-vector control has been investigated to
some degree.
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It 1s expedient to use two criteria for an estimate and com-
parison of the various methods:

. 1) Dbased on a change in the flying range of the rocket as a
result of an increase 1n its final weight and a decrease in specific
thrust controlled by system device;

2) according to the degree of reliability of the system.

In order to obtaln these criterla conformably to each method it
is necessary to construct a working design of the various systems.
In this case one should have in mind that at the modern level of
knowledge it is difficult to determine quantitatively the rellability
of the systems under study.

For the preliminary evaluations of the various methods of chang-
ing thrust control such criterla are used: )

relative amount of control forces - the ratio of this force to
axial thrust of the engine:

p.=Fr. (19.4)

—— y -
VP

relative loss of specific thrust - the ratio of the loss in
specific thrust of the engine, caused by the presence of the control

system, to the nomial value:

— APy,
APy, = p,y."‘ (19.5)

quality of the system - the ratio of gquantities Fy ani APyﬂ:

k.<Pr (19.6)

¥ gl

The quantities Py and APyﬂ are usually expressed in percent.
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When developlng the rocket complex it 1s necessary to know not
only control force, but rather the moment the relative to the center
of gravity of the rocket, belng created by this force. 1%t is
understandable that one can sp2ak about the value the moment only in

case of an actual scheme of a rocket, since different control moments

can be rroduced with the same control force for various assembly

schemes. Hence, it 1s clear that the possibility for comparisorn with

the aid of the shown criteria is rather limited. Nevertheless, for
a preliminary analysis they are used extensively.

During the flight of a rocket on a trajectory, the necessary
control force changes all the time, attaining at 1ts maximum value
at specified moments. Losses 1n specific thrust also change accord-
ingly. Therefore the system of control must resolve the maximum
controlling force according to the amount, and the economy must be
characterized by the mean integral amount of loss in specific thrust
along the trajectory.

Below, the basic means of thrust-vector control of a liquid-
fuel rocket engine are briefly considered. Some of these methods
are also applicable for solid propellant rocket engines (RDTT).

Figure 9.13 shows the employment of gas current controls,
encounted on in the cross section of the nozzle in Jet stream of the
combustion products (a) or outside of the Jjet stream (b). The angle
of rotation of the vane 1s § = $258°, A device with four vanes pro-
vides flight control in all planes of stabilization. The control
force and resistance (loss in thrust) can be determined according to

the conventional formula of aerodynamics:

ew?

Py o5 i (T0e T)

i (19.8)
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‘ - , Fig. 19.13. Scheme of gas current
i controls.
a) b)

Gas current controls can create great lateral forces (Py up to
10-15%), truly, at a cost of considerable losses in specific thrust
(APyn = 2-5%). The system is simple, rellable, but burdensome. The

mounting of the controls in a neutral position outside the jJet stream

reduces losses in specific thrust, but it requires very large control
forces to power the controls.

Annular vanes (deflectors) (Fig. 19.14) are made in the form of
spherical bands, cylindrical adapters and their combinations. They
are mounted in the cross section of the nozzles in a hinged suspen-
slon. With a deviation in the deflector at a certaln angle, its
edge projects into the supersonic Jet stream, in front of the edge
an oblique shock wave 1s created, and a lateral force appears. The
system can create large control forces with small losses in specific
thrust. In order to determine Py and APyn experimental dependences
are usually used.

L

-~

Fig. 19.14. Diagram of annular control.

By structural relationship the system 1s rather simple, but it
has considerable welight and over-all size; in the case of a single
nozzle arrangement one can guarantee roll control.

Figure 19.15 shows a diagram of a oblique cross section adapter,
from whose exhaust there appears an unbalanced lateral force. A
deflection in Py 1s attained by rotating the adapter around the
longitudinal axis; the amount of deflectlion - by axial movement.

The characteristircs of the oblique c¢ross section adapter can be
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" determined analytically as well as experlmentally. The system
produces control forces Py = 5-15% with small losses in specific
thrust. Roll control with a single nozzle arrangement 1is infeasible.

Fig. 19.15. Diagram of an oblique
cross section adapter.

The most wildely used method of changing the direction of thrust
in a liquid-fuel rocket engine is the use of rotary chambers (Fig.
19.16). Both basic and steering (vernier) chambers are used. In

case of a single-chamber arrangement without steering engines, the
chamber 1s installed in a cardan suspension and 1s incllned at an
angle, § = 3-7° in two mutually perpendicular planes, providing pitch
and yaw control.

T F;.lg. 19.16. Diagram of a rotary
chamber.

During the rotation of the chamber at an angle §, the control
force consists of

Py=Ppysind, (19.9)
the losses in thrust
AP = Pry(i—cos 8). (19.10)
A system with basic rotary chambers makes 1t possible to produce

large rontrol fovrces (Py up to 10-15%) with very small losses in
specific thrust (AFle < 1%).
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In the case of a multichamber engine installation, each of the
basic or steering chambers, as a rule, is movable only in one plane.
This 1is sufficient for flight control in all planes of stabilization.
There are such steering chambers of RD-107 engine of the first stage
of the rocket, Vostok, for example. Their utilization reduces the
specific thrust of the engine in a vacuum by only O0.3%.

The reliability of a system with rotary chambers is high;
however, the cardan suspension and hinged units have large over-all
dimensions and welght,

- The contrcl forces can be produced by method of the misalign-
ment thrust of the chambers of the multichamber englne, in a fixed
position at a certaln angle relative to the axis of the rocket
(Fig. 19.17). A difference in thrust is attained by boosting forcing
one and by throttling the other chamber by the same amount. The sum
total thrust of the engine 1s thilis cases does not change, but a
control moment arises equal to

My=2AP(rcos 8+L sind). (19.11)
[ ] \.
P

-
g

Fig. 19.17. Diagram of the change 1n
thrust of individual chambers of a
multichamber engine.

i . P+AP
p-ar || »
'

Thrust losses in this case amount to
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tion
Losses in specific thrust APyn usually do not exceed a frac

of a percent.

What has been said can be projected to any numbered pair of
chambers in a multichamber dcvlice., The advantages of the system -
in lieu of any special actuating controls, is the simpli-~"’
convenlence of adjustment. With no less than four char
possible to control the flight in two naturally perper. 'S,
With a corresponding mounting of chambers 1t is possiu
control roll,

Recently, a large amount of attention was devoted to a so-called
gas-dynamic method of controlling the direction of thrust. These

methods are based on the 1input of a basic supersonic flow of gas,
perpendicular to 3 liquid or sollid obstruction.

If a gas 1s fed in the supersonlic part of the nozzle through an
aperture or slot under a specified pressure, as shown in Fig. 19.18,
then 1n front of the Jet a cone shock appears or, more accurately,

a weakly curved percussion wave with a A-shaped leg at the base.
Simultaneously, a Jet stream sweeps through the flow under the action
of a dynamic head and at a certain distance from the inlet aperture,
it is mixed with this flow. With the maln flow across the cone
shock, the static pressure in the flow increases and the pressure

it the nozzle rises. As a result an unbalanced lateral force arises,
consisting of two components: reaction thrust of the ejected gas,
and a force governed by the phenomenon of an asymmetrical zone of
raised pressure behind the shock relative to the axls of the nozzle.
The typical range of ralsed pressure on the wall of the nozzzle

in this disturbed zone 1s shown in Fig. 19.19. The magnitude of

the second component may comprise 50-70% of the full lateral

force.
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Fig. 19.18. Fig. 19.19.
Fig. 19.18. Diagram of a blast of gas in a supersonic jet.

Fig. 19.19. Area of raised pressure with a blast in the super-
sonic jet stream.

It should be noted that an increase in the pressure in the
disturbed zone 1lncreases the thrust of the nozzle somewhat, by
increasing the specific thrust, determined according to the
expenditure of basic fuel. However, the specific thrust, determined
according to total expenditure, 1s reduced due to the inefficient
utilization of part of the fuel (blasted gas). In the calculation
one can assume that the blast of gas does not take part in
producing the axial thrust of the engine.

Gas for the blast can be removed from the combustion chamber,
using a speclial gas generator or using bottles of compressed gas
provided for this purpose. From the viewpoint of efficfency 1t 1is
most expedient touse high-temperature gas from the’zgmbustion

‘chamber for the blasting. However, such a scheme possesses a

substantial deficienty of a design nature. It includes the fact that
the bypass valve should operate on high-temperature gas, possibly with
a content of particles of the condensate. The creation of such a
valve 18 a complex task. The utilization of a relatively low-
temperature gas from a speclal gas generator or cold gas from

bottles makes 1t possible to avold these difficulties. However, the
efficiency of such working media is considerably less, than that of
hot gases, and the system, on the whole, 1s more burdensome.

The utilization of an injectlion of some kind of liquid from a

structural point of view seems more attractive, although based on
efficlency such a system is considerably inferior to a system with
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"a blast of gas. Principle of the creation of a lateral force with

the aid of an injection of liquid is practically analogous to a
blast of gas. The distinctive feature 1s that after a blast the
liquid 1s atomized by the flow and either simply vaporizes (if it is
chemically neutral with respect to the main flow), or it enters into
a chemical reaction. The latter circumstance favorably reflects
the efficiency of the system.

When selecting the type of liquid it 1s necessary to strive
for the highest possible density. Thls makes it possible to reduce
the volume of the contalners. It must be stable in process of
storage and have low toxicity. Low specific heat capaclity and low
latent heat of evaporation will facillate an increase in the
efficiency of the system. As neutral liquids for injJection one
can use various freons, and among the reactive liquids, there 1is
nitrogen tetroxide (Nzou), hydrogen peroxide (H202), chlorine
trifluoride (ClF3), and other components of 1liquid rocket fuels,

Due to the complexity of the phenomena which appear under the
interaction of cross streams of gas or by the vaporization of the
liquid with the supersonic flow of gas, 1t is not possible at
present to calculate the magnitude of the lateral control force by
accurate theoretical methods.

When developing actual systems, experimental dependances are
used, produced on models or life-size engines during firing tests.
Flgure 19.20 presents approximate dependences of the control force
relative to the efficiency of various substances during blast
(injection).

The important advantage of the examined methods of producing
control forces is the absence of any mechanical elements found in
a high-temperature jet. The immobility of the chamber and the
absence of moblle controls also adds to the positive aspect of this
system.
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Fig. 19.20. Dependence of the
control force on consumption
with injection or blasting [3]:
1l - gaseous nitrogen; 2 -
freon-12; 3 - water,

The deficiencies can include the difficulty of devising a
reliable bypass valve of hot gases, and also the comparatively low
economy in the case of injection of liquids. It should be noted
that in case of a single-nozzle engine such a system does not
facilitate creatingcontrol moment relative to the longltudinal axis
of the rocket. For these purposes one must ovide special devices
of the vernier engine types,

To create an asymmetrical redistribution of the pressure in the
supersonic part of the nozzle it is possible to introduce a solid
obstruction in the form of a rod or a flap (sometimes also called
a trimming tab) lnstead of a gas or a liquid.

If a solid obstruction is introduced between the critical section
and the cross section of the nozzle, then the picture of flow is
basically similar to that which takes place with blasting or injec-
tion. The greatest increase in pressure will take place directly
in front of the obstruction., The areas of ralsed pressure are
observed even along the periphery of the disturbed zone. Directly
behind the obstruction a stagnant zone will form at a reduced
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pressure, a0 o result of whlen the magnitude of U latepral ot
force 1u some anat diminished, When posttioning a colld obastruction
nearer to the critical sectlon relative to ity small advancement in
the flow, can result {n the fact that an obligue shock wnve will
reach tne  cqpo...te slde of the nozzle, 1,e., it wil]l project over the
entire scction, This sharply reduces the asymmetry of the flow and,
accordingly, the magnlituae ¢! the lateral force.

Witn practical reuileition of sach controis, apparently,
seriout difficulties will urise with the condensation from the break
of high-temperature products of combustion in the clearances ncar the
obstructuion. The indicated deficlencies make the examined methods
of producing control forces not very attractive and they are seldom
used,

The majority of the shown deficlencies can be avoided, if a
flap is mounted at the cross section of the nozzles. in this
instance the zone of rarefaction is absent, thereby diminishing the
control force, ancd the rigld requirements for cundensation between
the {'lap and the cross section of the nozzle are raised.

In this case the character of the asymmetrical redistribution
of pressure changes somewhat in comparison with the previous case.
In front of the flap an A-shaped shock wave appears, Just as shown
in Fig. 19.21. Here a typlcal plicture of the distribution of pres-
sure according to the line of symmetry of the disturbed zone is
portrayed. From the examination of this diagram it follows that at
a certain point in front of the flap there 1s a break-away of flow
from nozzle wall and stagnant or frontal hreak-away zone will form.
At the point of break-away an oblique shock wave appears, wnhich then
merges with the curved shock wave arlsing around the upper edpe of
the flap. By means of advancing the flap can regulate the slze of
the area of the disturbed zone and degree of lrcrease In pressure
in front of the flap. All this finally results in a change In tne
control force. Thrust losses using such a meth.d of producling a
control force Wwill determine the pressure different!ial on the frront

and back surface of the f'lap.

Lo
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' Pig. 19.21. Diagram of the utiliza-

s tion of a flap and character of the
pressure distribution in front of it:
. 1 - nossle; 2 - oblique wave; 3 -

break-away zone; & - flap; 5 - per-
cussion wave.

In order to calculate Lhe basic characteristics of such a
system it 1s necessary to determine the size of area of the disturbed
sone in front of the flap, to evaluate the degree of increase in
pressure in this sone and to find the distribution of pressure
sccording to the front and back surfac~ of the flap. Ceftemporary
sethods do not permit onc to conduct an accurate.calculation of the
fiel)d of flows in front of the break-avay zones. Therefore, during
the determination of the basic characteristics of the flaps, Jjust

88 1in the preceding case, experimental data is used.

According to certain data actual values of the coefficient of
quality for flaps applied in solid propellant rocket engines (RDTT),
they can comprise a quantity, equal to unity or more. A considerable
lowering of K_ takes place due to the pressure of clearance between
the flap and the cross section of the nozzle.

The selection of material for flaps and providing for their
heat resistance represents a serious prodblem.

Although the solid propellant rocket engines are regarded as tne

basic field of application of flaps they are examined here for analogy
with methuds of blasting of gas and of liquid injection.

491




w

Cutoff of Thrust

A cutoff of thrust or the turning off of the engine 1is
necessary in the following cases: in the first, after achleving the
necessary velocity of the state of the rocket or after completing
the necessary maneuvers by the space vehlcle, in the second,
during operation on the test stand after completing a program of
tests, or in an emergency situation. !

In first case for accurate endurance of the assigned terminal
velocity of apparatus, the cutoff of the thrust must be performed
sharply, and the pulse of the thrust, acting at the moment and
after the cutoff (the so-called pulse after-effect), must be
minimum and stable. Stability, i.e., the small scatterings of pulse

after-effect with the repeated response of one engine or with the
turning off of different engines, offers the possibility of consider-
ing 1t when determining the moment of shutdown.

Shutdown of a liquid-fuel rocket engine 1s performed by
stopping the supply of fuel components upon response of the cutoff
valves. The pulse after-effect is caused by the exhaust from the
combustion chamber contalning products and with afterburning, also
components entering the chamber from the spaces between the cutoff
valves and the heads. By design of the liquid-fuel rocket engine
the attempt 1s made for these volumes to be as small as possible.
Also, the operation of the engine before shutdown at a lowered
condition promotes the lowering of the pulse after-effect. It 1is
possible that the last meters of an assigned terminal velocity of
the apparatus are attained upon shutdown 1in a powerful sustainer
engine only owing to the work of vernier engines of small thrust
(for example, on the "Atlas" rocket) or even owing to the thrust,
generated upon exhaust of the working medium of the turbopump unit
(TNA). °
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¢ RHRAPTER XX
PROTECTION OF THE CHAMBER WALL

In this chapter the preferred means of protecting the chamber
walls of a ZhRD from overheating, oxldation and erosion with the
aid of 1liquid or gaseous coolants are examined. Heat transfer rates
from the products of combustion in the walls of the chamber in a
specifled fuel, for the value k and Tcr.r are considered to be
known, calculated according to methods in Chapter XIV,

20.1. Basic Methods of Shielding the Wall

Table 20.1 shows the basic methods of shieldling the chamber

walls using a liquid or gas coolant.

The most extensively used is the external regenerative liquid

coolants or gaseous components of the fuel,

The basic ldea of internal cboling of the chamber walls 1s to
create a protective layer of 1liquid or of low-temperature gas
(steam) near the fire front. Several variationrs of internal cooling
exist. Thus, a low-temperature near-wall layer can be created with
the aid of injection head near the chamber walls, in which the
fuels component ratio [ is less than the fuels component ratio

in nucleus Ko
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Table 20.1.
of the wall,

Basic methods of 1liquid shielding

Brief description

Temperature diagram

External regenerative| One or both component of the T
fuel cool the walls end enter| !

oooling

the oombustion chamber,

returning the removed heat,

Internal eooling by
means of oreating
s near-wall layer

with Nep¥ens

aid of an injection head
gombustion temps mature
a reducing medium. The

low-temperaturs layer

medium reduces corrosion,

Near the wall a near-wall
layer is created with the

with %evw, providing a low

(usually mey< %onr) and

reduces the thermal flow in
the wall, and the redusing

| i Coolant
Terx
Terr
Head
T,
Rer
Tar

Internal film
ceoling

Liquid coolant or gas
is fod threugh & number
of bands of ocurtains

Internal porous
cooling

[Translator's note:

Liquid coolant or gas
peneirates through thin

& layer of liquid end
vapor ard insulates the
wall from hot gases,
considerably lowering the
thermal flow

¢+ = gas; CT.X

pores in the wall, creates

= wall gas side;

ct.r = wall, coolant side; cv = wall; s = core.]

e —— e =
ol e — e —
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A varlant of internal cooling is film cooling — a supply of
'liquid to the inner surface of the wall through special apertures
or slots and the creation of a film curtain.

By analogy with a 1liquid film curtaln a gas curtailn can be
created, if, for example, a low-temperature generator gas 1is supplied
to the inner surface of the wall in an engine with afterburning.-

Porous cooling 1s a development of a method of film cooling.
In this variant the 1liquid coolant 1s introduced to the fire front
through a large number of microscoplc ducts 1In a wall made of porous
material.

Frequently, combined systems of wall shielding are employed,
i.e., verlous combinations of the above-mentioned methods, in
addition to systems of nonliquid heat shielding (ser Chapter XXVI),.

In order to cool the chamber reliably and economically, at
least one of the components of the fuel must satlsfy the following
requirements:

1) have a significant heat capacity and thermal conductivity;

2) have a large latent heat of vaporization (if the component
is used for internal cooling);

3) does not leave deposits on the cooled wall, which hamper heat
removal (scale, coke and so forth);

l) does not decompose with the heating of the coolant passage.

20.2. External Regenerative Cooling

The physics of the phenomena of heat transfer, examined below,
with regenerative and independent cooling of the chamber is ldentical.
Regenerative cooling has its own characteristics governed by, the

limited expense of the coolant,

496




General Scheme of Heat-Transfer

Figure 20.1 shows a scheme of heat transfer from a gas to a
coolant through a separating wall under a stationary condition of
external cooling. In the thermal boundary layer of gas having a
thickness 3, the heat from gas 1s transferred to the wall and
sharply reduces the temperature from 7. to Tar The total specific
thermal flow from the gas in the wall is equal to the sum of
convection and radliant flows

q=gx+4qn,
where

gx=aqa, (Tc—Tc'r.r) .

Te
] 1 s
' ['Cmﬂuﬂ Fig. 20.1. Temperature dlagram with
41 external cooling of the chamber,
P ’.1 [Translator's note: oxn = coolant.]
l Terx  Toxa
foxa

For coﬁvenience it 1s possible to introduce a certain arbitrary
value to the heat-transfer coefficient from the gas to wall a,,
also taking into account the convection and radiant heat exchange.
Then

q=(1,(r,—Tcr.r)' (20-1)

where

fe=Tere (20.2)
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Through t:-- wall of the +umber heat 1s transferred owlng to

the thermal ¢ nductivity thnt an be described by the equatlon
qg= :'m (Tcr r_Tcr.x)‘ (?0 . 3)
where %o nes value of the ccefficient of thermal conductivity of

the material of the wall, taken at a temperature of

1 — T(‘T.T+T("'x
'__—""‘r) .

Equaticn (20.3) is recorded with several assumptions, namely:
thermal flow is accepted as one-dimensional, distributed only normal
to the wall (to the radius); wall is accepted as a plane, associated
with the fact that the difference in the sizes of the internal and
external surfaces of the wall are not taken into account, but the
quantity q 1is accepted as constant. All these assumptions are
slightly reflected in the results of the calculation,

In the thermal boundary layer of the coolant with a thickness
boxa , heat 1s transferred from the wall 1n the coolant and the
temperature Jrops from Terx to T, According to the equation of this
process

9=aoxa(Terx—Toxa), (20.,4)

where aexs — cceefficient of convectlve heat-transfer from the Qall
to the coolant.

The common solution of equations (20.1), (20.3) and (20.4)
provides the following well-known equation of heat transfer from a
gas to a coolant through a separated wall:

|
= — (T4 = Tou). (20.5)
TR e

Mii vy 24,
2 | SIREARTE F
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is the thermal resistance of the heat transfer from the gas to the

coolant. It consists of the thermal resistances of the gas /e, the
wall Ocr/Acr and coolant 1/ggg,.

Effect of the various types of thermal resistances 1is
illustrated in Fig. 20.2, where the results of the calculation of
external cooling of the chamber under various hypothetical conditions
are presented. The line

Terr™= Tlon

limits the maximum allowable wall temperature on the gas side under
conditions of strength and heat resistance.

1250

-7 §&as, the wall and the coolant.
_.__E;Jﬁk: [Translator's note: aon = maximum

43—”’?#(’,,1 1 allowable. ]
150

750 250 g0 4280 TR -

2 Fig. 20.2. For the analysis of the
l/,// 7 effect of thermal resistances of the
//'

\

oy
A )

1000

\\\

Line 1 shows the relationship between temperature T.,r and the
temperature of the gas for several original variants. Line 2 depicts
the same relationship at thermal resistance of the coolant, reduced
by 5 times that of the original. As 1t appears, this reduction
makes 1t possible to raise the temperature of the gas Terr .
Simultaneously, 1t increases the thermal flow, transmitted to the
coolant (figures at the points signify the relative change in specific
thermal flow). Line 3 shows the relationship between T, and T,
with a. two-fold. reduction thermal resistance of the wall and of
constant residual resistances, While maintaining 7., the temperature
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.of the gas can increase even more, but the thermal flow in the
coolant sharply increases. Finally, line 4 relates to a case where
the thermal resistance of the gas increases two-fold (the remaining
quantities are invariable). As it appears, the effect of the
thermal resistance of the gas to the permissible temperdature af the
gas 1s most significant; moreover, it does not change the specific
thermal flow in the coolant.

Questions, connected with heat-transfer from the products of
combustion in the wall of the chamber, are examined in Chapter XIV,.
It 1s 1mportant to also analyze the subsequent stages of the
transmission of heat.

Heat-Transfer Through the Wall

Heat-transfer equation (20.3) can be solved relative to
temperature Teex:

Ter.x=Tcr.r_qzﬂ- (20-6)

lCT

An increase in the thickness of the wall increases its thermal
resistance and according to equation (20.5), it somewhat diminishes
the specific thermal flow. Simultaneously, temperature of wall on the
gas side increases:

rc,,,zr,—f:. (20.7)

An increase in the coefficient of thermal conductivity (change
of the material) reduces the thermal resistance of the wall and
increases the specific thermal flow. Temperature of the wall on the
gas side in this case is lowered, and on the coolant side - is
elevated.




Heat-Transfer in the Coolant

Fuels as weli as oxldlzers are used as coolants for external
cooling. The utilization of fuels 1s preferable, because they usually
have more favorable thermal properties and, as a rule, they do not
produce an aggressive medium. However, the fuel 1is always lesser
amounts than the oxidizer, and it turns out to be insufficient.

Such an oxldizer as N20u possesses highly favorable coolant
properties because of 1ts endothermic dissociation at high tempera-
tures,

In connection with the various properties of coolants and their
parameters in the coolant passage different conditions of heat-
transfer are possible. In Fig 20.3 these conditions are classified
depending on the pressure and the temperature of the coolant with
respect to the critical parameter. With pointers in the field of
the chart the direction of the change in the parameters of coolant
in the coolant passage 1s shown.

Fig. 20.3. Conditions of heat-
transfer in the coolant,

[Translator's note: «p = critical.]

i
4
Txp

At a subcritical temperature and pressure (condition A) the
coolant can be found in the 1liquid and vapor phases. The dependence
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r=HT) serves us the boundar, of these states., A two-ihase ntot.

of the coolant Is also posali-le, If the wall temperature n th
coolant side, Ters 18 somewhat ‘up to 10=50°) elevated to the bolllny
1ly point of the coolant at a glven pressure, then the mailn mass of

flow (nucleus) Jdnes not begin to boill, but in the boundary layer
little bubt les of vapor appear. The maln flow washes the bubbles
off the surface of the wall, nnd they ure condensed in the cocler
layers of the liquid. "%+ ¢ransverse motion of the bubbles intensifies
the turbulent transfer . he.t from the wall through the boundury
layer to the main flow, and consequently, increases the coefficient
of heat-transfer from the wall Into the coolant. Value aw,; with

r bubble bolling can be several times greater, than under a condition
without vaporlzation. However, the increase in ay,y continues only
to a determined value of the overheated wall, AT=T¢;— Twam at which
numberous bubbles merge into a continuous film of vapor, insulating
the coolant from the wall. After this, the coefficlient of heat-
transfer sharply drops, and temperature T.., increases. The overall
heat-transfer in the coolant 1s reduced considerably, as a result,
it permissibly increases T, The described dependence u,, on AT
is shown in Fig. 20.4., Value AT, corresponding to the maximum a,,,,
is maximum permissible, because when AT>AT,;, film boiling appears.

-] oy b

Fig. 20.4, Dependence of ¢.a On AT=Tc; Ty

[Translator's note: np = maximum permissible.]

rnF AT

In this way, under ccndition A, one can use either flow
conditions of the liquid without vaporiczation (Iesx<Twa). Or conditlions
of bubble bolling (Tersx <Twm+ATgp).




At a superoritical pressure and a subciitical temperature
(condition B) the coolant exists as a single-phase drop liquid.

At 8 supercritical pressure and temperature (condition C)
the coolant is in the gaseous state. It s possible as shown in
Fig. 20.3 that the liquid component passcs into the coolant passage,
a supercritical pressure and subdbcritical temperature; then, it is
heated to a supercritical temperature and further on, becomes a

gaseous coolant.

Under condition D the coolant is also in the gaseous state.

Tadble 20.2 shows values of the critical parameters of certain
components of 1iquid fuels.

Tadble 20.2. Critical parameters of certain

coolants
Coslamt c.:“”d preseure, ::ﬂul preseure,
Puele
My 0.2 12,8
", «s.¢ 10,2
Saresens ~080 -7
N, @2 12.3
CoMiy 2 73
03 O, | ~ ~1m
Oxidisere
Hyy m 210
MO0 @ "
ar, 28 ()]

Conditions of heat-transfer of the same coolant can be different
under the various conditions of a coolant passage. Below are shown
the sharacteristic conditions of heat-trarafer in fuel comj ~nenty

(7).
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Component Characteristic condi-
tions of heat-transfer

Kerosene

Hydrozen C
Ammonia A, T
Hydrazine A
Dimethylhydrazine A, B
Nitrogaen tetroxide A
Hydrogen peroxide (90-98%) A

The quantitative laws of heat-transfer under various conditions

are different.

1. Liquid single-phase coolant (part of

conditions A when 7 . <Twm, a1l
of condition B)

The mechanism of heat-transfer — the forced convection during

the turbulent motion of the liquid in a channel. 1In order to
calculate one must use the known criterial dependence of M, A.

Mikheyev:

Nu, =0,021 Re3# pré,s( = )'°"’ (20.8)
fev

or the dependence close to it

Nu, =0,005Rex*pre, (20.9)

In the criteria with a index "w" the properties of a coolant

exhibit a mean liquid temperature with a index "ct" - at a temperature

The dependence (20.9) is satisfactorily confirmed by experiments

with kerosene. hvdrazine nitrogen tetroxide and water, and other

components. Both dependences, however, require more precise
dJefinitions, because they do not reflect the effect of such factors,
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as conflguration of cross section and curvature of the channel,
nonuniformity of heating and so forth.

The critical dependences can solve the relatively heat-transfer
coefficient. For example, from the dependence (20.9) let us obtain

G, 0,95 1
. a, =0,005 (Gexs W
«=10,005 x| A (20.10)

where Gon— consumption of liquid coolant in seconds; Foy; — cross-
sectional area of the coolant passage.

In parameter 6,4 the thermal propertles are grouped depending
for the given liquid only, on the temperature:
e

0,
0,0 =h 'IT-Eﬁ.

Because

then, the formula (20.10) can be written so:

e
a, 40,005 75 b (20.11)
Here the density of the 1liquid, also depending on the temperature,
is included in the parameter 68aq :

The quantity 6,, 1s defined as the coolant capacity of the liquild.
For drop of liquids it usually increases with an lncrease in tempera-

ture.
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. Liquld coolant with bubble boiling [(part
of condition A whenT,,<Tu. (Tum+ATup)]

Mechanlism of heat-trancfer has been briefly described above,
The quantitative determination of the coefficlents or heat-transfer
is difficult. For each coolant one also experimentally determines
such highly important values as AT,, and gm— the maximum heat flow,
which can be directed into a liquid without the appearance of film
boiling. The quantities gyp and AT, most substantially depend on the
rate of the coolant, increasing with an Increase in wen and also
on the difference between the boiling point and the mean temperature
In the nucleus of flow, on the pressure in coolant passage as well
as on the geometry of the passage.

By way of reducing the quantity ¢m certain coolants rank

approximately as follows: NZHM’ C2H8N2’ H202, NH3, Nzou.

3., Gaseous coolant (conditions C and D)

Cooling by gas creates great interest, 1f such efficient coolants

as hydrogen or other light gases are used, for example, ammonia,

When cooling with hydrogen very large heat removal can be attained as

a result of the hlgh heat capacity of the coolant and as a result
of the feasibility of considerable preheating. The greater part of
the heat removal will occur 1in gaseous hydrogen.
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