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The book dieouaaee fundamental problema in the theory and oon- 
atruotion of liquid and aolid rooket enginea. 

Problema pertaining to the strength of liquid rooket enginea 
[¿Äff] OKPÆJ and solid rooket enginea [SÄE] fPÆTîj are diaouaeed; 
guidance and automatic control ayateme of rooket enginea [ÄE] (PA) 
are analyzedt and types of procesa instability appearing in rooket 
enginea are considered. Material published in the foreign and Soviet 
literature is used as a basis for information given on RE deaignat 
fuels, cooling ayateme, turbupump unite, gaa generators, and applica¬ 
tions of nuclear energy in rooket enginea. 
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tion educational institutions. 
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graphic references. 
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PREFACE 

In recent years, there have been many Soviet books and texts 
dealing with individual rocket-engine [RE](Pfl) problems: combustion 
processes and characteristics of liquid and solid rocket engines, 
design fundamentals, dynamics, and stability of RE processes. There 
are no books, however, that consider rocket engines in äll their 
complexity; the sole exception is the book by D. Satton [44] pub¬ 
lished in 1952; it is outdated, however, and, what is more, each 
problem is discussed in extremely condensed form. 

Despite the apparent simplicity of rocket-engine arrangements, 
the design of reliable and economical RE requires a thoroughgoing 
understanding of the essence of the complicated processes taking 
place and solution of a large set of laborious problems. 

The present authors’ aim was to give, within a single volume, 
the basic data on processes and characteristics for liquid and solid 
rocket engines, their construction, control fundamentals, and the 
application of nuclear energy in RE. The choice of material and the 
nature of the presentation was based on the interests of a broad 
group of readers. The booKought to be useful not Just to engineers, 
but to students in higher technical educational institutions as well. 

The book consists of two parts. The first part presents the 
theory of liquid rocket engines[LRE] (XPA) and solid rocket engines 
[SRE](PflTT); the second discusses their construction and mechanical- 
strength calculations for individual RE components, together 
basic data on guidance and automatic control systems for LRE and 

SRE. 

The first two chapters give the basic arrangements, parameters, 
and characteristics of RE, and discuss the efficiency of rocket en¬ 
gines; the third chapter describes the characteristics of various 
liquid fuels and their components. Next consideration is 6¿ven to 
processes occurring in the combustion chambers of LRE and SRE, prob¬ 
lems of liquid-fuel mixing and atomization, organization of solid- 
fuel combustion, and the influence of various factors on RE operat¬ 

ing stability. 

Chapters 7, 8 and 9 deal with features of processes in nozzle3, 
thermodynamic calculations for combustion and combustion-product 
flow, and RE characteristics as a function of the pressure in the 
combistion chamber and of altitude. Chapter 10 discusses heat ex¬ 
change in LRE, the characteristics of combustion-product heat trans¬ 
fer to combustion-chamber walls, and various methods of cooling the 
chamber. A special chapter is devoted to the application of nucle^ 
energy in RE. It briefly discusses the fundamentals of nuclear-reac- 
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tor theory, shows arrangements of possible nuclear RE, and compares 
rockets using chemical and nuclear energy. 

The discussion of LRE chapter-component construction in Chapters 
12 and 13 also covers mechanical-strength design methods with allow¬ 
ance for vibration loads. Chapter 14 deals with constx-uction and 
mechanical-strength design of turbopump units. 

The final chapters give detailed consideration to various fuel- 
supply systems and problems of automatic control of LRE; control sys¬ 
tems are analyzed, their accuracy computed, and a method given for 
selecting controller dynamic parameters. 

The book concludes with a description of SRE chamber elements, 
mechanical-strength calculations, and a presentation of methods for 
adjusting and controlling SRE. 

Chapters 1, 2, 5, 6 and 11 were written by T.M. Mel'kumov; 
Chapters 3, 7-10 by N.I. Melik-Pashayev; Chapters 12-15 and 18 
by A.G. Shiukov; and Chapters 16 and 17 by P.G. Chistyakov. 

The authors wish to thank the reviewer, Doctor of Technical 
Sciences G.B. Sinyarev, for much valuable advice. 



Pirt 1 

THEORY OF ROCKET ENGINES 

Chapter 1 

BASIC ROCKET-ENGINE DESIGNS AND PARAMETERS 
1.1. DEFINITION AND OPERATING PRINCIPLES OF ROCKET ENGINES 

By a rocket engine we mean a heat engine that transforms the 
energy of the working materials carried onboard the moving vehicle 
into the kinetic energy of the spent masses, thus producing thrust 
to move the vehicle in space. Consequently, for an engine to be 
called a rocket engine, it must satisfy two conditions: first, all 
working substances needed to realize the engine process, over the 
entire time of operation between launch and final cutoff, must be 
stored onboard the vehicle; second, the motor must directly create 

tnrust to move the vehicle. 

The second condition is satisfied in turbojet engines [TJE] 
(TPA) and in elementary (no-compressor) air-breathing Jet engines 
[EABJE] (FIBRA). The first condition is not satisfied by TJE and 
EABJE, however, since these engines require air to realize their 
process, air taken from the atmosphere surrounding the earth; thus 
the engines, although of reaction type, are not rocket engines. 

The above definition of a rocket engine is not associated with 
engine function or the type of vehicle in which the engine is in¬ 

stalled. 

The primary energy source in rocket engines may be the chemical 
energy of fuel, nuclear energy from fission of heavy atoms or fusion 

"of light atoms or, finally, solar energy. 

In the ensuing discussion, we shall be concerned only with mo¬ 
tors using chemical energy. Nuclear-energy applications are dis¬ 

cussed in Chapter 11. 

Either liquid or solid materials may be used as the source 
of phemical energy. In rocket engineering, the combination of all 
materials required for the combustion process and introduced into 
the engine chamber, or placed within this chamber in advance, is 

called the fuel. 

Solid-fueled reaction engines are sometimes referred to as 
powder-fuel engines, although the modern solid rocket fuel differs 
in composition and properties from ordinary powders. We shall hence¬ 
forth use the more general term: solid rocket engine [SREJ(PATT). 

FTD-MT-24-290-69 - 3 •• 
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Fig. 1.1. End-burning SHE. 1) 
Chapter; 2) fuel charge; 3) 
igniter; 4) nozzle. 

Fig. 1.2. Internal-burning SHE. 1) Partition; 2) fuel charge; 3) 
case; 4) internal channel; 5) nozzle; 6) motor-cutoff and thrust- 
reversal elements. 

In soliu-l'uei -rngines, the entire charge is accommodated within 
a cylindrical chamoer where gas eeneratl cm and combustion takes 
place. Gas generation occurs at a preformed surface. The fuel burns 
gradually, layer by layer, along the normal to the combustion surface. 
Figure 1.1 shows an elementary SRE. 

Here the fuel charge 2 takes the form of a solid cylinder in¬ 
serted within chamber 1. The chamber is connected to the exhaust 
nozzle 4, which is a Laval nozzle. The entire surface of the fuel 
charge, except for the end facing the nozzle, has a special anti- 
ignition coating or else lies tightly (with no gap) against the 
chamber walls. The chamber has an igniter 3 whose function is to 
liberate a sufficient amount of heat withrn a short time period 
so as to set up a stable combustion process in the main fuel charge 
with the motor and fuel cold. Since all fuel-charge surfaces other 
than the end facing the nozzle are specially inhibited or restricted 
by the chamber walls, combustion takes place at the free end surface. 
As a result, gases with a specific t-^nmerature and pressure are gen¬ 
erated in the chamber; all other conciliions being equal, the pres¬ 
sure is influenced by the nozzle throat area. At the nozzle exit, 
the gases leaving the engine have a velocity whose magnitude de¬ 

pends on the pressure drop in the chamber and at the nozzle exit, 
on the gas temperature and composition, and on the nozzle losses. 

Solid rocket engines are simple in construction and require 
no mechanisms or auxiliary machinery. The high gas pressures and 
temperatures, and the lack of external chamber and nozzle cooling 



raise several difficult problems in the design of large SRE, parti¬ 
cularly when attempts are made to Increase the burn duration. 

Figure 1.2 shows a large SRE in which the fuel charge is cast 
directly in the case; when the fuel solidifies» it forms a tight 
strong bond with the case walls. Here the combustion surface is lo¬ 
cated at the center of the charge along the engine axis; its cross 
section is in part round and in part star-shaped. The end surface 
facing the nozzle is restricted, so that combustion takes place 
along the internal fuel surface over the entire charge length along 
the normal to the cross-section surface elements . This way of manu¬ 
facturing SRE and this initial combustion-surface shape make it pos¬ 
sible to obtain high absolute thrusts, as well as the required burn 
duration and thrust time variation. 

Major successes have now been scored in designing large SRE 
with special fuels. They have case diameters of 3-^ m, and develop 
thrusts in excess of 1000 tf for more than 100 s. 

The solid rocket engine has a long military history; the first 
published mention of military application of rockets goes back to 
the middle of the 9th century. 

The notion of using a solid rocket engine to power a guided 
flying craft orlglnated'wIth the Russian revolutionary Nikolay Ivano¬ 
vich Klbal'chlch. In I88lt shortly before his execution, while In 
prison for an attempt on Alexander II, N.l. Klbal'chlch set forth 
a description and diagram of a flying craft with solid rocket en¬ 
gine, In which the powder grains were replaced by new grains as 
they burned, thus providing continuous guided flight. This plan be¬ 
came known only after the great October revolution, when the police 
archives were Investigated. 

In 1928, the Stemmer airframe with rocket engine flew for the 
first time; the total flight distance was not great, amounting to 
1500 m. Within the past ten years, significant successes have been 
scored in the manufacture of SRE and solid fueled rockets. 

Rocket engines making use of liquid fuels are referred to as 
liquid rocket engines [LREHkpjq). As in SRE, the heat liberated by 
a chemical reaction of oxidation or a reaction involving decomposi¬ 
tion of a single substance is converted into the kinetic energy of 
the combustion or decomposition products. In contrast to SRE, the 
liquids required for the process are carried in special tanks on 
board the vehicle. From the structural viewpoint, LRE are Just as 
simple as SRE, and they have no mechanisms other than the pumps used 
to supply working fluids to the engine chamber and to drive the pumps 
themselves. In many cases, the engine installation does not even have 
pump units, but uses some gas under high pressure to force the work¬ 
ing fluids out of the tank and into the engine chamber. 

Many LRE use corrosive substances (nitric acid, for example), 
while the combustion products are at high temperatures; this makes 
it very difficult for the engine designer to ensure reliability and 
the required operating life. Basic difficulties also occur in ar¬ 
ranging for an economical and stable operating process and in ensur¬ 
ing smooth transition, launch, and cutoff regimes. 

- 5 - 



Pig. 1.3. Basic arrangement of LRE with pressure feeding of fuel com¬ 
ponents. 1) Cylinder with gas at high pressure; 2) gas pressure regu¬ 
lator; 3) shutoff valves; 4) combustible tank; 5) oxidizer tank; 6) 
main valves; 7) engine combustion chamber; 8) motor head; 9) Laval 
nozzle. 

Owing to the high temperature-5 involved in the LRE process, 
it becomes important to arrange for adequate and economical cooling 
of all hot engine surfaces. The engine feed system, with all regulat¬ 
ing and monitoring-protection devices and Components must also meet 
several specific requirements, necessitating solution of numerous 
complex problems. Finally, the automation of the processes oí launch¬ 
ing, transition to operating regime, throttling, and cutoff on the 
basis of a prescribed control program is intimately associated with 
the nature of these processes in an LRE and with the particular 
application of the given engine. 

Two initial substances, a combustible and an oxidizer, are 
most frequently required to realize these processes in a liquid 
rocket engine. Here the vehicle must carry separate tanks for the 
combustible and the oxidizer. The reaction between combustible and 
oxidizer is accompanied by release of heat and a significant rise 
in the temperature of the eni produ:t.. Depending on the value of 
nozzle throat for the given per-second rate at which reaction prod¬ 
ucts flow out of the engine, a specific pressure will be established 
in the combustion chamber; this will be considerably above the am¬ 
bient pressure. The combustible and oxidizer are supplied to the 
engine chamber in a specific ratio of weights under a pressure 
somewhat exceeding the chamber pressure. 

One liquid rocket engine arrangement is shown in Pig. 1.3. 
The engine itself consists of the chamber 7, heat 8, and Laval 
nozzle 9. Here the combustible from tank 4 and the oxidizer from 
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tank 5 are expelled by the compressed gas stored In cylinder 1, and 
are supplied directly to the engine, where they are atomized and 
mixed at the motor head In the required proportions. The combustion 
chamber ccn arbitrarily be divided into two zones: a preparation zone 
and a zone of reaction and parameter equalization, although there is 
no definite boundary between these zones in an actual chamber. The 
Laval nozzle forms a third zone, the zone of reaction-product expan¬ 
sion from the chamber pressure to the pressure at the nozzle exit; 
the velocity of the reaction products with respect to tne engine 
will reach a certain value u at the nozzle exit. 

s 

The engine arrangement is complicated by various starting, 
operating, and monitoring devices and instruments; other systems 
may be used for combustible and oxidizer feed. 

There is no fundamental change in the engine process if a 
single substance is introduced into the chamber rather than a com¬ 
bustible and an oxidizer, provided this single substance is capable 
of breaking down under certain conditions with liberation of heat 
and gaseous decomposition products. In either case, the exhaust 
velocity will depend on the heat released during the reaction be¬ 
tween the combustible and oxidizer or on the heat released by the 
decomposition reaction for the material introduced into the engine, 
as well as on the properties of the gases forming in the reaction. 

If the process is based on an oxidation reaction, the engine 
will operate at high temperatures, since high-temperature products 
are formed when a combustible is burned (T > 2500®K). If the process 
Is based on a decomposition reaction, a low-temperature engine will 
usually be obtained, since for the materials employed in practice, 
the decomposition products form at relatively low temperatures. The 
overwhelming majority of modern LRE use the oxidation reaction. 

With a high-temperature process, to ensure reliable engine 
operation, even for one-shot applications, it is necessary to cool 
the walls of the chamber, nozzle, and head by one or both fuel 
components. Small engines with a very short burn time (several se¬ 
conds) are an exception. 

As we have said, in the ensuing discussion we shall mean by 
the fuel the initial substances introduced into the chamber; by 
the working fluid we mean the fuel as well as the intermediate and 
end products of the reaction. The combustible and oxidizer are re¬ 
ferred to as the fuel components. For an oxidation reaction, we have 
to do with a two-component working fluid although, in general, it 
might have three or more components. Conversely, we speak of a sinelc- 
component, or unitary, liquid fuel if the engine makes use of the de¬ 
composition reaction or the reaction of decomposition and oxidation 
of combustible elements of a unitary field. For a fuel with two or 
more components, several processes take place in the preparation 
zone; atomization, evaporation, and mixing of the components as 
w®ll is preignition oxidation and decomposition of the reagents; 
with a unitary fuel, atomization, evaporation, and partial decom¬ 
position take place in this zone. 
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Pig. 1.4. Basic arrangement of LRE with monopropellant gas generator. 
1) Cylinder with high-pressure gas; 2) gas pressure regulator; 3) 
tank with hydrogen peroxide; 4) hydrogen peroxide shutoff valve; 5) 
gas generator; 6) combustible tank; 7) oxidizer tank; 8) turbine of 
turbopump unit; 9) combustible pump; 10) oxidizer pump;ll) main 
valves; 12) engine chamber. 

Fig. 1.5. Basic arrangement of LRE with bipropellant gas generator. 
1) Thrust regulator; 2) final-control element of regulator 1; 3) bi¬ 
propellant gas generator; 4) oxidizer tank; 5) combustible tank; 6) 
combustible pump;7) oxidizer pump; 8) turbine of turbopump unit 
[TPU](THA); 9) main valves; 10) motor chamber. 
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Pig. 1.6. Basic arrangement of LRE with control of thrust and of 
fuel-component ratio for engine. 1) Thrust regulator; 2) final- 
control element of regulator 1; 3) bipropellant gas generator; 4) 
oxidizer tank; 5) combustible tank; 6) combustible pump; 7) final- 
control element of regulator 8; 8) fuel-component ratio regulator; 
9) control valve; 10) combustible flow-rate sensor; 11) engine 
chamber; 12) oxidizer pump; 13) TPU turbine; 1*0 oxidizer flow- 
rate sensor. 

The products of the oxidation or decomposition reaction are 
directionally ejected at high speed from the chamber through nozzle 
9 into the external environment; this generates the reactive force 
of engine thrust, which acts in the direction opposite to the velo¬ 
city vector. 

The LRE design of Fig. 1.3 is referred to as a forced-feed 
or, in the given case, cylinder-feed arrangement, since the fuel 
components are fed from the tank into the chamber by means of com¬ 
pressed gas supplied from cylinder 1 through pressure regulator 2. 
Various methods may be used to produce the high-pressure gas and 
to force the fuel components out of the tanks; some of them will 
be considered later. 

The LRE .with turbopump feed of fuel components is basically 
different(Flg.i.4). In contrast to a forced-feed system, here the 
combustible and oxidizer tanks are under a low pressure that is 
not related to the pressure in the engine chamber. The turbine 
8, operated by gas (or by a vapor-gas mixture) supplied by the 
special gas generator 5, develops adequate power to turn the com¬ 
bustible and oxidizer pumps 9 and 10 and to deliver the components 
to the engine chamber in the required amounts and under the required 
pressure. The gas following the turbine should be used in some way or 
another to produce additional engine thrust. 

I 
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The turbopump-feed design of LRE is now widely employed in 
all powerplants except for low-thrust and short-burn engines. The 
turbopump unit (TPU) is a very important component of tne powerplant. 

Figure 1.5 shows an arrangement differing from that of Fig. 1.^ 
in that gas generator 3 receives the two principal components of the 
LRE fuel, so that the generator delivers gas having the parameters 
required by the turbine 8 of the TPU. The system of Fig. 1.6 makes 
it possible to regulate engine thrust and the ratio of the fuel com¬ 
ponent delivered to chamber 11. Figure 1.7 shows a system in which 
there is regulation not only of the engine thrust and the ratio of fuel 
components delivered to chamber 13, but also of the ratio of components 
delivered to gas generator 4. Figure 1.8 shows the basic arrangement 
of a "closed” system LRE, in which the gases leaving the TPU turbine 
are supplied to and used in the motor chamber. 

Fig. 1.7. Basic arrangement of LRE with control of thrust and fuel- 
component ratios for engine and gas generator. 1) Thrust regulator; 
2) final-control element of regulator 1; 3) gas-generator combustible 
flowrate sensor; 4) bipropellant gas generator; 5) gas-generator oxi¬ 
dizer flowrate sensor; 6) fuel-component ratio regulator for gas gen¬ 
erator; 7) final-control element of regulator 6; 8) oxidizer tank; 9) 
combustible tank; 10) combur':ible p "t*. 11) final-control element 
of regulator 12; 12) engine fuel-component ratio regulator; 13) mo¬ 
tor chamber; 14) oxidizer pump; 15) TPU turbine; 16) main valve; 17) 
motor-chamber oxidizer flow-rate sensor; 18) motor-chamber combus¬ 
tible flowrate sensor. 

Although the history of liquid rocket engine development has 
been very brief, it nonetheless has found wide practical applica¬ 
tion, particularly in rocket engineering, where its characteristics 
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are particularly suitable. It is precisely LRE that were used to 
launch the world's first(Soviet) artificial earth satellites, the 
lunar and interplanetary space vehicles, and the "Vostok”("East”) 
and "Voskhod” ("Sunrise") manned vehicles. 

The Soviet Union and many foreign countries have manufactured 
reliable and quite economical light-weight LRE using various work¬ 
ing fluids, having thrusts ranging from low (fractions of a kgf) to 
very high (680-700 tf) values in a single chamber. 

In Russia, utilization of the liquid rocket engine was pio¬ 
neered by K.E. Tsiolkovskiy, who began theoretical studies In 1896 
on utilization of rockets for spaceflights; In 1903, the Journal 
"Scientific Survey" published his study "Investigation of Cosmic 
Spaces by Reaction Devices." Here K.E. Tsiolkovskiy gave diagrams 
of a rocket and an engine using liquid oxygen and liquid hydrogen. 
Without restricting his examination to this motor design, K.E. Tsiol¬ 
kovskiy proposed several fuel components, one to be used to cool the 
motor; he Indicated the >^esI rabi I ity of using pumps to feed working 
fluids into the chamber, and In this Initial and subsequent studies 
presented many other advanced engine concepts. Although his main 
field of interest Involved interplanetary flight, K.E. Tsiolkovskiy 
clearly understood that It was the engine that was of fundamental 
signIfi canee . 

The work of the Soviet engineer F.A. Tsander should also be 
noted. In his book "The Problem of Flight with the Aid of Reaction 
Craft” (1932), he considered liquid reaction engines and their work¬ 
ing materials, Including metals. The premature death of F.A. Tsander 
interrupted his Investigation of rocket flight and his work on ap¬ 
propriate engines. 

In the Soviet Union, M.K. Tikhonravov, S.P. Korolev, Yu.A. 
Pobedonostsev, L.S. Dushkin, and others carried out successful work 
on rocket and engine design before the Second World War. This re¬ 
sulted In the creation of experimental rockets and liquid rocket 
engines for aircraft and rocket craft. As we know, the first Soviet 
rocket designed by M.K. Tikhonravov, with an LRE, was successfully 
launched in 1933. 

The first flight of the rocket craft designed by S.P. Korolev, 
with an LRE, took place In February 1940. In May of 1942, the air¬ 
craft designed by V.F. Bolkhovitinov, with liquid rocket engine, 
flew for the first time. 

Rocket vehicles developed In the postwar period under the 
guidance of S.P. Korolev were used to launch Soviet artificial 
earth satellites, automatic Interplanetary stations, lunar craft, 
and the "Vostok"and "Voskhod" manned spacecraft. 

In Germany, Research was carried out by individuals (G. Obert, 
E. Zenger, V. Braun, etc.) and by organizations; the work culminated 
in 1942 with creation of the V-2 (A-4) missile. This missile was 
first used by the Germans against Great Britain in 1944. The missile 
had a range of 250-300 km with an Initial weight of 13 tf and a war¬ 
head weighing 750 kgf. Maximum missile speed at the Instant of engine 
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Fig. 1.8. Basic arrangement of closed-system LRE. 1) Combustible 
tank; 2) thrust regulator; 3) gas-generator combustible flowrate 
sensor; 4) gas generator; 5) gas-generator oxidizer flowrate sen¬ 
sor; 6) gas-generator component-ratio regulator; 7) final-control 
element for regulator 6; 8) oxidizer tank; 9) oxidizer total flow- 
rate sensor; 10) oxidizer pump; 11) final-control element of regu¬ 
lator 12; 12) motor-chamber fuel-component ratio regulator; 13) 
oxidizer shutoff valve; 14) motor chamber; 15) line feeding gen¬ 
erator gas to motor chamber; 16) TPU turbine; 17) combustible pumo; 
l8) combustible total flowrate sensor; 19) final-control element of 
regulator 2. 

cutoff reached 1540 m/s; the flight tjréjeotory peaked at 82 km. 

During the Second World War, LRE were used for aircraft, par¬ 
ticularly the Oerman Me-163; owing to process instability during 
throttling and defects in the starting and shutdown processes, en¬ 
gines and aircraft were destroyed. Research Into these processes 
carried out in the USSR led to more reliable LRE and opened the 
door to Investigation of terrestrial and cosmic space. 

Theoretical and experimental research was carried out In 
oth,r countries as well (for example, R. Goddard In the United 
States, R. Esno-Pel'trl [sic] In Prance, etc.). The USSR and the 
United States are now making rockets of all classes using liquid 
and solid rocket engines. 

Rocket engines have two basic advantages: the Internal process 
Is Independent of the presence or absence of an external medium 
(air, for example), l.e., they are Independent, while It Is possible 
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to create large thrust with a light-weight engine. These character¬ 
istics have determined the region of rocket-engine applicability: 
flying craft with high rates of climb, craft with high flight 
speeds and altitudes, and spacecraft. Such craft have enormous 
significance for peaceful scientific purposes and as powerful means 
of defense and attack. Thus following the Second World War, many 
countries devoted enormous effort to creating various types of 
rocket engines. Major successes in rocketry were scored by the 
USSR. 

Rocket engines are used: 

- for short-,medium-, and long-range (intercontinental or global) 
"surface to surface" missiles for delivery of atomic and hydrogen 
warheads or other destructive military devices to any point on the 
surface of the earth; 

- for "air to air" and "air to surface" guided missiles launched 
from aircraft or other flying craft to destroy relatively small moving 
or fixed objects; 

- for antiaircraft and antimissile missiles operating against 
aircraft and missiles to protect the nation and individual important 
targets against attack from the air or from space; 

- for aerodynamic rockets (rocket gliders) designed to reach 
any point on the earth's surface at a speed approaching that of a 
ballistic missile, and for converting a rocket glider into a short- 
mission artificial satellite returning to earth (there still is no 
such rocket glider); 

- for meteorological rockets used in deep atmospheric probes 
to study atmospheric properties; for high-altitude research rockets 
to study terrestrial magnetism, the ionosphere, the radiation belts 
around the earth, the solar corpuscular radiation, etc.; 

- for space vehicles designed to launch artificial earth satel¬ 
lites and interplanetary space stations; 

- on board medium- and long-ranged rockets, satellites, and 
Interplanetary space stations as on-board units for correcting 
rocket courses, satellite orbits, and space-station motion; 

- on board aircraft as takeoff boosters and for short-term 
increase in maximum flight speed or altitude; 

- on board experimental aircraft to study the behavior of men 
and Instruments under high accelerations, high speeds, and high 
altitude; 

- for special moving surface devices. 

As this list shows, rocket engines are already in wide and 
varied use for both peaceful and military purposes. 
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1.2. BASIC REQUIREMENTS FOR ROCKET ENGINES 

To formulate the basic requirements for a rocket motor, we use 
the K.E. Tsiolkovskiy formula, derived for free rocket flight, ne¬ 
glecting the Influence of the gravitational force and the resistance 
of the medium. Let: 

Fig. 1.9. Maximum speed of sin¬ 
gle-stage rocket as function of 
engine gas exit velocity and of 
rocket mass number. 1) m/s. 

Mn and are, respectively, the initial and final masses of 

a simple-stage rocket; 

wQ is the time-invariant gas nozzl£*4xit velocity; 

w Qv is the rocket speed at the end of engine operation, when 
max 

all of the fuel has been expended; the fuel mass is B Mn - Mk' 

Under these conditions, the rocket acceleration will be pro¬ 
portional to the thrust, while the latter, as will be shown later, 
is proportional to the exit velocity w and the fuel flowrate per 

unit time. On this basis, the Tsiolkovskiy formula yields the fol¬ 
lowing relationship between the rocket speed wmax at the end of mo¬ 

tor operation (at the end of boost or at the end of the active sec¬ 
tion of the rocket path) on the exit velocity and the initial and 
final rocket masses : 

O’ tiú 
twt In M, 

M. (1.1) 

The ratio Mn/M^ * m is called the mass number; it depends on 

the rocket design and the quality with which it was manufactured. 
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The final mass (or weight) of the rocket includes the payload, for 
example, the pod with instruments and other components of the data 
recording and transmission system, the rocket body, the guidance 
units, and the engine plant. The higher the mass number m, the 
greater the maximum speed. Thus one problem in rocket design is to 
reduce the structural weight, including the weight of the motor and 
all associated systems. 

It follows directly from Formula (1.1) that for a constant mass 
number the maximum rocket speed will be directly proportional to the 
gas exit velocity. The latter depends on the type of fuel and the 
quality of the process taking place in the chamber and the nozzle, 
as well as on the engine structural and thermodynamic parameters. 

Formula (1.1) is valid, as has been shown, only if the rocket 
is traveling with no resistance of the medium and with no gravita¬ 
tional force acting. The problem can be made more complicated by in¬ 
cluding the influence of the earth’s gravitational force and the 
atmospheric resistance; there is no need for this, however, since 
there would be no change in the formulation of the basic requirements 
for the engine. These reduce to two main requirements: 

1. The engine gas exit velocity should be increased as much as 
possible. 

2. The engine plant should have the least possible weight for a 
specified thrust, i.e., the minimum specific weight. 

Figure 1.9 shows the change in maximum rocket velocity accord¬ 
ing to Formula (1.1) as a function of gas exit velocity for various 
values of the mass number. The maximum velocity can be used to at¬ 
tain maximum altitude in vertical flight of the rocket or to obtain 
maximum range. The effective maximum attainable height or maximum 
range of the rocket will be determined not only by w and m, but also 
by the values selected for the accelerations (or the engine thrust) 
in the gravitational field and in the environmental resistance. 

Under the actual conditions of rocket-engine utilization, manu¬ 
facturing and storage defects may impair the engine process, and 
the design value of exit velocity may not be attained. It can also 
happen that flaws in the system supplying fuel to the LRE will leave 
some of the fuel unused in the tanks, with the motor having already 
been cut off; this increases the final rocket mass or decreases the 
mass number. Analogous conditions can arise in an SRE if the combus¬ 
tion process is halted before the fuel has been completely burned up. 
In an SRE, when the process has concluded, the residual fuel charge 
may also break down and leave the chamber without liberating chemi¬ 
cal energy. This reduces the engine burn time, but has no influence 
on the gas exit velocity or the final rocket mass. In an LRE, one 
component may be fully expended while the other is underutilized; 
this occurs if the engine and engine system are not regulated so as 
to ensure the design proportional component consumption. In such case, 
the gas exit veloc5ty will not equal the design value, and the final 
rocket mass will be greater owing to the mass of the component left 
in the tanks. 

Let us consider the influence of fuel underutilization when 
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üs * consfc, and the influence of process imperfections or inaccurate 

maintenance of the component ratio in an LRE on the maximum rocket 
speed according to Formula (1.1). 

Fig. 1.10. Influence of under¬ 
utilization of fuel supply on 
maximum rocket speed, 1) Per¬ 
cent unused fuel. 

Fig. 1.11. Influence of inac¬ 
curate control of combustible 
flowrate on maximum speed. 

Figure 1.10 shows the influence of fuel underutilization on 
maximum rocket speed for the case in whiclr the mass number in ■ 5, 
I.e., when the fuel weight amounts to 80$ of the initial rocket 
weight. As the graph shows, even a 2% underutilization of the en¬ 
tire fuel reserve will reduce the maximum rocket speed by almost 
5% under these conditions. y 

If the actual engine process is imperfect, so that it differs 
from the design process, the gas exit velocity will be below the 
design value. When all fuel is fully utilized, a reduction in gas 
eX^t as Formula (1.1) implies, will lead to a proportional 
reduction in maximum rocket speed at the end of powered flight. 

If inaccurate manufacture and regulation of the feed system 
causes the component ratio for the actual process to differ from 
the design ratio, there will be a change in the gas exit velocity, 
and the component remaining unexpended will increase the final 
rocket mass. Both these factors reduce the maximum rocket speed, 
but the increase in final mass owing to the unused component plays 
the decisive role. 

Figure 1,11 shows the influence of Inaccurate control of fuel- 
component flowrates to the LRE on maximum rocket speed when kerosene 
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and nitric acid are used as the fuel. The design regime corresponds 
i™!!1061, m * 5 and a 10* excess of combustible above the 

l^i0Tric™ti0> 1,6•» a ■ °*9. It is clear from the graph that 
of the fuel wlth corobustible amounting to 5* 

fn<Veuthe f®slgn ratio will reduce the maximum rocket speed by nearly 
v.?eLeathe,Chlef.lnfluence 13 exerted th® increase in final V 

by the reductlon in the mass number below the de- 
gn value, the change in exit velocity is of secondary importance. 

The above examples show that still another important ooeratin* 
requirement must be imposed on the rocket engine and engine svstenv 
the engine process must be maintained as dole as possíbUtõ?íe 

tlTjllllll Z^Cn ap”lfl° obJ'ct; ‘o Oo this it is necessary 
anrt ai? ®Jable ^U®i properties, precision manufacture of the engine 
Te entirl%t°.TnTS and> ln ad<Jltlon. for LRE exact regulatïon of 
the entire feed system, so as to ensure utilization of the de^io-n 
store of combustible and oxidizer in the required ra?io. 8 

1.3. ENGINE THRUST. SPECIFIC PARAMETERS 

resultant*^ all^orc^.^í'01'0*' thrust*of an 'nslne we mean the 
prccess and the 

force is responsible for motion of the vehicle carding the en»îiî 
nal8dra2yrh0riZ0nTal motlon» engine thrust is balanced8by the exter 
"al dJa? fofcef- In unsteady motion, the engine thrust is also îsed 

î? ?h°r^^^ aîtlÂs8 ïï^a°sêdVerC0"e the ?o°rcUrd 

value°forhîfaaH1S 0f4the definition of thrust, we can compute its 
from tíe expression8 6 °peratlon at a *lTCn altitude (Pig. 1.12) 

Í pdFcosa - f p,d F cosa. (1.2) 

where p is the variable gas pressure within the engine, acting nor¬ 
mal to the surface element dF; 6 

“ ti^hnraï?le bet^een the normal to dF and the positive direc- 
ion of the x axis (i.e., between vector pdF or p dF and 

the direction in which the P vector acts); ” -- --- 

PVn 18 the inside surface of the engine; 

fnar is the outside surface of the engine; 

iu4tue pr,essure on the external surfaces of the engine 
which can be assumed to be constant, * 
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Pig. 1.12. Distribution of pres 
sure forces on inside and out¬ 
side surfaces of engine. 

/.,A 
c " ““ ~ “c 

Fig. 1.13. Determining the thrust. 

In solid rocket engines, Fvn is a variable in the general case, 

while in LRE, the surface Fvn * const. 

Even for a very simple LRE, Formula (1.2) cannot be used to 
determine the thrust with the required accuracy. For an LRE, all 
cylindrical sections of the inside anc outside surfaces parallel 
to the X axis should be eliminated from both terms on the right 
side of Expression (1.2); for example, only the base, the nozzle, 
and the transition surfaces should be considered. Determination of 
the thrust by this method is complicated and not accurate enough, 
since we must know the law governing the pressure variation along 
the entire nozzle. But this law will not always be known, particu¬ 
larly for the converging section of the nozzle, i.e., between the 
end of the chamber and the throat. It is still more complicated to 
use Formula (1.2) for an SRE, where the inside surface of the en¬ 
gine is a variable. 

It is simpler and more convenient to calculate the engine 
thrust by using the impulse theorem (the momentum law). For a 
steady process, the impulse per unit time (1 s) is numerically 
equal to the thrust. In this case, the algebraic sum of the pro¬ 
jections onto the given direction of all forces acting on the body 
equals the change in the momenta of the body in this direction dur¬ 
ing 1 s. 

- 18 - 



altitude 1(Ffg,^1*13) be movln« at a obtain constant 
ÎÎI-H , H, n absolute (i-e., relative to the earth) steady 
speed^w^m/s^ThejngineJ on board the vehicle has a nozzle exit . — --- ® * W•*» w A4»o a 

, the gas pressure at the nozzle exit equals p kgf/cm 
s 

2. 

the velocity with respect to the engine is w m/s, while the abso¬ 
lute velocity is w ■ « - y0. 

thebyareaaCraLn ?hyislncral ^^^^l'^níit'e^rgíeat^r ,thannd' ne area Fa. in this case, we have no interest in the external fric- 

sincef?nC^J£ any other forces resisting the motion of the vehicle 
since in steady motion they will equal the thrust a«» wa haw« ai * 

the pr"“Srenrd-lIhth/e»0an a33U"e that wlthln isolated volume p essure pn is the same everywhere except at the surface F . 

directionWofkfifffÎÎUiK ïa? an4lnitial absolute velocity w0 in the 

solute velocity ^ in the diai^fiLheop^1?L1^1Lalriigaht^n^Si-on 

an^lementary change8 ^ 

(V'+VoidM-OcdM; 

wnhlftÍme^/iuMÍTs^he^hânv!1,0'' 8aS leaïlns the engine i s, ztie change in momentum will be 

t-i 
f V'dM—Çhx.* 
à * (1.3) 

where fflsek per-seuond weight flowrate of working fluid, 

a tude^m/fayltatl0nal aooeleratl°h st the given altl- 

Fig. 1.14. Variation in thrust, 
momentum thrust, and pressure 
thrust with increase in pres¬ 
sure at nozzle exit. 

- 19 - 



The algebraic sum of all forces acting on the engine in the 
direction of flight will be 

pdF+P- 

(the + sign is used for forces represented bv vectors pointing in 
the direction of flight). 

Here the indices on the integration signs indicate that summa¬ 
tion is carried out over the 00 and CC planes; the forces acting on 
surface OC are omitted for obvious reasons. This expression can be 
rewritten as 

P*Fm Pn(Fm—Fc)~PcFc~t~P 

or 

F—Ft(pc-Pm). (1.1|) 

Equating Expression (1.3) and (1.10, we obtain an expression 
for the engine thrust force under steady-state conditions for a 
specified flight altitude, 

PwmShüL W( + F' (pt - pj' (1.5) 

With the dimensions used above for the right side, the thrust 
force is expressed in kgf. 

The first term on the right side of Expression (1.5), namely 
^Esek'9'ws* is called the momentum thrust, while the second term 

^giPg ” Pn) is called the pressure thrust. 

Pg = Pn* i*e., if in the nozzle there is complete expansion 
(to the design value for the nozzle) of the gases from the chamber 
pressure p¿ to the pressure pn of the environment, then the pressure 

thrust is 

Fe{Pc-Pn) -0 

and the thrust is 

(1.6) 

For different nozzles, providing different gas expansion ratios, 
for the same per-second flowrate, from a certain constant chamber 
pressure p^ to a variable pressure pg >_ pn at the nozzle exit, the 

°f-.îhe firsm and second terms on the right side 
of Expression (1.5) will vary. The momentum thrust reaches a maxi¬ 
mum at pe - Pn, while the pressure thrust is numerically equal to 

increases, the momentum thrust decreases 

's i'n* 
zero. When p „ __ 

*3 rn rs 

while, conversely, the pressure thrust increases; the thrust force 

> pn and p( 
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as a whole diminishes, however (Fig. 1.14). From this it follows that 
proper nozzle design, allowing for all vehicle flight regimes and 
trajectories for the powered segment, i.e., for the segment over which 
the engine operates, is of great importance. 

A rocket engine is capable of developing high thrust. The thrust 
value depends on the per-second flowrate of gas and the velocity at 
which the gas leaves the nozzle. In certain countries, liquid rocket 
engines with per-chamber thrusts of 450-680 tf are in series produc¬ 
tion, while thrusts of 1000 tf or more are obtained from solid rocket 
engines. There is no other engine type [turbojet engine TJE](TPfl) or 
ramjet engine [RJE](nBP,Q) that can develop such a thrust. Thus there 
is no competition for rocket engines where great thrust is required, 
for hypervelocity or cosmic-velocity flight. 

It is important to note that, as follows from Expression (1.5), 
rocket-engine thrust is independent of flight speed (provided the 
latter does not influence the pressure p at the nozzle exit). 

O 

Specific thrust (specific Impulse). The specific thrust or 
specific impulse Pud of an engine is defined as the thrust referred 

to the weight flowrate of working fluid per unit time, i.e.. 

(1.7) 

This definition gives the dimensions of specific thrust, kgf*s/kgf* 
in the literature, the dimensions of Pud are sometimes given as s.* 

For an LRE, the engine thrust and fuel flowrate can be measured 
quite accurately in steady and unsteady operation. For the general 
case of unsteady operation, if P is the instantaneous thrust over 
a time di and dG- is the fuel flowrate over the same time interval, 
then * 

(1.8) 

In SRE, it is usual to determine the average specific thrust, 
or specific impulse, over the entire engine burn time. If P is the 
average thrust over the time t s of engine operation, during which 
ail Gj. kgf of fuel is expended, then the average impulse of the SRE 
will equal 

P n o.* (1.9) 

* imProved test methods, the instantaneous specific thrust 
of an SRE can be determined by Formula (1.7) for steady operation 
and from Formula (1.8) for unsteady operation. 

An expression is easily obtained for the specific thrust if 

thenUbStltUte the Value oi> P from Pormula (1.5) into Eq. (1.7); 
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But 

cu,k 

where u is the nozzle discharge coefficient, referred to the exit 

section% , the velocity w , and the weight density ys of the gases 
8 a 

in this section; consequently, 

(1.10) 

when p - p , i.e., for complete expansion of the gases in the nozzle, 
* s n 

the specific thrust will equal 

p 
" f 

(1.11) 

If p ^ p , we can also use Formula (1.11) to find the specific 

thrust, replacing the actual velocity by a certain arbitrary effec¬ 

tive gas exit velocity weff, found from the formula 

—xct + ** ~ . 
N»cY« 

Consequently, in the general case 

»• i 

(1.12) 

(1.13) 

for the special case in which pg ■ pn> the velocity ■ wsi 

the specific thrust is found from Formula (1.11). 

The greater the specific thrust, the greater the ^solute 
thrust of the engine for a specified per-second workj!?fT^u^ 
rate, or the lower the per-second flcwrat^ for a 8Jecli?;ed 
thrust. All other conditions being equal, the greater the 
thrust, the greater the vehicle flight range for the same total con¬ 

sumption of working fluid. 

The value of specific thrust depends on the type of fuel and 
on the engine-process parameters, and is characterized by the stab¬ 
ility for each fuel type and the engine process level. 

Depending on the type of fuel and the procese parameters. In 
modern engines the specific thrust at the earth's surface for LRE 

is 

for an SRE it is 

P,,«240—420 kgf-s/kgf or more; 

/>,*-200-250 kgf‘s/kgf or more. 

Higher values of specific thrust can be expected for LRE and 
SRE when fuels of the future are used and future process parameters 

employed. 
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Specific consumption. By the specific consumption we mean the 
fuel consumed to develop 1 kgf of thrust during one hour. Conse¬ 
quently, 

or 

fy<— (1.1¾) 

kgf/kgf-h. 
rn (1.15) 

thrust601^10 consuinptlon ls inversely proportional to the specific 

For modern engines, the specific consumption at the earth’s 
surface is: for LRE, 

for SHE, 

15 kgf/kgf *h; 

18 Kgf/kgf’h. 

In practical computations, it is convenient to use the specific 
íür1K«ÍÍÜ8UmptÍÍ? ln 1 » for 1 kgf or 1 tf of thrust, rather than the 

Ullinl õSn»ÍÜp?ionnírtl0r>- Pr0n Expre,,8lon f1-«). «>. per-seoond 

kgf/kgf «s 
Fn 

or, refering the specific consumption to 1 tf of thrust. 

IQOO 
kgf/tf’s. (1.16) 

Thus if Pud ■ 250 kgf.s/kgf, it is then necessary to expend 4 
kgf of fuel in 1 s for each 1 tf of absolute thrust developed. 

specific consumptions of rocket engines are extremely 

Thf.*«. y f1*? B5ny times specific consumptions of TJE or EABJE. 
ïain/îir PÎSlned by the fact ^hat for all types of engines 

specific consumption refers solely to the consumption 

tL *n«ïîe}51!«Carrif? on b2ard the craft» while for rocket engines, 
consumption refers to all fuel consumed on board the 

ieîî Uh.thÎSh«^1î8in0t 0?ly the combustible but the oxidizer as 
tion îîraÎSly ln comblned form). The oxidizer consump- 
tibî«1 «S ïîîîyfKÎn8ldÂr!ïly^8rîat#r than the consumption of combuL 
lÎ5ïe* 80mîhatJîh? 8Pecific fuel consumptions are large for rocket 
0DeratiônThnï îï l8tKleîr that rocket engines must be used for brief 
1? Sd tE; S!”810"8 °f *5® Vehicle w111 rlse excessive- 

“y prove i"»11»«““* to Impart the required 

d„..,í8 aí,llluítratlün*.re glve the «eneral formula for the possible 
duration of engine operation in the system of a rocket (or other 

- 23 - 



vehicle). 

Let Mk be the final rocket mass and 

m the mass number. 

Then the mass of the fuel in the rocket will be 

.Mf . Af, (m - It - Mjm, - .W, 4-. 

where m - 1 ■ mt is the ratio of the fuel mass to the final rocket 
mass, while mt/m is the fuel as a fraction of the initial mass #n or 

initial weight Gn of the rocket. 

When the motor thrust P and specific fuel consumption are 

constant in magnitude, the duration of engine operation will be 

The ratio of engine thrust to initial rocket weight is called 
the thrust-to-weight ratio, 

P-HO. 

Introducing this parameter, we obtain the duration of engine 
operation under the above condition, 

t-3600 -mh— s (1.17) 
• #*f« 

or on the basis of Expression (1.15) 

Thus the duration of rocket-engine duration in a rocket system 
when P ■ const and ■ const is proportional to the proportion, by 
mass or by weight, of fuel in the rocket and to the specific engine 
thrust, and Inversely proportional to the rocket thrust-to-welght 
ratio. 

It is Important to note that Formulas (1.17) or (1.18) do not 
contain the rocket dimensions explicitly) they appear Implicitly in 
the fuel ratio mt, which depends to a certain degree on the rocket 

dimensions. A somewhat larger mass number can be attained for large 
rockets than for small ones. 

Let Pud * 300 kgf s/kgf, p • 1.5, ? ■ io and, consequently, 
mt » 9; then with thrust of constant magnitude, the engine operat¬ 

ing time will be 

110 >. 
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Rocket-engine operating periods are short not only as a result 
of the high specific consumption, but also owing to the restricted 
motor life owing to the high temperatures, corrosiveness of several 
fuel components, and the need to make the structure as light as pos¬ 
sible. In SRE, there is an additional restriction on engine operat¬ 
ing time associated with the lack of cooling for such Important 
parts as the engine exhaust nozzle. 

Specific weight u of engine plant. This parameter is defined 

as the ratio of the weight u of the entire plant as a whole to th< 

thrust developed by the engine, l.e., 

The weight of the engine plant Includes the weight of the entire 
system except for the weight of the fuel. In a SRE, this Includes the 
chamber, nozzle, igniter and its associated system, and the thrust 
regulating system (when there is one). Por a LRE, this Includes tanks, 
lines, valves, pumps and drive motors (turbopump units), the starting 
and regulating system, and auxiliary system (gas generators for the 
turbine, etc.). 

For rockets in particular, the specific weight of the engine 
plant is of great importance since, all other conditions being equal, 
it influences the maximum speed and, consequently, the range of the 
vehicle. The lower the initial weltfit of the rocket, the greater the 
influence of engine-plant weight. 

Liquid rocket engines have specific weights of 0.008-0.04 kgf/ 
/kgf. Lower values are assoblated with engines having greater thrust 
and higher values with low-thrust LRE. 

For solid-fuel engines, the specific weight depends in great 
measure on the engine design, the type and dimensions of the fuel 
charge, and the chamber material. If the fuel is east directly in 
the chamber and the chamber walls are made of thin metal or plastic, 
without heat insulation, the SRE will weigh less, with the engine 
weighing 5-7f of the fuel weight. With a pressed fuel charge in¬ 
stalled within the chamber with a gap, which makes it necessary to 
Increase chamber wall thickness and to employ heat insulation, the 
weight of the SRE inorrcses, reaching 5-10S or more of the fuel- 
charge weight. 

The compactness (over-al* dimensions) of the powerplant is 
of enormous importance, since for specified values of thrust and 
motor bum time, the plant dimet.:ions, together with the fuel volume, 
determine the dimensions of the entire rocket. The specific frontal 
thrusts of rocket engines considerably exceed the specific frontal 
thrusts of all other engine types, reaching 8C-100 T or more for 
1 n1 of front. 

The following basic conclusions can be drawn from the nature 
of the process in a rocket engine and the process parameters: 
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1. The rocket engine develops thrust by using materials carried 
onboard the flying craft itself; thus the engine is completely inde¬ 
pendent, i.e., it can develop thrust at any altitude whether or not 
there is air in the environment; all other engine types require ex¬ 
ternal air, since oxygen is needed to oxidize the combustible used 
in the engine and carried by the craft. 

2. A rocket engine can develop a large absolute thrust; this 
requires ejection of considerable masses of reaction products at 
high speed; in this respect, the rocket engine has a substantial 
advantage over other types of reaction engines; 

3. The need for the flying craft to carry the entire reserve 
°f initial substances required for the engine process represents a 
very great limitation on the operating duration; in this respect, 
rocket engines are considerably inferior to all other types of reac¬ 
tion engines. 
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Chapter 2 

ROCKET-ENGINE CYCLE AND EFFICIENCIES 
2.1. IDEAL CYCLE. THERMAL EFFICIENCY AND MAXIMUM GAS EXIT VELOCITY 

A rocket engine organically combines devices for producing the 
kinetic energy of gases from the chemical energy of the fuel intro¬ 
duced into the chamber, and for obtaining thrust as a result of the 
conversion process. The rocket-engine process takes place continuous¬ 
ly at constant chamber pressure. Although other process conditions 
are possible, we shall henceforth be concerned solely with the pro¬ 
cess involving heat supplied at p ■ const. 

Even though the rocket engine does 
not have all the elements in which the 
individual thermodynamic processes of the 
cycle take place, it is still quite legi¬ 
timate to represent its thermodynamic 
cycle graphically and to carry out a 
general investigation to establish and 
understand the basic relationships anu 
factors determining the cycle propert4es. 

In a liquid rocket engine [LRE] 
(JKPÆ) there is an increase in the pres¬ 
sure of the fuel components delivered to 
the combustion chamber in the liquid or 
gaseous state. If we neglect the work 

done to compress the components delivered in the liquid state, we 
can represent the ideal cycle of such a liquid rocket engine as the 
graph shown in Pig. 2.1. The Isobar 1*2 represents the segment on 
which heat Qi is supplied; the chamber pressure pjj for the ideal cycle 

is taken equal to the pressure of the deaalerated gases in the actual 
cycle; in the ideal cycle considered here, the adiabatic curve 2-3 
corresponds to the process of isentropic expansion of the gases in 
the nozzle from the initial pressure p* to the final pressure p ■ p , 

where pn is the external pressure; line 3-0 arbitrarily represents 

the Isobar closing the cycle with removal of heat Qt from the cycle; 
line 0-1 shows the Increase in the pressure of the liquid working 
fluids introduced into the engine; the volume of these fluids can be 
neglected as being negligibly small as compared with the volume of 
the gaseous products. 

The ideal cycle of a solid rocket engine [SRE](PäTT) will evi¬ 
dently be quite analogous to the cycle of an LRE with liquid compon- 

Fig. 2.1. Ideal rocket- 
engine cycle. 
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enta at the chamber entrance, since the solid fuel is at a nre«i«mr.p 
i^ohSr.tie5Ch?!?beS.* and lts volume ls also quite negligible On the 
iSobar 1-2, the fuel is gasified and burned to relfasf thl’heat 5®. 

Like the initial pressure p£, the final cycle pressure p is 

WhPnCíhÍ a £iVen with allowance for the rocket efficiency 

sure-reduction Î£îoSeleCted’ theSe ValUes ^termineUe^^cîe^;. 

ft 

If we let hu, kcal/kgf, represent the working (lower) heating 

then6* °r the heat °f the decoraPosltion reaction, for 1 kgf of fuel. 

—/| 

or 

here ig and ix are the respective enthalpies of the working fluid 
for the final and initial temperatures at points 2 and lj 

op is the constant heat capacity of the ideal process or the 

?£rt8!Spehmu«p;Âtf pro<iuot5 in the r>n«e 

TM 18 the th«oretical temperature of the gases at point 2, on 

1S l0,t ln th# 0hi^«r “d fat th. 

will lîwaî.'h^i !íífchpr0d?0ed bJr the faction of a unitary fuel 
win alwaya ba a definite value equaling Por an oaldlalng reac. 

of^ÄmrÜdÄaäi ‘îî ïïîïî1?? ï“1 defî?d on th* «•»«o 
rM\rwVarh s: îxrÂHiHÆ ¡B 

- b. releaaed 

Q,-A. **cpT+ (2.2) 

f°r the lde*1 cycle, the work done is numerically eoual to th- 
ÏÎS f!rerSf ?fJhe combustion products at point 3, 1 2 aï tS 
end of the adiabatic expansion process; it Í8Prepresent¿d*¿s^ h 

(2.3) 

where 
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Pig. 2.2. Thermal efficiency as func¬ 
tion of gas pressure reduction ratio 
in nozzle and of exponent k 

Here k is the constant exponent in the leleal adiabatic 

R is the reaction-product gas constant. 

The ideal-cycle thermal efficiency is 

(2.4) 

process; 

On the basis of Expressions (2.1) or (2.2) and (2.4), 

1,-1 (2.5) 

The thermal efficiency of an ideal rocket engine depends solely 
on the gas pressure reduction ratio v and on the composition k of the 
reaction products; Figure 2.2 shows nt as a function of w for various 
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values of k. The less the heat capacity of the gas, the greater the 
thermal efficiency. From this viewpoint, an increase in the content 
of polyatomic gases in the combustion products is undesirable. The 
thermal efficiency approaches unity as pn -► o! This case corresponds 

to an ideal lossless cycle and to total gas expansion in vacuum re¬ 
gardless of the initial pressure. 

Dapending on the characteristic of the working fluid for the 
ideal cycle, the values of cycle thermal efficiency will differ 
for the same value of the pressure ratio it. If we take a real 
working fluid (reaction products, for example) for the ideal cycle 
and make allowance for dissociation and for the relationship between 
the heat capacity and the temperature, then the maximum temperature 
a and the thermal efficiency will be lower than for the case in 

which Op ■ const, as we know from thermodynamics. 

In the calculations, it is desirable to take as the ideal cycle 
a cycle with an actual working fluid characterized by variable com¬ 
position, variable heat capacity, and dissociation, since such a cy¬ 
cle permits more exact evaluation of how closely the real process in 

caseen?hAeraSf««XimaîeSt.the îhecretically possible process. In this 
case, the factor op in Formula (2.1) will allow not only for the com- 

SïnîÎH0” of,íhe/or^n8 fluid and the way in which the heat capacity 

nrodSct, ït ?h.fmperatïre' Sut also the Association of combustion 
products at the temperatura T*. The method used to determine T will 

be discussed in Chapter 8. The actual temperature of the deceler- 

temíLSatníL1!? thJ ?5amber w111 differ under this approach from the 
temperature Tg of the reaction products at the end of the chamber only 

« L"£1ch^«<waU?mPletenM“ °f th* re4ctlon and the the™al loss- 

The work of the ideal cycle in a rocket engine (with p ■ 

pn) is utilized completely to produce the kinetic energy of the 

Jet of gases leaving the nozzle. The gas exit velocity w.. for the 

nozzle of an ideal engine is found from the equation 

Thus, taking Eq. (2.3) into account, we can write 

or, with allowance for (2.2) and (2.¾): 

(2.6) 
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v“=\ (2.8) 

Formula (2.8) shows that the maximum gas exit velocity In an 
Ideal rocket engine depends on the reaction heat of 1 kgf of fuel 
and on the thermal efficiency. 

The specif* : i-’ ru;t of an ideal rocket engine is 

(2.9) 
ff 

2.2. CHARACTERISTICS OF ACTUAL PROCESS. EFFICIENCIES 

The actual rocket-engine process differs from the ideal process 
in that there are losses in the chamber and the notzle. 

The chamber losses are determined by the following two factors: 

1) the reaction (oxidation or decomposition) is not fully com¬ 
pleted in the chamber, so that a portion Afti of the heat is not re¬ 
leased (incompleteness of the reaction, neglecting dissociation); 

2) a portion AAa of the oxidation-reaction heat is expended on 
dissociation of the reaction products; dissociation plays a signi¬ 
ficant role in high-temperature engines, since the combustion temp¬ 
erature in rocket engines reaches 3000-3500°K or more. The dissocia¬ 
tion losses are accounted for by the following factors: the heat 
going for combustion-product dissociation is expended at high tempera¬ 
ture in the chamber, and is returned fully or in part during the pro¬ 
cess of expansion in the nozzle while the gas temperature is being 
lowered and recombination is taking place. Although dissociation is 
a fully reversible reaction, the removal of heat during its libera¬ 
tion in the chamber at p£ and the return of this same heat at lowe: 

values of p leads to a reduction in efficiency. 

In an LRE, the first loss is caused by the imperfection of the 
mixing process, and by the nonuniformity of mixture composition over 
the chamber cross section. In many cases, this nonuniformity is ne¬ 
cessary to reduce the thermal stresses in the chamber walls. If the 
reaction-product parameters do not become equalized at the end of the 
chamber, there will be an additional loss of heat as compared with the 
ideal process in which for a given value of a the gas parameters ai*e 
assumed to be identical over the entire cross section. 

In an LRE, a portion Aft* of the heat is transferred from the 
gases to the walls; this amount of heat is not large, and with the 
exception of experimental engines and certain engines that are not 
cooled or that are cooled by flowing water or other liquid, this por¬ 
tion of heat is again returned to the engine chamber together with 
the working-mixture component used to cool the engine walls. For 
uncooled engines and for engines using external cooling by a liquid 
that does not participate in the process of heat release in the 
chamber, the heat AAi represents a loss, since the gas temperature 
in the engine system decreases. The situation is different for en¬ 
gines cooled by one of the components, particularly for dlergollc 
fuels, where heat must be supplied to vaporize the components and 
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to bring about all the intermediate preignition processes. For un¬ 
cooled chambers, this heat is taken completely and directly from the 
combustion zone with the aid of radiant heat and "reverse flows" (see 
Chapter 4); for cooled chambers, it is also supplied from the com¬ 
bustion zone, but with part coming directly from the reverse flows 
ana radiant heat and part coming through the walls by heating of the 
component that cools the engine. Here, consequently, the heat Ahi 
ÎïîLï0t<.r?Eresent a 1088 ln the actual process, since the thermal 
errect of the reaction, determined expermentally, allows for the heat 
expended on evaporation and on the intermediate reaction. 

„Î c?rtaln the cooling component, or both components, 
are vaPOfl8®¿ and initially used to drive the turbine in the turbo- 
pump unit [TPU](THA), and are then introduced into the chamber; here 
some of the energy is lost from the viewpoint of the process in the 
engine chamber, although it is used for the engine plant as a whole. 

In low-temperature motfcrs where the process is based on a de- 
îomposition reaction, the main loss involves only the first type of 

f. hAs4.we hav® 8aid» Hk« the variable heat content of the gases, 
ÏÏS ?! ï expended on dissociation should be taken into account be- 
Îhle?î??.î8 parî40f th® ideal-cycle thermal efficiency realized by 
the actual reaction products. Then the actual process in the ehas¿er 
eímiífcí?£U51/n8ín*./Í11 devlat® ^88 from the ideal, and will be 
the^iffiï™!!6?!!1?!!* JU8t by the lnoomPlatenees of the reaction and 
the difference in the gas parameters at the chamber exit section. 

actuaîneo2n!i!ÎM?51?%pr0?e8? calculations, we always determine the 
a tual composition and actual properties of the gases in the chamber. 

!1}ow! for th® h®at lo8t OKing to Incomplete combustion 
cienev nheîLÎ0!î ln Jh®4chanb®r wall. we can find the chamber effi¬ ciency Hjj from the relationship 

In manufactured chambers n,, ■ 0.92-0.98. 

(2.10) 

ture at !ha?b8r Î!at l088®8» the actual gas tempera- 
ure at the end of the chamber r,<r,. As we have said, we define the 

actual temperature as the temperature of the adiabatlcally decelerated 

Clearly, 

'fl-*—* (2.11) 

the h44t c4P40lti«8 oan be assumed to be identical for 
th* }2!!i 811(1 a°tnal processes. This is quite acceptable provided 
the ideal process allows for the variable heat capacity and if the 
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(2.12) 

If the nozzle expansion process Is assumed to be Isentroplc 
with allowance for molecular recombination, then the resulting exit 
velocity may be referred to as the theoretical velocity. When p8 ■ Pn* 
It Is computed from the formula 

Here k Is the Isentroplc Index, allowing for molecular recombination 
during the expansion process. 

The coefficient <p which allows for the reduction In the Ideal 

velocity resulting from the presence of losses In the actual chamber 
that are neglected In the Ideal cycle, may be used to establish a re¬ 
lationship between and 

(2.1*) 

On the basis of (2.6), (2.12) and (2.13) 

%-V\ (2.15) 

or 

(2.16) 

The theoretical work corresponds to the theoretical velocity: 

(217) 

Clearly, 

(2.18) 

The following processes take place In an actual nossle: 

1) expansion of gases with a reduction In temperature and pressure 
and an Increase In gas velocity along the nossle; 

2) liberation of heat owing to the it completeness of the reaction 
In the chamber and In hlgh-temperature engines. In addition, owing to 
recombination (association) of dissociation products when the gas 
temperature In the nossle decreases; 

3) removal of a portion of t.*e heat from the gases to the walls; 

*) gas-wall friction and internal friction in the gas itself. 
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In virtue of the above factors, the actual nozzle process will 
not be adiabatic, but will fellow a complicated law, differing for 
different nozzle sections, and with the gas composition varying along 
the nozzle. 

In calculations x'or the gas expansion process in the nozzle, 
molecular recombination at lower temperatures is taken into account 
by some given method, for example, on the assumption that the gas in 
each nozzle section is in the equilibrium state corresponding to the 
mean gas temperature in this section. Here the deviation between the 
actual and ideal processes will result solely from friction and from 
heat transfer to the walls. 

The actual expansion process can be replaced by an equivalent 
polytropic process (for example, on the basis of the exit velocity 
attained) having a certain constant index n. In such case, the actual 
gas velocity at the nozzle exit will be 

['-(£) ']• 
while the actual Internal real-cycle work will be 

Clearly, 

(2.19) 

4 
% 

(2.20) 

(2.21) 

The nozzle efficiency n, shows the influence of the deviation 

between the actual nozzle process and the theoretical process on the 
efficiency of the rocket-engine cycle for identical initial gas para¬ 

meters (A* K) and for an identical degree of expansion w. In realized 

designs, fit has had a value of 0.90-0.96. The higher values are at¬ 

tained in high-thrust engines ar.d engines with special nozzle pro¬ 
files. 

It follows from (2.13) and (2.19) that the nozzle efficiency is 

\-4. (2.22) 
—I 

If we let 

(2.23) 

where ?i is the nozzle velocity coefficient, then 

(2.2¾) 

Under bench conditions (u« ■ 0), the Internal efficiency of 
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the actual rocket-engine process can be found as the ratio of the 
actual or Internal work L. or the real process, expressed In calories, 

to the heat Qi- expended to produce this work. Consequently, 

(2.25) 

With the aid of (2.7), we can determine the actual exit velocity 
from (2.25): 

(2.26) 

or, with allowance for (2.6), (2.14), and (2.23), 

(2.27) 

and 

-•-’•y <2-2e> 

2.3. EFFICIENCIES OF ENGINE IN FLIGHT 

Jïî the Powered segments of the path, i.e., the segments for 
which the engine operates and develops thrust, the vehicles in which 
rocket engines are installed usually do not have a steady flight re¬ 
gime or (for aircraft and for aviation rockets), the regime is brief. 
Thus, generally speaking, the efficiencies of an engine in flight 
will vary; the values will depend on the flight conditions. 

It is necessary to consider two flight cases: 1) the flight 
speed is relatively small and the kinetic energy of the fuel can 
be neglected in comparison with the dnemlcal energy; this case ap¬ 
plies, for example, to launching of a rocket and to an aircraft 
booster; 2) the flight speed is high and the fuel kinetic energy is 
commensurate with the chemical energy; this case applies to all rock¬ 
et stages (with the exception of the first in isolated cases). The 
second case is more general; we shall consider it first. 

®xternf1 resultant effect of engine operation in flight 
will be the work done in moving the vehicle. 

-„«.u Let/ 5? the instantaneous engine thrust and dS the path, or 
Svoï ?w0j!?tl05» f°r the fiyin« craft in the direction of the thrust 

thleígin lmïllTb then the external useful («ficctive) work done by 

dLt—PdS. (2.29) 

In addition to the 

fluid will also possess 
chemical energy during flight the working 

an initial kinetic energy corresponding, in 
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general, to the time-varying speed uQ at which the vehicle flies. 
If the flight speed is gr^at, in determining the efficiency we can¬ 
not neglect the initial kinetic energy of the fuel; its value be¬ 
comes quite commensurate with the thermal effect of the reaction. 
Naturally, the kinetic energy of the fuel at a given time results 
:r0?u;he chem*cal energy of the spent fuel masses expended prior 
to this time on the vehicle motion path. Nonetheless, considering 
an arbitrary time during motion of the vehicle, we must reckon with 
the kinetic energy that the remaining fuel has acquired as of the 
given time. Thus, for example, when ha ■ 1500 kcal/kgf and w0 ■ 

■ 200, 600, 1000, 1500, 3000, and 6000 m/s, the ratio Awj/igh, will 
haïe the respective approximate values 0.003, 0.028, 0.075, 0.17, 0.68, 
and 2.0. As we see, when the flight speeds are very great, it is ne¬ 
cessary to allow for the initial external kinetic energy of the fuel 
when we determine the running value of the entire amount of energy 
expended and the running efficiency values. Consequently, the total 
energy obtained from 1 kgf of fuel will equal (h.IA) + Ve) here 

is the instantaneous flight speed. 

!f the consumption of working fluid over time dx is dOt then 
the instantaneous value of energy expended on flight will be 

dG (2.30) 

The effective (total) efficiency of the engine in flight is 

the ratio of the useful work done in moving the vehicle owing to 
engine operation to the total energy expended in the engine to accomp¬ 
lish this motion. K 

nv* ?? îh?\ba*i? E(ls* (2*29) and (2.30), the instantaneous effec¬ 
tive (total) efficiency of the engine will be 

PéS 

dG (2.31) 

Since 

dS=w0di 

while in steady flight 

dG r A P D 

the effective efficiency will be represented by the expression 

*« 

A +¾ 

(2.32) 

or in the general case, when Pud - 
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*»*>•0 

.(ï*ï) 
(2.33) 

li 

The internal efficiency ^ of an engine In flight is the ratio 

of the Internal work done ^Íc^nergy remaining*!* the gases af- 
move the vehicle plus the total energy expended in the en¬ 
ter they leave the ^f^^^ases îelfing the engine with 

respect to the fixed expansion of the 
ates, for example) equals -a j*1 0 pvnansicn t?.-***—w«; thus in 
gases in the nozzle; for .. pnerav in 1 kgf gases will 
the general case, the unused kinetic energy in Kgi 

equal 

•Î (»io- »oy* 
57* a» ** 

(2.31») 

By definition, the Instantaneous value of internal efficiency 

during flight will be 

PiS + iO 

n,— 
áG 

(2.35) 

If the flight speed », • const for a certain segment of the 

path, then 

H-J- 

îi3 
A +2f 

(2.36) 

or 

or, finally. 

r ji—k. 

a 

(2.37) 

Hp is the The thrust efficiency, or propulsive efficiency, 
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(c'»**-K’o),/2tf for 1 kgf. The propulsive efficiency shows the fraction 
of the effective kinetic energy of the exhaust gases is used under 
the given flight conditions for external useful work done to move 
the vehicle. 

On the basis of this definition, the instantaneous value of 
equals 

PiS 

P dS — 40 (2.38) 

Fig. 2.3. Instantaneous propul¬ 
sive efficiency as function of 
ratio wo/tf«,. 

TABLE 2.1 , 

M • Mi 

»0» m/6 

\ 
V 

MO 

0/49 

0,365 

0.103 

1000 

0.04 

0.775 

0.336 

3000 

0.541 

0.M7 

0.530 

3000 

0.651 

0.945 

0.615 

300 

0.46 

0.355 

0,117 

1000 

0.410 

0.730 

0.363 

3000 

0J05 

0.001 

0.500 i
i
i
l

 

300 

0.500 

0J43 

0.133 

1000 

0.544 

0.701 

0.303 

3000 

0.630 

0.370 

0413 

0.710 

0.719 

0.700 

TABLE 2.2 

000 1000 

•0, rn/¡ 

V 

i
i
i
i
 

3000 

047 

0474 

0.555 

6000 

0.79 

0.606 

0.543 

1000 

0.385 

0,705 

0.373 

3000 

0.X 

0.970 

0.565 

«00 

0,704 

0.605 

0.551 



\ 

I Í 

If Ü o « const for a certain night segment, then 

l-*_pi*9* 

or 

or, finally. 

1,-2— 

(2.39) 

1 + 
(^r 

(2.4o) 

clency*16 Pr04UCt °f (2'37) and (2-4í» ‘»e total flight effl- 

sir (2 Jl) 

..ä“ v«s,s,*K^r,“ « ““¡sä'äs:: 
by the exit velocity w . vu 

s 

value^r*1? Óc2õ2?s Îhefr-^^M,11?,1" S18’.2^- 11,6 ip X Uigurs wnen wQ • wQ. This is understandable, since 

kÍnetlc,Íne,rg5h?..-a3e.Lleannfstoñl"n6Ílne P0S8ess “ residual 
kinetic energy óbtaíned owíL ?o the iî!" "»•,* "V““ an of ‘he gas 
converted In® useful work done to moîe t,™ vehï?îî® Pr00eSS WlU be 

Table 2.1 Shows values of ni. np; and n as functions of flight 

speed for three values of v . p*/Pn. with T . 3ooo<> abs. and h - 

n-/i.00.^ÄoÄ?*? iZ Si-ÄS« llZnïlïZ fffidS| 

«I _ ••♦♦•O 
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while the internal efficiency from Formula (2.37)» in analogy with 
(2.25), will be 

à 

while the thrust (propulsive) efficiency will be 

»I,«*. 
Hi 

This last expression can be obtained from (2.40) when te**»!."#, 
if we neglect the square of the ratio tco/v»«* in the denominator. 

For an engine operating on a test bench, uq ■ 0, so that 
but It is clearly impossible for the external 

useful work done during flight to exceed the available effective 
kinetic energy of the gases. 

When a rocket engine is employed for a rocket or a missile, 
it is possible to determine the mean effective (total) efficiency 

for the entire powered-flight segment, and the mean thrust 

(propulsive) efficiency r\p on this segment, on the basis of the 

following considerations. As a result of engine operation over the 
entire period of powered flight, the speed of the rocket or missile 
will vary from the initial value ui ■ 0 to some final value waj the 
mass of the rocket (missile) will vary from the initial value Mn to 

the final value The difference Mn - represents the total mass 

of all fuel expended for the powered segment. 

At the end of the powered segment, the entire vehicle will have 
accumulated a kinetic energy Moreover, if the altitude has 
changed from the initial value Hi (for example, at the level of the 
earth) to a certain final value Hit then the vehicle will also have 
accumulated a potential energy of 

*. «, ♦#. 
MAgdH-M, f gdR, 

where Hi is the initial distance between the launch site and the 
center of the earth; 

Hz is the radial change in this distance; 

g is the local gravitational acceleration. 

As we know, 

«î 

where gi is the acceleration on the radius fli; thus at the end of 
the powered flight segment, the vehicle will have accumulated a po- 
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tential energy 

KgiRi 
+H\ 

4 JÙ- 
Ä| + //f (2.42) 

If 

then g i 
will be 

the beginning of flight corresponds to Ri ■ ã0 (sea level), 

* go * 9.81 m/s, and the expression for the potential energy 

Af.*o*o —^—. 
^0 + I 

Up to an altitude of 100 km, it is quite permissible to deter¬ 
mine the potential energy from the simplified formula 

MtfiWt-Ht), (2.43) 

where Ä: and Hi are the initial and final vehicle flight altitudes 
above sea level, m. 

If Hi ■ 0, the formula becomes still simpler: 

At an altitude of 100 km, the difference in the numerical values 
found from Formulas (2.42) and (2.43) does not exceed 0.3*. 

The change in the potential energy of the vehicle's vertical 
position becomes great for a segment of 50 km or more. For example, 
with a final vehicle speed of 1000 m/s, the potential energy at an 
altitude of 50 km will amount to -100* of the kinetic energy, while 
it will be nearly 4 times the kinetic energy at 200 km. 

The total useful effect of engine work'over the entire period 
of powered rocket flight from the earth will be 

•% 

The energy expended equals 

so that the effective (total) efficiency, averaged over the entire 
powered-flight segment, will be 

or 

ñ, 

•5 . . w. 
- ». 
Mg—Mt 4, 

* A 
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The mean internal efficiency during flight will equal 

where ws is the actual relative speed at which the gases leave the 

engine nozzlej in general, it will differ for different elementary 
gas masses dM. If we assume ws ■ const or, more accurately, if we 
assume the arbitrary effective gas exit velocity w found from 
(1.12) to be constant, then 611 

A 

i.e., we obtain Formula (2.25), as we might have expected. 

The mean values of ne and n• can also be determined for in- 
% 

dividual sections of the powered-flight segment. 

The internal efficiency does not depend on the characteristics 
of the flying craft, but is determined solely by the quality of the 
process in the engine, while the instantaneous and mean values of 
effective and propulsive efficiency also depend on the dimensions, 
shape, and construction of the vehicle. The vehicle dimensions and 
construction actually determine the fraction of the initial weight 
that remains at the end of the powered segment, as well as the work 
done against the force of gravity; the dimensions and shape deter¬ 
mine the vehicle resistance to motion and, consequently, the flight 
speed, all other conditions being equal. 

The material presented in this section also implies that the 
propulsive and effective efficiencies of the same engine, installed 
in different aircraft, rockets, or missiles, will differ in value. 
Even for the same vehicle, depending on its application (with res¬ 
pect to w and //), the instantaneous and mean values of n and n« 
will differ. e P 

2.4. TOTAL IMPULSE. SPECIFIC IMPULSE OF CHAMBER 

It follows from Expression (2.32) that the effective rocket- 
engine efficiency is proportional to the specific thrust or the 
specific impulse. The instantaneous value of specific thrust or 
specific impulse can be found if we know the instantaneous value 
of the effective speed; from Expression (1.8), the instantaneous 
absolute thrust equals 
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di i 

If a specified flight is to be realized, the vehicle must be 
given a certain total impulse 

or 

dG 

(2.H4) 

(2.^5) 

over the powered segment of the path. 

In these formulas, and P will in general be variable. 

The altitude and maximum speed for range of the rocket depend 
on the accuracy with which the variation law P - /(t) and the abso¬ 
lute total impulse are maintained. The thrust value at each parti¬ 

cular time will depend on the amount of fuel supplied to the engine 
(dff) and the efficiency with which it is used to develop the thrust 
^Pud * As a consequence, the rocket must have a system capable of 

regulating engine thrust and cutting off the engine when a specified 
speed has been reached at the end of the powered segment. For ballis¬ 
tic missiles, the accuracy with which a specified region on the 
earth's surface can be hit depends directly on the P - /(x) law and 
on Ij, unless there are special energy sources and guidance systems 

to correct or change the path immediately before the instant of 
impact. If they are to land on the earth or other planets or satel¬ 
lites, spacecraft must have energy-developing (rocket) means of brax- 
ing before landing. Here the time at which these devices are turned 
on, the thrust-time relationship, and the total impulse are also of 
importance. These quantities are also important for maneuvering in 

As we have already mentioned, maximum utilization of the fuel 
supply carried onboard the craft is of great significance in the flight 
performance of the vehicle, so that engine control and cutoff must be 
very accurate with respect to both magnitude and time. To this end 
engines must be manufactured with rigid tolerancia on all dimensions 
important from the viewpoint of the process and the fuel consumption; 
tîfufî?vTates of combustible and oxidizer (in LRE) must be regulated 
with high accuracy; the fuel must possess specific physical-chemical 
properties, with parameters varying within narrow limits. Moreover 
when the engine is installed in the rocket, it is important that its 
geometric axis be exactly positioned with respect to the rocket axis* 
for example, in a single-stage rocket with one engine, the engine and 
rocket axes must coincide, or else there will be an additional con¬ 
stant load on the rocket flight-control elements. 

It can be shown that the total impulse is proportional to the 
product of the specific thrust by the weight density of the fuel. 

it 
i I 
* 
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If we let Pud * const in Formula (2.45) or bring the mean value 

of specific impulse during the engine burn time out from behind the 
integral sign, then 

where 

G*-V*Yr 

when the fuel supply has been fully exhausted; here is the working 

volume of the liquid-fuel tanks, or the solid-fuel volume in an SRE; 
Yt is the weight density of a solid fuel or of a unitary liquid fuel, 

or the specific weight density of the fuel for a bipropellant or a 
multicomponent liquid fuel (see Chapter 3). 

Substituting the value of G^. into the formula for the total 

impulse, we find 

^ ^y*Y»* ( 2.4 6 ) 

For a specific design, will be a constant, so that the total 

impulse is proportional to the product P jY«.. 
UQ U 

Another quantity»called the specific chamber thrust, is also of 
importance. It is found fiyom the expression 

J-~’ (2.117) 

and represents the engine thrust referred to 1 kgf of fuel if there 
were no diverging section of the nozzle and if the chamber pressure 
were everywhere equal to p£. The product p£ cl®&rly represents 

the engine thrust for this case under the specified conditions, while 
e is the specific thrust. When the nozzle has a diverging section, 
the quantities pj Fkr and ß will naturally be less than the thrust 

P and the specific thrust they will be smaller the greater the 

degree of gas expansion in the nozzle. 

The specific chamber thrust, the pressure impulse in the chamber 
or, as it is frequently called, the number ß has a special physical 
meaning. Since the per-second gas flowrate in the throat equals 

while 

and 
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then 

r. 

where 

r nr 
/n*=l/ / 2 v^T, 

\ * \*+i V 

(2.K8) 

(2.^9) 

On the basis of (2.48), the specific chamber thrust, or the 
number ß will be * 

(2.50) 

Since the temperature rj depends on the type of fuel and, to a 

slight extent, on the fuel utilization in the chamber (n, ), while 
the quantity m, which is a function of the combustion-prSduct com¬ 
position (fc, Ä), also depend chiefly on the fuel (and to a slight 
extent on p£), the number ß can serve as a thermodynamic character¬ 

istic of the fuel. 

For an ideal lossless chamber 

(2.51) 

which permits us to establish the value of and, consequently, the 

level of losses in the actual chamber by computing ßld and determin¬ 

ing ß experimentally. 

The value of ß can be found for*various fue.1s 
for nk and p*); then Expression (2.48) can be used 

second fuel consumption 

(with allowance 
to find the per- 

Gxcm “ (2.52) 

for various values of nozzle throat area and chamber pressure. It 
Forraula (2;52) that for a given fuel the chamber pres¬ 

sure (for ■ const) is proportional to the per-second consumption 
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Chapter 3 

LIQUID ROCKET FUELS 
3.1. GENERAL CONCEPTS 

In liquid and solid rocket engines, energy is released as a 

result of a chemical reaction. 

Energy can be released as a result of the following chemical 

reactions : 

a) oxidation-reduction (oxidation) reaction, where the energy 
is released during a reaction between oxidizing and combustible 
elemeítt; here tSf fuel consists of at least two substances, the 

oxidizer and the combustible; 

b) a decomposition reaction, where the heat is rel®jsed during 
the decomposition of a complex substance into simpler materials, 
here the fuel may consist of just a single substance, 

c) a recombination (combination) reaction, where the heat is 
released when like atoms or radicals are combined into molecules. 

Rocket-engine fuels can be divided lnt0,^® 
groups: separately supplied liquid fuels; unitary liquid fuels, 
solid fuels; mixed-aggregate-state fue>s. 

For a separately supplied liquid fuel, energy is released as 
a result of an oxidation-reduction reaction. The oxidation reaction 
?aS be arbitrarily represented as an exchange of electrons at the 
outer electron shell of the atoms participating in the process. Her® 
the atoms of combustible elements yield electrons, while the atoms 
oxidizer elements acquire electrons. 

The combustible elements include carbon C, hydrogen H, boron 
B, aluminum Al, lithium Li, beryllium Be, etc. 

The oxidizer elements include fluorine F, oxygen 0, chlorine 
Cl, and bromine Br. Fluorine and oxygen are considerably more effec¬ 

tive than the other oxidizing elements. 

In the general case, the oxidizer and combustible are complex 
compounds whose compositions may include noth oxidizing and combus¬ 

tible elements. 

A combustible is a substance that requires an external oxidizer 
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for complete oxidation of Its combustible elements, whether or not 
It contains oxidizing elements. 

Thus, In addition to combustible elements (C and H), ethyl 
alcohol CaHjOH contains an oxidizing element, oxygen, but not nearly 
enough for complete oxidation of the combustible components of the 
alcohol; thus ethyl alcohol is a combustible. 

An oxidizer is a substance that may contain combustible ele¬ 
ments, but which has a considerable excess of oxidizing elements, 
so that when its intrinsic combustible elements have been completely 
oxidized, a free quantity of oxidizing components is left that can 
be used to oxidize some other combustible. For example, nitric acid 
HN0| or hydrogen peroxide H2O2 contain a combustible, hydrogen, but 
the oxidizing component (oxygen) is present in sufficient quantity 
that when the oxygen of nitric acid or hydrogen peroxide has been 
fully oxidized, there is a residue of oxygen that can be used to 
oxidize a combustible; thus HNOj and H2O2 are oxidizers. 

The proportions of oxidizer and combustible in a fuel are de¬ 
termined by a quantity called the mixture ratio. 

The theoretical (stoichiometric) mixture ratio Kq is also de¬ 
fined as the minimum amount of oxidizer required for complete oxida¬ 
tion of 1 kgf of combustible. In other words, the theoretical mixture 
ratio is the ratio of oxidizer and combustible flowrates for which 
the oxidizer completely oxidizes the combustible while leaving no 
excess. 

The actual mixture fatio < is defined as the actual ratio of 
the rates at which oxidizer and combustible are supplied to the 
chamber; it can differ from the theoretical value. Ordinarily. 
K < KQ . 

The ratio 

«0 

is called the excess-oxidizer coefficient. The excess-oxidizer 
coefficient at which maximum specific thrust occurs is called the 
optimal coefficient. 

Separately supplied fuel can be hypergolic or diergolic. The 
hypergolic fuels include fuels whose oxidation and ignition reac¬ 
tions commence spontaneously when the oxidizer and combustible come 
into contact under the conditions obtaining in the chamber during 
launching, with no additional intervention, Diergolic fuels require 
some firing device for ignition (when the engine is started), 

In general, a mixture of oxidizer and combustible presents an 
explosion hazard. Thus all factors that prevent accumulation of such 
a mixture in the engine tend to increase engine reliability. From 
this viewpoint, it is better to use hypergolic fuels, since the high 
chemical activity of the components in such a fuel makes it almost 
impossible for an oxidizer-combustible mixture to accumulate. 
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The high chemical activity hypergolic fuels is often an im¬ 
portant condition for ensuring engine operating stability. 

Separately supplied liquid fuels are widely employed, sJnce they 
provide quite high specific engine parameters with fairly acceptable 
operating prope ties. 

By a unitary (single-component) fuel, we mean a substance or 
previously prepared mixture of substances that will release heat 
under certain conditions as a result of chemical reactions of de¬ 
composition or oxidation; in the latter case, all components required 
for oxidation are contained within the unitary fuel itself. 

The greater structural simplicity of engines using unitary liquid 
fuels represents an undoubted advantage over separately supplied liquid 
fuels. Just a single supply-system line is required. These fuels have 
not found wide application in liquid rocket engines [LRE](KPÆ), and 
they are chiefly used for auxiliary purposes, for example, to drive 
turbines in turbopump units, and for auxiliary low-thrust engines 
designed to control and stabilize the flying craft The reason is 
that unitary liquid fuels having acceptable operating properties are 
relatively inefficient as compared with the widely employed separate¬ 
ly supplied fuels. Unitary liquid fuels are known that possess fairly 
high efficiency, but they are unacceptable for operating purposes, 
basically owing to their great tendency to explode. 

Solid rocket fuels are naturally unitary fuels, since they con¬ 
tain within themselves all substances required for the chemical reac¬ 
tion. Materials capable of an exothermal decomposition reaction, or 
oxidizer-combustible mixtures, can serve as a basis for solid rocket 
fuels. > 

Solid fuels are widely employed in rocket technology. They make 
it possible to use an engine of simpler design, which needs little 
preparation for launching. The known solid fuels have lower specific 
thrust than the liquid fuels, however. 

Mixed-aggregate-state (hybrid) fuels consist of components that 
are in different aggregate states, such as a liquid-solid fuel, in 
which one of the components is solid and the other liquid. In this 
case, the solid component is placed within the chamber, while the 
liquid is carried in a tank and supplied in some way or another to 
the chamber, where a chemical reaction takes place between the oxi¬ 
dizer and combustible, with the formation of gaseous combustion 
products. 

Liquid-solid fuels have certain advantages over both liquid 
and solid fuels. Such a hybrid fuel may have a certain advantage 
over a separately supplied liquid fuel in that the engine structure 
is simpler, since just one line is required to feed fuel to the en¬ 
gine. The hybrid fuel may be better than a solid fuel in that longer 
uninterrupted engine operation is possible, more flexible control can 
be used, and more efficient component pairs can be selected. 

Liquid fuels are discussed in this chapter. 
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3.2. ROCKET-FUEL REQUIREMENTS 

The type of fuel used for an engine and its properties to a con 
sldei^ole degree determine the characteristics (parameters) of tie 
rocket engine and the flying craft, and markedly influence the con¬ 
struction, weight characteristics, and operating conditions. 

TABLE 3.1 

Molecular Heat Content ap kcal/kgf-deg of Certain Gases at Various 

Temperatures, °K 

Ojnio- 
■TOMNWe 

n rasw 
2000 3000 4000 

A»yx- 
ITOMHMe 
2 ras» 

2000 3000 4000 
Mnoro- 
ITOMIIHC 

raau 
J_ 

2000 3000 4000 

H 
B 

N 
0 
F 

4.9(8 
4.9(:8 

4,909 
4,977 
5,001 

4.908 
4,9(8 

5,01 
5.004 
4.983 

4,908 
4,908 

5.214 
5.091 
4.977 

• •’Mj 

B, 

N, 
O, 

Ft' 
HP 

8,195 
8,852 
8.002 
9,029 
8,881 
8,143 

8,989 
8,901 
8,801 
9.551 
8.915 
8.700 

9.345 
8,923 
8,989 
0.932 
8,927 
9,045 

H,0 
COj 
BF3 

BA 
ai2o, 

12.008 
14.502 
19.381 
25,159 
25,159 

12,913 
14,043 
19.649 
25..534 
25.534 

13,308 
15.355 
19.745 
25.063 
25.063 

1) Monatomic gases; 2) diatomic gases; 3) polyatomic gases. 

Specific requirements are imposed on fuels. Although in most 
cases, they cannot be fully satisfied, nonetheless it is important 
to formulate these requirements so that a comparative evaluation oí 

fuels can be made. 

The fuel is primarily the factor responsible for such an impor¬ 
tant engine parameter as the specific thrust. Since the specific 
thrust of a rocket engine also depends on the parameters and quality 
of the engine process, to eliminate the influence of engine character¬ 
istics in a comparative evaluation of fuels, we proceed on the basi. 
of the ideal specific thrust ?ud ld (i.e., the specific thrust com¬ 

puted with no engine losses), determined for identical gas pressure 
reduction ratios in the nozzle. 

The magnitude of the specific thrust depends on the amount of 
heat released during the chemical reaction, i.e., on the heating 
value of the fuel and the degree to which this heat is converted 
into the kinetic energy of the combustion products, i.e. ,the thermal 

efficiency. 

The degree to which heat is converted into kinetic energy of 
the combustion products depends on the properties of the combustion 
products. It was shown in Chapter 2 that the thermal efficiency will 
be greater the higher the exponent k, i.e., the lower the molecular 
heat capacity a of the combustion products. As we know, the molecu- 

Pm 
lar heat capacity of gases depends principally on the number of atoms 
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in the molecule; 
3.1). 

it increases as * he number of atoms goes up (Table 

The degree of conversion of the heat released in the chamber 
into kinetic energy is influenced by the dissociation of the com¬ 
bustion products. The greater the degree of dissociation, the lower 
the thermal efficiency. Different gases dissociate to different de¬ 
grees. Thus, for example, most fluorides dissociate less than oxides. 
The dissociation of combustion products depends in great measure on 
the temperature, increasing as the temperature goes up. An increas 
in pressure reduces the degree of dissociation. 

For a given heating value, the combustion-product temperature 
will be lower the higher the weight heat capacity of the products. 
For a given atomicity of the gases, the weight heat content of the 
gas will rise as the molecular weight decreases, 

e'm 

The degree to which heat is converted into the kinetic energy 
of directed combustion-product motion also depends on the aggre¬ 
gate state. The expansion process that leads to such a conversion 
is completed only in gases. The thermal efficiency drops when the 
combustion products contain condensed substances. The greater uhe 
proportion of condensed substances in the combustion products, the 
lower the thermal efficiency. 

Thus for a comparative qualitative evaluation of rocket fuels, 
where the specific thrust is not calculated, it is necessary to con¬ 
sider not only the heating value, but also the properties of the 
combustion products. From this viewpoint, they must satisfy the fol¬ 
lowing basic conditions: y 

- high heating value; vv 

- few atoms in the combustion-product molecules; 

- low molecular weight of combustion products; 

- maximum proportion of gases in combustion products. 

Sometimes fuels are only compared for heating value in such an 
evaluation. In certain cases, such an approach can lead to an erron¬ 
eous result, particularly if fuels differing in chemical nature are 
compared. 

Let us look at an example. An oxygen + hydrazine fuel has a 
heating value * 19^0 keal/kgf, less than for an oxygen + kerosene 

fuel (hu - 2270 keal/kgf). The first fuel provides greater specific 

thrust than the second, however (see Table 3.9). This is associated 
with the fact that the combustion products of the oxygen + hydrazine 
fuel have better thermodynamic properties (lower molecular weight 
and fewer atoms in the molecules) than the combustion products of 
the oxygen + kerosene fuel. 
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A comparison on the basis of heating value is permissible only 
for fuels of similar chemical compositions and, naturally, the 
evaluation can only be qualitative. 

Rocket characteristics are influenced by the fuel density. An 
increase in density reduces the required tank capacity and, conse¬ 
quently, decreases the dimensions and relative weight of the vehicle 
structure. 

For a liquid bipropellant, the oxidizer and combustible may dif¬ 
fer in density. Then to characterize the fuel, we consider a certain 
arbitrary value of weight density, equaling the ratio of oxidizer and 
combustible weight to their total volume: 

Y, Or* +Or 

^ +Vr' 

It is easily found that 

N --+- 

Yr Yen 

Fuels should be stable, and their physical-chemical properties 
should not change during operation, storage, or transportation. To 
preserve the aggregate state, liquid-fuel components should have high 
boiling points and low freezing points, while solid fuels should have 
high melting points. 

Fuels should present no explosion hazard, should not be harmful 
to personnel, and should be relatively uncorrosive or not corrosive 
at allfor the structural materials encountered in storage, transporta¬ 
tion, and operation. 

The physical-chemical properties of fuels should ensure stable 
engine operation over a wide range of regimes. It is important for 
liquid fuels that their components be usable as engine coolants. 

The fuel selected should have an adequate industrial base for 
extraction and processing, so that the required amounts of fuel will 
be available at the lowest possible price. 

3.3. EFFECTIVENESS OF ELEMENTS AS ROCKET-FUEL COMPONENTS 

Let us consider oxidizing processes occurring between elements 
on the assumption that under normal conditions they are in a stable 
state. This means that under these conditions certain elements are 
in the molecular state (H2, F2, O2, etc.), while others are in the 
atomic state (C, Al, B, Be, etc.). 

Tables 3.2-3.4 show the parameters of the principal combustit] 
and oxidizer elements, their total combustion (oxidation) product^ 
as well as the energy characteristics of the oxidation reaction: the 
heating value and ideal specific thrust. Some of the values are ao- 
proximate. H 
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The heatins-capacity values for oxidation products with high 
boiling and melting points are given for two cases: in the first 
case, the oxidation products have been brought to the solid or liquid 
state (higher heating value ?z9); in the second case, they have been 
brought to the gaseous state (working heating value nu)• 

TABLE 3.2 

Properties of Combustible and Oxidizing Elements 

1 

1 

1 
1 

1 

1 
1 

1 

1 

1 
2 

2 

1 
HanMCHO- 

BiHiir 
».ICMl-HT* 

2 

4<cp- 
uyaa 

3 

Me.’eKy- 
.1F pH UII 

sec 

4 
Te»ine- 
paxypa 
n.iakie* 

Him 
•c 

5 
Te vtu- 
païypa 
Kiineium 

•c 

6 
Bcconan 

tUOT- 
HOCTb 
kF¡a 

^aaa.co* 
OTBCTCT- 
Bywiuan 
BCCOBOti 
n.lOTHO- 

Cfif* 

8 Bojopoa 
9 JllfTMH 

0 Eepn.vm'i 

1 Bop 

2 Vraepoa 

3 HarpiiH 

Marmifi 

s AaiouiiHitn 

6 KpeUHHH 

7 Ki.iiiR 

e Ka.ibann 

h2 

Li 

Be 

B 

C 

N'a 

Ms 
A1 

Si 

K 

Ca 

2.016 

6,941 

9.02 

10.82 

12.01 

22.997 

24,32 

26.97 

28.06 

39.096 

40.08 

-257 

186 

1280 

2300 

3500 

97.5 
650 

658 

1414 

62.5 
809.6 

-253 

1400 

4200 

880 

¿120 

2000 

2400 

760 

1240 

0.0709 

0.537 

1.85 

1.73 

2.17-2.3 

0.97 

1.74 

2.7 

2.35 

0.86 

1.55 

s 
TB 

TB 

TB 

TB 

TB 

TB 

TB 

TB 

TB 

TB 

3 Knc.r"’pea 
J «W'ip 

l Xaep 

Oj 

F2 
CIj 

32 
38 

70.914 

-218 
-223 

-101.6 

-183 

-182 
—34,6 

1.14 

1.51 
1.56 

X 

* 

* 

liquid; TB) solid. 

1) Element; 2) formula; 3) molecular weight; 4) melting point, °C; 
5) boiling point, °C; 6) weight density, kgf/1; 7) phase correspond¬ 
ing to weight density*; 8) hydrogen; S') lithium; 10) beryllium; 11) 
boron; 12) carbon; 13) sodium; 14) magnesium; 15) aluminum; 16) sili¬ 
con; 17) potassium; 18) calcium; 19) oxygen; 20) fluorine; 21) chlor¬ 
ine . 

The tables confirm that the most effective oxidizing elements 
are fluorine and oxygen. Thus oxidizers based on these elements are 
also effective. Hydrogen is very effective among the combustible 
elements. Oxidation reactions with several metals, silicon, etc., 
are accompanied by a large thermal effect. The parameters of the 
oxides (the products resulting from combustion of these elements in 
oxygen) are not always favorable, however. These oxides have a high 
boiling point, so that condensed phase can be present in the com¬ 
bustion products of some of them (BeO, AlaOj, for example). The thermal 

effect of the oxidation reaction for these elements, referred to the 
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TABLE 3.3 

Basic Parameters for Reactions of Combustible 
Elements and Liquid Oxygen 

ropniuii 
S.1CMCHT 

2 Xll.MII. 

lecKaa 
((»opMy- 
.I* OKIIC* 

M» 

3 riapaMtTphi okhcjii 
4 

Mo.’eity- 
.ixpHuii 

aec 
ín,'C *0 *. 

KKOj 'nr 
5 

*■ _ 
KKOA Kf 

6 

P 7 
*T. em,«r 

DpH 
«■=100 

»2 

LI 

Be 
B 

C 
Na 
Mg 
AI 

SI 
K 
Ca 

HjO 
LljO 
BeO 

BjOa 
CO;, 

Na.O 
MgO 
AljOj 

18,016 

29,88 

25.02 

69.64 

44.01 

61.99 

40.32 

101.94 

0 

1300 

2500 

450 

28C0 

2050 

SiOj 
KjO 
CaO 

eo.oo 

94.19 

56.08 

1470 

SCO 
2570 

100 

1700 

3900 

2150 

-78 

1275 

3000 

2080 

2.CO 

i:oo 
2850 

7.95 

1.16 

1.78 

2.21 
2.66 
0.348 

0.66 

0.855 

1.19 

0.205 

0.4 

4700 

5300 

4340 

1600 

3600 

3800 

3400 

900 

2700 

3030 

3400 

3100 

2070 

2440 

2000 

400 

370 

290 

300 

2*0 

290 

1) Combustible element; 2) chemical formula of oxide; 3) oxide para¬ 
meters; 4) molecular weight; 5) ft«, keal/kgf; 6) h , keal/kgf; 7) 

Pud.id* kgf-s/kgf at Tr = 100. “ 

case in which the oxides are in the gaseous state, is not very great. 
The oxides of several elements have a high molecular weight and many 
atoms (ÀI2O3, B2Oj, for example), which explains the relatively mod¬ 
erate thermal efficiency and, therefore, the relatively low specific 
thrust for high heating values. Such methods can be effectively 
utilized in conjunction with other combustible elements (hydrogen 
in particular, whose oxidation products possess favorable thermo¬ 
dynamic characteristics, so that they successfully combine high 
heating values and good thermal efficiency, and can give high speci¬ 
fic thrust, on the whole. 

Following hydrogen in effectiveness when combined with oxygen 
are lithium, carbon, and boron. Carbon and hydrogen are the most 
common combustible components in rocket-engine fuels. 

It is clear from Tables 3.3 and 3.4 that for most of the com¬ 
bustible elements considered, it is more effective to combine them 
with fluorine than with oxygen. In certain oases, this is explained 
by the more favorable parameters of fluorides as compared with ox¬ 
ides (fewer atoms and lower boiling point), and in others by the 
greater thermal effect. Hydrogen, lithium, beryllium, boron, mag¬ 
nesium, and aluminum are particularly effective with fluorine. 

Table 3.5 shows certain oxidation processes for several ele¬ 
ments that take the form of atoms in the initial state. 
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TABLE 3.4 

Basic Parameters for Reaction of Combustible 
Elements with Liquid Fluorine 

1) Combustible element; 
4) molecular weight; 5) 2) fluoride formula; 3) fluoride 

kcal/kgf; 6) kgf-s/kgf at. 
parameters; 

TABLE 3.5 

Oxidation Processes Between Atoms 

1 ! PeaKQH« MorcKv.iftpiiuH Bec 
2 npojVKÎUB peaKUHH 

TciuoboA BÿÿeKT 
peaKUHH kkoa kF 

20+C^CO, 
0+2H= HjO 

h+f-hf 

44.00 

18.06 
20.01 

4850 

12200 

7730 

1) Reaction; 2) molecular weight of reaction 
products; 3) reaction thermal ei^ctv, kcal/kgf. 

TABLE 3.6 

Recombination Reaction 

j PeaKUHH MoaeKjNmpHuB tec 
2 npofljKTO* peaKUHH 

3 TenaoBofl lÿÿcxT 
peaKUHH kkoaIkP 

H+Hr=H| 
0+0=¾ 
N+N=Nj 

0+0=Oj 

NH+NH«Na+H, 

2.016 

4.03 

28.02 

32.00 

15.00 

51600 

25900 

6110 

3800 

5300 

1) Reactions; 2) molecular weight of 
products; 3) reaction thermal effect, 

reaction 
kcal/kgf. 
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It follows from the table that If all of the Initial elements 
for the reactions consideied are In the atomic state tne fuel will 
be more effective in virtue of the higher thermal effect. 

Combination reactions between certain like elements and radi¬ 
cals are accompanied by large thermal effects. Some of these re¬ 
combination reactions are shown in Table 3.6. 

From Tables 3.5 and 3.6 we can conclude that by using recom¬ 
bination reactions of atoms and radicals in rocket engines, as well 
as oxidation reactions between atoms, it is possible to obtain high 
specific thrust. Many atoms, however (H, N, 0, etc.) and radicals of 
interest from this viewpoint cannot exist for any length of time un¬ 
der ordinary conditions, and in practice combine instantaneously to 
form molecules. To make practical utilization in engines of recom¬ 
bination or oxidation reactions of elements in the atomic state it 
is necessary to find methods for keeping these atoms and radicals 
in the free state so that the molecular-generation reactions take 
place only within the engine chamber. 

Atomic oxygen and nitrogen have been obtained in "frozen" form 
at a temperature of ^K. When this "frozen" system is heated to 
20-30°K, the atoms recombine actively, releasing much heat. 

3.4. SEPARATELY SUPPLIED LIQUID FUELS 

On the basis of storage and operating conditions, liquid fuels 
can be divided into convenfently storable (long shelf life) and 
nonconveniently storable. The first group includes substances that 
can be stored for long periods at ordinary ambient temperatures with 
no perceptible loss, and with no need for special measures complicat¬ 
ing operation with the substances. Utilization of such materials 
means that the craft can be maintained for long periods in fueled 
condition, and thus rapidly readied for launching. The nonconven¬ 
iently storable group chiefly includes the so-called cryogenic sub¬ 
stances (liquefied gases), which have low boiling points and low 
critical temperatures. Liquid oxygen is an example. 

All liquefied gases are ordinarily stored at a temperature 
close to the boiling point. This means that there is continuous 
evaporation, and it is necessary to use special heat-insulated tanks 
to reduce the evaporation losses. 

Chemically unstable substances also present storage difficul¬ 
ties. 

Petroleum-base combustibles can be stored for long periods, 
for example. The long-shelf-life components Include nitrogen tetrox- 
ide, in particular. Although its boiling point is not high, a slight 
increase in tank pressure eliminates this drawback. 

Table 3.7 and 3.8 show the basic physical parameters of oxi¬ 
dizers and combustibles for separately supplied liquid fuels. The 
properties of the pure substances are indicated. Both oxidizers and 
combustibles frequently include various additives resulting from 
processing techniques and introduced to improve various character-- 
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TABLE 3.7 

Physical Parameters of Oxidizers 

« 

1 OKHtatiTeah 
2 

4>opMy.ia 

3 

MoaeKT- 
aipHUH 

BCC 

Becosaa 
naoT- 
HOCTb 
hT/a 

•if •r 

SKhc«opoa 

6ncpCKHCfc Boaopoa* 

7A3C'THa* KMC.10T» 

• McThiptxoKHCB aaoTi 

9 TcrpaiiiirpoMeTiii 

l|o ♦top 

1 OaoH 

2 OkHcii 4>Tppa 

* TpCk^TOpllCTUM X.lOp 

1 •» nRTHlJ'TOpilCThlM 6pnj| 

IS nepKaopw) (Jiiopa 

0* 

HjO, 

HN03 

n20, 

C(>JC2)4 

F* 

0, 

OFj 

CIFj 

BrFj 

ClOjF 

32 

34.02 

63.02 

92. C2 

19"» 

38 

48 

54 

92.46 

175 

1C2.Ó 

1.14* 

1.44 

1.52 

1.46 

1.65 

1.51* 

1.45* 

1.53» 

1.7 

2.5 

1.89 

-218 

-1 

-41.2 

-11 

13.6 

-223 

-252 

-223 

-82.6 

-61.3 

-110 

-183 

150 

85 

21 

127 

-182 

-112 

-144 

-12.1 

40.5 

-46.8 

*Weight density for liquefied gases is given 
for a temperature close to the boiling point. 

1) Oxidizer; 2) formula; 3) molecular weight; 4) weight density, 
kgf/1; 5) oxygen; 6) hydrogen peroxide; 7) nitric acid; 8) nitrogen 
tetroxide; 9) tetranitromethane; 10) fluorine; 11) ozone; 12) fluor¬ 
ine oxide; 13) chlorine trifluoride; 1^) bromine pentafluoride; 15^ 
perchloryl fluorine. 
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TABLE 3.8 

Physical Parameters of Combustibles 

1P op wife 2 4>opuyji8 

KepocitR 

6 Ahhjihh 

7 TpMSTH.KMHH 
8 Kchjinahh 

8 Tonka (50% KCII.1HJIH 
H8 +50% Tp>l9Tit.iaMH 
"•) 
0 Ahii.ihh + (J)yp4>vpiiao 
Bhlfi CnwpT 

1 * MeTH.iOBun cnitpT 

2 Sth.iobuh cniipT 

3 Haonponii.ioBUH cniipT 

1 4 AiiuitaK 

I 5 THApaSHN 
1 8 HeCIIMMeTpHMHUH JJH- 
MCTH.im jpaanH 

1 7 
MoHOMCTH.inupaaitH 

1 8 IlcHTaOopaH 

C6HsNH2 

N(C2Hs)3 

CcH^CHj^N'H j 

CH3OH 

C2HsOH 

CjHjOH 
NHj 

N2H4 

CHjNjH, 
BSH, 

Moaen;- 
aapHuÁ 

3 sec 

Btcosai 
naoT- 
HOCTfc 
*r/4 

fa* 
•c 

93,13 
101.2 
121,2 

32.04 
46,07 
eo.09 

17,03 

32,05 
fO. 10 

46,07 

63.17 

0.79- 

-0,83 
1,02 
0.728 
0.98 

0,85 

1.08 

0,796 
0.789 
0.786 
0,68 
1.01 
0,83 

0.8 

0.63 

-60 

-6.2 
-115 
-20 

<-70 

130- 

1—150* 

184.4 
89,5 

210 
87« 

-94.8 
-112,0 
-85.8 
-77 
2 

-57.2 

-52,0 
-17.0 

64,6 
78.3 
82.3 

113,5 
63.1 

88.0 
50,0 

^Initial boiling point. 

1) Combustibie; 2) formula; 3) molecular weight; 4) weight density. 
kgf/1; 5) kerosene; 6) aniline; 7) triethylamine; 8) xylidine; 9) 
Tonka (50* xylidine + 50* triethylamine); 10) aniline + furfuryl 
aicohoi; 11) methyl alcohol; 12) ethyl alcohol; 13) isopropyl alco- 

, * 1^) amçionia; 15) hydrazine; lb) unsymmetrical dimethyl hydra¬ 
zine; 17) monomethyl hydrazine; 18) pentaborane. 
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istics. Naturally, the parameters of such substances will differ 
somewhat from the parameters of the pure materials. The properties 
of several oxidizers and combustibles are briefly described 1 elow. 

Oxidizers 

Liquid oxygen is widely employed in technology, and has an 
advanced industrial processing base, with unlimited supplies of 
raw material. 

Many materials become brittle at the temperature of liquid 
oxygen (steel, cast iron, rubber, etc.). Copper and aluminum and 
their alloys are stable in this respect, as well as alloy steels, 
for example, chrome-nickel steel. 

Liquid oxygen presents no explosion hazard in pure form; if 
oil or other organic compounds enter liquid oxygen, however,explo¬ 
sive mixtures will form. For this reason, all parts in contact with 
.liquid oxygen must be cleaned and degreased. Liquid oxygen is non¬ 
toxic and noncorrosive. 

t*c 
0 

‘10 
-20 
-30 
-DO 
-SO 
-sc 
-70 
-80[ 

r~ ÔÒ/iaçfib pac* 
c/tauBatomuicn 

tmCMCCeii —mi 

r 
/ 

'S ,/ V 
1 -4— ! 

V vu VW *V I 

% N¡0h no lecj/ 

y «V* 

•— 

= 

■ r 
// 
4 m 

* 1 

1 ft-wT 1 
twre 

L Xl 1 , »«»E » I » » I 
0 10 20 30 so 50 

Pig. 3.1. Melting 
point of mixture of 
nitrogen tetroxide and 
nitric acid. 1) Region 
of mixture separation; 
2) by weight. 

Fig. 3.2. Weight dens¬ 
ity of mixtures of ni¬ 
tric tetroxide and ni¬ 
tric acid. 1) kgf/1. 

Special heat-insulated tanks are used to reduce liquid-oxygen 
losses during storage and transportation. 

Nitric acid is widely employed in various industries,has an 
extensive industrial base, and is an inexpensive product. 

Technical nitric acid contains 2-4¾ of impurities, chiefly 
water, as well as nitric tetroxide; thus its physical parameters 
differ somewhat from the values shown in Table 3.7. 

Chemically pure nitric acid is colorless; technical nitric 
acid is light yellow owing to the presence of the nitrogen tetroxide. 

Nitric acid is a quite stable compound, and can be stored with 
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t 

tack^most î^rScÎÎraî^terïaîr^8'1“18,0^ î1"8' Nltrl= acid at- 
aluninum and aluminum an . * ^rome-nickel and chrome steels, 
to nitric acid. The corroslvene5ienïhefer?atest oorroslon resistance 
adding special SubstañcerMnH?K?..0í f*?10 a,!l'i can be reduoe'i Cy 
ine, phosphorous, and Iodine are ísed^s inhlMtoreT“*3 °f flUOr' 

when It comesCintoScontactiwîthfcthphUî?n orgaJlsm‘ Burns result 
particularly dangerous Nitric acïd ïï1”* contact wlth the eye Is 
of air containing larg¿ amoííts of ^ poisonousi breathing 
poisoning. Special clothÏÏ» ÏÎh í acld vaP°rs may lead to 
with nitric acid. 6 protection must be employed In work 

with organic compoundri^form^exploslv^mixt^ llkÍL°ther oxldlzers, 
cannot come into contact with ^he^SbÎmSe^^pImî^? 

As the temperature°increases yit1dlssoG?íf at.ordlnary temperatures, 
while absorbing heat The lncr.íLfH S0Clat!S to form the dioxide, 
imparts a brown color Shile the endn?hfent?8?K°f nltrogen dioxide 

centraUonT^nu^s^onláinlírEeíie^^íf^ ^ Zus^-' 

ture pSoíêm“!dtífÂnfpÔÍn^dr^r Wll¿ l*»™ the 
order of iiojí, see Píâ 3 i ) to an N2°4 content of the 
the specific thrust of nitrogen tetroxld^haîeV"?1'63,383 (Plg- 3-2)> 
corrosiveness drops for strnitL.î . ?a fuels rlses, the 
tion in boiling point, howevei (Plg3?3)al3i here 13 some redu°- 

having^a^luish^ue ^in mrgedquantltles .0°101-1633 transParent liquid 

centration?* “ 18 U8ed ln Water solutions of 80-90* or greater con- 

la an unstabïePchemîcai comoound^anh3 °r ãlth low wliter aontent, 
and oxygen, with release of heat: Can brealc down to i’orra water 

HjOj.HjO+VA. 

down SoSreilnPaUtesStneUva0ied%“d lt3 "ater blutions break 
facilitate more rapid SecomDollUcí ?j!?pe-at;rÍs> but factors 
contaminants, etc.). (heat, certain metals, various 

special measurestin°operatlonn The°eiieG?a5eS ^ necessary bo take 
izers (substances retarding d^compositiW??65 í^^fddibi00 of stabil- 
structural materials having8 ^rÃSÍ^* br^So“ ^d^^í^r- 
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roding in hydrogen peroxide (P"« 'âtîtfâcïîïfTspeïîaî’ 
and certain tvoes of stainless steels); ana saLisietcwj.uu ^ v 
storage conditions (tank cleanliness, moderate temperatures, etc.). 
lt0aMUzednpÍre hydrogen peroxide la a -latlvely s ahle produc . 

and when specified rules are observed, u Vear) 
periods without noticeable decomposition (about la per y '• 

Fig. 3.3. Boiling points for 
mixtures of nitrogen tetroxide 
and nitric acid. 1) Vapor; 2) 
liquid + vapor; 3) liquid. 

Liquid fluorine is a liquid gas. It is an extremely 9J1“ 
dizer, and reacts energetically with many substances even at ordin¬ 

ary temperatures. 

Fluorine is very toxic, and has a harmful effect on the organ- 
Ism The low boiling point in conjunction with the toxic character- 
1stics makes i? ver? difficult to operate with fluorine. Liquid 
fluorine is mixed with oxygen. Like pure fluorine, these mix^u 
form inflammable combinations with many combustibles. 

Combustibles 

Petroleum-based combustibles, a group that includes combus¬ 
tibles made from products of petroleum refining, are mixtures of 
hydrocarbons with various chemical structures and various molecular 
weights. Different pètroleum-based combustibles (kerosene, gasoline, 
etc ) when paired with the same oxidizer yield similar values of 
specific thrust. The weight density of petroleum ^ts’ 
tuâtes between 0.7 and 0.9 kgf/1. Since the combustible/eP^®®1?t® 
the smaller fraction of the fuel, however, this range of variation 
in combustible density has comparatively little influence on the 
change in the relative density of the fuel as a whole. 

Kerosene is often used in LRE. This is a result of its favor¬ 
able physical properties and the existence of a broad extraction 
and processing industry. In many cases, selection of 
based combustibles containing specific hydrocarbons ine 
better conditions for the combustion process and more stable engine 

operation. 
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Petroleum-based combustibles will not ignite upon contact with 
ordinary oxidizers. Thus engines using such combustibles ordinarily 
have a special ignition source. 

Alcohols (isopropyl, ethyl, and methyl) are used in LRE owing 
to their availability, stability, and other physical-chemical pro¬ 
perties. 

Alcohols do not ignite upon contact with oxidizers. They are 
somewhat less efficient combustibles than kerosene, i.e., alcohol¬ 
burning engines will have somewhat lower specific thrust, all other 
conditions being equal, so that alcohols are finding fewer and fewer 
applications, as they give way to more effective combustibles. 

Amines are a group that includes ammonia derivatives in which 
individual hydrogen atoms are replaced by hydrocarbon radicals. 
Aniline, triethylamine, xylidine, etc., are employed in LRE. These 
substances ignite easily whencombined with many common oxidizers, 
in particular, with nitric acid, nitrogen tetroxide, and their 
mixtures. Many of these materials (xylidine, aniline, triethylamine, 
etc.) are poisonous; they will poison the organism upon coming into 
contact with the skin or when the vapors are breathed. 

For the sake of better physical parameters or increased chemi¬ 
cal activity, amines are often used not in the pure form, but as 
mixtures with other substances, including other amines. For example, 
a mixture of triethylamine and xylidine (so-called "Tonka”), a mix¬ 
ture of aniline with furforyl alcohol, and other mixtures are em¬ 
ployed. Aminer and amine-based combustibles are close to petroleum- 
product combustibles in effectiveness. 

Ammonia and hydrazine contain hydrogen as the combustible 
element. This provides favorable thermodynamic parameters for the 
combustion products (low atomicity and low molecular weight). They 
are very effectively used with fluorine and its derivatives. Ammonia 
and hydrazine are poisonous. Under certain conditions, their vapors 
mix with air to form explosive comoinations. When hydrazine is used 
as a combustible, it is ordinarily mixed with other combustibles (am 
monia, dimethyl hydrazine, etc.). 

Hydrazine derivatives are obtained by replacing hydrogen atoms 
in the hydrazine by hydrocarbon radicals, for example, as in mono¬ 
methyl hydrazine or dimethyl hydrazine. Unsymmetrical dimethyl hydra 
zine [UDMH](HflMr) is used in LRE; it has a lower melting point than 
the symmetrical modification. Metals are not corroded by UDMH, and 
it can be stored for long periods. 

Hydrogen as we have already mentioned, combines with oxygen 
and fluorine to yield very large values of specific thrust. Hydro¬ 
gen has an extremely low boiling point, however (-253°C) and is 
low in density. The low boiling point raises certain difficulties 
in operation and storage, while the low weight density requires 
large tank volume. It is necessary to prevent air from entering 
the hydrogen tanks, since air freezes at the boiling point of 
hydrogen and, moreover, a hydrogen-air mixture can ignite over a 
wide range of concentrations. Published data, accumulated exper- 
inece and special research show, however, that hydrogen is no 
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*“ore dangerous to handle than many other fuel components, although 
certain operating rules must be observed. Hydrogen is now success¬ 
fully employed In rocket technology. 

Hydrogen can exist in two modifications, one called ortho hydro¬ 
gen and the other para hydrogen. A definite equilibrium concentra¬ 
tion of these two modifications corresponds to each temperature. Thus 
at the boiling point (20.2°K), only 0.2Í will be represented by the 
ortho modification. At normal temperature and above, 75$ will be 
ortho and 25$ para. Hydrogen having this composition is called 
normal hydrogen. 

It must be remembered that the transition from one state to 
another is accompanied by a thermal effectj the transition from 
the ortho to the para state involves the release of heat. Without 
catalysts, the transition is extremely slow, so that if normal hy¬ 
drogen is cooled and liquefied, while in the liquid state it will 
also contain 75$ ortho and 25$ para modification. The ortho hydrogen 
win gradually be transformed to para hydrogen, with the release of 
heat. As a result, some of the hydrogen will gradually evaporate and 
be lost, so that liquid hydrogen should be used in the para modifica¬ 
tion . 

Metals are difficult to use in pure form as LRE combustibles, 
since under normal conditions they are in the solid chase; thus 
they are best used as suspensions in liquid combustibles or as 
chemical compounds with other elements. It follows from what we 
have said previously (§3.3)t that it is very effective to use sus¬ 
pensions of metals in hydrogen-containing combustibles; coir unds 
of metals and hydrogen, the metal hydrides, should also be effec¬ 
tive. Calculations have confirmed this. The outstanding hydrides 
from the viewpoint of physical properties and amount of research are 
boron hydride and pentaborane, which is a liquid under ordinary 
conditions. Like the other hydrides of boron, pentaborane is toxic; 
it breaks down when heated. 

In addition to the metal hydrides, other metal compounds such 
as certain organometallic compounds can be considered as combusti¬ 
bles.One such material is triethyl alaminum A1(C2H5)3 Upl * - ^C; 

*kip * l86°C), which ignite spontaneously with oxygen. There is 

some indication that it is used for ignition of certain American 
oxygen engines. 

Separately Supplied Liquid Fuels 

Tabie 3.9 shows the energy characteristics of certain combina¬ 
tions of oxidizer and combustible, and the values of relative 'uel 
density. 

Of the fuels shown, those using nitrogen oxidizers and liquid 
oxygen are now in wide use. Fuels based on hydrogen peroxide are 
also employed occasionally. 

.. ïuels based on liquid oxygen provide the greatest specific 
thrust of all presently employed fuels. The low oxidizer boiling 
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TABLE 3.9 

Parameters of Separately Supplied Fuels 

1 Ok'HCJIHTCJIb 2 Pop» tee 
s 

hu, KKÜA KÍ 4 
*r ctninr 

s 

V». *r¡A 

Of 

0, 

0» 
0, 

0, 

0, 
HNOj 

HNOj 

HNO, 

Nj04 

N|04 

NjOj 

N2O4 

r, 

Fi 
Pj 
r, 

OP, 

OF, 

o, 
C(N’0,)4 
90% H,0, 

H,0, 

HjO, 

H,0, 

CIP, 

H, 

6 KepocHH 

CjHjOH 
N,H,(CH,), 

n,h4 

B(H( 

( KcpOCHH 
1 Tohk* 

6 KepocHH 

n,h4 

B,H, 

H, 

NaH4 
NH, 

B.H, 

8 N»«, 
KepocHH 

6 KepocHH 

6 KepocHH 

6 KepociiH 

6 KepocHH 
n,h4 

B.H, 

n,h4 

3030 

2270 

2020 
2230 

1940 

1440 

1400 

1700 

: 

3030 

2420 

2300 

3000 

1720 

400 

310 

300 

320 

325 

335 

265 

267 

275 

285 

295 

300 

315 

420 

370 

365 

365 

355 

350 

335 

285 

275 

285 

295 

325 

300 

0.35 

1.01 
1.1 
1.01 
1.07 

0.0 
1.32 

1.32 

1.3 

1.27 

1.24 

1.22 
1.12 
0.65 

1.32 

1.18 

1.27 

1.25 

1.32 

1.25 

1.42 

1.29 

1.31 

1.27 

1.02 
1.48 

fclrhe specific-thrust values are given for tt » 
» 100 and total expansion in the nozzle. 

1) Oxidizerj 2) combustible; 3) kcal/kgf; 4) kgf.s/kgf; 5) 
6) kerosene; 7) Tonka. 'w, kgf/1; 
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point is a drawback, making liquid oxygen difficult to use for craft 
that must spend relatively long periods in a state of complete pre¬ 

paredness . 

At present, liquid oxygen is used in the main with petroleum- 
based combustibles (chiefly kerosene), as well as combustibles base 
on dimethyl hydrazine and several other substances. Hydrazine and 
pentaborane provide somewhat greater specific thrust with oxygen 

(see Table 3.9). 

Oxygen-hydrogen fuels occupy a special position. Tney yield 
25-45Ï more specific thrust than other fuels. 

Oxygen—hydrogen fuel is used in the United States for engines 
used to launch artificial satellites and spacecraft, where the 
specific thrust is of utmost importance, and the inconveniences 
resulting from the properties of these components (particularly 
hydrogen) are not decisive. 

Fuels based on nitric acid, nitrogen tetroxide, and their 
mixtures are inferior to liquid-oxygen based fuels in specific 
thrust. They nave an advantage in their high weight density and in 
the fact that the components of these fuels are high-boiling sub¬ 
stances with long shelf life; thus craft can be held for long per¬ 
iods in a state of full readiness. The corrosiveness of nitric acid 
represents a certain restriction, since it results in gradual cor¬ 
rosion of feed-system tanks and fittings. 

Nitric acid oxidizers are used in combination with petroleum- 
based combustibles, and with combustibles based on amines (Tonka, 
for example). They can also be coupled with more effective combus¬ 
tibles: dimethyl hydrazine, hydrazine, etc. For example, the Titan-2 
rocket uses a fuel consisting of nitric tetroxide and aerozine, which 
permits the missile to be kept in the fueled state for long periods. 
Aerozine is a mixture of equal amounts of dimethyl hydrazine and 
hydrazine. The addition of UDMH to hydrazine improves the thermal 
stability of the combustible, while lowering its melting point 
(tp^ * for aerozine). 

Aerozine has some advantage in density and specific thrust 
over UDMH. 

Table 3.9 shows specific-thrust values for a fuel based on 
HNOj and N2O4; as we can see, nitrogen tetroxide provides greater 
specific thrust. Fuels using a mixture of HNOj + Ñ2O1, have 2-5Ï 
greater specific thrust than for nitric acid alone (depending on 
the NjOi* content). It has been shown that the addition of N2O4 to 
nitric acid also increases the density of the oxidizer and, conse¬ 
quently, of the fuel. Figure 3.4 illustrates the influence of the 
N1O4 content of nitric acid on the specific thrust of a fuel using 
kerosene as the combustible. 

Nitrogen oxidizers form hypergolic fuels in conjunction with 
combustibles based on amines, dimethyl hydrazine, and certain other 
substances. 
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Hyperbolic fuels should have a short ignition delay t3q when 
the engine is started. By the delay period, we mean the time between 
the instant at which the oxidizer and combustible come into contact 
and the time at which they ignite during a launch. If this time is 
long, a relatively large amount of fuel may accumulate in the com¬ 
bustion chamber during the starting period, and ignition and combus¬ 
tion will be accompanied by a sharp rise in pressure. When 13o is 
very long, experience shows that explosive combustion may occur 
rather than normal ignition. 

Thus a requirement is imposed on hypergolic fuels to the ef¬ 
fect that the ignition delay not exceed a specified value, 

t*o<0,03 *• 

The value of t3o depends on the oxidizer and combustible types, 
on their temperature, and on many other factors. As the temperature 
goes up, t3# decreases (Fig. 3.5). 

Fuels based on hydrogen peroxide deliver specific thrusts al¬ 
most equaling the values obtainable from fuels based on nitrogen 
oxidizers. Since its operating characteristics are less favorable, 
H2O2 is less often used as an oxidizer. 

Calculations show that high specific thrust values can be ob¬ 
tained from fuels with hydrogen peroxide if certain metal-based com¬ 
pounds are used as combustibles, in particular, the hydrides of me¬ 
tals. This results from a favorable combination of heating value 
and combustion-product composition. 

Fuels made up of hydrogen peroxide and liquid hydrides of me¬ 
tals are one of the most efficient fuels with high-boiling compon¬ 
ents . 

Fuels based on low-boiling fluorine oxidizers (liquid fluorine 
and liquid fluorine oxide) are very efficient. It is best to use 
fluorine with combustibles containing no carbon, since the product 
resulting from combustion of carbon in fluorine (CFi*) has high atom¬ 
icity and high atomic weight, which somewhat impairs the combustion- 
product characteristics. These combustibles primarily include hydro¬ 
gen, hydrazine, and ammonia. Certain metal-containing combustibles 
are also effective with fluorine. Certain carbon-containing combus¬ 
tibles such as dimethyl hydrazine are also effective with oxygen 
fluoride, owing to its oxygen content. 

Despite the very unfavorable physical properties of fluorine 
oxidizers, their use in rocket fuels makes it possible to increase 
engine specific thrust considerably, which is particularly important 
for long-range and space vehicles. 

H1gh-boil1ng fluorine-containing oxidizers (C1F3, BrF5) provide 
less specific thrust since they contain the inefficient oxidizing 
elements Cl, Br, but they have high density. 

Ozone-based fuels are explosive. The breakdown of ozone to 
form oxygen is accompanied by heat release (720 kcal/kgf), so that 
when combustibles are burned in ozone, more heat is released, and 
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Fig. 3.4. Specific thrust of 
combustible) as function of weight 
it ■ 100. 1) kgf*s/kgf. 

fuel (HN0$ + Nz04 oxidizer and kerosene 
content of N2O1* in oxidizer at 

Fig. 3.5. Delay in ignition of 
’’Tonka” with oxidizers as func 
tion of temperature. 1) HNO3; 
2) N2O4. a) s. 

the specific thrust with ozone can be roughly 1055 greater than for 
oxygen; it will only be possible to use ozone in LRE when methods 
can be found to eliminate the explosion hazard. 

3.5. LIQUID UNITARY FUELS 

We have previously noted that individual liquid substances 
capable of an exothermal decomposition reaction as well as pre¬ 
viously prepared oxidizer-combustible mixtures can be used as liquid 

unitary fuels. 

A common property of many liquid unitary fuels is a tendency 
to knocking as well as to direct detonation when certain factors 
(shock, heating, etc.) act. This tendency depends on the nature of 
the material. 

It is known that a positive reaction thermal effect is a ne¬ 
cessary condition for explosive transformation of a system. Thus 
the tendency to explosive transformation and the explosive force 
is often higher for substances with identical chemical natures the 
higher the heating value (the heat of decomposition). In part, this 
accounts for the fact that unitary fuels presenting no explosion 
hazard possess a relatively small heating value and thus provide 
a relatively small specific thrust for the engine. 
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TABLE 3.10 

Parameters of Nitro Compounds and Complex Esters 
of Nitric Acid 

1 
HasBiHiie 
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6HHTporjutuepnH 

7HHTpor.1HKOJIb 
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9 McTK/.HHTpar 

1 aTM.UIMTpaT 
2 nponH.iHHTpar 

3 Haonponii.nin- 
rpar 

CíHs(0N02)3 

C,H4(0N0:)2 

CHjNOj 

CjHjNOj 

CHjON02 
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CjHjONOj 

CjH70N02 

227 

152 

61 

76 

77 

91 

105 

105 

13.5 

-29 

-112 

-60 

85 

101 

103 

65 

87 

110.5 

101 

1,60 

1.50 

1.13 

1.05 

1.21 

1.12 

1.06 

1,02 

1.06 

1.0 

0.572 

0.307 

0.857 

0.46 

0.315 

0.315 

1485 

1580 

1040 

680 

1490 

713 

550 

550 

1) Name; 2) formula; 3) molecular weight; 4) kgf/1; 5) heat of 
decomposition, kcal/kgf; 6) nitroglycerine; 7) nitroglycol; 8) nitro- 
methane; 9) nitroethanc; 10) methyl nitrate; 11) ethyl nitrate; 12) 
propyl nitrate; 13) isopropyl nitrate. 

KKan/Kt 

Pig. 3.6. Heat of decomposition of hydrogen peroxide as function of 
content in water mixture. 1) Higher heating value; 2) lower heating 
value. 

AKftCjKjOU 

Fig. 3.7. Diagram for mixtures of 
hydrogen peroxide with ethyl al¬ 
cohol and wa';er. 1) Detonation 
compositions 



Let us consider individual groups of possible unitary fuels. 

Nitro compounds and complex esters of nitric acid are organic 
compounds containing nitro (NO2) and nitrate (ONO2) groups. Many of 
these substances can sustain exothermal decomposition reactions, and 
are widely employed as explosives. These compounds contain both com¬ 
bustible (C, H) and oxidizer (0) elements. 

The decomposition (combustion) reaction of these substances 
can be represented as their decomposition into atoms and subsequent 
oxidation of the combustible elements to form oxides. For example, 
the decomposition of methyl nitrate takes place as follows: 

CH,—ONO2« C02+H20 -f -i- H|+-jp N* 

Many properties of such substances, primarily the heat of de¬ 
composition, depend on the proportions of oxidizing and combustible 
lements contained. In the theory of explosives, the proportion of 
oxidizer and combustible elements in a substance is characterized 
by a quantity called the oxygen balance. The oxygen balance is de¬ 
fined as the excess (positive oxygen balance) or defect (negative 
oxygen balance) of oxygen in the substance as compared with the 
amount needed for total oxidation of the combustible elements con¬ 
tained by the substance. 

We shall characterize the oxygen balance quantitatively in 
terms of a quantity analogous to the excess-oxidizer coefficient: 
the oxygen-excess coefficient , the ratio of the amount of oxy¬ 

gen contained in the given compound to the amount required for to¬ 
tal oxidation of its combustible elements. 

Table 3.10 shows the parameters of certain nitro compounds 
and nitric acid esters. Since the decomposition products of these 
substances have roughly identical properties, only the heats of 
decomposition are given for a comparative qualitative evaluation 
of their effectiveness. It is clear from Table 3.10 that the closer • 
°^0a Is unity, the higher the heat of decomposition of the sub¬ 
stance will be in the general case. This law also holds, in approxi¬ 
mation, for explosives. The least explosive substances considered 
have a considerable oxygen defect as compared with the amount re¬ 
quired for total oxidation, so that they do not release enough 
heat. Isopropyl nitrate is one such compound [43], 

It should be noted that unitary fuels with negative oxygen 
balances (ao,<l) can be used as combustibles in uipropellants. Con¬ 
versely, unitary fuels with a large oxygen excess (ao,>l) can be 
used as oxidizers (tetranitromethane, hydrogen peroxide, etc.). 

The most effective substances shown in Table 3.10 (nitrogly¬ 
cerine, methyl nitrate, etc.) are explosive, and thus cannot be 
used in pure form for rocket engines. 

Hydrogen peroxide can decompose with release of heat and forma¬ 
tion of vapor (a mixture of HgO and 02)1 thus it can be used as a 
unitary fuel. 
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Decomposition of lODJl hydrogen peroxide releases 680 kcal/kg". 
Some of this heat goes to heat and evaporate the water forming up m 
decomposition, so that the working heating value is 385 kcal/k‘ f. 
Figure 3.6 shows the way in which the higher and lower heating val¬ 
ues of hydrogen peroxide depend on the concentration. As the data 
show, the lower heating value of 80-90¾ hydrogen peroxide is l80- 
280 kcal/kgf, which permits a total specific thrust of 100-140 
kgf*s/kgf to be obtained in an engine. 

Of the other unltdry fuels based on individual substances, 
definite interest is presented by substances investigated, like 
hydrogen peroxide, as components of separately supplied fuels, 
while possessing the ability to decompose with the release of heat 
(for example, dimethyl hydrazine, hydrazine, etc.). This permits 
them to be used as unitary fuels to drive the turbine in an engine 
turbopump unit TPU, when this material is used as the combustible 
in the main fuel. 

Mixtures of oxidizers and combustibles, as we have already 
noted, are explosive over a wide range of concentrations. The ex¬ 
plosive characteristics of such mixtures can be eliminated by add¬ 
ing inert materials that do not participate in combustion, such as 
water, or by preparing these mixtures with a large excess of com¬ 
bustible. Either approach naturally reduces the mixture heating 
value. As an example, Fig. 3.7 shows the results of an investiga¬ 
tion into the explosive characteristics of a HjOa+HjO+QHsOH mixture j 
the arrows indicate the direction in which the diagram is to be read. 
Thus, for example, the mixture represented by point 1 contains 
45% HA 35% CsH8OH-«>20% HjO, . The dashed line represents the locus of 
points for the stoichiometric mixtures. It is clear that for mixtures 
with no added inert material (water) (left side of triangle), the 
explosion-safe concentrations correspond to a considerable excess of 
combustible. For the stoichiometric mixtures (dashed line), explo¬ 
sion-safe concentrations are possible only when an inert material 
(water in the given case) is added. 

Considering the liquid unitary fuels, we can conclude that the 
explosion-safe fuels suitable for utilization in engines are substan¬ 
tially less efficient than separately supplied fuels. This is why 
they are used for auxiliary purposes, to drive TPU turbines, and 
for low-thrust auxiliary engines designed to stabilize and control 
vehicles. 
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Transliterated Symbols 

yjl 3 ud = udel'nyy = specific 

HA = id = ideal'nyy = ideal 

ok 3 ok = Okislitel' 3 oxidizer 

r 3 g 3 goryucheye = combustible 

3K 3 zh 3 zhidkost* = liquid 

TB 3 tv = tverdaya = solid 

nji = pi = plaveniye = melting 

Kwn = kip 3 kipeniye 3 boiling 
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Chapter 4 

PROCESSES IN COMBUSTION CHAMBERS OF LIQUID ROCKET ENGINES CLREIWfl) 
4.1. GENERAL PATTERN OF COMBUSTION-CHAMBER PROCESS 

The oxidizer and combustible are supplied to the combustion 
chamber by the feed system through atomizers located on the head. 
In some engines, both components are delivered to the combustion* 
chamber in liquid form, while in others one part of the fuel is de- 
livered as a liquid and the other part as a gas. Such a combustion 
chamber can be used in engines using afterburning of generator gas, 

TABLE 4.1 

1 ropniee 2 TeMncparypa tepuHaecaoro 
cBMoaocnaaMCNCMHa 

•c 

3 TpitiTHJaMNH 

4 ♦yptopHJioBbifl cnnpT 
5.1ericoe uac.io impoluta 
6 KpeKHHMCtpOCMN 
7 KepocHH npxMofl fohkh 

300 
33S 
430 
425 
SOS 

1) Combustible; 2) temperature of thermal self¬ 
ignition, °C; 3) triethylamine; 4) furforyl 
alcohol; 5) light pyrolysis oil; 6) cracking 
kerosene; 7) straight-run kerosene. 

and in many other cases. 

To ensure process continuity, it is necessary to set up the 
conditions required for sequential occurrence of a complex set of 
physical and chemical events. These include preparation of the mix- 
ture for combustion, which involves breaking liquid components down 
into drops, heating, vaporization, and mixing; this is followed by 
mixture ignition and combustion. y 

T^e reaction time, or the time required to convert the 
initial liquid products into the final gaseous products, equals 
the sum of the times required for all the sequential. stages ; it is 
determined principally by the cime taken by the slowest stages of 
the process. 6 
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At temperatures above l800-2000oK, where the time taken by chemi¬ 
cal reactions is very short, the physical processes will be control¬ 
ling. The slowest of these are vaporization and mixing of the gaseous 
products. Consequently, to speed up heat release and to attain more 
complete combustion the physical processes should be improved. In 
particular, heat release is accelerated significantly if the liquid 
components are mixed in advance and if they are more finely dispersed. 
The evaporation rate, which depends on the conditions under which 
heat is supplied to the liquid, can be increased by intensifying gas 
exchange for the high-temperature zones. 

The physical processes also play a role after the basic heat- 
release process has terminated if the mixture composition is nonuni- 
formly distributed over the chamber cross section. In such case, the 
combustion-product composition will be equalized owing to turbulent 
diffusion. 

In addition, the total time taken by the process and its na¬ 
ture will be affected by chemical factors, chiefly in the zone near 
the head, where the temperature is not very high. Certain portions 
of fuel will ignite in this very zone. The heat liberated here fol¬ 
lowing ignition will directly affect the rate of heating and evapor¬ 
ation of the remaining unignited portion of fuel. Clearly, the great¬ 
er the chemical activity of the components in the low-temperature 
region, the greater the heat-release rate and thus the shorter the 
heating and evaporation time. 

Thus it is better to use hypergolic components igniting spon¬ 
taneously in the liquid phase as a result of surface contact; the 
heat liberated facilitates heating and evaporation of the still un¬ 
ignited portion of the fuel. 

Ignition occurs above 200°C in the vapor state; the vapors of 
diergolic components ignite at higher temperatures than those of 
hypergolic components. Spontaneous ignition of hot vapors is called 
thermal ignition, and the minimum temperature at which this can occur 
is called the thermal selfignition temperature. Table 4.1 shows values 
of the thermal selfignition temperature for certain combustibles com¬ 
bined with nitric acid. 

The lower the thermal selfignition temperature, the earlier 
ignition will occur in the low-temperature zone, which will ulti¬ 
mately shorten the total time required by the processes in the com¬ 
bustion chamber. 

The combustion chamber (see Chapter 1) can be arbitrarily 
divided into two basic zones. The first is located directly at the 
head. At the beginning of the zone, liquid drops predominate; the 
drops are nonuniformly distriouted over the head cross section: there 
are differences not only in the local value of the excess oxidizer 
coefficient, but also in the number of drops per unit volume. The 
number of drops vaporizing is still not great; preliminary drop heat¬ 
ing takes place in this zone, and only the smallest drops vaporize. 
In the second part of the first zone there is intense evaporation, 
and the initial combustion sites form; these promote a further ac¬ 
celeration in the dispersion, heating, and evaporation processes 
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for the drops, and in combustion. At the end of the first zone there 
is vigorous combustion of the main part of the fuel mixture. The 
products of incomplete oxidation burn in the second zone, and the 
gas composition is equalized by turbulent diffusion. 

Fig. 4.1. Processes taking 
place along combustion cham¬ 
ber. 1) Atomization; 2) vapor¬ 
ization; 3) combustion. 

Fig. 4.2. Reverse flows. 

Figure 4.1 illustrates the processes of atomization 1, vapor¬ 
ization 2, and combustion 3 in the separate zones; the change in 
temperature f, velocity u, and gas pressure p along the chamber 
length are shown. 

Let us look in more detail at the heating, vaporization, and 
ignition processes occurring in the first zone. The drops leaving 
the injectors are retarded by the gas; the gas itself then begins 
to move, entraining the liquid. As a result, the gases flow away 
from the head; at sites with low drop density, there is a compen¬ 
satory inflow of gas from the combustion zone. Thus at the head, 
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together with the concordant flows, reverse gas flows will form, 
directed from the combustion zone toward the head. 

The reverse flows bring in heat for initial warming and vapor¬ 
ization of the drops and ignition of the fuel vapors; these flows 
play a major role in stabilizing the combustion-chamber process. 
Figure 4.2 shows the formation of reverse flows. These flows, en¬ 
tering a region with low drop dersity, rapidly heat and vaporize 
the available drops; the vapors formed then ignite. Next the flow 
of burning gases at the head turns and enters a zone with denser 
drop flow, where the drops are heated and vaporized, and the vapors 
ignited. An important condition for formation of the reverse flows 
is a certain nonuniformity in distribution of the liquid over the 
head cross section. 

As vaporization and combustion progress, the gas velocity 
increases, while the drops are decelerated. When the drop velocity 
becomes equal to the gas velocity, the reverse flows vanish. Heat 
for subsequent warming and vaporization of the drops is provided by 
combustion, which takes place simultaneously with vaporization. 

The process intensifies significantly with an increase in 
distance from the head; owing to the growth in total drop surface 
and the greater rate of supply, the vaporization rate increases; 
thus the heat-release rate rises, and the initial fu°l is converted 
more rapidly into combustion products. As a result, the main fuel 
mass vaporizes and burns within a very short section of the combus¬ 
tion chamber (Fig. 4.1), forming a sort of "flame front." 

The first zone is not very long; in the flow core it is usually 
no more than 100 mm in length. In the layer near the wall, where the 
values of excess oxidizer coefficient may be low, the combustion- 
product temperature will be relatively low; as a result, the heat¬ 
ing, vaporization, and combustion products will take place over a 
considerable extent, sometimes occupying the entire length of the 
combustion chamber to., the nozzle. Despite the relative shortness 
of thé first zon?', the processes taking place within it have a de¬ 
cisive influence on the course of the entire combustion-chamber pro¬ 
cess for an LRE. First, a specific distribution of component propor¬ 
tions over the combustion-chamber cross section, including the wall 
layer, is established in the first zone; second, turbulence is 
generated in the first zone, ensuring that the combustion products 
will be mixed and that their composition will be equalized in the 
rest of the combustion chamber, which is important if high specific 
thrust is to be obtained; third, the time required for the liquid 
components to be converted into gaseous products, the so-called 
conversion time, is determined by the time taken by the first-zone 
processes. The conversion time greatly influences the stability of 
the process in an LRE chamber. 

As we have noted above, fuel combustion in the flow core basi¬ 
cally terminates within the first zone; in the wall layer, if the 
values of the excess oxidizer coefficient are low, the combustion 
process may extend for a considerable length. In the general case, 
the combustion products will not have uniform composition over the 
combustion-chamber cross section at the end of the^first zone; ac¬ 
cordingly, the temperature will also vary. Nonuniformities can 
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also occur along the chamber diameter (core and wall layer) and, 
to a smaller degree, between adjacent injectors. If there is a 
significant difference in gas composition over the combustion-cham¬ 
ber cross section, there will be a loss in exit velocity and specific 
thrust, since some of the chemical energy contained in the fuel will 
remain unused. 

In the second chamber zone, the composition and temperature of 
the combustion products are equalized over the cross section, in 
the main by natural means, turbulent and molecular diffusion. Turbu¬ 
lent mass transport is of fundamental importance. 

The uniformity of gas composition at the end of the chamber 
depends on the mixture uniformity(in composition and in flow dens¬ 
ity) at the beginning of the chamber, on the intensity of turbu¬ 
lence, and on the chamber length. 

4.2. INJECTORS OF IRE 

Liquid components are dispersed by injectors, through which 
they are supplied to the combustion chamber under a certain gauge 
pressure. Atomization of the fluid is accompanied by breakdown of 
the Jet and by drop formation. The set of flying drops forms the 
dispersed spray. 

Two types of injector are used in LRE, Jet and swirl. 

< ruJet J^ectors are slmPle ln construction; they are illustrated 

To design a Jet injector, we determine the diameter d of the 
injector nozzle aperture for a known flowrate Gf through it, and 

a pressure drop Apj. across the injector. 

The calculations are based on the flow-rate equation 

cVtg*P*\. (4.1) 

where y,, is the flow coefficient; 

y is the weight density of the liquid; 

is the area of the injector nozzle. 

,. T5¡f coefficient ranges from 0.65 to 0.9, and depends on 
tue ratio î/d where l is the length of the injector nozzle), the 
absolute diameter d, and the shape of the nozzle-channel entrance. 

F°r LRE injectors, the value of the diameter d lies in the 
0.5-3.0 mm range. An increase in injector diameter impairs the fine¬ 
ness of atomization; when d is very small, the chamber may be ob- 

ingUtoe5‘20°e SPray angle a iS n0t large f0r Jet ln«Jectors> amount- 

Swlrl Injectors combine a fine spray at xow pressure drops 
with a large spray angle (a - 60-100°) (Pig. 4.4). The injector 
consists of the swirl chamber a, entrance channels with radii r 

vkh: 
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Fig. 4.3. Jet injectors. 
tor. 

and a nozzle with radius r. The rotary motion of the liquid at the 
nozzle entrance is the principal difference between this injector 
and the let injector. The liquid is delivered over several (rarely 
over one) tangential channels to the swirl chamber where it is ro¬ 
tated. The central portion of the injector is filled with gas from 
the chamber, which entrains the liquid and is also placed into ro¬ 
tation, forming a gas vortex of radius r 

m 

The liquid flows out only within the area of the ring adjacent 
to the nozzle wall, so that the liquid only fills the nozzle-area 
fraction 

'N. ^ 

y fm-tU-Vtl*; 

where £ is the useful Jet cross-section coefficient, or the fill 
factor. 

The thickness A of the liquid sheet will evidently be less 
the greater the vortex radius for a given f?. 

The liquid in a swirl injector can be set into rotary motion 
not only by supplying it through tangential entrance channels, but 
in other ways as well, for example, by passing the liquid through a 
swirler having a helical notch on the outside surface, through which 
the liquid moves. 

The flow coefficient in Eq. (4.1) can be represented as 

where fQ is a velocity factor allowing for the reduction in axial 

velocity owing to twisting of the liquid and to hydraulic losses. 
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Sil- coefflclents» E, cpg, and yf obviously depend on the inte;- 

liquid rotation ían beqchfrIcteíizednhthfhlnjeCt0^• The lnfcensity of 
city ^ near the 
axial ^ «“'oitrary mean 

Gr and the nozíleXexitSarean/^rmS °f th6 per'second Üquid flowrate 

* jtetrameters of swirl 
injector as function of injec¬ 
tor geometric characteristic. 

inJeo?Sr1^ua!ñcr2a8e”o“ngt?otatÍLenitñn?íeymof r?taíi0n ln the 
this reduces the How coefficient coefmiênt°í ÎTlT^'' 
JectTgÄc characteristic!1 Se0metry- and ls the i'„. 

(without friction J^ca^be^represented^as^° ^ ^ ldeal fluld 

A—**' 

-X- (^.2) 

1 

Where * channel^axls^06 betWeen the lnJ-tor axis and the entrance. 

« iS the number of entrance channels; 

/Vkh ls the entrance-channel cross-sectional area. 
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axis, the expression fS^he^Smeíríe^âoÍerlstlc^aKs^árfo™ 
A __ nRr , a 

(4.3) 

Where 8 axls ln- 

hoiiow cone8or,more^^accurately1**ofhfl siqUíd tukeS the form of a 
revelation, along whose generatrices th^T-?’3^611^ hyPerb°l°id of 
paths of the particles leaving thp inioe<-llquid Particles move. The 
relationship between the peripheral Aponen?” o" the 

ant wa of the velocity at the nozzle-channel ex« the Í ^ 
a at the injector pyu- lt* th spray anSle 

njector exit is determined by the relationship 

of liquid rotation,Te01" ^ ^ lntenslty 
» .e., on the geometric characteristic A. 

an* Malfunctions0Qf ^ ToTnlTT^ ^ ^ 
snaph that when A incíeafes tL** ídeal liquid* It follows fro 

hile the quantities e and y. decíease^Thi^?16 “ becomes greater, 
creases, it means that- ^ f * Thls ls 30 slnce when A in¬ 
nozzle also increases? Delpite1?!^«1 cornponent of velocity in the 
tionships for e, 0, ^ ft^a lan^bTï S'eS^n^Îi* 6 "eÎ- 
culations for swirl injectors of LRE. Preliminary cal. 

injector®theoryefor1anhldealUfluid5 íhe basl° con<!ePts swirl- 
is a discrepancy between the exDPrimIr\-m?ny cases* however, there 
Pf and a. « has been estaWisS i1 anf the°r«ical JalSas of 

-iSi^^^ad^rih“ «--eanTstpr:;0:^1;::10 

actual liquid^th^angl^^ls^less^and^^^n^^P'^P^P^at^or^n™ 

^^^^Lf:^befÂîih®0aVh“r 
formulas or curves obtained r allo™aa for friction from“" 

acterlstic the Char-‘arlstlc J w«“^ eÂ^rge^tíi^íh^. 

A-A[,+T(~r-')r. 
(4.i<) 

where Ç is the coefficient of friction for. th 4 , 

=an be found from the approximate fo^uL^®010^ the latta 
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e__20,3*® 
Re0,3’ ( ^. 5 ) 

Here the Reynolds number is found from i-h« 
°una irom the entrance condition, 

Re=ïs*» t 

where ls the equivalent hydraulic diameter of the entrance channels- 

V is the kinematic viscosity coefficient for the liquid; 

“vkh 15 the velocity at the entrance channel. 

to thl^ctloToí^helrlctloñ fo'rces!“ °Wln« 

4.3. ATOMIZATION 

tlon quality^makes uï^o^ïa^ioî^chï an?* Consequently, of atomiza 
the resulting drops^their uni?o?mi?vra?ierlStlCS : dimensions o? 
shape of the spray.* uniformity, the range of the jet, and the 

Pig. 4.6. Spray shapes. 

% 2Vgase:Snex” 3)rreadu0:t1i^1r °hf U<IUld injector 1, 
bridges; 5) breakup Into'paíts;n6)"d^p'fo^?Sn'?8i ^ f0r"atlbn 
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To speed up the vaporization process, the spray should be fine 
(the mean drop diameter should be small). In this case, the total 
evaporation surface will be greater and the time required for evap¬ 
oration less. 

Chamber processes are influenced by the shape of the spray 
and the liquid distribution over the spray cross section. For easier 
vaporization of the liquid, there should not be an excessive concen¬ 
tration of liquid phase In individual combustion-chamber zones. 

The liquid distribution over the spray surface also influences 
the range, i.e., the depth to which the liquid travels in the medium 
after leaving the injector. All other conditions being equal, the 
more compact the longer the range. The range requirements depend on 
the mixture-formation conditions. It is usual to attempt to decrease 
the range, since dispersion takes place closer to the head and the 
preparatory processes are completed within a shorter length of the 
combustion chamber. In certain cases, it is desirable to extend the 
primary zone along the combustion-chamber length. It is then neces¬ 
sary to use injectors with differing ranges. Liquid sprayed from a 
swirl injector has less range than for a Jet injector. This results 
from the very large surface of the spray ejected from the swirl in¬ 
jector. Here the external resistance forces reducing the range act 
on both the inside and outside surfaces of the cone. Moreover, the 
sheet of the cone produced by a swirl injector is considerably less 
stable than the solid Jet from a Jet injector. Thus the cone breaks 
up closer to the injector nozzle, and at a lower pressure drop, which 
reduces the range. 

In the atomization process, the Jet leaving the injector nozzle 
breaks down in successive stages, and large drops are broken up into 
finer particles. The factors causing the Jet to break up can be div¬ 
ided into factors external to the Jet and internal factors. 

The external factors include aerodynamic drag forces and forces 
appearing upon collision of the Jet and Individual drops or upon 
collision with an obstacle. These factors will have a greater in¬ 
fluence the higher the relative velocity of the liquid and the med¬ 
ium or of the impinging Jets. The aerodynamic forces also depend on 
the density of the medium; they Increase as the density goes up. I 

The internal factors facilitating breakup of the Jet include 
the inertial forces resulting from turbulent pulsations in the 
liquid Jet, and increasing as the liquid velocity Increases. 

t 
The molecular attraction forces appear as viscosity forces 

in Internal layers of the liquid and as surface-tension forces at 
the Interface; they oppose breakup of the liquid into drops. The 
temperature of the liquid Influences the molecular forces. As the 
temperature Increases, their action becomes weaker; at the critical 
temperature, the surface-tension forces vanish. 

The spray shape and fineness depend on the pressure drop under 
which the fluid leaves the injector nozzle. As the pressure drop 
¿Pf Increases, tne Influence of both the Internal and external fac¬ 

tors becomes stronger, and the Jet breaks down into finer drops. 

1 
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since the velocity at which the liquid leaves the injector exit in¬ 
creases. For example, when a swirl injector is used at very low pjes- 
sure drop, the surface of the exiting spray clearly shows the holical 
particle trajectories. As the pressure drop at the nozzle exit in- 
creases, a cavity develops; its continuous surfaces takes the form 
of a bubble (Fig. 4.6a); the bubble is constricted a certain dis¬ 
tance from the nozzle by the surface-tension forces. With a further 
Increase in che drop, the Mbubble" opens, becoming a "tulip" (Fig. 
4.6b). At a certain distance from the nozzle, the "tulip" breaks up 
into isolated rings, which then form into clumps of liquid, fila¬ 
ments, and individual drops. The intact portion of the "tulip" is 
called the sheet. As the pressure drop increases, the length of the 
intact section of the sheet decreases until atomization takes place 
almost at the nozzle (Fig. 4.6c). Figure 4.7 shows the mechanism for 
atomization of the liquid by a swirl injector. 

Drops of varying size are formed during atomization. Atomiza¬ 
tion quality is evaluated on the basis of experimental data. For 
this purpose, the drops of atomized liquid are trapped in some wav 
or another, and grouped on the basis of diameter. The atomization 
fineness characteristics are then constructed as curves represent¬ 
ing the drop distribution by diameter. For example, the total weight 
curves are constructed; here the results obtained by weighing all 
drops of a specified diameter or less are successively plotted along 
the axis of ordinates (Fig. 4.8). Some average drop diameter is used 
to evaluate the fineness of atomization. The diameter d0 s correspond¬ 
ing to a relative weight G ■ 0.5 on the curve of Fig. 4.Ô is often 
taken as this average diameter. 

Fig. 4.8. Distribution 
curve for atomized li¬ 
quid. 

A 
Fig. 4.9. Average drop 
diameter as function 
of sheet thickness. 

In addition to estimates based on average drop diameter, atom¬ 
ization quality can also be Judged from the dimensional uniformity 
of the drops obtained. Since the minimum drop diameter equals the 
molecular size, the uniformity can be characterized by the maximum, 
drop diameter or, for example, by the d#.» diameter on the distribu¬ 
tion curve (Fig. 4.8), which corresponds to 90* of the total drop 
weight. The smaller di.i, the more uniform the atomization. 

Atomization fineness depends on the drop Apf. When Apf ■ 3-6 

kgf/cma, swirl injectors deliver à dn'$ average diameter of the 
order of 50-200 ym. Drop diameter decreases with increasing pres¬ 
sure drop; this relationship is quite weak for high pressure drops. 
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Pig. ^.10. Average drop diame¬ 
ter as function of pressure 
drop across Injector. 1) kgf/cm2. 

0 K/Jc** CtK 

^ng;^¿u2urrort"pdrn^Ln! ziztaim: irrirxi 
^ Ïniïlll IT:0*' 11 kgf/Cm2-S: 2> 

the íoí0n fineness also depends on the shape and state of 
let atQthf í*íi-SU?íaCe at the inJector exit- The thicker the liquj 
flceSo voinS mîle u ls» since the smaller the sui 

o?TV ratio, the less the effect of the aerodynamic force 
Pieur^J o^hn co^itl°ns hsing equal, the poorer the atomization. 
thi?kSess9A foïSt:ÎSenCharfe în+tr0ip dlameter as a function of shee . .. for the liquid at the exit from a swirl inlector Atnn 

wil^be hLhe?rthpdh?Shthe<-^herî becomes thicker. The value 'of A 
anelei iff!! Í hlfhar the flow coefficient and the smaller the 
angle a (for a given injector nozzle diameter). 

4 1-. Í11 other conditions being equal, an increase in nozzle 
will increase A and thus impair atomization. 

This situation is illustrated in Pig. 4.10. which show«? t-hnoo 
curves for the average drop diameter d as a function of the pres¬ 
sure drop across the injector. These curves apply to three swirl 
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injectors with the following flowrates, in kgf/s: I, 2^0; II, 120- 
III, 60 (at a pressure drop of 7 kgf/cm2); the apertures and liqu d 
Jets will consequently also differ in diameter. Clearly, the srulier 
the Jet, the finer the atomization. 

Owing to the high temperatures and pressures in the combustion 
chambers of LRE, and the vigorous heat exchange between drops and 
gases, there is no need for excessively fine atomization or, con¬ 
sequently, for a great pressure drop across the injectors, in prac¬ 
tice, the minimum drop across LRE injectors lies in the 1-4 kgf/cm2 
range. 

As a rule, the liquid in the Jet is nonuniformly distributed 
over both the cross section and the length of the spray. 

Figure 4.11 shows curves representing the distribution of 

ího ^fl?Wraî.u along the radlus of the Jet for two distances from 
the nozzle. The curves show that both Jet and swirl injectors are 
,T??í’a?terize? by flow-rate nonuniformity over the cross section, 
ï”’?!? ^creasinS distance from the injector nozzle, the fluid dis¬ 
tribution over the Jet cross section becomes more uniform. 

4.4. MIXING OF COMPONENTS 

The oxidizer and combustible must be brought into contact if 
hey áre to react chemically. There will always be an improvement 

in the degree of heat release when the quality of preliminary mix¬ 
ing improves, regardless of the type of fuel components employed. 

The components can be mixed by the interaction of Jets in the 
combustion chamber during atomization or by preliminary mixing of 
the iiquids followed by spraying through one injector. The best re- 
,sarbs» from the viewpoint of degree of combustion, should be obtained 
with preliminary mixing, since this makes it easier to ensure that 
the proportions of the components remain the same over the combus- 
lon-chember cross section. It is safer to mix the components after 

they have left the injectors; this type of mixing predominates in 
existing engines. 

By a mixing element or mixer, we mean the smallest number of 
injeotors used to mix the components in the specified proportions. 
ïoÜï! the fnbire h®ad include several elementary mixing elements, 

0f several injectors in the general case. The mixing 
elements influence one another, but the quality of the head is deter¬ 
mined, in the main, by mixing quality and by the conditions set up 
for subsequent vaporization by the individual mixing elements. 

When Jet injectors are used, mixers consisting of triple- or 
injectors are found (Fig. 4.12). Since the spray angle 

is relatively small for a Jet injector, to promote better contact 

Qr.f !îiîinS °î bhe. °omP°nent5> the injectors for unlike components 
(Flo- f4eîpfleanHnT7Ïhe ^angle with resPect to one another 
flr»íSá-i 12a ?nd ^‘1?by ‘ íet mixers with parallel injector axes 
tht ?inn<HmPî0yed4 Fif‘ Good contact of the components in 

P?ase particular importance for hypergolic fuels. 
InrtPl 'et J1*??!!-. FÍS* ^*12a)» consisting of two oxidizer injectors 
and .ne combustible injector, are better than double-jet devices. 
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Fig. ^.12. Jet mixers, 
bustiblej 2) oxidizer. 

1) Com 

î*1?* InJector configurations, a) Staaaere 

clroie) 

a b 

Fig. 4.14, Diagrams 
external mixing; b) 
first component; 2) 

of two-component injectors, a 
injector with internal mixing 
supply of second component. 

arrangement; b) 
injectors; open 

) Injector with 
. 1) Supply of 



since the volume flowrate of oxidizer is often 2-3 times that o' ih* 
combustible. Thus an increase in the number of oxidise? apertures 

andUh^i-the f1?6 of-the oxidizer Jet and ensures better atomiza i a 
and better mixing of combustible and oxidizer. In a symmetric t irle 

jectoî * resultant Jet moves along the axis of tîTcenLr in- 

a certain an^í^J0ílide’ the resultant Jet will deviate through 
nv, futai angle* which may vary when the operating regime chamref 

the assumption that the total momentum of the streams remains 

ant Jet (the angle 0 between the chamber axis and the Jet direction). 

if wQk and wg are, respectively, the velocities of the oxidizer 

si ^combustible Jets at the injector exit, we arrive at the expres- 

* *in 301( — sin pr 
tg8 = —5£-' 

%~^eot Po« + «0*pf (^.7) 

where < is the ratio of components. 

By specifying the angle 0 (for example, 0 « 0). we can find 
he required positions of the oxidizer and combustible injectors 

'pok* 

The geometric interaction of the Jets must be taken intn an 
count »ten a head Is designed if „e are to preven? Uq?ïd frem 

WallS 0r <!lu”Pln8 together In Individual Chamber 

A head using-jet injectors, ordinarily include manv idanfiooi 
mxers positioned uniformly over the cross section. There may be an 

aíai?ad°¡? n?ar the wall, where m°srly combustible injectors are in stalled to improve cooling conditions. Js are in- 

tri ^üÍrl i¡1|J>ect°rs are employed, the designer also attempts 
dî61? J"1 f¡)rmly over the head to produce a uniform cross- 

sectional distribution of components. Since a swirl injector produces 
a large—ângle spray, Jets of unlike components will collide even 
when the injector axes are parallel. Combustible and oxidizer in- 

tore0ï?te°re“ymS‘rate' the 3etS fr0m nelghborln* lnJaa- 

lnJecïS?no^lfî^^nÎrLnaeUr(#i|?T?5)?’A?02ieï?°^{ 
combustible injectors predominate in the outer ring of^the head to * 
improve engine cooling conditions. This also prevents oxidizer from 

rosion”8 the wal1* thus Protecting the wall material against cor¬ 

ing ÍLthe PerlPheral nozzles are neglected, then with a staggered 
injector array, one oxidizer injector is used for each combustible 
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injector; for a honeycomb array, two oxidizer a^en^^,vp 
for each combustible injector; as we have noted, this is a positive 

feature. 

We have so far considered single-component injectors, where 
each separate injector is used to atomize Just one component. Two. 
component injectors can be used; both components are supplied 
through these devices; here the injector in essence represents an 

elementary mixer. 

Two-component injectors may use external or internal (prelim¬ 
inary) mixing. In the first case, the injector consists of coaxially 
positioned oxidizer and combustible injectors (two-nozzle injec or; 
(Fig. 4.14a). The conical component Jets intersect at the injector 
exit. The injector is so designed that the combustible and oxidizer 
cones intersect near the injector nozzle; this requires that the 
spray angle be larger for the inside nozzle. With internal premix¬ 
ing (emulsion injector) (Fig. 4.l4b), the components are mixed 
within the injector, which ensures good mixing of oxidizer and 
combustible. Two-component injectors are structurally more compli¬ 
cated than single-component devices, but they permit better mixing 
to be obtained with fewer injectors in the head. 

When two-component injectors with internal mixing are used, 
it should be remembered that the mixture components may ignite or 
explode within the injector. If this is to be prevented, the time 
spent by the oxidizer and combustible mixture in the injector must 
be less than the ignition delay period under these conditions. 

Fuel is distributed over the head cross section owing to the 
atomization and mixing of the liquid component (Fig. The 
local values of the excess oxidizer coefficient a. may differ from 
the average chamber value agr even when the injectors are located 

uniformly over the head. Several factors are responsible: nonuni¬ 
form flowrates from individual injectors, incomplete mixing of 
components within one mixer, nonuniform positioning of injectors 
on the head, and contact of some fuel with the walls. Since the in¬ 
jectors are arranged in definite groups on the head, the average 
values aisr will be roughly identical for individual Jets with 

transverse dimension close to the value of the injector spacing. 

The layer at the wall ordinarily represents an exception, since 
the excess oxidizer coefficient decreases here owing to the need 
for enrichment with combust’hie. 

The part of the fuel (or gas) flow at the center of the com¬ 
bustion chamber, where a^sr varies little, is often called the flow 

core, while the flow at the wall, which has a significantly lower 
excess oxidizer coefficient, is referred to as the wall layer. 

Roughly 15-30JÍ of the fuel is located at the wall (in the 
wall layer). As the chamber dimensions increase and the injector 
spacing decreases, a smaller proportion of the fuel will be at the 

wall. 
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If the oxidizer and combustible vaporize at different rates, 
one of the components will vaporize before the other, and the lat ral 
flow of its vapors may redistribute the components over the err is sec¬ 
tion, changing the distribution that obtained in the liquid phase at 
the injector exits. Thus the distribution of a, calculated from the 
combustion-product composition at the end of the 1st, zone may d f- 
fer from the distribution in the liquid phase at the head. 

Differences in drop sizes or in physical properties may result 
in differing vaporization rates for the components. Thus, for example, 
for an engine operating on nitric acid and kerosene, since the flow- 
rate through the oxidizer injector is ordinarily greater than through 
the combustible injector, the oxidizer drops will be larger. Since 
the weight density of nitric acid is nearly double that of kerosene, 
here the oxidizer drops will be considerably greater in mass than 
the combustible drops; all other conditions being equal, correspond¬ 
ingly more heat and more time will be required for vaporization. 

As we have already noted, following the first zone the combus¬ 
tion-product composition will be equalized by turbulent mixing. 

The turbulence that mixes the combustion products in the se¬ 
cond zone appears in the first zone owing to gas flowing from 
regions with higher drop density into regions with lower density 
during evaporation, and also as a result of longitudinal velocity 
differences in individual gas streams. 

The degree of combustion-product mixing depends on the turbu¬ 
lence intensity, which can be measured in terms of the pulsation 
velocities. 

For the turbulence intensities occurring in practice in LRE, 
and for the combustion-product mixing lengths usual for combustion 
chambers, the nonuniformities in distribution of composition and 
temperature between the zones of individual injectors will be 
smoothed out. 

Consequently, if at the end of the first zone the distribution 
of a over the chamber cross section, determined from the combustion- 
product composition, has the form shown in Fig. 4.16 by the dashed 
line, for example, then at the end of the combustion chamber, i.e., 
at the end of the second zone, this distribution will have roughly 
the form shown by the solid line. This is an important fact; the 
smaller the nonunife.mity created by the head, the shorter the 
section required for equalization of combustion-product composition. 

If we take an ideal engine for which the mixture composition 
at the beginning of the combustion chamber is identical everywhere 
over the cross section, the combustion chamber of this engine will 
have the shortest length. It is determined, in the main, by the 
length of the preliminary-mixing and vaporization zone and the 
length of the combustion zone. From this viewpoint, a reduction of 
the spacing between injectors for a given head size, i.e., an in¬ 
crease in the number of injectors, is desirable. Utilization of 
two-component injectors should also have a positive influence. 
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Pig. ^1.15. Distribution of ex¬ 
cess oxidizer coefficient (com¬ 
ponent ratio) over head diameter. 
1) Combustible; 2) oxidizer; 3) 
injectors. 

Fig. ^.16. Distribution of ex- 
' cess oxidizer coefficient (com¬ 
ponent ratio) at beginning and 
end of second zone. 

4.5. DIMENSIONS OF HEAD AND COMBUSTION CHAMBER 

The transverse head dimensions depend on the number of inlec 
tors and their spacing. 

To reduce engine size, we should attempt to decrease the head 
re?uce injector spacing and decrease the number 

«Lí* eCt? J the number and spacing of injectors influence the 
process, however, and thus cannot be selected arbitrarily. 

A reduction in injector spacing below a certain limit, for 

siníIeLnUmb?L?f lnJectors> may impair heat-supply conditions, 

mÎdïumt?hfl?eï?ïï°ÏShiPubeîWeen the 11<5uld and gaseous parts of the 
medium that fill the chamber at the head will change unfavorably. 

SL« ?KSame tdrae» ralxing conditions improve for the components 

diatríhL?SnCÍÍÍ6r,1LdeCreased* since the nonuniformity in component 
îîSÏKlb?tÎ°ni.0Ver the cross secti°n decreases in inverse proportion 
bv thl L¿®?b?^ sPacin8* The spacing reduction may also be restricted 
oy the conditions governing injector positioning on the head. 

t 
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i-h^n!t!e ch?ic® °f spacing must be coordinated with the flowrate 

M t^fsl^írlTsè llZlràr*™3' 5he %a=îng 
cess wm ?? ?* u ^ 1 the normal course of the combustion oro- 

ïmp'aï™ "f °ff the”^id Jetfîn“îdurIîi^esfrÔ? TeVelTll* 

ËfUIliSPp.ïæ 
head dimensions somewhat. tant spacing, thus decreasing 

intensité O? ^íeluelllrfseLí^no^a?«86 
^2sek head area F : 

6 

ir* 
(4.8) 

In selecting a value of dischare° intens-H-v en». « u j ^ 
necessary to take account nf tho i5Qmgw^«nfenslty for a head, it is 

conditions'makes'it^ossible'toHincrease'h^^H0^0^^11^7^^^1'^ 
Just as an increase in increase head discharge intensity: 

conditions, an IT^tlT 
q„. The ratio 

l-± 
P. 

(4.9) 

igher values are found in certain engines. 

first chamber^on^i^les^fof fqual* required volume of the 
This voluSe can Se Íedíced b? imSnv?0li^and low-boiling fuels? 
terns. All other conditions bein/eaui?8 mixture-forming sys- 

intensity will lengthen the firft zone* The leíSheofnt?1SCharse 

^^ir:q;aH:er:rt"r^rioh‘¿e 

l^áVáTof the 10"Ä -- ”îTcâlX%ce 
The combustion-chamber voiume determines the time spent bj 
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the fuel and the combustion products; this time should be sufficient 
for total completion of all processes taking place in the combustion 
chamber. The better the process is organized, the less time need be 
spent. 

The combustion-chamber volume required to produce the necessary 
degree of combustion can be determined exactly only by experiment. 
The chamber volume can be selected in approximation by using statis¬ 
tical values for the time spent by the gases in the chamber and 

for the characteristic (reduced) length of the chamber. 

The mean time spent by the gas can be represented as the ratio 
of the weight of the gas in the combustion chamber to the per- 

secon^ gas flow rate: 

(4.10) 

If we arbitrarily assume that the weight density of the gas in 
u6 constant, and equal to the value at the end of the 

chamber, and if we neglect the volume occupied by the liquid phase, 

Assuming further that 

_ _y<v« 
* o. * 

V.* 

on the basis of Eq. (2.48), we obtain 

(4.11) 

(4.12) 

**Vt[ (4.13) 

The combustion-chamber volume can be determined if we know 
Tn from prototype data. 

The ratio L 
n V\/F\ir ls the characteristic length of the 

chamber. The greater Ln, the longer the gas spends in the chamber 

Î5e high?L» up t0 a certain limit, the degree of heat release 
and the specific thrust. 

Theitin,e required and the reduced length will differ for 
different fuels, and will depend on mixing and evaporation condi¬ 
tions in the first combustion-chamber zone. These quantities will 
be smaller for hypergolic fuels; as preliminary mixing improves, 
the required values of rn and Ln drop. 

For most existing engines, t - 0.0020-0.0045 s, while L ■ 
■ i.5-3.5 m. n a 

If, like the head discharge intensity, the value of L is 

» 

i 
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selected on the basis of statistical data when the engine is designed 
It Is necessary to consider engines using the same fuel (or one with * 
similar properties), and the same process organization. Here allow¬ 
ance must be made for the type and spacing of injectors, the flow- 
rate through one injector, and the head shape. 

We also note that, as statistics show, the combustion-chamber 
volume (all other conditions being equal) is ordinarily decreased 
by reducing the transverse dimensions. We can thus assume in approxi¬ 
mation that lower values of L go with higher values of o and vice 
versa. n 

The combustion-chamber volume is sometimes estimated from the 
neat release rate of the combustion chamber, which is determined 

by the expression 

*.-A- kcal/(m**h-atm abs). 
(4.14) 

Here $ is the amount of heat released in unit time, kcal/h (for 
complete combustion). It is not difficult to show that the value 
of <?k is connected with and t^. In fact, since Q - 36OO £7_ h 

‘'hen with allowance for Eq. (2.48), we can obtain 

*00». « 
~V^T ' (4.15) 

4.6. COMBUSTI ON-CHAMBER SHAPE 

?aín* îw0 are employed for combustion chambers: 
cylindrical and spherical (or nearly spherical). 

Cylindrical chambers are widely employed for many types of 

nïfiüÎA.v?6 JraJ®ver®e dlmenslons of such a chamber are decermined 
prineipally by the mixing conditions. There is a specific relation- 

tensitytWeen ^ relatlve head are,,i and the relative discharge in- 

The quantity can be associated with the relative head area: 

nai-- rat® a* Which fuel flows through the head equals the 
rate at which gas flows through the nozzle, we can substitute Ex¬ 
pressions (4.8) and (2.48) into Formula (4.9)j then 

r _ I m 
''T.w. (4.16) 

For cylindrical combustion chambers, 

/r-/* 

where7.and is the cross-sectional area of the combustion 

chamber. 
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Pig. 4.17. Change in 
chamber configuration 
with increaaing thrust. 

IZ^ 
Pig. 4.18. Semltnemal 
nozzle. 

ft rm □ 
9 1 

- x-iT 1 
9 a J « 

Pig. 4.19. Relative specific 
thrust as function of • 

Thus 7R depends on q^t with the latter being determined by 
the engine mixing condition. 

Plgure 4.17 shows schematically how the combustion-chamber and 
nozzle configurations change -s the thrust Increases with constant 
prêt sure pj and the same method of organising the process. The head 

discharge intensity and the nossle expansion ratio are assumed to 
remain constant. As the thrust increases, the engine becomes longer, 
basically owing to an Increase in nossle dimensions; there Is little 
change In the length of the cylindrical combustion-chamber section. 

A decrease in combustion-chamber transverse dimensions is as¬ 
sociated with a reduction In the relative area In the modifica¬ 

tion with the maximum degree of forcing (7k • D» the combustion- 

chamber diameter equals the nossle throat diameter (Pig. 4.18). A 
combustion chamber of this type la called a "semlthermai nossle” in 
the literature. The gas velocity equals the speed of sound at the 
end of the cylindrical portion of such a chamber. 

A reduction in the relative combustion-chamber area 7^ In¬ 

creases the gas velocity in the chamber and, consequently, reduces 
the total (stagnation) pressure at the end of the combustion chamber 
owing to an increase in thermal resistance.1 The drop in total pres¬ 
sure in turn reduces the specific thrust somewhat. 

Plgure 4.19 shows the reduction in specific chrust when 7k <*•- 

creases as a result of the influence of thermal resistance, tn partl- 
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cular, the graph shows that when 7k ! 3, there is almost no thermal 

resistance, and its influence on the specific thrust can be neglected. 

Forced operation of LRE cc'nbustion chambers by a reduction in 
fk ® simultaneous Increase in the head discharge intensity <7 

and, as a consequence, possible impairment of the conditions for 
heat supply to the fresh fuel mixture. Thus forced-operation combus¬ 
tion chambers with low fk can only be used if the mixing systems 

?00<* results with high values of discharge intensity. Where 
this is not the case, utilization of such chambers may lead to a 
reduction in the degree of combu.^ion and to unstable operation. 

Manu¬ 
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911 lßy th® thermal resistance, we mean the stagnation- 
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Chapter 5 

FUNDAMENTALS OF PROCESS IN SOLID ROCKET ENGINES 

In recent years, interest in solid rocket engines [SRE](PÆTT) 
has risen significantly. This is so since solid rocket engines per 
mit : 

1) great simplification of rocket constructionj 

2) substantial reduction in time required to prepare rocket 
for launching; 

3) long-term storage of fueled rockets, ready to launch; 

4) simplified operation and a reduction in attendant person¬ 
nel. 

Thus solid-fueled engines are of great military interest (re¬ 
serves of ready-to-use weapons can be accumulated; the missiles are 
In an advanced state of preparedness; and a rocket spends less time 
on the launching pad, so that it is less vulnerable on the ground). 

In addition, the possibilities for making engines with thrusts 
of 1000-1200 T or more in a single chamber are very good, and SRE 
are very reliable owing to their simplicity. 

There are drawbacks to SRE: they develop less specific thrust 
than liquid rocket engines [LRE](3KPfl), burn time is often shorter, 
and it is more difficult to control the thrust. 

5.1. FUELS 

Solid rocket fuels can be classified into two groups: double¬ 
base (colloidal) and composite. 

Double-bait fuels. These fuels are based on guncotton (nltro- 
' cellulose). Nitrocellulose is a substance that can decompose explo¬ 

sively when acted on in various ways; thus it is not employed in 
pure form. Nitrocellulose consists of cellulose (with formula 

1C«HA(OH)i)» ) in which certain OH groups are replaced by ONOi ni¬ 
trate groups through treatment with nitric acid. The properties of 
cellulose nitrates depend on the number of groups Involved or, what 
is the same, the per oent nitrogen content. Nitrocellulose has a 
negative oxygen balance (oq ■ 0.57-0.67). The higher the nitration 
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the m0re favorable the balance; an increase in 
the per cent nitrogen content (i.e., in the number of 0N02 Krouos) 

tîe 5?at of Recomposition, but impairs the ability ofP 
? t0 dJasolve ln solvents. The heat of decomposition fluc- 

ín ïhî ^etwean 700 and 1000 kcal/kgf for nitrocellulose, and depends 
11.5-13 8^Un ° nltr06en, which is usually contained in amounts of 

is less^iahip0^11111?8^ iS ddssolved ln appropriate substances, it 
NitioelvceSi ? e* and more capable of normal combustion, 
itrogiycerin is most frequently used as a relatively nonvolatile 

lllãT The^î^LÎ“^^- 0thef SOlv!nts are also iStroSS on oc- 
40Í whinh content of the solution generally exceeds 

a l ^ a ^61 based on nitrocellulose and nitroglycerin is called a double-base propellant. “itrog±ycerin 

the heatÍnrvalue1SftSeP^e?eíte°0ntent °f nltr08ly«a>,ln Increases 

r,!",s%s¥;F"‘“' “ s;a « 

!SpKH£Sr:SE2*S‘S»r- 

urlng storage (stabilizers such as centrante or dlohenvl amine) ^ 
cate?.«.*)or increase the combustion rate (dephlegmatlzers and * 
catalysts), to Improve manufacturing Qualities, ffTcoïoi-în“ etc. 

the ÄÄÄ SRE,devel0P sPe<!i"a thrusts In 

SmSS“ - - ~ ísíSsT 

is«s.S:"S”~!rss^ 

sÂfÆ'ss'iïSsr— 
are solid under normal conditions ar» 

or fr« oiiiï. tin ni riÂ.Âr^nîtüis.rnïsïy 
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perchlorate KCIOh, ammonium perchlorate NH4CIO4, sodium nitrate NaNO 
and certain others. Ammonium perchlorate is now the most commonly 
used oxidizer. 

TABLE 5.1 

Composition of Certain Double-Base Fuels (in 
% by weight), and Their Characteristics 

Cocraa n 
cbohctbi 

JPN 
6I.I.I MCTHT JP 

HES 
4016 

SC 
KopA'iT 

Kop- 
anr M—7 

1. HKTp0UCJI.1l0.103a 

pCoaep*:aHKC b hcB 
nota b % 

2. PacTBopHTcaa 

P KKTporjHUCpHN 

Q XMHHTpoToayoa 

3. AoObbkm 

^ ITHJIUCMTpaaHT 

j aKiTMJi^Taaat 

J ahÿCHKJiaMHH 

^ cyjibfir RaaNB 

L KMTpat Raina 

M rasoaaa cama 

N 
0 RpacKTcafc 

KCl« 

l 
gTennepatypa ropenna 

RCaopocTb ropcHNB a 
tu¡ttK npM 70 

S apn 140 Kr¡«jfl 

pHoKaiarcafc n 

1 B« coaaa 
ïrjdM* 

TcnjioTaopnaa cncco6- 
iOCTk KHOA/Hr 

BaOTHOCTh 

51.5 

13,25 

43.0 

1 
3.25 

1.25 

0.2* 
0.08* 

1230 

3160 

1.« 

2.58 
0.60—0,73 

1.01 

52.5 

13.25 

43.0 

3.0 

0.6 

1.2 

0.1* 

1230 

3160 

1.7 

0.71 

1.0 

54,0 

13.251 

43.0 

3.0 

12G0 

3080 

1.4 

2,20 

0.75 

49.5-50.0 

12.2 

41.0 

9.0 

0,07* 

065 

2500 

0.0 

1.24 

0.60 

55.5 

12.2 

28,0 

11.0 

4.5 

54.5 

35.5 

0.9 

1.2 

7.8* 
980 

2340 

1.11 

¢.73 

■contents shown exceed 1001. 
1) Nitrocellulose; 2) solvent; 2) additives. A) Composition and 
properties; B) fuel; C) balllstlce; D) cordite; E) nitrogen content, 
%i F) nitroglycerin; Q) dlnltrotoluene; H) ethyl centrante; I) 
diethyl phthalate; J) diphenyl amine; K) calcium sulfate; L) cal¬ 
cium nitrate; M) gas black; N) wax; 0) dye; P) heating value, kcal/ 
/kgf; Q) combustion temperature, °K; R) combustion rate, cm/s at 
70 kgf/cm*; S) at 1*10 kgf/cm1; T) index n; U) weight density, 
kgf/dm*. 
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In composite fuels, the combustible also acts as a binder. 
Substances with high heating value, capable of serving as binders, 
are used as combustibles in these fuels. The materials ordinarily 
employed are high molecular weight synthetic compounds of the rub¬ 
ber or plastic type (for example, polysulfides or thiokols, poly¬ 
urethanes, polybutadienes, etc.), as well as heavy hydrocarbons 
(asphalt, for example). 

Solid composite fuels are manufactured by introducing finely 
ground particles of oxidizer into the molten combustible, the bind¬ 
er. The resulting mass can either be used to produce grains which 
are then placed into the combustion chamber or it can be poured 
directly into the combustion chamber where it hardens and makes a 
strong bond with the walls. Here the fuel charge must be sufficient¬ 
ly elastic to prevent formation of cracks by the thermal stresses 
produced by the differing coefficients of linear expansion for the 
materials used in the fuel and the chamber. Grains bonded strongly 
to the case make better utilization of the chamber volume; more¬ 
over, if the grain burns from the center to the periphery, there 
is no need to protect the combustion-chamber walls by heat-insulat¬ 
ing materials. 

For the majority of combinations of solid fuels and oxidizers, 
the oxidizer forms 85-9055 or more of the stoichiometric mixture. 
When the oxidizer content is considerable, however, the mechanical 
properties of the grains are impaired, since there is such a low 
proportion of the combustible binder. In composite fuels, therefore, 
the excess oxidizer coefficient is ordinarily less than unity, and 
less than the optimal value. From this viewpoint, it is better to 
use combinations having a fairly low value of ko. 

Composite fuels without additives provide specific thrusts of 
the same order as double-base fuels. The specific thrust can be in¬ 
creased by introducing a certain amount of metallic combustible. 
At present, composite fuels are in use that contain added aluminum 
powder, which increases the fuel heating value. In this case, in 
fact, the combustion products contain the monotonie oxide of alumi¬ 
num (AliOj), much of which condenses; nonetheless, there is a gain 
in specific thrust. Aluminum added in amounts of up to 5-15> in¬ 
creases the specific thrust by 10-20 kgf*s/kgf. Other methods have 
been developed for improving the specific thrust of solid fuel, in 
particular, the synthesis of combustibles in which the metallic 
elements are chemically bonded to the other components. The specific 
thrust can also be increased by using more efficient oxidizers. This 
applies in particular to lithium perchlorate LiClOi,. An Increase in 
the proportion of oxidizer in solid composite fuels up to a certain 
limit should also tend to Increase the specific thrust. 

Composite fuels offer several advantages over double-base 
propellants. They are less exp nsive, easier to manufacture, and 
can be used to make grains forming an intimate contact with the 
case; with metallic additives, they provide higher specific thrust; 
finally, by varying the proportions it is possible to obtain a 
broader range of variation in the propellant characteristics. 

Mixed-type solid fuels are sometlmec used; they Include ele¬ 
ments of both composite arl double-base propellants. An example is 
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TABLE 5.2 

Composite Fuels and Their Characteristics 
(Yt - 1.77 gf/cm*) 

, Cocraa ToiMHia* 

rPy*n r KÍ C'K^r 
4 

k 2 OKHCJIIITCJIb 3 ropnxee-CBxlKi 

S nepj.TpiT (MMOHMl 

sHcpx.’opar immohhi 

5 n*r*.up»T aMMOHim 

5 nepx.'cpiT attuoHHi 

6 noANypem 
7 Cono.iHMep Ovtiahc* 
Ha+iKpiutoBan KNcaora 

a Conu.itniep 6'VTaAHf. 
Ma + BKpH.lHIITpBT 
9 no-inCyraaneH c ko- 
HeiHoit KapfiOKCltfkHOii 
rpjnno# 

244-248 
248-252 

245 

251-255 

3300 

3530 

1200 

3900 

—of these fuels contain added aluminum 
powder. 

1) Fuel composition»; 2) oxidizer; 3) combustible-binder; 4) kgf*s/ 
/kgf; 5) ammonium perchlorate; 6) polyurethane; 7) copolymer of 
butadiene plus acrylic acid; 8) copolymer of butadiene + acryl 
nitrate; 9) polybutadiene with terminal carboxyl. 

one ballistic-missile engine propellant: ammonium perchlorate, ni¬ 
troglycerin, nitrocellulose, and aluminum powder. 

The composite fuels Include Alt-161 (76.5$ calcium perchlorate 
by weight and 23.51 asphalt-bitumen with lubricating oil), OALCIT 
(based on calcium perchlorate and asphalt-petroleum products). These 
fuels have lew specific Impulse, 185 and 195 kgf«s/kgf, respectively, 
for a chamber pressure of 70 kgf/cm*. One modification of the second 
stage for the American Intercontinent il "Minuteroan" missile uses 
a composite fuel of the following composition: oxidizer, 7^-76¾ 
ammonium perchlorate by weight; combustible-binder, about 10f poly- 
urethane; about 151 of aluminum powder; combustion-rate catalyst, 
FeaOi; plasticizer, dibutyl sebacinate. This fuel has a specific 
thrust of about 250 kgf*s/kgf for a chamber pressure of 70 kgf/cm1. 

Table 5.2 gives data for certain widely used composite fuels. 

New composite solid propellants have recently appeared that 
develop higher specific thrust while multiplying burn duration. 
In addition, the new composite fuels yield a stable combustion 
process at lower chamber pressures, which is impossible with double¬ 
base fuels. The decrease in pressure makes it possible to reduce 
the weight of the engine structure. 

reaoh l*® gf/cm*. while the relative weight den- 
sity of LRE fuels is less than l.A gf/cm*, with still lower values 
for high heating value liquid fuels. On the average, the weight 
density of solid fuels is 15-251 greater than for liquid fuels. 
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Solid-fueled engines are now employed very extensively.While 
at the beginning of the Second World War, engines had_specific im¬ 
pulses of 60-70 kgf-s/kgf, ran on standard powders, with burn time 
of 5-15 s; now composite-fuel SRE have appeared with specific impulo.^ 
reaching 2^0-250 kgf*s/kgf or more, with burn times reaching 2-; rrun 
for side burning and 10 min or more with end burning. 

New methods are in use for manufacturing fuel to be directly 
cast in high-strength light-weight combustion chambers with no spe¬ 
cial heat insulation; high-temperature nozzles (molybdenum, tor 
example) are in use; chamber pressures have been reduced; all these 
measures have sharply decreased structural weight and have increased 
the proportion of fuel charge in the total weight of a present-day 
SRE to 0.93, a value that had been significantly lower as recently 

as 1950-1951. 

Solid rocket engines are widely employed in devices ranging 
from small rockets of the jet-projectile type to large vehicles 
carrying payloads into space. Liquid fuels have recently appeared 
that'permit long-term storage (up to several years) of a fully 
fueled ready-to-launch rocket with an LRE. These include, for example, 
kerosene and N2O4 (nitrogen tetroxide) and unsymmetrical dimethyl 
hydrazine. SucS liquid fSels still deliver less specific thrust than 
the best modern liquid fuels. This gives SRE additional advantages in 
the competition with LREV 

As we have already said, a drawback to the SRE is the low 
specific impulse as compared with the LRE. At the same time, the 
SRE requires no piping or valves, no turbopump unit [TPüJvTHA), 
gas generators, or other feed-system components used in LRE; thus 
the specific weight of an engine plant using an SRE may prove no 
greater than the specific weight of an engine plant with an LRE; 
moreover, as has been pointed out, a solid fuel has higher weight 

density. 

Let y 1 and y2 be the specific weights of engine plants with 
LRE and SRE, respectively ; Y;^Yî: ^»1 *• are the specific thrusts; 

Y»; h Yu are the weight densities of the liquid and solid 
fuels;“Yti < LRE* Yti ls the relative weiSht density of 

the fuel, unless it is a unitary fuel. 

We find the relationship between the specific thrusts of 
liquid and solid rocket engines under the following conditions: 

1) the weight of the payload, nosecone, and vehicle guidance 
elements is the same; 2) the fuels occupy equal volumes; 3) both rock¬ 
ets are of the single-stage type, with identical maximum speeds 
at the end of powered flight. 

Let M be the mass of the payload, nosecone, and guidance 
a 

elements. Then the final rocket mass will be 

Af*«Af*+Afa,j. (5.1) 

Here M. is the mass of the engine plant, equaling 
j. u 
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where ? is the thrust and y is the specific weight of the engine 
plant. 

The initial mass of the rocket is 

+Af f. 

where the fuel mass is 

M t (5.2) 

here V^. is the volume occupied by the fuel. 

We can write 

Af4. y+Af * • Afft, 
(5.3) 

where fc is a coefficient used to convert from the mass (or weight) 
of the fuel to the mass (or weight) of the entire engine plant 
together with the fuel. Thus 

AfB-Af.+^A. 
(5.4) 

On the basis of (5.1) and (5.3), the final mass of the nose- 
zone will equal 

(5.5) 

On the basis of Eqs. (5.4) and (5.5), we can write Eq. (1.1) 
for the maximum speed of the rocket with the LRE: 

«’.„i - i !n-rr-— 
» 

<*.-!) 

or 

I + —i Yrntlh 

g h—-¾ . 
(5.6) 

Similarly, for the rocket with the SRE, 

(5.7) 
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oliic-e i>y hypwttli-. • const and 
of Expi*e.:slon. (‘j.O and (>.7), we can write

(*■-!»

max ^ , v/i; t;:.-- I *t:

»—- - -

(5.B)

From Eq. (5.8) we can determine the ratio of co'ld- and llau’.d- 
fuel specific rhrusts that I.; required If Identical r.axinum sf.tea.' 
are to be attained at the enl of powered fllcl't; here t;.t fuel.- have 
weight densities and ^nd different weight proportions l/*o,

and l/k^ for the fuel with respect to the total weight of engine
plant and fuel; the weights of the payload, nosecone, and guidance 
elements tre a.-.sumed to be the seime, as are the volumes occupied 
by the fuel.

If we simplify the problem and assume that the specific weights 
of the engine plants are Identical, with only the weight densities 
of the fuels differing, we then obtain the following expression 
from the basic equation (1.1):

A1„ _hi»i

Mm

It Is quite obvious that the quantities and are of deci­

sive significance. For the rocket with the LRE, let the mass ratio, 
or the mass number, equal 6; as a consequence, the ratio of the fuel 
mass to the final rocket mass will be 5. If the weight density of the 
solid fuel Is 20% greater than the weight density of the liquid fuel, 
while the fuels occupy Identical volumes, then for the rocket with 
the SHE, the ratio “ 5.2, while the mass number equals 6.2.
It Is assumed that the final rocket masses are the same In both 
cases, l.e., My^ ■ Thus

* Pfa •••

If the Initial mass number for the rocket with the LRE Is 
less than 6, while the weight density of the solid fuel 1? higher 
than was assumed, then P , will be still smaller than . l or

uda udj

a properly designed rocket with SRE, It Is evidently posslL)iv to 
obtain almost the same Initial weight for .specified payload and 
final powered-flight speed of the vehicle an for an LRE u. lag 
storable propellants.
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5.2. I'KuCtbS OiAuRAM FOR ELEMENTARY SRE

An eiem.-mai-y -"RE l3 jctiomatlcally In Fig. 1.1.
Since all propellan’. grain surfaces, except for the end facing the 
nozzle, are re. trlct.ed by wall.'., combUL-tlon appears at the free end 
surface. If we assume the fuel to be homogeneous (and thl.- must be 
ensured by the nanufacturln i i'rocess)t we can represent the combus ­
tion process In the following manner, with.at duelling on details. 
Combustion takes place from the end surfacf faclrg tne nozzle. Thl.. 
surface moves to the left at a certain rate toward the
cap. The quantity s Is called the combustion rate, and is measured

in cm/s cr mm/s.

T,

. **

/ a

nenfctntmt

‘ HuMtoaa
lutt

Fig. 5.1. Solid-fuel combustion diagram. 
1) Direction of gas motion.

If the grain has a length L cm along the engine axis, while
iJ Is the mean fuel combustion rate, cm/s, then the total engine 
gor

burn time will equal

(5.9)

The combustion process Is represented In the following form.

The Ignition source releases a certain amount of heat to Ini­

tiate the combustion process, vMlch Is subsequently selfsustalnlng.
The propellant at the end surface breaks down and /aporlzes, soften­

ing or passing through tne liquid phase. The reaction In the solid 
fuel (pyrolysis sublimation) Is usually exotherm-il In this stage, 
so that the temperature of the decomposition products rises. In 
Fig. 5.1, the vertical line 1 corresponds to the arbitrary toundary 
of the solid surfa-se. The fuel a short distance behind surface 1 
actually becomes Included gradually In the decomposition proce.ss. 
Calculations and experiment have shown that since the propellant 
thermal conductivity Is low, only a very thin fuel layer, about 0.1 mm 
or even less, rartlc’f-ates in the gas-generating reaction. As a conse-
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queiice, tiie main fuel lun.;.; maintains its Initial temperature
and it is only in the thin layer at the combustion chamber that th'.: 
temperature gradually risen to the arbitrary temperature at .:ur-

face 1, which is taken as the solid-phase boundary.

Zone I touches surface 1; within this zone, t^e fuel decompose;: 
and is converted from the solid to the liquid and vapor phases. Thus 
in zone 1, tiiere are substances whose aggregate states and tempera­

tures are variable. This zone has length U. The product temperature 
rises to owing to the heat released during the decomposition reac­

tion.

beyond zone I, there is a none II of Uni-r.h Ui preparation 
for combustion takes place withlii this zon. . here ac‘. Lve prod..ct.: 
are formed without liberation of neat; thus, in zone II, the ten,'-fea­

ture r, const. Tile rate of gas generation depends on the fuel pro­

perties, on the chamber pressure, nr. 1 or. the ooml.ustlon-product 
temperature. Zones I and II are not luminous.

Finally, where a sufficient concentration of active products 
has formed 5r. zone II, we reach zone III, the combustion zone. The 
temperature at the end of zone III reache., the maximum value
whose v:.. depends on the type o' i .■ i. Zone III is the f-same zone 
or the in.'T.inouo zone.

The decomposition of fuel at the surface and formation of the 
combustible gas mixture represents th<' s.asic stage in the process, 
the stage determining the combustion raue. The fuel decompositiru 
rate Is heavily Influenced by the heat transferred from the flar.e 
zone although, as has been indicated, decomposition itself is an 
exothermal process. More heat is transferred to the fuel surface 
from the flame zone the greater the char,.her pressure and tempera­

ture fjj.

Experiment has shown that the total length of the nonlumlnous 
zones I and II depends in great measure on the pressure:

(b.lO)

where X is a constant differing for different ?xelr,. For example,
K - 3825 for double-base fuels (nitroglycerin, nitrocellulose, and 
additives). In Formula (5.10), the length h + h is in cm, the 
pressure is in kgf/cm*. Consequently, having the pressure increase 
reduces the length of zone I and II by a factor of 8, and brings 
the flame zone closer to the surface of the solid fuel.

When p* and T* are small, the gas-formation rate depends little
on the heat flowing in from the combustion zone, while with a further 
reduction in p*, tVie flame zone moves so far away from the solid-fuel
surface that the external inflow of heat becomes alr.ins„ neijliglble; 
at a certain pressure, combustion ceases, since the exothermal de­

composition reaction proves Inadequate by itself to sustain the
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'
At pivjsures, the flame zone approache.^ the coniuui.ion

surface, and tiie heat flowinc to the fuel surface rl.>es.

In tills case, particularly for high T*, '.‘i« fuel ccm.ustion
rate rises, since the rate of fuel decompes ' 'c;;. and genera­

tion Increases. T.ius for high p,*, tne comLusi-l^n rate 1., determined
In great measure hy the value of T*, l.e., by the heat supplied by
the combustion zone to the fuel surface. With lower chn:;ibci* pres­

sures, tne flame front goes still further fren .he . olli- ’uej. sur­

face; thas. the oos.oustlon rate depends little on

Tl'.e neat rndlated from the f.ame zone influences the fuel 
decomposition rate. This efioct ; ist be properly used, however, 
or else there may be a harmful si .ectlve Influence of tne radiant 
energy on Individual fuel components. This may result In the forma­

tion of crack -.. Increasing tns cc ibustlon ..urruce, ralslr.g the 
chamber pressurt , and destroying -he grain. T pr-i.vont this, sub­

stances opaque to radiant energy are Introduced Into solid fuel 
(gas black, for example).

5.3. SOLID-FUEL COMBUSTION RATES

In the general cuse, the .-.olia-fuel combustion rate Is measured 
by the displacement of the combustion surface along the normal to 
the surface In unit time. The combustion rate Is influenced by the 
chamber nressure a.nu he Initial te.mperature of the fuel since the 
fuel te: lerature as.c he chams.r gao pressure detfrmlnc t ie conver­

sion rates and fci» .,.uths of zonts and II.

As we have already mentioned, the chamber ores sure determines 
the amount of hea, . •. "’vlng at the fuel surface from th .• flame zone.

The equation for tne combustion j’ate of solid composite fuels 
Is obtained theoretically In the form

1 _ - . ♦

(s.ii)

where a and b have u e yslcal Interpretation a. soc'lated with the 
gas-phase reaction time and the diffusion time; for fuels based on 
ammonium perchlorate, a has a value of 0.33. The values of a, b 
and o are obtained .•xpcr.'.T^r.tally, 1 depend t only '-r. Cue oxi­

dizer, nut also on the ra..lo of oxldl.-e.-’ anu masse..; these
values are also affected by which factor predominates, depending 
on the chamber pressure, diffusion mixing of fuel decomposition 
products In the zone near the surface or mixing of gaseous compon­

ents. In the narrow co.mi ustlon zone .ncl the zone Imr. ?dlatexy ahead.

Empirical equations ai-e most frequently used to-determine the 
combustion rates of specific fuels. The empirical relationship be­

tween the combustion rate and the pressure amd the Initial tempera­

ture is written in the following form, for the general case;
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here «( aepenJa on the Initial temperature and the type of fuelj 

n is the pressure exponent, dependlnc on the fuel properties 
and, to a lesser extent, on p£. 

Relationship (5.12) la valid only beginning with a certain 
mini»» value p«’ below which the combustion rate drops sharply 

and combustion soon ceases altogether. The mlrlmumpressuredlf- 
1'ers for different fuels, and depends on the ini-ial.uel tempera 
ture. It is determined by the condition requiring tnat , 
IreVwrl the amount of fuel supplied by the name zone to he fuel 
surface be adequate to maintain a steady combustion process. 

" • temperature coefficient, which also differs for different 
fuel. Indicates the change in combustion rate for a 1 C change In 
fuel temperature; It has a value of 0.001-0.007 for each 1»C; as 

a consequence, 

wh-'re t is the temperature at which Is determined, while t% is 

the temperature at which we know the value of for the given fuel 

At low pressure values, kt depends considerably on the pressure; 

this is associated with the reduced influence of the external sup¬ 
ply of heat to tne fuel from the flame zone. 

For most solid fuels, the combustion 
0.35» Whan the Initial temperature goes up bv W- 

'nach 
-40 to t nach 

♦40°C increases th^ combustion rate by iu- 

25Í, and by more in Isolated cases. 

The temperature coefficient is found from the expression 

when we have an analytic or graphical relationship for the ccmbu 

tîon rate. 

The temperature coefficient Is higher for double-base fuels 

tnan for complex composite fuels. Thus, i.c 
ballistlte, the temperature coefficient is 0.0038 for each 1 c, 
while for GALCJT, it is 0.0015 for each 1°C. 

The pressure exponent 
from 0.1 to 0.8. The value 
creating as p£ decreases. 

Figure 5.2 shows the 
ber pressure for one value 

n differs for different fuel, ranging 
of n also depends on tie pressure, de¬ 

combustion rate as a function of cham 
of solid-fuel initial temperature. 
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When the combustion-rate equation is written in the form of 
(5.12), the origin is placed at the point on the wg0r ■ /(PjJ) curve 

where the abscissa value is p* . , with an ordinate value tí > 0. r Kmin gor 
The combustion-rate equation is sometimes written in the form 

fr.» - a J-*, (5.13) 

where a is the arbitrary or actual combustion rate for a certain 
Initial standard pressure value. 

Figure 5.3 shows the combustion rate as a function of pressure 
for three fuels at various initial temperature values. 

The value of the pressure exponent n is of great significance 
to the engine process. If n is sufficiently large (0.7-1.0), then 
the combustion rate will depend heavily on the chamber pressure; 
as a consequence, process stability can easily be lost when various 
random disturbances act on the pressure. If n is small, the pressure 
nas less influence on the combustion rate, and the chamber process 
~s /ery stable. With n ■ 0, the pressure will have no influence 
whatsoever on the process. As a consequence, to obtain a stable 
process it Is desirable to use a fuel with a low value of n. Double¬ 
base propellants have relatively high values of n (0.7-0.8 or more). 
Composite fuels based on perchlorates have lower values of « (0.1- 

u T1?6 3naller ”» the lower the chamber pressure at which a stable 
combustion process is possible for solid fuel, since the combustion 
rate depends little on p£. In this sense, composite fuels based on 

perchlorates and nitrates (potassium,ammonia, etc.) are superior to 
double-base propellants (based on nitroglycerin and nitrocellulose). 

Figure 5.1* shows the combustion rate of certain double-base 
fuels as a function of pressure (curves 1 and 2); the same figure 
gives curve 3 for a composite fuel based on potassium perchlorate. 
Although curve 3 lies above curvej 1 and 2, we should not conclude 
that composite fuels always have higher combustion rates than dou¬ 
ble-base fuels. 

A change in initial temperature influences the fuel combustion 
rate; thus for a given 3RE construction and the same nozzle throat 
area, tne chamber pressure, engine thrust, and engine burn ti..e 
will change. Figure 5.5 shows the thrust as a function of time for 
the same engine, with three different values of initial grain temp¬ 
erature. The higher initial temperatures correspond to greater value 
of thrust and chamber pressure, but a shorter engine burn time. 

The temperature sensitivity of a fuel can be estimated not on¬ 
ly from the temperature coefficient discussed previously, but also 
from the relative increase in chamber pressure resulting from a l®r 
change in initial fuel temperature. For double-base fuels, the 
chamber pressure increase amounts to 1.17-1.25* for each 1°C, while 
for composite fuels it is only 0.5* or less for each 1°C. One prob¬ 
lem in the development of composite fuels is the need to ensure that 
the combustion rate will not depend on the fuel temperature. 
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Fig. 5.5. Time variation In SHE 
thrust for various initial fuel 
temperatures. 1) kgf; 2) s. 

fluence of potassium perchlorate particle size on com- 
bu;,t^n rate çf composite fuel 3) Up to 2 um; 2) 12 um; 3) 35 um: 

2Ï ethPî ò^'tUmirr"nlqrate 382 nltroglycerin* 6o* nitrocellulose 

.Jhe combustion rate of composite solid fuels also dependi on 
the dimensions of the oxidizer grains. Experience has shown that 
he larger the oxidizer grain size, the slower the combustion rate, 

all other conditions being equal (Pig. 5.60. The reason is that 
when composite solid fuels have a heterogeneous structure, the gas 
flows in the preparation zones are no; strictly homogeneous with 
respect to the combustible and oxidizer concentration»; the larger 
the oxidizer grains, the less uniform the composition ahead of the 
combustion reaction zone. 

5.4. EROSIVE COMBUSTION 

By erosive combustion we mean a process in which the combus¬ 
tion proaucts move toward the nozzle along patns parallel to the 
combustion surface with a certain, usually variable, velocity y. 
Figure 5.7 clearly illustrates erosive combustion; here we see a 
cylindrical annular internal-burning grain. To prevent combustion 
of the end and external cylinder surfaces (when there is a gap be¬ 
tween the grain and the engine case), these surfaces are protected 
l.e., restricted by means of inert materials (for example, as we 
have already noted, a layer of acetyl cellulose, ethyl cellulose 
etc.). In an annular cylindrical internal-burning grain, the gas 
velocity will have its greatest value at the grain exit aperture. 
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Pig. 5.7. Erosive combustion of an¬ 
nular cylindrical grain. 1) Re¬ 
stricted surface. 

Fig. 5.8. Erosive combustion. 

Fig. 5.9. Influence of gas 
pressure and velocity on com¬ 
bustion rate. 1) cm/s; 2) m/s; 
3) kgf/cm* 

Í 
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As calculations and experiment have shown, y - 200-400 m/s. 
mâx 

îhe §ases,raove parallel to the combustion surface, a 
L»bü1înt ?oundary layer appears or becomes intensified; the burn- 
thf the sïrface creates turbulence in the flows within 
dpond?n JE? PreParatlon zones. Thus there is a noticeable 
fuel ÎSrf^Ah Í<íra?í¡fe£rea from the combustion zone to the solid- 
îlî; whiie the fuel combustion rate becomes greater. At 

?! of gas velocity it is not impossible for erosion to 
softened lîîfîîî1 se"ee owing to removal by the gases of solid, 
softened, or liquid particles from the surface. 

remjHÜ?e«-hCtUal diagram of fce erosive-burning process (Fig. 5.8) 
remain*, the same for an arbitrary section x-x (Fig 5 7) as for 
S2tCïïïn5trl0n ;f.the graln- ^.greater tí. gis v¿lo¿ltyt tíe more 
wSÍuÍmot mf u th* oofflbustlon zone and »he higher the fuel 

gor* 

For erosive combustion, experience shows that 

*^■•»^.-«(1+*#•). (5.14) 

V is the gas velocity along the combustion surface, m/s; 

is the combustion rate, m/s, when y - O; 

fcy is a constant for the given fuel, s/m. 

The value of is nearly independent of the pressure and 

equal. 32.8.10** for cordite and 9.8-10-- for balllstlte, for ex- 

combu^oÄ^Vf1.*..1-*- the l0''*r the temperature of the ombuation products, the wider the entire reaction zone ard thu' 
the stronger the erosion effect. For "hot" fuels (high T*)t the 

reaction zone is narrow, and the velocity v has less influence This 
explains why *y is lower for ballistite than for cordUe. 

th-n ÏÎ U8e ExPra83lon (5.12) for the combustion rate when y ■ o 
then in the générai case the solid-fuel combustion rate is wíiñen 

where 

V gory., 

a’**» +A*®). 
(5.15) 

i-h. nümKÎÎr?48b0W8 way in which the gas velocity influences 
SuorSHmM* a,0Om?°sU' Î“'1 insisting of Lmönlüm pe?. 
pïmîï: iïï:ci?-2{.3opsir *a binders*with a °xidi“r 

Since > Pjç and v influence the burning ratea special 

reoSÏÎÜS SyîLS? taltSn t0 see that tha process develops In the 
tlon-surface^hape! lnp0rtant 0ptlon 18 tha ^ 

As has been pointed out, when burning takes place along the 
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internai surfaces of fuel-grain channels, the rate of gas motion 
gradually rises, reaching a maximum at the end of the grain facing 
the nozzle. The open channel cross sections are increased so as to 
limit the velocity effect to the required degree. For example, in¬ 
stead of a round cylindrical hole, the channel can be made complete¬ 
ly conical or partially cylindrical and particially conical (Fig. 
5.10). In this case, the process will clearly begin with an increase 
in chamber pressure and engine thrust; then when the position in¬ 
dicated by the dashed line is reached, the combustion surface will 
begin to diminish, and the engine thrust will continuously drop. 
This also aids in reducing the influence of gas velocity, parti¬ 
cularly during the second phase of the combustion process, when the 
channel cross sections increase considerably. 

Figure 5.11 shows another example of an internal-burning fuel 
grain with channel in the form of a six-pointed star; here the 
cross sections Increase from the closed end to the nozzle, as shown 
at sections 1-1, 2-2, and 3-3. Here also, as the process develops, 
the combustion surface is first constant and then begins to dimin¬ 
ish, while the open cross sections continously increase. 

Fig. 5.10. Fuel grain with cy¬ 
lindrical and conical internal 
combustion surfaces. 

Pig. 5.11. Change in internal-channel 
cross section along length of engine, 
with allowance for erosion effect. 

5.5. EQUILIBRIUM CHAMBER PRESSURE 

Let the Instantaneous fuel combustion rate be w , cm/s, the 

instantaneous combustion surface F , cm2, and the fuel weight den- 

slty Yf gf/cm*. g 

The quantity of gases, gf, forming in 1 s will be 

Gu* krf/s. 
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or, substituting Expression (5.15), 

+*,v) 10-*. ( 5.16 ) 

If is the exhaust-nozzle throat area, ms; 

ukr is the gas vel0City in the throat, m/s, and 

Ykr is the 6as wel8ht density, kgf/m*, then the amount of 

gas leaving the engine will equal, by Expression (2.48), 

GF ft* M VF ' (5.17) 

For a stationary process, clearly 

c*«.. —c. 

Equating Expressions (5.16) and (5.17), we obtain 

't»»- 

From this we obtain an expression for the equilibrium pressure 
in the chamber or the pressure for a stationary engine process, 

i 

• l ï %l • (5.18) 

Here, taking Eq. (2.49) Into account, 

-'/¿Hrf? 
As we see, the chamber pressure depends on the fuel properties 

(v*> *i. e, A. . A,) , on the grain structure (u), and on_the ratio of the 
fuel combustion surface to the nozzle throat area. 7 ■ F /F, . 

* Jgor gor kr* 
which has a great Influence on the way in which the chamber pressure 
varies during burning of the grain. Knowing the fuel characteristics 
and grain shape, and selecting a value for 7gor» we can determine the 

chamber pressure. 

While the fuel is burning, depending on the shape of the grain 
and the combustion surfaces, the magnitude of combustion surface and 

/ burning rate can vary; this Influences the chamber pressure. 

5.6. SOLID-FUEL COMBUSTION PATTERNS 

Depending on the grain shape and its initial combustion surface, 
three basic patterns can be distinguished for combustion of solid 
fuels, according to the nature of the time variation in thrust: 
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1) combustion with constant thrust magnitude; 

during burning;176 combUotlon> where the thrust gradually diminishes 

:s ¡k; cas:-- 
Fisure 5.12 Illustrates these three basic combustion patterns. 

rate and the'exïrvilocUy'mus? «maírcónsUn^T0"" 888 fî°W 
and T must remain constant for F . con5t Th,’ ’’ eùr’ P*' 

realised for end burning of a soHd , ! 1S m°St 
Teor - const, while and TJ are also cônsîant.^1"' Here' ln 

pig. 5.12. Basic combustion 

2^re»ro ' V Conscant thrust; 
¿J regressive combustion: 3) 
progressive combustion; i) 
free exhaust section. 

nul**888 f#"Pcyui<liîS*Sch][^0ÏÏth“ent1? fT1"8 °f the °«3lde 
nular cylindrical charge restf?e?:a „ îïrloted en<is. or of an an! 
far3**?6?6«03 the combustión process devein1”31?? surface and the 

and'che^hamber ^ 
reduced per-secoSd g.s^lo^t’; 15! 

5íd5n^í°8*m8“*f®'eP°^'"íí5w0!y!?55í?5aís burnlns of th» mside ends and on the outside surf»^ yilndrical grain restricted at thm 
during the fuel buíñÍng ^olel 

chamho»»per”3econ^ Quantity of zlies llnlïîl t Contlr»uous increaj 
chamber pressure. As a result 5 ît?d» whlch increases the 
rises owing both to the increa<*AH the fuel ls burned, the thrust 
ncreased effective exhaust velocity!'"36001^ 833 flowrate and the 

If an annular cylindrical «rraí« < 
mancai grain Is restricted only at the end 
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a^* 0°n;'equently, there is regressive combustion at the 
outside cylindrical surface ana progressive combustion at the Jn- 
side surface, it is possible to obtain constant thrust over the en¬ 
tire burning process. 

The actual combustion process may be more complicated in nature. 

Kll„ T¡¡e fuel grains shown in Pigs. 5.10 and 5.11 will initially 
burn progressively owing to the Increase in and then regressive- 

ly owing to the reduction in Pgor and ügor. The combustion rate will 

diminish owing to the reduction in the gas velocity y, since the ooen 
cross sections continuously increase. P 

DroceIseinhaS%RP com^sti°n surface has a great influence on the 
P ss ln an SRE. This affects the chamber pressure (for f, » const) 

effect^ 10 englne thrUSC» th® thermal enect at the chamber walls, the structural weieht etc For ovnm^io 

UreatÍme1th«f1íhdrÍ0a} frain wlth ««««1 buinln^ d^ing the en' ' 
the í“!1 13 burnlng( the chamber walla will take up 

pSr o ? f and the heat produced by the combuatlon products! 

ïnsulates1the1!ih!îmh!!i'bU!’?lne ci’Urldrlcal cylinder, the fuel Itself 
îh Chamber walls from the thermal effects of the «ases- 

the elsrnrpa & ceJ!taln e*tent the fuel grain takes up the load of* thl ff®”Pressure forces (particularly for a case-bonded grain) In 

Tel Hill CThus IIVTJ ï?eTLln8Ulatl0n must be for îham- 
weight Jf"the fuÎîêd?Jfî.° ïïe 3tfuoture' equaling the Initial 

0r ;he f“f“ed SRE le3S the weight of the fuel, will be ereater 
an engine with cylindrical external-burning grain and less for an 

engine with annular cylindrical internal-burning grain 

a atroníehí!r,ÍeKh¡?lqUeS.í,0r castlnS composite fuels in a chamber with 
sible°to aSSid^îïnr1 îhe,30lldlfled and the wall makes it pos- 

ÎÏ avoJd using steel as a structural material for the eneine 
combustion chamber, and to use flberglas or other plastics instead 
greatly reducing the structural weight, * 

offer^thíL?1^«0?^01, dlameter, an end-burning propellant grain 

thrill încreaflfïuSn3;/ T7 Slmplfr way of ^lurlnl constant 
an ofiiiïîî ï tîme for a specified grain length, and burn- 
hSi»0ii-î1îSftKÂli the fue1» wlth no reaidue. This combustion method 

Md ÎÎÔgfd"“^n!lïfîS«M1ïfl0W *',glne thrust’ t0«ether with direct 
Gomh.,«f-frtî lnfl,ience of gas pressure and temperature on the 
this cSÎÏ «hÎSÏeî, 3“r£aee- u 3hc“ld also be remembered that In 
t-nuATvi 3 hums up, the engine center of gravity shifts 

Âaîre tÔaùreï'.îi}„0f ^î5 h68"1«3 application o? eídlSíre. 

îrîîïïtêS0?“ re^nlSr* 
manufacturing simplicity, rocket configuration, etc.), then%en- 
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sion of the combustion surface wlxl reduce the burn time, all other 
conditions being equal. Figure 5.13 shows arrangements in which the 
combustion surface consists chiefly of the external grain surface; 
the restricted surfaces are indicated by the heavy lines. Figure 
5.1^ shows examples of cylindrical fuel grains restricted along 
the outside surface and having internal combustion surfaces of var¬ 
ious shapes. By manipulating the shape of the grain and the combus¬ 
tion surface, we can obtain the desired type of engine-thrust time 
variation. 

In many cases, grains are net restricted along the entire 
surface length, but for Just a part of the length. Combining re¬ 
stricted and unrestricted sections in various ways, we can also 
influence the fuel burnup law and, consequently, the time dependence 
of the engine thrust. 

The fraction of fuel remaining at the end, and thus not parti¬ 
cipating in combustion or creation of thrust, is of great significance 
in selection of the shape of a grain and its internal channels. The 
larger this residue, the smaller the total impulse. Figure 5.15 
shows successive positions of the combustion P”rface ami the resi¬ 
due for two cylindrical grains with internal combustion surface in 
the form of a star (Fig. 5.15a) and in the form of a ’’cross” (Fig. 
5.15b). Owing to the sharp reduction in combustion surface at the 
end, the pressure drops below the permissible value, and combustion 
ceases. In certain cases determined by the shape of the grain and 
the channels, the residual grain breaks up and is expelled through 
the nozzle. 

The proportion of fuel left unburned can be estimated from the 
so-called residue coefficient, which for internal burning gives the 
ratio of the grain cross-sectional area after burning to a depth 
lmin t0 the cross-sectional area of the chamber. The smaller this 

coefficient, che greater the useful per-unit-weight output of the 
SHE. 

If for Fig. 5.15 we let be the cross-sectional area of 

a single residual deposit, and let i be the number of deposits, which 
depends on the internal-channel configuration, then the residue coef¬ 
ficient for these arrangements will be 

(5.19) 

where is the initial grain cross-sectional area. 

In well-made grains, fcogt should not exceed 0.03. For an annular 

cylindrical grain with external and internal burning, the fuel wall 
thickness will decrease as burning advances, and at a certain time 
the wall will be destroyed, with the fragments leaving through the 
nozz?.e; the residual losses are relatively high for such a grain. 
For specified combustion-chamber diameter and length, the maximum 
possible amount of fuel can be accommodated by the engine if it 
takes the form of a solid cylindrical grain, with end burning or 
burning along the external cylindrical surface. In all other cases, 
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Fig. 5.13. Certain grain shapes with 
external side burning. 

Fig. 5.14. Certain grain shapes with 
internal burning. 

Fig. 5.15. Formation of fuel 
residues. 1) Residue. 



« 

a specified engine-chamber volume will accommodate less fuel or, 
as it is said, the missile or rocket will be less densely fueled. 

Figure 5.16 shows the influence of grain combustion-surface 
shape on the relative change in engine thrust and on engine burn 
time. The fuel is the same in all cases, the engine dimensions do 
not change, and the initial chamber pressure is identical. Grains 
o and 9 give regressive combustion with the longest burn time; 
grains 1, 2, 3, and 4 give sharply progressive combustion with re¬ 
duced burn time; grains 6 and 7 provide constant thrust, while 
grain 5 initially gives a thrust increase, followed by a decrease 
to constant thrust, with progressive combustion at the end. 

The amount of fuel (or its volume V^) that the engine must 

contain depends on the fuel burn time Tg0r* °n the required type 

of relationship P * /(t), and on the residue coefficient k 
ost. 

Pig. 5.16. Influence of grain 
shape on time variation in 
thrust and on engine burn time. 
1) s. 

a specified initial temperature, the com¬ 
bustion rate will depend on the chamber pressure and the gas velo¬ 
city along the combustion surface; the combustion surface varies in 
time as a function of grain construction and combustion rate; the 
specific impulse depends on the gas properties, the pressure drop 
in the nozzle, and on the nozzle back pressure (i.e., the effective 
gas velocity). In the general case, therefore, the total engine 
impulse is 

- 119 - 



The 'fuel weight density y^. can always be removed from the in¬ 

tegrand. If we specify the initial combustion surface (grain shape) 
and determine Wg0r a fi(^) with the required reliability, we can find 

F a and then P d = /jCt), and consequently the mean integral 

value Pu(j. Then a formula resembling (2.46) can be used to find the 

volume of fuel charge that participates in creating the total impulse 

v';- (5 .20) 

For 
surface. 

the 
w 

+ *oet) 

special case in which combustion takes place at the end 

gor 
const, F gor const, and P ud 

const; therefore 

/* " YT^'ropPropPy»Trop- 

Determining the required fuel volume ‘'t ■ •'t'1 + 'w»- the out¬ 

side diameter ^nar or the grain length can be determined on the 

basis of considerations pertaining co structure (engine or vehicle), 
strength or ease of manufacturing. 

5.7. THRUST CONTROL. REVERSAL 

From the viewpoint of thrust control, LRE are better than SRE. 
In an LRE, it is possible to reduce the component flowrate and, con¬ 
sequently, the engine thrust. There are single-chamber models of 
LRE in which the ratio of maximum to minimum thrust reaches 10:1 or 
better. Here SRE require special design and control methods, since 
the fuel is contained completely within the engine. 

To a certain degree, thrust can be controlled by opening small 
additional nozzle apertures. This increases the total critical cross 
section, reduces the /gor ratio, and decreases p* in accordance with 

Formula (5.18), which reduces the thrust. The drop in chamber pres¬ 
sure reduces the combustion rate (5.15), which in turn decreases 
p£ and the thrust. A certain time after the additional apertures 

have been opened, the chamber pressure and the thrust take on the 
new steady values. 

Thrust can also be controlled by varying the throat area of 
the main nozzle. This method has a drawback: it is difficult to 
control the nozzle throat area when there are uncooled structures 
such as the case of the SRE and its nozzle; thus application of 
this control method is limited to relatively small engines designed 
for short burns . 

The thrust can be controlled by using two types of fuel in one 
chamber, with one type burning at a rapid rate. There are many ver¬ 
sions of this type of control; the particular modification is de¬ 
termined by the desired type of thrust time variation. Figure 5.17 
shows an elementary arrangement using two types of cylindrical end¬ 
burning grains; there is one exhaust nozzle with a constant throat 
area. With such an arrangement, experience has shown that properly 



selected grains can provide a launching thrust 10 times greater than 
the thrust delivered by the second grain during midcourse flight 
of the vehicle. Sometimes a single common chamber is not used for the 
two fuel types; two chambers with separate nozzles are used, combined 
in a single structure to save weight. Figure 5.18 shows two arrange¬ 
ments of double-chamber multinozzíe SHE. with the chambers contain¬ 
ing different types of fuel charges. 

In contrast to LRE, where thrust can be smoothly controlled, 
in SRE, the thrust varies in steps, unless the nozzle has a cen¬ 
tral element that can be moved. A separately manufactured launch 
engine can be Jettisoned after its charge has burned. When a de¬ 
sign is selected, allowance must also be made for the stability of 
the engine center of gravity. 

In modern large SRE it is better to use concentrically posi¬ 
tioned two-fuel charges with differing characteristics. By a proper 
combination of combustion-surface shape and fuel characteristics it 
is possible to obtain the desired type of time variation in thrust. 
Figure 5.19 shows a single-chamber SRE in which the inner fuel has* 
a complex combustion surface with a lower combustion rate than the 
second fuel, which is case earlier in the chamber as a hollow cylin¬ 
der. Owing to these characteristics of the combustion-surface shape 
and the fuels, a unique relationship is obtained between the thrust 
and the time, with high impulses at the beginning and end of the 
process, and relatively constant thrust in between. 

High targeting accuracy of missiles requires, in addition to 
thrust control, the use of thrust cutoff and thrust reversal. Cut¬ 
off and reversal can be used to correct the total impulse and the 
rocket speed at the end of powered flight. The thrust can be cut 
off when the required speed is reached, even when the fuel has not 
been fully expended, by rapidly opening additional large apertures. 
This sharply reduces the pressure; the rarefaction wave sharply ex¬ 
pands the first and second zones of fuel decomposition and prepara¬ 
tion, with a sharp reduction in the heat suoplied to the fuel sur¬ 
face; combustion ceases. 

Thrust reversal is used when the rocket speed at the end of 
powered flight exceeds the required value; in this case, thrust 
reversal can be used to increase the accuracy with which the vehicle 
accomplishes its mission. Figure 5.20 shows two thrust-reversal 
schemes. With the first arrangement, lateral apertures are made at 
the entrance section of the main nozzle; they are cappeu. The caps 
are separated fromthe hot gases by heat-insulating materials. These 
side apertures are directed at a certain angle away from the main 
nozzle. At the required time, special charges with a separate elec¬ 
tric control system free the caps; thus some of the gases are di¬ 
rected through the reversing nozzle. The gases from the reversing 
nozzle should not have a harmful influence on the vehicle or, more 
important, on the remaining engine fuel charge. 

Here we shall not go into detail on methods for controlling 
the direction of the thrust vector (introduction of liquids or 
gases on one side of the nozzle, control surfaces, various types 
of rotary heads, rotary nozzles, rocking engines, vernier engines), 
since the problems are ç/ommon to SRE and LRE, although the particu- 
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Fi fl. ^.17. Single-chamber SHE with 
two fuels. 1) liUunch fuel; 2) mid¬ 
course fuel. 

Fig. 5,18. Double-chamber 
multinozzle SRE with two 
fuels. 

Fig. 5.19. Single- 
chamber engine with 
two fuels. 

Fig. 5.20. Two thrust-reversible arrangements. 1) Main nozzle; 2) 
additional reversal nozzle; 3) caps; 4) heat insulation; 5) break 
away charge. 
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lar deuign (rotary nozzle; 
features for the SRE. 

for example) will nave its cnaracte ■ i.;tic 

5.8. ABNORMALITIES OF ENGINE OPERATION 

j^^nor,rna^ processes can occur ln an SRE during Ignition, during 
stationary combustion, and when the engine is cut off. 

Abnormal Ignition can be caused both by an inadequate total 
energy reserve and a low rate of energy release or, conversely, by 
an excessive rate of igniter energy release. When igniter energy is 
ow, the process may be stifled at the very beginning, and never 

reach the stationary regime. The igniter should consequently have 
adequate thermal power and the required amount of energy to ensure 
stable combustion of the main fuel charge. If, conversely, the'ig¬ 
nition source has a considerable excess of power over the required 

a Pr?ssure peak at the beginning of the pro- 
«-u“3* i * *s dan£er°us to the structural integrity of 
the fuel grain (particularly one manufactured by compression) and 
to the chamber walls. 

Several factors can produce abnormalities in the established 
combustion process of the main fuel charge: cracks in the fuel 
grain, erosive combustion, nonuniform composition of the fuel or 

cess^eparately^6, ^ ^11 disCUss the unstable combustion pro- 

To keep the discussion simple, we consider a solid cylindrical 
end-burning grain. Whe tie combustion surface reaches a craSk as 

burns„(Pie- - 2¾). the hot gases enter the sHt! anS ?ho 
combustion surface gradually increases (Fig. 5.22b); thus the cham¬ 
ber pressure and engine thrust exceed the expected values, while 

t-hP Wal-?1*™ 13 shcrtened* Depending on the grain shane and 
¡ÍL«? u0f4th? crac*{s» the grain may be broken up, with in- 
reasing mechanical losses of fuel and cessation of combustion 

rllne CraCks m'iy cause th-s of disturbance in the nor- mdi process . 

in fcombustion, an abnormal process can appear, usually 

tion foÍn^ riP Se of,combUüti°n» iP the final channel cross sec- 

the enS of ^ ^ ° Sma11, S° that the ^as velocities at 
he cbannel become great. The high velocities produce 

ignificant erosion of the final Combustlon-surface sections, thus 

np«í,erHn?vthe^COmbUStÍOn rate* As a rei;ult, an erosive pressure 
efa hpan H hruf prk appear (Fig* 5-23)- With intensified burning 

., ® channel end sections, however, the op-n cross sections for 

n«epë^ûr lncreasf» the erosion effect diminishes, the combustion 

the nnrmfl?avai‘ ^ chamber pressure and engine thrust drop to 
the normal values. An erosion peak is undesirable not only since it 
increases the chamber pressure, but also since it distorts ’¿he ne- 

engineyburr MmeShTh betwean the thrust and the time and reduces'the 
u Vfci ?* The erosion pressure and thrust peaks can be elim- 

inated by changing channel and grain shapes as shown by the dashed 
line for the two grains. A distinction should be made between design 
pressure peaks (see Fig. 5.19), required for rocket operaron by 
various factors, and additional unforeseen erosion peaks of the 
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Pig. 5.21. Pressure peak re¬ 
sulting from excessive igniter 
power. 1) kgf/cm2; 2) s. 

Fig. 5.22. Influence of crack 
in fuel on increase in combus¬ 
tion surface. 

Fig. 5.23. Abnormal thrust 
(pressure) peak for erosive 
combustion. 1) kgf; 2) s. 

Fig. 5.24. Repeated ignition 
at cutoff. 1) kgf; 2) s. 
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type described. 

The process abnormalities introduced by substantial structural 
nonuniformity of the fuel are obvious, so that there is no need to 
dwell on them here. 

Abnormal operation can occur at the end of the engine burn 
both with forced cutoff and with natural completion of tne process 
(particularly with a regressive process), when the fuel store is 
exhausted. When the pressure drops below a certain value, combustion 
may cease. The fuel surface is hot, and the exothermal decomposition 
and gasification reactions still continue; moreover, the hot engine 
components radiate heat to the fuel surface; this combination of 
factor may reignite the fuel, increase the pressure, and produce 
thrust. As the gases exit, the pressure will again drop and combus¬ 
tion will again cease. This process may repeat several times (Fig. 

5.9. BASIC SOLID-FUEL REQUIREMENTS 

By studying the characteristics of the SHE process, it is 
possible to formulate the basic requirements to be met by a solid 
fuel for reliable operation and process stability, as well as for- 
improved rocket performance. These requirements reduc® to the follow 
ing: 

1. The fuel must release as much heat as possible as it burns, 
with formation of light combustion products, so as to increase the 
exit velocity and, consequently, the specific impulse. 

2. The fuel must have a high weight density; all other condi¬ 
tions being equal, this makes it possible to reduce engine djman¬ 
sions. This is particularly important for an SRE, where all the 
fuel is located within the engine chamber. 

3. The chamber pressure at which stable combustion of the fuel 
is possible should be relatively small; this reduces the structural 
weight and increases process reliability. 

The fuel combustion rate should be relatively small; for a 
given charge, this will increase the combustion time and improve 
the stability of the combustion process. 

5. The combustion rate should depend little on the chamber 
pressure, i.e., the pressure exponent n should be as small as pos¬ 
sible, since this tends to increase the combustion-process stability 

6. The initial fuel temperature should have as little influence 
as possible on the combustion rate; this increases process stability 
and missile targeting accuracy for all possible initial fuel tempera 
tures. 

7. For modern solid fuels to be used in medium- and long-range 
vehicles, the specific impulse should be quite high. 

8. When the fuel is cast in the chamber case, it should form a 
streng bond with the engine-chamber walls, and the bond should be 
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influenced by neither transportation nor combustion conditions. 

ç*. When solid-fueled rockets are in long-term storage, wide 
variations in ambient temperature should not disrupt the^ fuel-case 
bond owing to differences in expansion coefficients or to changes 
in the structure or physical-chemical properties of the fuel, in 
particular. 

Let us look at some examples illustrating certain of the above 
situatlons. 

According to United States Army specifications, the solid fuel 
used In the engine of the Nike-Ajax missile must operate satisfac¬ 
torily: after three days In -40°C temperatures, after one day at 
+50°C, and after four hours of maximum sunlight. The fuel should 
be storable for at least a year with no change in physica I-chemica I 
properties; It must operate satisfactorily at fuel temperatures be¬ 
tween —45 and +65°C. 

Double-base fuels using nitroglycerin and nitrocellulose require 
high chamber pressures (70-140 kgf/cm2 or more). As a rule, the speci¬ 
fic Impulse of these fuels does not exceed 200 kgf's/kgf. In fact, 
calculations have shown that for a 2:1 ratio of nitroglycerin to ni¬ 
trocellulose and a 13-14$ of nitrogen in the nitrocellulose, with 
5$ of stabilizer (centralita), the maximum specific thrust may reach 
240-250 kgf-s/kgf. It has as yet not been possible to realize such 
specific thrusts, however. For this optimal composition, the combus¬ 
tion rate Is 2 cm/s. The heat of detonation or the heating value of 
double-base fuels is 650-1400 kcal/kgf, depending on the composition. 

For modern and prospective composite fuels, the pressure in the 
engine chamber is 40-70 kgf/cm2; the specific impulse reaches 240 
kgf*s/kgf at sea level; in the future, it may reach 270-280 kgf-s/kgf 
or more. The heating value is I200-Í800 kcal/kgf, while for promising 
lithium perchlorate base fuels, it is 2500 kcal/kgf or more. 

For HES-4016 double-base fuel, consisting of 54$ by weight of 
nitrocellulose (containing 13.25$ nitrogen), 43$ nitroglycerin, and 
3$ centralita, near the combustion surface the processes in the fuel 
itself lead to the release of about 140 kcal/kgf of heat; where the 
fuel layer has a heat capacity of 0.35 kcal/kgf °C, this yields a 
temperature of ~700°K at the fuel surface when tnac^ = 27°C. In the '• 

gasification zone, about 140-280 kcal/kgf is also released, with the 
temperature reaching T\ = I 100-1400°K. At the end of the combustion 
zone, about 700 kcal/kgf more is released, with the temperature 
reach ing 3370°K. 

The combustion rate for this fuel can be represented by the 
formuI a 

•rop = 0,158 + 0,0379 

which holds in the 10 to 340 kgf/cm2 pressure range. In the p£ = 

- 50-200 kgf/cm2 range, the temperature coefficient equals roughly 
0.004 for each l°C. 
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For Alt-161 cast polassium perchlorate base fuel (76.b? and 
23.5Í a mixture of asphalt bitumen and lubricating oil], the temp¬ 
erature at rhe end of the combustion zone Is T* = 2Q40°K at v* - 

136 kgf/cm ; k = 1.27 and = 1.77 gf/cm3. The combustion rate 

of this fuel is expressed by the formula 

which holds for pressures of 100-200 kgf/cm2. The temperature coef¬ 
ficient equals ~0.00I3 for each l°C. 

For a composite fuel consisfing of polystyrene + ammonium ni¬ 
trate with 1% by weight of added (NH., ; 2Cr207 , for a particle size of 
10 pm, we have the following empirical equation for the combustion 
rate 

»rop = 0,092 + 0,002^ cm/s 

For a composite fuel based on polystyrene + ammonium perchlorate 
with an 80:20 ratio of oxidizer and binder masses, and oxidizer parti 
cle sizes of 60 and 8' pm, the following empirical equations have been 
obtained for the combustion velocity: 

and 

Manu¬ 
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Chapter 6 

IMSTABLE PROCESSES 
6.1. GENERAL CONCEPTS 

Experience has shown that in both liquid rocket engineo [LRE] 
()KPH) and in solid rocket engines [SRE](PflTT) under certain condi¬ 
tions that depend on the engine operating regime, the fuel proper¬ 
ties, the chamber geometry, and other factors, the process becomes 
unstable. The process instability consists in the following, the 
pressure at an arbitrary point in the chamber (and the temperature, 
consequently) is not constant, but fluctuates with larger or smaller 
amplitude and frequency about a certain mean value. Small fluctua¬ 
tions in process parameters, primarily the pressure, will always 
occur during engine operation, but they have almost no influence on 
operating economy and reliability, and are not transmitted to the 
vehicle; such microfluctuations do not disturb process stability. 
Only when the amplitude of the pressure fluctuations becomes suffi¬ 
ciently large and the fluctuations become periodic in nature does 
the process become unstable. Depending on the amplitude and fre¬ 
quency of pressure fluctuations, the process goes over to an un¬ 
stable operating regime, which under certain conditions will rap^dl^ 

destroy the engine. 

In a LRE, we observe two types of instability, two characteris¬ 
tic types of oscillation, low-frequency and high-frequency. With 
low-frequency oscillations, the pressure in the entire chamber is 
the same at every given instant. The oscillations range in frequency 
from dozens to hundreds of Hertz, and are distinguished by the fact 
that the oscillatory process most often encompasses not only the gas 
in the combustion chamber, but the entire fuel-supply system as well; 
these fluctuations appear when the chamber is operating at low pres¬ 
sure (low thrust), and in this case do not present any great danger 
to engine strength. High-frequency oscillations with frequencies of 
several hundred or thousands of Hertz are observed with high chamber 
pressures and are localized within the combustion chamber; their 
appearance leads to very rapid destruction of the engine, however. 
These fluctuations are acoustical oscillations in a gas medium; 
consequently, the pressure varies in time and will not be identical 
over the chamber volume at any given instant. 

In SRE, where there is no fuel-supply system, no low-frequency 
oscillations are observed; here we find only high-frequency pressure 
fluctuations at 500-50,000 Hz. High-frequency oscillations are the 
same in nature for LRE and SRE, but in LRE the sources sustaining 
the oscillations are distributed widely over the chamber volume, 
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while in SRE they are concentrated within a shorter section near the 
fuel combustion surface. 

When an unstable process appears, the following defects can 
arise in the engine system and the craft as a whole: 1) large fluc¬ 
tuations in thrust and, consequently, additional (often unacceptable) 
loads on the engine and craft controls that ensure craft motion along 
the specified path; 2) large fluctuations In pressure (and tempera¬ 
ture) in the chamber, leading to increased mechanical and thermal 
loads on the engine walls, and to burnout and failure; 3) vibrations 
in the entire system, capable of loosening joints and causing other 
defects. Thus in LRE and SRE, the process should be brought to a 
degree of perfection such that no instability will appear for any 
possible steady or transient engine operating regimes. This is one 
of the most important tasks in the practical design of rocket engines. 

There are many published studies dealing with the theoretical 
and experimental investigation of unstable processes in LRE and SRE. 
Theoretical analysis is complicated, and usually based on various 
rough assumptions; nonetheless, such analysis yields qualitative 
and, often, good quantitative results. 

6.2. LOW-FREQUENCY INSTABILITY OF LRE PROCESS 

As has been indicated, low-frequency instability of an LRE pro¬ 
cess is primarily characterized by pressure fluctuations in the cham¬ 
ber at frequencies of the order of dozens or hundreds of Hertz. Such 
fluctuations can be produced by random disturbances in pressure, in 
total fuel flowrate or in the flowrate of one of the components, by 
vibration of the vehicle in flight caused by control systems, etc. 
Low-frequency oscillations do not arise instantaneously, but result 
from gradual intensification of relatively small oscillations when 
conditions are favorable for such intensification. It has been es¬ 
tablished that an engine whose process is completely stable at nor¬ 
mal thrust (and, consequently, normal chamber pressure) tends to go 
into an unstable process when the thrust is decreased (together with 
the chamber pressure). 

As a rule, low-frequency pressure oscillations in the chamber 
are transmitted through the injectors to the fuel mains, where pres¬ 
sure fluctuations appear at the same frequency, but with lower ampli¬ 
tude and with a phase shift. Pressure fluctuations in the entire en¬ 
gine plant (chamber and fuel mains), as in a single system, can them¬ 
selves excite oscillations in the vehicle as a whole. 

Low-frequency instabilities in the engine plant are produced by 
the following factors. With constant fuel pressure (in the tanks or 
beyond the pumps), a change in chamber pressure leads to a change in 
the drop Apf across the injectors and, consequently, to a change in 

the flowrate and velocity at which the fuel components are injected. 
The combustible and oxidizer lines differ in length and structure; 
through these lines, the disturbance from the injector nozzle travels 
against the flow at the speed of sound (about 1200 m/s), as does the 
reflected wave going with the flow toward the nozzle; thus the drops 
Apf may differ for the oxidizer and the combustible; moreover, there 

can be phase shifts between the maximum and minimum component flow- 
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rates, also leading to fluctuations in the relationship of fuel compon¬ 
ents in the chamber. If the chamber pressure fluctuations become per¬ 
iodic in nature, then so will the fluctuations in component flowrates, 
in injection velocities, and in the component ratio. In fact, owing 
to fluctuations in the fuel flowrate, the amount of heat energy re¬ 
leased during the reaction will also fluctuate. If the fluctuations 
in the amount of heat released are in phase with the chamber pres¬ 
sure fluctuations, then pressure fluctuations appearing for any rea¬ 
son will be sustained, will become stable, and the engine process 
will become unstable. Conversely, if the fluctuations in the amount 
of heat released are not in phase with the chamber pressure fluctua¬ 
tions, the oscillatory process will be damped, and the engine process 
will again become stable. Consequently, maintenance of an unstable 
process requires that the fluctuations in the energy released by the 
reaction be in phase with the chamber pressure fluctuations, i.e., 
the maximum value of p* must correspond to the maximum energy re¬ 

lease and vice versa. 

For a low-frequency instability, a pressure disturbance appear¬ 
ing for any reason in the chamber is transmitted through the injector 
nozzle, which acts as a resistance, into the fuel line. The wave 
traverses the entire line, end-to-end, and upon returning to the in¬ 
jector increases the drop Ap^,. The fuel main has its own natural re¬ 

laxation time Tm, i.e., disturbance damping time. This time differs 

for different systems and is of the order of 0.001-0.01 s. A change 
in the drop across the injectors changes the component flowrate and 
injection velocity and, consequently, also changes the fineness and 
range of dispersion, the mixing conditions, and the local mixture 
compositions. 

A certain time Tzap, the delay time, elapses between arrival 

of the liquid fuel at the chamber and the time at which it is con¬ 
verted into gaseous combustion products. The delay time (0.03-0.05 s) 
significantly exceeds the fuel-maJn relaxation time. Thus between 
the time at which a signal appears in the chamber (the pressure dis¬ 
turbance) and the time at which the fuel system responds to this 
signal, a time of the order of Tm + Tzap e^aPses* the chamber it¬ 

self, a certain time xk, the chamber relaxation time, is required 

for the influence of the heat-release variation to make itself felt. 
This time is of the same order as for the fuel mains, although the 
range of possible values is narrower t. . 

K 

If we let Tp represent the period of the chamber pressure os¬ 

cillations, then in the general case the condition for phase coin¬ 
cidence of the pressure and heat-release oscillations in the chamber 
can be written as 

where k is any odd integer. 

Here tm and tzap play the principal role. since Tk is small. 
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Fig. 6.1, Assorted variables 
as functions of time during 
low-frequency pressure oscil¬ 
lations. 

rt), 

k zap in''reases, so that even when r * o 

, ,,k ’ ° °0n<lltlons can ba created such that the heat-release"’flUc- 

ofaiow-fi.eJíency pressure osclllatlon. This type 
instability, since in this ca^i-h01"6^0 be called chamber internal 
do hot play any ^e« ÏSÎI With lnte^»f r1?“03 of the ^e! system 
oscillation frequency is usuallî aíuChamber instability, the 
sidered general casey0f low-fíequen?yeins-abiîîi-the Prevlously c<>n- 
lations involve the entire engine system! bllity* Where the osc11" 

i 
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il tne ueiay uime wei'e ini mitesxmai, tnere wouia ue no low- 
frequency instability. In such case, a change in chamber pressure 
an increase, for example, should lead to a change in the drop across 
the injectors and, in our case, to a reduction in the instantaneous 
pressure drop and fuel flowrate. As a result (with t * 0), the 

z ap 
amount of heat released decreases, and the chamber process becomes 
stable. This hypothetical example serves to illustrate the fact 
that in maintenance of a low-frequency instability, an important 
role is played by the delay time, or the time required to convert 
the liquid components into the gaseous reaction products; this, of 
course, is in addition to the role played by the characteristics of 
the fuel mains. 

Experience has shown that the frequency of the low-frequency 
oscillations rises with increasing chamber pressure, and with de¬ 
creasing characteristic chamber length L*. Figure 6.2 illustrates 
this relationship for two fuels and two values of L*. The influence 
of p* is connected with the variation in t , and the influence of 

Zap 
L* with the variation in Tk and the time spent by the gases m the 

chamber. As a consequence, a low-frequency instability can also be 
eliminated by raising the chamber pressure, provided the structure 
permits this. 

For a low-frequency instability, the fuel distribution over the 
volume and, consequently, the site at which energy is released will 
not be of decisive importance, since the rate at which a disturbance 
propagates in the chamber is large (in excess of 1000 m/s), while the 
chamber dimensions are relatively small, so that disturbances pro¬ 
duced at individual points, for example, by nonuniform combustion, 
are transmitted almost Instantaneously throughout the entire volume. 

The factors resulting in attenuation of the oscillations are the 
hydraulic losses in the fuel-main system, various types of oscilla¬ 
tion dampers, and nonlinear effects, for example, the exponential 
relationship between the reaction rate and the temperature (or pres¬ 
sure) . 

The operation of any element in the closed loop is also of 
Importance particularly, In systems with forced feed, the operation 
of the pressure reducer. 

We have so far assumed that tne initial disturbance resulting 
in instability appears in the combustion chamber. It has been shown 
that an unstable process in the engine plant can produce longitudinal 
oscillatory motion of the vehicle as a whole with respect to the path. 
There can be another source for the initial disturbance, however. 
When the vehicle moves with acceleration, the fuel can shift through¬ 
out the fuel system, particularly onboard large vehicles. This may 
result in flowrate fluctuations for one or both components, result¬ 
ing in fluctuations in energy release and pressure oscillations in 
the chamber. If the system has no capability for selfregulation1, 
i.e., for restoration of exit equilibrium for chamber pressure, the 
process will become unstable. » 
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6.3. HIGH-FREQUENCY INSTABILITY OF IRE PROCESS 

Within an enclosed object bounded by rigid walls and filled with 
a homogeneous gas, acoustical oscillations at the natural frequencies 
can arise. 

Fig. 6.3. Forms of oscillation in 
closed cylindrical vessel, a) Lon¬ 
gitudinal; b) transverse; c) tan¬ 
gential. 

In an engine chamber, acoustical oscillations can also appear 
at frequencies that depend on the chamber geometric dimensions and 
the properties of the fluid. The engine chamber differs from a closed 
vessel, however, first in the presence of a nozzle through which the 
gases escape and, second, in the inhomogeneity of the medium, since 
in addition to the gases in the chamber, there is a liquid phase and 
fuel vapors; a chemical reaction also takeá place. The basic differ¬ 
ence between an engine chamber and a closed volume lies in the exit 
nozzle. In the absence of decelerating effects, in a closed vessel 
no energy need be expended to maintain acoustical oscillations; when 
there is a Laval nozzle through which gases escape the engine, how¬ 
ever, the acoustical oscillations in the chamber can only be main¬ 
tained if energy is expended, even where all other factors (fric¬ 
tion, etc.) are absent. The sources of this energy are evidently the 
fuel and the heat released in the combustion zone. If the oscilla¬ 
tions in the strengths of the heat-release sources are in phase with 
one of the natural resonant frequencies for the gases in the chamber, 
a new type of internal chamber instability appears, high-frequency 
LRE instability (at hundreds or thousands of Hertz). 

For high-frequency oscillations, the disturbance propagation 
time in the chamber becomes commensurate with the pressure-oscilla¬ 
tion period; thus in contrast to a low-frequency instability, the 
parameters at different points within the chamber (pressure*, temp¬ 
erature) will differ at any given instant. This nonuniformity of 
parameters within the chamber volume makes it necessary to consider 
the spatial and temporal distribution of energy sources. Almost none 
of the high-frequency pressure oscillations are transmitted to the 
fuel system. 

Longitudinal, transverse (radial), and tangential oscillations 
can exist in chambers. Figure 6.3 shows examples of these three 
types of acoustical oscillations in a closed cylindrical vessel; 
the figure shows isobars at a certain specific instant. For longi- 
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•uuuiai oscillations in a homogeneous medium, tne gas Pa^amete^.^^ 
identical for each chamber cross section, but they vary rom s 
to section. For transverse osciiiations, the gas parame ers va yá_~ 

íaiiv Th« transverse oscillations are greatest near tne neau, 

aully'becomin^weaker toward the aozzle. 
nqcillations is the cross-sectional nonuniform!ty of the mixtur 
composition^ caused ty the discrete nature of the combustible and_ 
oxidizer Jets and the variations in the characteristics 

Jectors themselves. Transverse 0SCJ11^1°nJhlc1f,?o^1of ?he flowrate 
monoorooellant owing to the discrete distribution of the flowrate 

overPthe6head cross^ection. Acoustical °sclllatl°^ P^Cs?dt^Se 
ious factors generate and intensify transverse oscillations, these 
acoustical oscillations lead to transverse dj^urbances in the com¬ 

bustible and oxidizer Jets and to variation Jn 
ditions and, consequently, to variations in ^;aJfr^ease 
transverse pressure oscillations are in phase with the heat"^elea^n 
oscillations, the process becomes resonant at a 
reaching the walls, the compression waves set up edditional mechan 
ical loads unforeseen by design calculations and, Just as importan , 
impart additional heat to the walls owing to the f?® 
sity and temperature. These two factors, acting simultaneously, 

usually cause the engine to fail. Transverse °acilJatl°"s 
quently appear in large chambers with a high diameter-to-length ra¬ 

tio . 
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* , ñrujua nui<UKâ?j*K*oû 

* tUVHu n3"tp»i I C" 

Fig. 6.¾. Oscillation frequen¬ 
cies as a function of chamber 
length. 1) Oscillation frequen- 
cy, Hz; 2) length of cylindri¬ 
cal portion of chamber, cm. 

Longitudinal oscillations are observed in relatively 
chambers; the longer the chamber, however, the lower the oscilla¬ 
tion frequency (Fig. 6.4). The intensity of longitudinal oscilla¬ 
tions is strongly influenced by the shape of Jhe. aubsonl° 
of the nozzle. A reduction of the cone angle in the nozzle converg¬ 
ing section weakens the effect of longitudinal-oscillation reflec¬ 
tion; consequently, in this way it is possible Jo completely elim¬ 
inate or noticeably attenuate a high-frequency instability pro 
by longitudinal oscillations. This has been established experiment¬ 
ally and confirmed theoretically. For a semithermal nozzle, where 

theyminimum cross-sectional area equals the chamb®^aJ®a» th^õz- 
tudinal oscillations will naturally not be reflected from the noz 

zle. 
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For the «ame head structure and, consequently, for Identical 
mixture-formation conditions, longitudinal high-frequency oscilla¬ 
tions can be generated or absorbed by varying the chamber lengi-1:: 
for specified gas-medium properties, this influences the frequency 
of resonance acoustical oscillations. Experience has shown that for 
each chamber diameter there exist minimum and maximum lengths below 
and above which longitudinal oscillations at a given frequency will 
not become stabilized. Thus by varying the chamber length we can 
avoid longitudinal oscillations at a dangerous frequency. 

Tests on models have also shown that as the steady-state pres¬ 
sure in the chamber increases, all other conditions being the same, 

the oscillation frequencies and amplitudes also rise. Thus in one 
investigation, with p* * 3.6 kgf/cm1, the pressure-oscillation fre¬ 

quency was 920 Hz and the maximum amplitude 1.4 kgf/cm2, while at 
p£ * 9.1 kgf/cm2, the corresponding values were 1000 Hz and 2.45 

kgf/cm2. The increasing oscillation amplitude with rising pf is ex- 

plained by the greater amount of unburned fuel included in the reac¬ 
tion when the compression wave passes through the mixture [34], 

Rigid walls need not be present for transverse oscillations 
and a subsonic nozzle section need not be present for longitudinal 
oscillations for maintenance of the oscillatory process. The basic 
influence is exerted by the synchronization between the intensity 
fluctuations of the energy sources and the pressure oscillations. 
The reflected waves can only intensify the oscillation amplitudes. 

If the chamber walls reflect pressure waves, the oscillations 
(transverse or longitudinal) can become shock-type oscillations, 
and can exert a powerful influence on the course of the chemical 
reaction, to the point of detonation which, in turn, intensifies 
the oscillatory process. All forms of acoustical oscillation are 
cnaracterized by standing waves; here the pressure remains constant 
at node points (or surfaces), while the pressure oscillates between 
them; the peak oscillation amplitude is reached at the section 
where the standing-wave antinode is established. Under engine con¬ 
ditions, naturally, node surfaces and antinode regions will not be 
strictly fixed in space; nonetheless, the standing-wave model is 
applicable in practice to engines. In this case, if the combustion 
front is narrow and coincides with a node surface, or is located 
near such a surface, the oscillations will not be stable, since 
when “ const and p* * const, the amount of energy released 

will also be constant and, consequently, there will be no energy 
sources to maintain the oscillations. Conversely, if the flame 
front (assumed to be narrow) is located near an antinode, where the 
pressure-oscillation amplitude is at a maximum, an oscillatory heat- 
release process can occur, since with variation in p* (and the temp¬ 

erature) there will be variation in the delay time and the chemical 
reaction rate and, consequently, in the amount of energy released. 
Given this model of the high-frequency oscillatory process, we can 
conclude that the wider the combustion zone, the less the heat re¬ 
leased in an antinode region, and the smaller the amount of energy 
used to sustain the oscillations. Distribution of fuel over a signi¬ 
ficant fraction of the chamber volume can promote process stability. 
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The delay time plays a significant role In all cases of high- 
frequency oscillation (longitudinal, transverse, and mixed). Since 
for a given fuel the gas temperature also varies during pressure 
fluctuations, we can assume, in general, that 

*...«/(# 

and, moreover. 

where is the chemical reaction rate. 

It is precisely the dependence of the delay time and the reac¬ 

tion rate on the pressure that produces fluctuations in the heat re¬ 
leased when p£ oscillates. Thus one possible method for contending 

with high-frequency instability is to vary the chemical activity of 
the fuel, i.e., to act on Tzap and vg. These quantities can be in¬ 

fluenced by introducing various additives into the fuel, and by 
using a fuel atomization method that will produce mixtures with 
varying delay times in different chamber zones. 

Another way of contending with high-frequency instability, 
based on published data, consists in increasing the chamber pres¬ 
sure considerably. In this case, on the one hand, the fuel delay 
time decreases sharply for steady-state operation, and becomes 
less sensitive to fluctuations in the pressure and temperature of 
the fluid; on the other hand, the chamber dimensions are reduced, 
affording better coverage of the chamber volume by the fuel compon¬ 
ents. 

It should be noted that there still is no rigorous theory of 
high-frequency instability in LRE processes, although there are 
many important practical observations that have been described in 
the periodical and special literature. 

6.4. PROCESS INSTABILITY IN SRE 

Experience shows that high-frequency pressure oscillations 
appear in SRE. As in LRE, there always are microfluctuations in 
pressure, although the cause is still not completely clear; there 
also is no definite idea as to the degree to which their generation 
is influenced by such factors as fuel structure, combustion-surface 

.Fig. 6.5.' Diagram of combus¬ 
tion process. 1) Stable pro¬ 
cess; 2) unstable process. A) 
kgf/cm2; B) si < 

- 138 - 



t 

w . 

variation.;, changea in gaa velocitioò within channels in the cour..'1 
of the process, etc. In many cases, however, chamber pressure os¬ 
cillations appear with a high amplitude that may be commensurat- 
with the average pressure for normal combustion. These fluctuation., 
definitely have the nature of resonance acoustical oscillations. 

Figure 6.5 shows two curves, one referring to normal combus¬ 
tion and the other to unstable, resonance combustion. As vie see, 
in the second case the maximum pressure is nearly twice the normal 
value; in addition, there is a noticeable reduction in total fuel 
burn time. Unstable, resonance combustion not only reduces the en¬ 
gine burn time, but can also result in destruction of the grain, fol¬ 
lowed by explosion. Even if combustion takes place without explosion, 
the useful effect of the grain will still be reduced by 10-15% in 
small engines, since in the presence of a nozzle energy is expended 
to maintain the oscillations in the chamber gas column, heat trans¬ 
fer will rise, and friction will increase. We have already indicated 
that there are energy losses in a rocket engine chamber during an 
unstable process; the presence of the exhaust nozzle was held res¬ 
ponsible, in the main, for these losses. 

The physical pattern for generation and maintenance is basical¬ 
ly the same for oscillations In an SHE as for Internal high-frequency 
chamber instabilities in LRE, for all types of oscillation. 

As we have already pointed out, for a stationary process in a 
chamber, there will always be pressure microfluctuations. A pressure 
increase (a disturbing factor produced by random causes, for example, 
by nonuniformity in fuel structure) generates a wave which upon mov¬ 
ing toward the combustion surface compresses the gas layer near the 
surface and reduces the width of the gasification and preparation 
zones to a greater or lesser extent, depending on the intensity of 
the wave. 

The pressure increase and tne reduction in the widths of zones 
I and II (see Figs. 5.1 and 5.8) speed up. f e processes of decom¬ 
position, gasification and preparation, thus increasing the combus¬ 
tion rate. Following the pressure wave, a reflected wave appears, 
however, and after a certain time interval, the next pressure wave 
arrives at the combustion surface. If the intensification produced 
by the first wave in the processes of fuel decomposition and pre¬ 
paration for combustion has been completed by the time the next pres¬ 
sure wave arrives, the excess energy freed will act as a source sup¬ 
plying and maintaining the oscillations. If the time interval between 
the disturbing factor (the pressure variation here) and its result 
(the change in combustion rate here) are equal to or a multiple of 
the period of oscillation for the disturbing factor, the oscilla¬ 
tions will be sustained and will become resonant in nature, since 
we will have a synchronous release of excess energy, in phase with 
the pressure oscillations. We can therefore assume with full justi¬ 
fication that it is precisely the existence of the time interval 
between the instant at which the gas disturbance occurs and the in¬ 
stant at which this disturbance acts on the combustion rate and the 
amount of heat liberated that is the fa tor responsible for mainten¬ 
ance of the unstable combustion process. 
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Since the chamber pressure oscillations are acoustical in nature, 
it is clear that the process instability depends on the geometric di¬ 
mensions and configuration of the channel, as well as on the proper¬ 
ties of the medium; the maintenance of this process depends primarily 

an TP* Pjy^aj--chemlcal properties of the fuel. Thus in contrast to 
an L,Kb, initially stable combustion may become unstable, and vice 
versa, as the geometric dimensions of the channels and the chamber 
vary during the course of combustion. 

Pig. 6.6. Oscillation frequency 
as a function of inside diameter 
of hollow cylindrical grain. 1) 
Oscillation frequency. 

The oscillation frequency depends on the gas temperature and 
the geometric dimensions of the chamber and channels. Experience 
has shown, for example, that unstable combustion is most often 
observed for a cylindrical annular internal-burning grain; the os¬ 
cillation frequency is lower the greater the channel diameter (Pig. 
0.6). In such a grain, unstable combustion can become more stable, 
or completely stable, as the fuel is burned. Variations in channel 
shape can also lead to stable combustion owing to a change in the 
rate of erosive combustion (the influence of v) and as a result of 
a change in the resonant frequency. Friction and heat exchange are 
the only internal factors tending to damp any oscillations that 
appear. Thus individual experiments have shown that combustion is 
stabilized if special rods are Introduced, holes are drilled, or 
special local radial apertures are made during manufacturing. 

Fuels with a high value of pressure index n and with greater 
sensitivity to initial grain temperature have a greater tendency to 
unstable resonance combustion. Fuels with a high heating value, for 
which the reaction-product temperature r* is greater, have more of 

a tendency toward an unstab]e process. More uniform combustion is 
exhibited by fuels with low heating value, a low combustion rate, 
and little dependence of u on p£, i.e,, with a low value of the 
index n. ®or K 

Investigations have also shown that when the proportion of 
oxidizer by weight remains the same, a reduction in oxidizer grain 
size will increase the cc bustion rate and promote a tendency to¬ 
ward unstable combustion. 

The initial fuel temperature has a twofold influence on pro¬ 
cess stability. The higher the initial temperature, the less the 
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inlluence of external factors (for a given pressure) on the combus¬ 
tion rate, so that the process becomes more stable. On the other 
hand, an increase in the initial temperature decreases the activa¬ 
tion energy which, as experiments have shown, has a strong influence 
on process stability: a reduction in activation energy increases 
the tendency of the process toward instability. 

An increase in chamber pressure increases the combustion rate 
and, consequently, reduces the conversion period; this favors pro¬ 
cess stability. In addition, a pressure increase will change the 
properties of the gaseous medium and, consequently, the frequency 
of the resonant acoustical oscillations. A reduction in the time 
required to convert the fuel into gaseous reaction products, accom¬ 
panied by an increase in p£, is of very great significance. 

-or’ erosiye combustion, an increase in the average combustion 
ate ugor resultfa not only from chamber pressure oscillations, but 

also from an increase in the longitudinal velocity gradient. For an 
unstable process, all of these oscillations coincide in phase. 

^ Very sreat P1,0063-3 instability will also occur 
if the oscillating combustion zone is located near an antinode of 
the pressure standing wave. In contrast to an LRE, here there are 
no means for broadening the volume distribution of energy sources 
which would weaken or eliminate the instability. * 

. Both theory and experiment indicate certain methods for con¬ 
tending with process instability in an SHE [5^]: 

!) acoustical interference, consisting in specially selected 
chamber geometry, grain shape, and grain working-channel shapes; 

„ VuA°S(:n}àlion damPin6 by increased friction and heat trans- 
eî!* t!?4S ^ncludes* in particular, radial apertures in the grain 

pe pendicular to the working channels, and special rods in the work¬ 
ing channel; this method increases engine losses; 

3) variation in fuel properties by addition of carbon black 
aluminum, aluminum oxide, etc., so as to increase combustion stabil¬ 
ity , thus effecting the combustion rate, the index n. and the con¬ 
version period. 

Manu- 
script 
Page Transliterated Symbols 
No. 

130 fj) ■ f » forsunka * injector 

131 K ® k * kamera * chamber 

131 san * zapazdyvaniye = delay 

I33 OGK * sek » sekundnyy = per-second 



¿33 r = 6 B goreniye = combustion 

140 BHyrp * vnutr = vnutrenniy = inside 

138 • rop = gor = goreniye * combustion 
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Chapter 7 

PROCESS IN ROCKET-ENGINE NOZZLES 
In the nozzle section, the enthalpy of the fuel combustion 

products is converted into kinetic energy. In rocket engines, the 
pressure drop in the nozzle considerably exceeds the critical value, 
so that supersonic nozzles are employed in these engines to attain 
high efficiencies and, consequently, high exhaust velocities. 

The actual flow process in a nozzle is extremely complex. 
It is accompanied by friction and heat exchange between the working 
fluid and the walls. The flow is not uniform, since the gas para¬ 
meters and composition may differ over a cross section. 

The temperature reduction along the nozzle produces a decrease 
In heat capacity and leads to recombination of atoms and radicals 
if the gas ahead of the nozzle has dissociated. Owing to the high 
velocities, the working fluid spends little time in the nozzle 
(10 -10 s); this in turn results in a very rapid change of 
state. The following problem thus arises: to what degree is the 
nozzle flow process an equilibrium process or, in other words, 
during the time involved, is it possible to complete the processes 
of change in all types of internal molecular energy and in the 
chemical composition in accordance with the temperature and pres¬ 
sure variations (here the oscillatory components of the internal 
energy are of decisive significance). 

The correspondence between the energy of molecular motion and 
the temperature indicates that there is an energy equilibrium, while 
the correspondence between the chemical composition of the combustion 
products and the pressure and temperature shows that there is chemi¬ 
cal equilibrium. 

For a flow of gaseous combustion products, we can assume in 
most cases that the process in a rocket-engine nozzle takes place 
with chemical and energy equilibrium, for all practical purposes. 
This means that in each nozzle cross section the gas composition 
and the internal-energy value can be established that correspond 
to the pressure and temperature in the given section. Here very 
short nozzles may represent an exception, since the gas spends 
little time so that the internal energy and chemical composition 
cannot change with the temperature and pressure variations. Where 
condensed phase is present, additional conditions influencing 
nozzle process equilibrium will appear (see below, §7.1*). 
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Por tlie purposes of analysis and computation, we often idealize 
the nozzle flow process, neglecting friction and heat exchange, and 
assuming chemical and energy equilibrium. Corrections are used to 
convert from the characteristics of such an ideal rull-equilibrium 
isentropic process to the parameters of the actual process. 

Since the combustion-product composition and heat content 
vary along the nozzle, so does the expansion-process index. When 
necessary, therefore, we consider a certain average constant value 
of the process index in flow-process calculations and analysis. 

7.1. VARIATION IN GAS PARAMETERS ALONG NOZZLE 

A nozzle is said to be in design operation if the pressure ps 

of the gas in the exit section equals the external pressure pn. Re¬ 

gimes in which the pressure pg deviates from the external value are 

i 9 / 

Pig. 7.1. Plow separation at 
nozzle walls and variation in 
pressure along nozzle with 
separation. 1) Throat section; 
2) separation section; 3) exit 
section; 4) pressure shock. 

said to be nondesign regimes. The case in which pg > pn is called 

underexpansion, while when pg < pn, it is called overexpansion. 

Experiment has shown that for underexpansion the flow condi¬ 
tions within the nozzle are not violated, but resemble those in 
design nozzle operation (pg * pR). Pinal expansion of the gas Jet 

to the outside pressure takes place beyond the nozzle, and has no 
influence on the nature of the flow within the nozzle. 

In overexpansion, up to a certain pressure ratio p8/pn, the 

flow conditions within the nozzle also do not depart from the de¬ 
sign conditions. The increase in the Jet gas pressure at the nozzle 
exit (from pg to pn) takes place in a system of shocks located be¬ 

yond the nozzle. Beginning at a certain value of ps/pn» however, 
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where the pressure difference(p_ - p„) is great and, consequently, n c 
there is a large positive pressure gradient, the boundary layer 
separates from the nozzle walls, and the shock system extends within 
the nozzle. Separation results in a change in the internal pressure 
distribution at the nozzle walls. The pressure increases at the sep¬ 
aration site, approaching the external atmospheric pressure (Fig. 
7.1). The limiting value of ps/pn at which flow separation from the 

nozzle wall commences will depend on several factors, the Mach number 
M and Reynolds number, and the nozzle geometry. On the average, this 
value will equal 

(A) -0,2-0.4. 
\Pahtu 

We note that rocket engines basically operate under conditions 

such that ps/pn > (Ps/Pn)pred» and 111 ls extremely rare for gas to 

flow with separation at the nozzle walls in such engines; thus in 
the ensuing discussion we shall be concerned, in the main, in nozzle 
gas flow without separation. 

With an above-critical pressure drop and unseparated isentropic 
gas flow, external factors (variations in external atmospheric pres¬ 
sure, for example) have no influence on the type of flow in the 
nozzle. Under these conditions, the ratios of gas parameters (pres¬ 
sure p, temperature T) in any nozzle section to the same gas para¬ 
meters ahead of the nozzle (at the end of the combustion chamber) 
will depend solely on the relative area of the given section and on 
the process index k: 

^■**?i(7t*); p—*(7.A). 
Here f - F/Fkr is the relative area of the given nozzle section; 

F is the area of the given nozzle section. 

For one-dimensional isentropic flow, the pressure ratio p/pk 

is associated with 7 in the following manner: 

Figure 7.2 shows J &s a function of Pj[/p. 

The gas velocity in any cross section is determined by the 
value of p/pj and by the gas parameters ahead of the nozzle: 

«■B (7.1) 
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Fig. 7.3. Variation in gas 
parameters along nozzle. 1) 
kgf/cm2; 2) m/s; 3) nozzle 
profile. 

Fig. 7.4. Variation in gas 
parameters along nozzle for 
various chamber pressures. 
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Figure 7.3 shows the nature of variation and order of magnitude of 
the pressure, temperature, and gas velocity along the nozzle. 

The relative nozzle exit area 

is called the nozzle expansion ratio. Consequently, 

*■ 

For nozzles with constant geometry (7 ■ const, an uncontrolled 
nozzle), the operating regimes remain similar when the flow para¬ 
meters change at the nozzle entrance, provided k * const. In other 
words, if in this case the temperature, pressure, or flow velocity 
vary at the nozzle entrance, the ratios of like flow parameters in 
any two nozzle cross sections will remain constant; such relative 
quantities as the Mach number M, the reduced velocity, etc., will 
also remain unchanged. In particular, for the entrance and exit 
sections we can write 

-^-**con*t; »const. 

For a fixed-area nozzle with k ■ const, the gas parameters in 
the nozzle exit «action (as in any other section) and the gas exit 
velocity are determined solely by the gas parameters in the chamber. 
If the pressure p£ is increased, then the pressure in each nozzle 

section, including the exit section,varies in direct proportion to 
p£. If in this case the temperature and composition of the gas in 

the combustion chamber remain constant, then the gas velocity in 
any nozzle section, including the exit section, will also remain 
unchanged (Fig. 7.H). 

Above we have considered ideal isentropic flow of a gas in a 
nozzle. Qualitatively speaking, however, all of the material present¬ 
ed above also applies to a real flow (with the exception of a flow 
with separation at the nozzle walls). 

7.2. LOSSES IN NOZZLE 

The axial component of the exit velocity participates in 
creation of thrust. Thus as the actual exha-afc velocity we take the 
average value of the axial projection of the exhaust velocity. Here 
the averaging should be based on the condition requiring conserva¬ 
tion of impulse along the axis. This is less than the ideal velo¬ 
city for an isentropic equilibrium process in the nozzle, owing to 
energy dissipation resulting from the fact that the process is not 
in energy and chemical equilibrium, from friction, and from pressure 
shocks, where the latter take place within the nozzle. The deviation 
of the exhaust velocity vector from the nozzle axis also diminishes 
the actual exhaust velocity (as compared with the ideal value). 

The actual flow process in the nozzle is also influenced by 
heat exchange between thè gas and the walls; heat exchange influences 
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bota friction and process thermodynamics, in particular, the process 
index. 

The reduction in exhaust velocity as compared with the ideal 
value is called the nozzle loss. The nozzle coefficient m is used 

s 
to allow for the influence of the losses on the exhaust velocity; 
this factor equals the ratio of the actual velocity to the exhaust 
velocity with an equilibrium isentropic exhaust process. For rocket- 
engine nozzles, ® ■ n.95-0.98. 

s 

When we consider nozzle losses, we can arbitrarily divide them 
into the losses resulting from the lack of energy and chemical 
equilibrium (nonequilibrium losses); friction losses (losses to 
friction); losses caused by pressure shocks (wave losses); and losses 
caused by the lack of parallelism of the flow at the nozzle exit 
(nonparallelism losses). 

As has already been noted, when there is no condensed phase in 
the combustion products, in most cases the flow process in a nozzle 
takes place with energy and chemical equilibrium. What is more, if 
the nozzle profile is properly designed, there will ordinarily be 
no pressure shocks within the nozzle (we are speaking of flow with¬ 
out separation). 

In the ensuing discussion, therefore, we shall only consider 
the losses caused by friction and the lack of parallelism. To analyze 
these losses, we represent the nozzle coefficient as the following 
product.* 

where qp^ and cp^ are coefficients allowing for the exhaust velocity 
reduction caused by friction and by the fact that 
the velocity vector is not parallel to the nozzle 
axis. 

The friction losses depend on the condition of the surface 
(roughness), and decrease somewhat as the Reynolds number goes up. 
The magnitude of these losses is influenced by the heat exchanged 
between the gases and the wall; heat transfer from the gas to the 
wall increases the friction losses. All other conditions being 
equal, the friction losses rise as the nozzle surface becomes 
greater, so that these losses increase as the cone angle of the 
exit transcritical section decreases. For smooth nozzles, the value 
of çpr averages 0.97-0.99. 

Let us consider the losses caused by lack of parallelism. In 
the ideal case, and with special profiles in the diverging zone of 
the nozzle, there will be axial flow at the nozzle exit; the speci¬ 
fic-thrust losses caused by departure from one-dimensional flow 
equal zero and qp^ ■ 1 (Fig. 7.5a). For an axisymmetric conical noz¬ 

zle, the vectors representing the velocities of all elementary 
streams other than the central stream are inclined to the axis at 
a certain angle that depends on the nozzle divergence angle «2 and 
on the distance between the stream and the axis (Fig. 7.5b). Only 
the axial velocity component participates in the creation of thrust. 
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The larger 012, the greater the losses produced by lack of parallelism. 
The value of Ta can be found, in approximation, from the formula 

In the derivation of this formula it is assumed that the velocities 
of the individual streams at the nozzle exit are identical in magni¬ 
tude and directed along straight lines emanating from the cone ver¬ 
tex. 

TABLE 71. 

0 8 12 16 20 24 28 32 36 40 

u 1,000 0,999 0,997 0,995 0,992 0,959 0,985 0.931 0,976 0,970 

Table 7.1 shows the values of <p Q for various divergence angles. 

The divergence angle 012 has an opposite influence on the fric¬ 
tion losses and on the lack of flow parallelism; thus the nozzle 
coefficient <p has a maximum at some optimal divergence angle (Fig. 
7.6). s 

The value of the optimal angle 012 depends on the shape of the 
transcritical nozzle zone, i.e., on the profiling method and the 
expansion ratio /g. As the nozzle expansion ratio decreases, the 

optimal value of the angle 012 diminishes, while the value of the 
coefficient 9 becomes somewhat larger, since the friction losses 

have less influence. 

Simple conical and profiled nozzles differ in the profile of 
the diverging section. In the first case, the cone angle of the 
transcritical zone is constant along the length, and for such noz¬ 
zles the optimal angle a2 lies in the 18-25° range. Such nozzles 
are simple to manufacture, but for optimal angles a2 they are rela¬ 
tively long; it is always acceptable to increase the value of 012 
for such nozzles, since here the increase in losses owing to lack 
of parallelism reduces the specific engine thrust. 

A relatively short nozzle can be obtained with no increase in 
012 if the angle of the nozzle exit zone is made variable, increasing 
toward the throat. It should be kept in mind, however, that here the 
nozzle profile cannot be arbitrary, since a sharp change in direc¬ 
tion of the supersonic gas flow may produce pressure shocks within 
the nozzle. The aim of profiling is to provide the most uniform 
possible flow at the exit of the nozzle, with the elementary 
streams directed axially. Profiles of such nozzles are designed 
by special methods of gasdynamics (the method of characteristics). 
The nozzle is relatively long at a* * 0, however. For rocket engines 
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Fig- 7.5. Determining losses caused by lack of parallelism, a) 
Profiled nozzle with axial flow at exit; b) simple conical nozzle. 

Fig. 7.6. Dependence of cp on 

angle a*. 1) Friction losses; 
2) losses caused by lack of 
parallelism. 

Fig. 7.7. Comparison of noz¬ 
zles with identical angle »2. 
1) Simple conical nozzle; 2) 
profiled nozzle. 

there is no need to provide strictly axial flow at the nozzle exit, 
since for (I2 < 15-20°, the reduction in specific thrust caused by 
the losses introduced by lack of parallelism amount to less than 
1% (see Table 7.1), while the flow nonuniformity is negligible in 
this case. Thus 0 < a2 < 20° for profiled rocket-engine nozzles; 
this noticeably shortens the nozzle as compared with simple coni¬ 
cal nozzles (Fig. 7.7), and somewhat reduces the hydraulic losses. 
The value of cp is somewhat greater for profiled nozzles (by 1-2$) 

s 
than for simple conical nozzles. 

7.3. THRUST AND SPECIFIC THRUST FOR VARIOUS NOZZLE OPERATING REGIMES 

If the nozzle expansion ratio is increased, the exhaust velo¬ 
city will rise and, consequently, the first term in the thrust formu' 

i 
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Fig. 7.8. Determination of 
optimal nozzle operating re¬ 
gime. 

la (1.5) will become greater; the pressure p will also be reduces, 

resulting in a simultaneous reduction in the second term; if is 

decreased, we will obviously have the opposite result. 

Letus find the optimal nozzle exit area (or, what is the same 
thing, the optimal pressure p) for which the engine thrust will be 

o 

greatest. We consider the forces acting on the nozzle walls, neglect¬ 
ing friction forces; these will be the forces of internal gas pres¬ 
sure and external pressure of the environment. 

The pressures will be distributed along the nozzle as shown in 
Fig. 7.8a under design conditions. For the same pressure p£, a noz¬ 

zle operating with overexpansion (pg < nn) should have a larger ex¬ 

pansion ratio. Consequently, to the basic nozzle we should add the 
section Lx i (Fig. 7.8b) to which the force APi is applied, the force 
balancing the forces of internal aid external pressure, and directed 
so as to oppose the thrust. Consequently, the engine thrust, as well 
as the specific thrust in overexpan.-ion operation, will be less than 
the design thrust: 

A Pbcp^Ppicn—A P!• 

A nozzle operating with underexpansion (pg < pn) must be shorter 

than the design length by a certain segment Ax2 (Fig. 7.8c). 

It is not difficult to see that the force AP2 acting on this 
deleted section will have the same direction as the engine thrust. 
Consequently, with underexpansion, the engine thrust will be less 
than the thrust in design nozzle operation: 

P,ra ” Ppte«“A P*. 

Thus for a specified chamber pressure, a rocket engine will develop 
maxi ium thrust and specific thrust when the nozzle is operating in 
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the deòi^n regime, i.e.j when the r,as 1.-, expunded to the external 
environmental pressure. 

An increase or decrease in the nozzle expansion J’atlo with 
respect to the optimal value will result !n sped lc-thrust losse.. 

The result obtained is Illustrated by Fir. 7.‘). The 
Fig. 7.9 were obtained with no allowance for t low separation from 
the nozzle walls, which can occur when there is significant ove^" 
expansion. When there is overexpansion, the flow Increases the hrus 
and conseauently, the specific thrust of the engine. It io not ail 
ficult to see this if we compare the diagrams for the pressure at i 
wall (Fig. 7.10). 

The results of an analysis of nozzle operation in various re¬ 
gimes are used to select a nozzle for an engine. If the engine is 
operated at constant altitude (pn - const) and with a constant regime 

(p* - const), there is no difficulty in selecting the nozzle so as 

tokproduce maximum specific thrust; here the best nozzle is the one 
calculated to produce the optimal expansion ratio. Where there is a 
large available pressure drop P¿/Pn» the required value of /s and, 

consequently, the nozzle dimensions may prove ver7 iarge* s^0 
case, the exit section is often made smaller than the °ptlrajJ-J^z » 
since for large p¿/p3 a tertain reduction in f3 from the optimal 
value will at most decrease the specific thrust negligibly. T^i® 
clear, for example, from the data of Fig. 7.9- Thus if the availabl 
pressure drop is p{/pn - 200, and we halve the nozzle exit area (or 

what is the same thing, the value of 7S) as compared with the optimal 

value, the specific thrust will be reduced by less than 2*. If there 
is an available pressure drop of 20 and we halve the optimal nozzle 
exit area, the specific thrust will be reduced by roughly 6%. 

As a rule, a rocket engine operates with variable regimes and 
at different altitudes, so that the best nozziewiil ensure the 
greatest total economy over the entire vehicle flight segment with 
allowance for motor size and weight. Fere it is a c°mP1J;°at®^ 
ter to perform exact computations for the best nozzle. The designe 
should know the range of altitudes within which the engine is to 
operate and the burn time at the different altitude segments. 

Statistical data are often used for rough estimates. For ex- 
ample, for engines of single-stage rockets, a pressure pg ■ o.m-u.o 

atm (abs) is used, depending on the maximum altitude for powered 
flight. Lower pressure values are used for nozzles in upper-stage 

engines. 

7.4. CHARACTERISTICS OF HETEROGENEOUS MIXTURE OF COMBUSTION PRODUCTS 
FLOWING IN NOZZLES 

When a fuel contains metallic elements, the cof,uJ^OI?ap^u^s, 
in addition to gases, may also contain 
liquid), products of oxidation of the metals (for example, Ala«,, 
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cific thruiït. 1) Undcrf-xfiari;: 1 on ; 
2) overexpanüion. 

Fig. 7.10. Diagram for pressures on 
nozzle wall with and without separa¬ 
tion of flow from nozzle walls. 1) 
Separation section; 2) with separa¬ 
tion. 

Fig. 7.11. Lag in velocity of 
condensed particles. 1) urn; 
2) nozzle profile. 
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T^O, 3e0, etc.). 

In this case, the gas stream flowing through the nozzle will 
contain suspended condensed particles. As iu moves along the noz- 

drnA ThoSaS ®xpan^s and accelerates; its pressure and temperature 

acceierStPd°n2hrtied+-PartlCleS are entralned by the gas and are thus 
the ga^ d* th lr temperature dr°Ps owinß to heat exchange with 

§eneral case, the temperature and velocity of the gas 

amonr?henve?o^MiCleS.nrd n0t be the same* The -elationshipj among the velocities and temperatures affect the parameters of the 

two^hase^diffe^ mUSt be re?lembered that if the velocities of the 
two phases differ, proper evaluation of engine efficiency i e 

tiS^be^r of.th¡?st and specific thrust, require that considera¬ 
tion be given to the mean mass exit velocity, which equals 

tPt/Oj + wtjOj 

0, + Oy 

where Gi are the gas exhaust velocity and weight flowrate; 

Wsj' Gj are the same quantities for the condensed particles 

We let Qj represent the proportion by weight of condensed 

particles : 

er Oi 

Oi + Oi ' 

Then 

*«“0 -gj)v>tt+gj*>tb (7.2) 

We C^n nOW dea^ with the two extreme cases for the nozzle flow 
process of a heterogeneous working fluid: 

gaseous îherrnal1and dynamic equilibrium between the 
of tha%wnd^o d d p5asesi here the velocities and temperatures 

can onlv bePrÜaiíden£íCal ln every cr°ss section. This case 
small ^ ^ condensed particles are extremely 

cles^nd típ Líher^íS ÏÎgoroU5 heat exchange between the parti¬ 
cles and the gas, while the particles are small in mass. 

with theTcasCOr?oe?Ía? f?ríÍClen eicchan8e neither heat nor momentum 
the gas, ao that their velocity is nearly zero, while the 

temperature is constant along the nozzle and equals the chamber 

em7mhÍyrei ÍhíS case* ln which there is no thermal or dynamic 

partíales ârê ?e^eíaíge?tWeen ^ PhaSeS 1S P°SSlble when the 

n0^In actüallty» a certain intermediate case is realized; de- 
SinÍapp?SaÍhethÍZfirÍi-the COndeSSfd Partlcles, the actual process 
illustrated in Pi/ ? îi aac°nd limibing cases. The latter is 
illustrated in Pig. 7.11, which shows the variation of the lag in 
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velocity of condensed particles ("' »,*0 al°nE ^^e nozzle length 

as a function of particle size [22], 

The data of Pig. 7.12 [22] give some idea of the possible di¬ 
mensions of condensed particles obtained upon combustion of solid 
fuels with added aluminum. 

Let us consider one-dimensional flow of a heterogeneous working 
fluid. For simplicity, we neglect friction and heat exchange with 
the walls; the chemical composition and heat capacity of the two 
phases are taken to be constant along the nozzle, while the propor¬ 
tion by weight of condensate is also constant. The energy equation 
for a flow of heterogeneous working fluid with constant and no 

heat exchange with the walls has the form 

+ (7.3) 

Here I. ., 1.. are the enthalpies of the gas and the condensed 
^ particles ahead of the nozzle (at the end of 

the combustion chamber); 

are the same, for the nozzle exit section, st sj * 

For equilibrium outflow, u-j-cj-t:'; Thus when there is 
thermal and dynamic equilibrium between the phases. 

where o 
pi* 

are the heat capacities of the gaseous and condensed 
phases. 

After certain manipulations (when there is no friction and the chemi¬ 
cal composition and heat capacity do not change), we can convert the 
preceding formula to the form 

where 

r-:-^ 

(1 “/.) c pi + fjC I 

+ÏT is the effectlve value of the process index for 
i tj) »i it i eXpansi0n 0f a heterogeneous working fluid; 

(7.4) 

Ä is the gas constant, calculated from the com¬ 
position of the gaseous phase. 

Using Formula (7.4), let us see how the presence of the con¬ 
densed phase influences the exhaust velocity when-there is equili¬ 
brium between the phases. To do this, we consider the quantity w , 
.which equals the ratio of the exhaust velocity of the heterogeneBus 
mixture to the exhaust velocity of a homogeneous gas mixture at 
equal temperatures in the combustion chamber and for equal nozzle 
pressure ratios. From the way in which this quantity depends on 
the weight proportion g. of condensed phase (Fig. 7.13), it is 

- 155 - 



lo 2 * ft 
9 fzs"tp vicmau, ! nu 

'c 
Fig. 7.J.2. Measured size dis¬ 
tribution of condensed parti¬ 
cles. 1) Relative proportion; 
2) particle size, wm. 

sn'Ä^:r::ÄÄ»,S;!rS?.S- 
IBSir rÍÂ mSSsæ: « 
case^thel^lntrôduction înto'afuel raises the [-Jhhe^n|/f^Ue 

^e^rp^cfucrdl/^riSl^c^^.îîonÎ^c^Saracaeris- 

ties^yincluding the influence of the condensed phase. 

«-»00 

)- 

Fig. 7.13. Dependence of u>s on 

Tft us consider the second limiting case: there is no heat 

æÂ=aipfS:=SÂ 
oarticles do not leave the combustion chamber and do not give p 
their energy to the gas. Only the gas stream leaves the nozzle, 
and its exhaust velocity will be the same in this case as for a 
hSmogeñeoS mature of combustion products. The mean mass exhaust 

velocity is represented by the formula 

t7'5) 

Let us consider one more case for the nozzle process; we as- 
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sume that both phases have equal velocities (dynamic equilibrium), 
but that there is no heat exchange between the phases, while the 
temperature of the condensed phase is constant and equal to the 
chamber temperature (there is no thermal equilibrium whatsoever). 
For this case, we can obtain the following expression from Eq. 
(7.3) 

'.-l/[1-(4-)-1-]. (7-6) 

In the absence of process equilibrium, as we have already noted, 
the exhaust velocity will be less than the equilibrium-process velo¬ 
city. Thus if there is neither dynamic nor thermal equilibrium in the 
heterogeneous combustion-product mixture, while both substances dif¬ 
fer in velocity and temperature in the nozzle, there will be addi¬ 
tional losses in the exhaust velocity and, consequently, lowered 
specific thrust. The losses caused by lack of process equilibrium 
(here we have in mind thermal and dynamic equilibrium between the 
phases) are characterized by the coefficient q>n, which equals the 

ratio of the exhaust velocities for nonequilibrium and equilibrium 
processes . 

Where there is a total lack of either dynamic or thermal equili¬ 
brium, the coefficient cpn will equal the ratio of the velocities, 

computed from Formulas (7-5) and (7.4), respectively, while when 
there is a complete lack of thermal equilibrium alone, it will equal 
the ratio of the velocities computed from Formulas (7.6) and (7.4) 
(Fig, 7.14). Depending on the particle dimensions, the actual value 
of cpn will lie between unity and a value determined by the lower 

curve of Fig. 7.14j it can be determined from experimental data. 
According to certain investigations of solid rocket engines using 
fuel with aluminum additives, the losses caused by lack of equili¬ 
brium between the phases amount to 2-4< [22]. In this case, conse¬ 
quently, when the actual exhaust velocity is determined from the 
known exhaust velocity for the isentropic process, the nozzle coef¬ 
ficient cpg found for a nozzle with a homogeneous gas flow (see §7.2) 

should be reduced by 2-4¾. 

Fig. 7.14. Dependence of cp on g.. 1) Flow with complete equilibrium; n j 
2) identical phase velocities, constant temperature of condensed 
phase; 3) no thermal or dynamic equilibrium between phases whatsoever. 
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Footnotes 

'This method is acceptable since the individual losses 
are so small. 

2We obtained this result by neglecting the friction forces. 
When allowance is made for these forces, the optimal noz¬ 
zle will operate with a certain degree of underexpansion. 
The reason is that shortening of the nozzle designed for 
complete expansion decreases the friction force. 

Transliterated Symbols 

c ■ s ■ soplo ■ nozzle 

h ■ n » naruzhnyy ■ external 

npen ■ pred ■ predel'nyy » limiting 

Kp ■ kr ■ kriticheskiy ■ critical 

onT » opt ■ optimal’nyy ■ optimal 

nep ■ per ■ pererasshireniye » overexpansion 

neu ■ ned ■ nedorasshireniye * underexpansion 

pacv ■ rasch ■ raschetnyy * design 

■ eff ■ effektivnyy ■ effective 

h ■ n * neravnovesnost' ■ nonequilibrium 
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CHAPTER VIII 

THERMODYNAMIC CALCULATION OF COMBUSTION AND OUTFLOW 
IN JET ENGINES 

8.1. General Positions 

For calculation of the process in a Jet engine and determination 

of itG specific parameters and geometric dimensions it is necessary 

to know the composition, temperature, pressure, and rate of combustion 

products in the combustion chamber and in various sections of the 

nozzle. These values are determined with help of thermochemical and 

thermodynamic dependences, i.e., by means of thermodynamic calculation 

of combustion and outflow. 

Components of rocket fuels generally can contain various 

elements: C, H, Li, B, 0, F, and others. These elements can also 

be contained and in monopropellants which are capable of exothermic 

reactions of decomposition or recombination. 

Reactions of oxidation, as was noted, can be represented 

conditionally as an exchange by electrons on the outermost electron 

shell of atoms. 

During the formation of products of complete oxidation combustible 

elements give off all their outer electrons, and the oxidizing 

elements supplement the number of outer electrons to eight. The 

number of electrons given off or received by an element during a 

chemical reaction determines its valence. Thus the valence of 

combustible elements in products of complete oxidation ir is equal 
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to the number of their electrons n, ami the valence oí oxidising 

elements 1 is equal to 8-n, where n - number of electrons in the 
OH 

outer electron shell. 

For a number of elements the number oí’ electrons n is given in 

Table 8.1. 

Table 8.1. Number of electrons on outer shell 
and valence of certain elements ._ 

• iL'Ilia’ t H Li Mg Be B AI C SI 0 P Cl 

. .rn: 
c itiC ■ »* ' 

1 1 2 2 3 3 4 4 6 7 7 

V'»!»!» ru ... 

• .r i i ï 
V'LJM : 

1 t 2 3 3 4 4 2 1 1 

Using the shown determinations, it is not difficult to find the 

products of complete oxidation for different combinations of oxidizing 

and combustible elements, considering i = i. Some of these are 
I UK 

given in Table 8.2. 

Table 8.2. Products of complete combustion. 

V Comuuitiuld 
•mam 

slemunt 

H LI K Mg Be B AI C 

0 HjO li2o KjO MgO BeO b,o3 ai3o3 co2 

p HP LIP KF MgFj BeFj bf3 aif3 CP4 

In the event of deficiency of oxidizing element products of 

incomplete oxidation will be formed. Thus, with a deficiency of 

oxygen, besides CO2 CO will be formed. In a number of cases with a 

deficiency of oxidizer a portion of the combustible element is 

oxidized into a product of incomplete oxidation, and the remaining 

share is present in a unoxidized form. Thus, with a deficiency of 
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oxygen, hydrogen partially formo H^O and partially remains in the form 

of H-,; lithium with fluorine with a deficiency of fluorine will form 

LiF and Li. 

For fuels consisting of elements H, C, N and 0, the products of 

complete oxidation will be Ho0 and CO^. Nitrogen is oxidized by 

oxygen only at high temperatures, where the reaction of its oxidation 

is endothermal, i.e., is accompanied by absorption of heat. Under 

usual conditions nitrogen does not enter into the reaction and in 

products of complete combustion is present in a molecular state N^.1 

8.2. Elementary Composition. Conditional 
Chemical Formula 

The composition of a substance in weight fractions of separate 

elements is called elementary composition. The general formula for 

weight fraction of an individual (k) element in a substance has the 

form 

V 

here - weight fraction of k element; a^ - number of atoms of given 

element in molecule of compound being considered; - atomic weight 

of this element. 

If one were to be limited yet to the elements H, C, N, and 0, 

then in general the chemical formula of the substance has the form 

CJ^OpN,. 

Then the elementary composition will be 

& 12* i _ n <L _16^ . 
-• ®H=—! *0 — —• «* H " P ji 

(8.1) 

here 12m+n+16/>+14^-- molecular weight of substance; be, àa, ào, àH ~~ 

weight fraction of carbon, hydrogen, oxyg^i, and nitrogen. 

*An exception are certain fuels, the reaction products of which 
include nitrides of a number of elements, for example, of boron 
nitrl ie BN. 
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If the fuel or its component constitutes a combination of several 

substances, then the weight fraction of a separate (k) element will 

be found thus: 

where bR - weight fraction of k element in the mixture; gl - weight 

fraction of separate (i) substance in mixture; bk - weight fraction 

of k element in i substance. 1 

For a mixture of substances, consisting of elements H, C, 0, 

and N, the elementary composition is found in the following way: 

here àCt, bHi, b0¡, bHl— weight fractions of elements in separate (i) 

substance, g^ - weight fraction of separate (i) substance in mixture. 

If the fuel consists of an oxidizer and fuel and the relationship 

of components k and elementary composition of both components are 

known then the weight fraction of separate (k) element in the fuel is 
found thusly: 

—ni-' (8.2) 

For fuel consisting of elements H, C, 0, and N, the elementary 

composition of fuel is determined by the following equations: 

*c' 

*o 

**+**=«■ 
1+» 

*°r + »*0.. 
1 + * 

»..îütiXütt. 
" I+» 

(8.3) 

When the components constitute a mixture of individual substances, 

then for certain calculations it is convenient to use a conditional 

chemical formula for the given component. Such a formula can be 

constructed in various ways. For example, it is convenient to 

determine it, proceeding from the number of atoms of various elements 
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wtii cil :if*e present per 100 weight unitü of examined component. Ttcr 

ttie conditional chemical formula will have the form: 

CmH^pN, . 

where 

= 1,=¾. B=,00*O - 4, = ¾ 

12 1 ’ ^ 16 ' V 14 

and be. bn, bo, bN weignt factions of corresponding elements in the 

given component. 

8•3• Theoretical Relationship of Components <^ 

Calculation formula for determination of can be written on 
the basis of the following. 

Let us assume that I;— sum of valences of combustible elements in 

a molecule of fuel; tf- sum of valences of oxidizing elements in 

molecule of fuel; then number of free valences of combustible 

elements in a molecule of fuel; ——— number of free valences of 

combustible elements in 1 kgf of fuel. 

Further let us assume that ij; —sum of valences of oxidizing 

elements in molecule of oxidizer ano. ij, - sum of valences of combustible 

elements in molecule of oxidizer; then 5lIL!s_ number of free 

valences of oxidizing elements in 1 kgf of ^oxidizer. Since 

(8.4) 

then 

(8.5) 

If the component constitutes a mixture of individual substances, 

then during determination of sums of valences it is convenient to 

originate from a conditional chemical formula. 
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for a number of fuels Is given In Table 8.3. Value Kq 

Table 8.3. Theoretical relationship of 
components. 

>>id¡ or fu*l -1 Jxinizur Kiial *• 

HNOj 
«0« HNOj 
HNOj 
HNOj 
HNOj 

N*0« 
W* 
w* 
C (NO* 
0» 
0. 
0» 
HA 
•0« HA 
M« HA 

K ! * • » i* • ‘ . 

k«i' >a »1« 

H|H« 
B«H, 
Kêro9*r ** 
tonkM 

f*»*U 
ft •• 
n% C,H,OH 
CfHfOH 
ktPOMir.« 

k»pniei,# 

K«pox«r.« 

5.34 
5.57 
4.67 
l.«7 
4.5 
4.M 
4.36 
1.44 
6.« 
1.56 
2.073 
3.50 
7.11 
7.63, 

•» 1 

0| 
O* 

r* 
1 p* 

Pi 
p* 
OP, 
OP, 
OP, 
OP, 
CIP, 
CIP, 
KCIO« 
NH4CK>, 
NaNO, 

n»h4 

H, 
kepoa^'i« 
NH, 
n,h4 
B.H, 
Karo ■<><>• 

NjH, 
N|H, (CHj), 
*»H* 
HjH, 
3»H, 

>«tv.y oil 
pp#du«tr 

1.0 
7.65 
1.05 
3.36 
2.37 
7.24 
5.75 
1.61 
3.« 
5.13 
2.N 
1.76 
7.3 
3.3 
3.7 

Frequently for determination of value tc0 they use a formula 

founded on the weight fractions of elements. However, this Is con¬ 

venient when the number of possible elements In the fuel Is limited. 

If the oxidizing element is oxygen and chemical formulas of 
oxidizer and fuel are known 

iWyi* and C^H^O^K^. 

then 

c-ir- 
e-i.-**»-«*«-*..! 

-I* (½ 
—««I Pt (8.6) 

Considering that 

p 
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[■''¡•nula (8.b) can be written in the form 

y ♦cr + WM,--^), - 
*°»«— 3 *C,« ~ ®*H#g 

(8.7) 

For characteristics of certain monopropeHants, as was mentioned 

above, there is interest in the value of coefficient of surplus of 

oxygen a0>, equal to the ratio of actual content of oxygen to that 
L. 

necessary for complete oxidation of combustible elements. 

if the elementary composition of a substance is known (for example, 

lC* lH’ bN and b0^» then a02 is not dlfficult to find. Actual 

content of oxygen in 1 kgf of fuel is equal to bg. Necessary quantity 

of oxygen for complete oxidation of combustible elements is equal to 
4-&c+Wh. then 
3 

•0. _*9_. (8.8) 

8* Composition of Products of Combustion 

Composition of combustion products of a concrete fuel depends on 
temperature and pressure. 

Influence of temperature has an effect on dissociation of 

combustion products, which in turn leads to a decrease of temperature 

of combustion and lowers thermal efficiency and discharge velocity of 
gases from the nozzle. 

Dissociation is practically perceptible, starting from tempera¬ 
tures of an order of 2000°K. 

At very high temperatures (T > 5000°K) ionization of gases can 

also occur, i.e., breakaway of electrons from atoms; in this case 

besides neutral atoms and molecules, ions and electron gas are also 

i "ese-v in the products of combustion. 
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Dissociation leads to an increase in the number of moles, and 

consequently also the volume of products of combustion, therefore 

the increase of pressure, preventing an increase of volume, lowers 

the degree of dissociation of combustion products and leads to an 

increase of temperature of combustion. With those same values of 

pressure, which are encountered in the combustion chamber of jet 

engines, the influence of pressure on dissociation is not great 

(see, for example, Pig. 8.6). 

The composition of combustion products depends also on the degree 

of completeness of the reaction (combustion efficiency). Thermo 

dynamic calculation is conducted on the assumption that the composition 

of products is chemically an equilibrium at a given temperature and 

pressure. 

At relatively low temperatures the composition of combustion 

products will include products of complete oxidation (HgO, C02, HP, 

and others) and incomplete oxidation (for example, CO) which are 

stable under these conditions, and also molecules (or atoms) of other 

elements (Hg, Ng, Og, Li, B, and others). 

Concrete composition is determined by the initial composition of 

fuel. For example, for fuel consisting of elements H, C, 0, and N, 

at low temperatures the composition of combustion products includes 

the following gases: 

with o-l—HfO.COfcNt; with 0>1-HA CO., N,.Oi; 

with «<1—IUO, CO., N., H*. CO. 

Furthermore, with a considerable deficiency of oxygen the lowest 

hydrocarbons (CH4, C2H6) and also free carbon can be formed. 

The composition of combustion products at high temperatures is 

different from their composition at low temperatures due to dissocia¬ 

tion. If one were to examine fuels consisting of elements H, C, 0, 

and N, then besides the above-indicated gases, as calculations and 

experiment show, at temperatures higher than 2000°K the products of 
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combustion will also include the following gases: OH, 0, H, NO, and 

N. At very high temperatures the appearance of free carbon is possible 

The appearance of these gases (H, C, 0, N, and others) is the result 

of dissociation of complex compounds into simpler one: 

CO^CO+yO, 

HjOîî M2 + y 0» 

(8 9) 

0,^20 
Ha«±2H 
N,5±2N 

N,+02îï2N0 
V 

Although the last reaction is not a reaction of dissociation in 

a full sense, it is accompanied by absorption of heat and with a 

temperature rise is displaced to the right. 

Prom reactions (8.9) it follows that at high temperatures the 

products of incomplete oxidation (CO and H2) and oxygen (02) can be 

obtained both with a < 1 and with a > 1. Relative content of separate 

gases depends on excess-oxidant ratio and is changed with temperature. 

The change of equilibrium composition of combustion products 

with temperature is shown in Fig. 8.1. 

Fig. 8.1. Composition of combustion products for 
oxygen-kerosene fuel at a ■ 1 and pcM ■ 40 atm(abs.). 
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In a state of chemical equilibrium the quantities of separate 

gases in a reacting mixture are found in a strictly definite relation¬ 

ship, emanating from the equation for chemical equilibrium (equations 

of constant of equilibrium). Thus, for the reaction 

a AbB ?£ tnM nN, 

where A, B, M, N - reacting substances; a, b, m, n - stoichiometric 

coefficients, the equation of chemical equlibrium has the form: 

Here Kp - constant of equilibrium; pM, pN, pA, pß - partial 

pressures of corresponding substances. 

In a complex mixture of gases several chemical reactions can 

flow simultaneously. Every chemical reaction is described by its 

own equation of chemical equilibrium. However, inasmuch as separate 

gases can participate simultaneously in several reactions, then the 

quantity of one or another gas will be determined by the totality 

of equations of chemical equilibrium describing those reactions in 

which the given compound participates. The quantity of independent 

equations, describing the chemical equilibrium of a complex mixture of 

gases, as is known, equals 

Z-X-y. (8.11) 

where X - number of separate gases; Y - number of chemical elements, 

from which these gases are composed. 

For example, if the composition of combustion products includes 

the gases CC>2, H20, CO, H2, 02, N2, OH, NO, 0, H, N, then X « 11, 

Y ■ 4, Z ■ 7. 

For a mixture consisting only of C02, H20, N2, and 02, the number 

of equations of equilibrium Z ■ 0. 
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Calculation of composition has the purpose of determining the 

quantity of separate gases in the mixture of combustion products. The 

number of unknown is equal to the number possible gases X. 

For resolution of problem equations of chemical equilibrium and 

material balance are used. The number of equations of chemical 

equilibrium, as shown above, is equal to X - Y. 

Equations of material balance express the law of conservation of 

matter and determine the equality of quantity of separate elements In 

the initial fuel and in end products of combustion. 

The equation of material balance in a general case has the form 
0 * 

2ÖW*,, (8-12) 

where b. - weight fraction of k element in fuel, is determined by 

the formula (8.2); \ - atomic weight of given element; aki - number 

of atoms of k element in i component of mixture of combustion products; 

n - number of moles of given component. Obviously the number of 

equations of material balance is equal to the number of elements Y. 

Consequently, the system of equations of chemical equilibrium and 

material balance includes X equations and is sufficient for 

resolution of the problem. 

If in the products of combustion the same compound is present 

both in a gaseous and also in a condensed form (heterogeneous system) , 

then for determination of the composition of combustion products it is 

necessary to have one more equation, since an additional unknown 

appears - the fraction of substance in a condensed form. Such an 

equation is the equation for the dependence of pressure of saturated 

vapor p of the given compound on temperature: 
s 

The composition of gaseous products of combustion can be 

expressed in moles ^ of separate gases per 1 kgf of combustion products 
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(mole/kilogram-force), in weight fractions gj, or in partial pressures 

p j_ atm(abs. ). 

Transition from these values to others can be performed by the 

known equations 

% 
Pvt ntm 

IL 
A=_ei_ 
Pot JJli. 

(b.iJl) 

(8.1e;) 

Here ^C11=2^/,c«=*2,,,: molecular weight of 1 eas* 

Apparent molecular weight u is equal to the weight of the 
cn 

mixture of gases, divided by their total number of moles; if the 

numbers of moles n are referred to a unit cf weight of the mixture 
CM 

of gases , then 
1 

If the composition of the mixture of gases is assigned by partial 

pressures, then it is convenient to use the formula for uCM» expressou 

through p^ Inasmuch as 

then taking into account equation (8.10) we obtain 

„ SV/ - , 
t^CM Vs 0 2.P, Ptm 

(8.16) 

8.5. Calculation of Composition of Combustion Products 

The problem Is reduced to a determination of equilibrium 

composition of combustion products at an assigned temperature and 

pressure. In a general case the composition of combustion products 
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is very complex and can include up to 10-20 components and more. The 

problem somewhat is simplified, if on the basis of calculation or 

experimental data the list of compounds entering into the composition 

of combustion products is known and it is possible to disregard certain 

of them. Otherwise one has to be concerned with all possible (expected) 

compounds. 

The initial system of equations, necessary for determination of 

quantities of separate components of a mixture of combustion products, 

as was noted, includes the equations of chemical equilibrium and 

material balance. The equations of chemical equilibrium describe 

the corresponding chemical reactions - in this case reactions of the 

dissociation type (8.9). It is necessary to consider that in general 

the system of equations of dissociation can be composed arbitrarily, 

but in such a manner that it completely describes mixture ratio of 

products of combustion and the chemical interaction between separate 

components of the mixture. Frequently they originate from equations 

of dissociation of molecular components into atomic. For example, 

for fuel consisting of the elements H and 0, the equations of 

dissociation on the basis of equations (8.9) can be presented in the 

form 

0,5*20 
H,5±2H 

(8.17) 

Instead of this system it is possible to write its equivalent system 

of chemical equations of dissociation of molecules and radicals into 

atoms : 

H|Oï*2H-f O 
0H5*0+H 
0,^20 . 
H,5*2H 

(8.18) 

For the first system of chemical reactions the equations of 

chemical equilibrium have the form: 
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(8.19) 

K 

and for the second system 

’* _ f'n'Po 
/H.0 ’ 

(8.20) 

However, such a system of reactions (decomposition of molecular 

compounds into 'itoms) sometimes can turn oift to be not very convenient, 

in particular in those cases when in the products of combustion there 

is an absence of any of the elements in an atomic state, although it 

is included in the composition of other compounds (for example, in 

the combustion products of fuels consisting of elements H, C, 0, and 

N there is practically no free carbon, although it is included in the 

composition of other gases such as C02, CO). 

Equilibrium constants for ideal gases depend on temperature and 

are cited in special literature.1 

It should be borne in mind that if in the tables the constants 

of equilibrium corresponding to the accepted system of reactions are 

absent, then these necessary constants can be obtained by a combination 

of those available in tables. 

^ery detailed data are given in the reference book "Thermodynamic 
Properties of Individual Substances," vcl. 1 and 2. Publishing house 
for the Academy of Sciences, USSR, 1962. See also [21]. 
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We will examine example: in the tables there are equilibrium 

constants applicable to the second system (decomposition of molecules 

into atoms); it is required to find constants for the first two 

reactions of the first system (K and K’ ). 
ph2o ph2o 

We will compose the initial system of the equation for calculation 

of equilibrium composition of dissociated combustion products in an 

example of fuel consisting of elements H and 0. 

The composition of combustion products includes gases HjO, 02, 

H2. OH, H, and 0. This composition is described by four equations 

of chemical equilibrium and two equations of material balance. 

Equations of chemical equilibrium are presented above, for example, 

(8.19) or (8.20). Equations of material balance on the basis of 

equation (8.12) can be written as: 

Ao—lStftN.o+2113.+^+00): 

*h~1(2an,0 +2«Ht+0OH+*n); 

or in partial pressures: 

Ao—160hi.o +2/te,+#oH+/H>) 5*; 
fm 

*m—+2jh.+*>h+Jm) 5“. 
Pm 

For exclusion of cofactor ncM/pcM in the last equations it is 

convenient to switch to relative equations of material balance: 

joM ^IPha+Ip***Pm + Pd 
*n 20ii,o+**H, +Am+ *h 

(8.21) 

Inasmuch as in this case the number of equations is decreased then 

the system should be augmented with one more equation. Usually 

equation of the law of Dalton is used: 
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or for the given fuel 

+*>, + £«, +JOH+ ^0 +Ph- (8.2:?) 

Thus, for determination of six unknown partial pressures there 

are six equations (8.2Ü), (8.21), (8.22), with the help of which it is 

possible to find the composition of combustion products if the 

elementary composition of initial substances, pressure, and temperature 
of products of combustion are known. 

At relatively low temperatures the number of products of 

dissociation decreases. Thus, at T < 2500°K practically atomic gases 
of H and 0 are absent, and if with this a < 1, then molecular 

oxygen is also absent. In this case the number of unknowns also 

decreases, which simplifies the calculation. At T < 2000°K, as was 
shown above, products of dissociation are practically absent. 

The composition of combustion products for fuels which also 

include other elements besides H and 0 is determined likewise. The 

initial system of equations Includes Z « X - Y equations of chemical 

equilibrium, Y - 1 equations of material balance, written in a relatl.-- 

form, and one equation of the law of Dalton, i.e., there is always an 

identical number of equations and unknown^. 

For an illustration we will also compose a system of equations 

for fuel, in which the fuel is H2 and oxidizers is F2. The products 
of combustion of this fuel contain the gases: HF, F0, H2, F, H; 

consequently, here X ^ 5 and Y » 2. The composition of combustion 

products Is described by three equations of chemical equilibrium 
(Z - 3): 

If, füll. K ——; 

one equation of material balance in relative form 

*». 1 + V 
*r •• 'HF + 2*.+'r ‘ 
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and the equation 

J«. “ Air+*h,+pr, + pH+p,. 

We will compose further a system of equations, describing the 

composition of combustion products of a heterogeneous system. Let 

us consider for an example a fuel, where the combustible is magnesium 

and the oxidizer - oxygen. In the products of combustion in this 

case there can be the gases MgO, Mg, 0?, 0, and liquid (MgO) . The 

weight fraction of (Mg0)w we will designate by gMgQ. Five unknowns 

are s.ubject to determination. 

For the given case X » 4 and Y ■ 2. 

Composition of combustion products is described by two equations 

of chemical equilibrium (Z ■ 2): 
✓ 

A»«o ’ 

one equation of material balance: 

» - — a M« 40,a*MtO 
. _w_ 
•o~40.3f*«o 

24,3 %«Q * *M« 

18 + + 

and the equation 

Pen “ Pmio+Poi+/»o+/>*«• 

(8.23) 

(8.24) 

(8.25) 

The last equation, supplementing the system of equations to 

five, is the dependence of pressure of saturated vapors of MgO on 

temperature: 

(8.26) 

In the equation of material balance (8.24) the members 16/40.3 

and 24.3/40.3 represent the weight fractions of oxygen and magnesium 

present for (MgO)^ (24.3 - atomic weight of Mg; 40.3 - molecular 

weight MgO). 
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The solution of these five equations ^1 ves, at the asslrneti i) 
ct'1 

and T, the values of and all partial pressures. 

If as a result of calculation a negative value of weight fracti n. 

of the condensed phase Is obtained, then this means that the condense; 

Phase is absent; in tills case the calculation should be conduct'd by 

the usual method for gas. Conversely, If the calculation was eonduc^u 

neglecting the condensed phase and part’al pressures of separate 

gases are obtained which are larger th. ' the pressure of saturated 

vapors of the corresponding substances at the given temperature, this 

means that there is a condensate and the method of calculation should 
be modified. 

8.6. Enthalpy of Parent Substances and 
Products of Combustion 

For calculations there is no necessity to know the absolute value 

of enthalpy, but it is important to be able to find thf change In it 

during a change of state of the substance. In the area of moderate 

pressures the change of enthalpy of a substance of constant chemical 

composition is connected only with a change of temperature. Therefcr.- 

in tnis case we examine values 1^ , equal to a change of enthalpy of 

a substance in the interval of temperatures'from a certain T^, aecep’ ‘d 
as initial, to T. 

Change of enthalpy in the temperature interval from Ti to T^, is 

found here in the following way: 

(8.27) 

The heat of formation AH of any substance if the name given to 

the thermal effect of the reaction of its formation from simple 

substances. Here the simple substances are examined in such states and 

allotropie modifications, which for them during normal conditions are 

stable: H2 - gas; 02 - gas; P2 - gas, C - beta-graphite, Li - solid, 

B - solid, etc. The heat of formation of a substance at standard 

conditions (t ■ 20°C and p*« 1 atm(abs.)) is called the standard 

heat of formation AHty. 

176 



Heat of formation is considered positive, if the formation of a 

given substance from simple ones occurs with the absorption of heat 

(increase of enthalpy), and negative if the formation of a substance 

takes place with the liberation of heat. 

In Table 8.4 are given the values of heat of formation of certain 

substances. 

Table 8.4. Standard values of heat of formation 
of certain substances. 

'¿'»S 
H 0 N f H, Hi r* OH NO 

of 
f 

'."il * 

aaoM MISO •5530 • • • • MM 21000 

Table 8.4. (Continued) 

V» » CO HP CO| H|0 CP« (»V». 

ic* 

\\/k 

-25420 —04200 

1 

-WOM —inn -231000 

From Table 8.4 one can see for example, that the standard heat 

of formation of water Is equal to 63360 cal/kgf*mole of water. 

Complete enthalpy I» besides heat iÇ^, also considers chemical 

energy lx. For the chemical energy of a substance it is accepted to 

use the change of enthalpy of a system during its formation from 

Initial substances, the chemical energy of which is accepted as zero. 

In other words, for chemical energy we accept the thermal effect of 

the reaction of formation of the given substance from initial; thus 

(8.28) 

Here i - change of enthalpy during formation of a given substance 
xT0 

fi’om initial at Tq. 
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Complete enthalpy at a temperature of T can alao be written In 

the form 

'f-l'ÎX.+'v 

where - change of enthalpies of Initial substances In the 

Interval of temperatures T-Tn; i - change of enthalpy during 
U Xip 

formation of the given substance from Initial at a temperature T. 

The numerical value of complete enthalpy 1,., depends on the selec¬ 

tion of the beginning of reading, l.e., on the Selection of Initial 

substances, the chemical energy of which Is accepted as equal to zero, 

and on the selection of the value of Initial temperature Tq. 

Widely distributed In the theory of Jet engines is the system of 
O 

reference, In which * 293 K, and as initial .»Imple substances are 

accepted wnicn are examined, as was indicated, in that state which 

under the given circumstances is stable for them. In this case for 

simple substances 

/r.-O; /r«4#. 

For any other substances with tne given system of reference it 

is easy to see that 

y 
Consequently, in general for any substance 

/r_4//r.+$,. (8.29) 

If the fuel (or componen.) constitutes a mixture of several 

substances, then its enthalpy is equal to 

(8.30) 

here - weight fraction and enthalpy of separate substances 

included in the mixture: AH _ - thermal effect of dissolution. pact 

Enthalpy of fuel of sepárete supply during relationship of 

components < is equal to 

¡ 
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(8.31) 

Enthalpy of products of combustion, constituting a mixture of 

gases, Is found frcri equation (8.30), where AHpacT * 0. If the 

composition is assigned through partial pressures, then entahlpy of 

the mixture of gases is equal to 

(8.32) 

8.7. Determination of Temperature of Combustion 

For determination of actual temperature of combustion it is 

necessary to have a calculation heat losses in the combustion 

chamber of the engine at the expense of incompleteness of combustion 

and heat transfer into \he tyall. Two methods of calculation of 
these losses are possible. In one case of loss are considered 

in the overall heat balance, and thus during a determination of 

combustion temperature only that heat, which goes to increasing 
the enthalpy of combustion products is taken into account. In 

the second case during a determination of combustion temperature 

losses are not considered at all and the theoretical temperature 

obtained thusly is then corrected with the help of special 

coefficients. In the theory of Jet engines the second method is 

used. 

Let us work out an equation of energy for a working substance 

in an engine. Let us consider a liquid propellant rocket engine 

(ZhRD) with a pump system of feeding, in which the working substance 

after the turbine is burned out in the main chamber. The equation, 

written for sections 0-0 and K-K (Fig. 8.2), in the absence of 

heat exchange, will have the form: 

'«fim + /*0r++ (G-n + C'J * 
(8.33) 
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Pig. 8.2. Kor compilation of equation 
of energy: 1 — tankL?; 2 — gau generator; 
3 — turbine; 4 — pumps; 5 - chamber. 

Here 0,,, Cr- complete consumption of oxidizer and fuel in 

the engine; 0^,0,^- consumption of oxidizer and fuel in the gas 

generator; /^, /^- initial enthalpies of oxidizer and fuel in 

the tank (secton 0-0); /¡-adiabatic enthalpy (isentropically) of 

inhibited flow of products of combustion at the end of the combustion 

chamber (section K-K). £t- effective operation of turbine, l.e., 

work, transmitted to the shaft of the turbine by one kilogram of 

working substance; where £„,_ adiabatic work, n - effective 

efficiency of turb.ne (see below §9.4); Lh - effective work of 

pump, i.e., work from pump spindle for 1 kgf of pumped liquid; 

¿■-///V wiiere H - actual pressure of pump; nH - complete efficiency 
of pump (see §9.4). Inasmuch as 

" MG*«,,+Or,,), 
V 

then from equation (8.33) it is not difficult to obtain 

(8.34) 

By designating through I0 the enthalpy of initial fuel at 
initial temperature 

we obtain 
/.-rh^+rh'- 

/. c (8.38) 
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if complete heat liberation lu examined, i.e., complete 

combuutlon In the abuence of heat transfer in the wall, then 

r.-r.; 
and 

(8.36) /•-/► 

Thus, In the stated case complete enthalpy of products of 

combustion at temperature T is equal to enthalpy of the initial 
té 

fuel in the tank at the starting temperature. 

For a ZhRD with an open feeding system, when the working 

substance of the turbine is not used in the main chamber, it is 
possible to obtain: ^ 

(8.37) 

However, the increase of enthalpy of fuel in the pumps, which 

is equal to the member in parentheses of the last equation, is 

small and usually comprises less than 0.5Í of its calorific value. 

Therefore even in this case for the calculations of combustion 

temperature an equation in the form (8.36) is used with sufficient 

accuracy. The same equation is also true for a ZhRD with pressurized 
feeding system and for solid propellant rocket engines. 

Thus, the initial equation in t.ie determination of combustion 

temperature in rocket engines is equation (8.36), according to 

which in the absence of losses of heat complete enthalpy of products 

of combustion witn a temperature at the end of burning Tz is equal 
to enthalpy of the initial fuel at a temperature Tq. 

Enthalpy of combustion products depends both on temperature, 

and also on their composition; composition of combustion products 

in turn depends on temperature. For substances consisting of element.- 

H, C, 0, and N, an exception are products of combustion at low 

temperatures, if a ¿ 1; in this case temperature does not influence 
the composition of combustion products. 
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in a general case the determination of temperature of 

combustion should be conducted simultaneously with the calculation 

of composition of products of combustion in the chamber. The 

sequence for calculation of composition and temperature of products 

pressure p in the combustion chamber and chemical composition of 

fuel. Knowing the composition of fuel, they determine its elementary 

composition and enthalpy at initial temperature. Further they 

assign several (usually three) values of temperatures (T', T" and 

TV combustion products and for each temperature they determine 

the composition of combustion products. Knowing the composition 

of combuBtion products, their enthalpies I», I" and I"* are determined 

for selected values of temperatures and graphs of dependence of 

enthalpy on temperature are constructed (Fig. 8.3). Value IT for 

different substances in function of temperature is cited in special 
literature.1 

Fig. 8.3. Fordetermination 
of tempedáture of combustion. 

Using relationship (8.36) and the graph of Fig. 8.3, it is not 

difficult to find an unknown temperature. 

Having calculated Tz, once can determine the actual temperature 

TJ with the help of experimental coefficients (see Chapter II). 

At the same time if follows to keep in mind that usually due 

to the relationship of corr.oonents which is variable by section the 

temperature of gases by section of the combustion chamber is also 

variable. Therefore in this case the discussion concerns mean value 

of temperature T*. If it is necessary to determine distribution of 

‘See footnote on p. 172. 
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temperature of combustion by section, then one should conduct the 

corresponding calculations for the necessary range a. 

Determination of composition and temperature of combustion 

products in general is connected with the solution of a system which 

includes up to ten and more equations, which constitutes a quite 

laborious process. The use of electronic computers for these 

purposes essentially simplifies the problem. 

As was noted in Chapter III, in separate cases for a comparativo 

appraisal of fuels which are close in chemical composition, their 

calorific value is examined. 

By calorific value of fuel we understand the amount of heat 

given off during combustiolf of 1 kgf of fuel under the condition 

that products of combustion are cooled to the initial temperature 

of fuel. Usually this standard temperature is taken equal to 20°C, 

and pressure — equal to one atmosphere. 

Calorific value, which is a thermal effect, is obviously equal 

to the difference of enthalpy of end products of combustion (Inp) 

and enthalpy of fuel (IT). Inasmuch as the reaction of combustion 

of fuel is exothermal, then for giving a positive value to calorific 

value we will consider 

A« -I»—W 

The sequence of determination of ha is the following. The compositioi 

of products of combustion of fuel at a standard temperature is 

found; inasmuch as this temperature is low (20°C), then products of 

combustion are not dissociated. Further based on the known composi¬ 

tion enthalpy of products of combustion at standard temperature is 

determined by the formula (8.30) or (8.32). If working (lowest) 

calorific value (ha or hu)is examined, then all the products of 

combustion are taken in a gaseous state. If, however, the highest 

calorific value (h0) is examined, then compounds included in the 

composition of combustion products and having boiling or melting 

point higher than 20°C should be taken in a condensed form (in 

liquid or solid), which is considered the value of enthalpy. 
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Enthalpy of fuel is determine! by the enthalpy of components; 

bipropellant - by the formula (8.jl). In general tiieir enthalpy 

is taken at 2U°C. If any of the components is a liquified gas, 

then its enthalpy should be taken at the temperature of boiling. 

^•8• Thermodynamic Calculation of the Process of 
Outflow from the Nozzle 

Calculation of the process in the nozzle is usually conducted 

under the assumption of its istntropic nature and then the necessary 

corrections are Introduced for determination of actual values. 

During an isentroplc process in the nozzle 

(8.38) 

where S and S - entropy of products of the reaction at the end 
H V 

of the combustion chamber and In the nozzle exit section. 

Equation (8.38) Is initial. For calculation of an Isentroplc 

process in the nozzle It Is necessary to know the values of entropy 

of the various compounds included in the composition of combustion 

products. Values of entropies are cited in special tables at the 

standard pressure p° ■ 1 atm(abs.) (usually in physical atmospheres). 

For gases it is known from thermodynamics that 

whence1 N. 

I» f kgf*deg 

Here - entropy of gas at standard pressure p1^ and given 

(8.39) 

‘in this chapter the formulas for enthalpy and entropy are 
constructed proceeding from the fact that enthalpy and entropy of 
separate components are given for 1 kilogram-force of substance. 
Frequently in information tables these .values are relative to a 
mole; this should be considered in the calculations. 
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temperature;1 S - entropy of gas at arbitrary pressure p and the 

same temperature. 

Inasmuch as p° » 1, then 

S«,So_U*ln,. 
i» 

(8.40) 

For a mixture of gases 

or 

(8.41) 

Usually during calculation the composition of fuel, pressure 

in the chamber, and pressure in the nozzle exit section are assigned. 

The basic problem of calculation is determination of exit velocity, 

and also through sections of the nozzle. 

Calculation of isentropic outflow is carried out in the following 

order: 

1) for a specific composition of fuel at an assigned pressure 

the composition and temperature of products of combustion in the 

combustion chamber are found; 

2) based on known composition and temperature the entropy of 

gases in the chamber is calculated; 

3) for assigned pressure pc several (usually three) values of 

temperatures T^, T2, and are selected in the region of expected 

temperature of gases in nozzle exit section, and for each value the 

composition of combustion products is found by methods expounded in 

this chapter; further for every value T entropy is found by the 

formula (8.41) and the graph S ■ f(T) is constructed (Fig. 8.4):' 

‘Data on S° see the literature shown on p. 172. 
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Fig. 8.H. For determination 
¿f temperature in nozzle 
exit section. 

4) from condition (8.30) by known value Sh the value is found 

for temperature T - temperature of combustion products of an 

ideal process in the nozzle exit section; for the value of temperature 

found the composition of gases and enthalpy of the mixture are 

determined on the basis of equation (8.32): ^ 

/.- 

where for each gas is taken at a temperature Tc, 

5) ideal exit velocity is determined; this value can be found 

from the equation of energy, written for the entrance and nozzle 

exit section: 

1/7(/.-/.)- 

Considering that Iz • Ig. 

»m«*91J53 V 7*—(8.42) 

For determination of parameters of flow And area of section 

in an arbitrary site along the length of nozzle it is necessary to 

know p and T along the nozzle. Exact determination of these values 

is possible by the above-stated method. The problem is facilitated, 

if the actual process of expansion of gases in the nozzle is replaced 

by a process having an average constant index, although in this case 

the solution obtained is approximate. 

Accepting that the process of expansion in the nozzle is 

subordinate to equation pvk » const, we determine index k from the 

expression 
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k 

where v , v - specific volumes of gas accordingly at the beginning 
K C 

and at the end of the nozzle. 

Average index of isentropic process, proceeding with a change 

of composition and heat capacity of gases, is less than the 

adiabatic index with a constant composition and heat capacity of 

gases. This is normal, since the process of equilibrium expansion 

of combustion products due to recombination is accompanied by the 

transformation of chemical energy into thermal, which is equivalent 

to the supply of heat to a gas of contant composition. The more 

strongly the gas is dissociated before the nozzle, with other things 

being equal, then the less is the average index k. 

Let us turn to a determination of actual values of a real 

process of flow. Exit velocity and specific thrust for rated 

nozzle conditions are equal to 

t 

Average index of actual process should differ from average 

index of isentrope k due to the influence of hydraulic losses, heat 

exchange with the walls, and heterogeneity of composition along the 

section of flow. Individuals of these factors influence in various 

ways the value of index of the process (for example, heat transfer 

in the walls and hydraulic .osses). We will consider that index of 

the actual process is equal to average index of isentrope k. 

Temperature of gas in the outlet section is equal to 

(8.H3) 

Consequently: 
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Area of nozzle exit section 

(Ö.M5) 

where 

Nozzle throat area will be found from formula (2.52) 

F (8.46) 

On the basis of numerous calculations values have been established 

for index of isentropy k for many fuels (see below §8.10). 

Using these values of index k, it is possible to calculate 

approximately the process of outflow if the parameters of the gas 

are known (p*, T , R). Temperature of gas in this case is found by 

the formula (8.43), considering RK * Rc, and exit velocity wc - by 

the formula (2.27). Through sections are determined by the formulas 

(8.45) and (8.46). 

When using the I-S diagram for dissociated products of combustion 

the volume of calculation is reduced considerably, however, it is 

necessary to have a previously prepared diagram for a given fuel of 

a fully definite composition, i.e., definite excess-oxidant ratio. 

Construction of such diagrams assumes the carrying out of a series 

of preliminary calculations, the expediency of which can be justified 

only for standard fuels. Maximum value of enthalpy on an I-S 

diagram is limited by its value for initial substances and constitutes 

the initial enthalpy of fuel Iq. 

If pressure in the chamber p* is known (Pig. 8.5), then the 

initial point k, corresponding to state of combustion products in 

the chamber at w = 0 in an assumption of absence losses of heat, 
K 
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Fig. 8.5. For using the 
I-S diagram. 

*.1 *7»CMWt 

a 
is determined by the intersection of lines p* * const and Iq a const. 

At point k with the help of the diagram one can determine the 

temperature of gases T . Line k-c will be a graphic image of the 

process of isentropic flow in the nozzle; point c is found on isobar 

p = const, corresponding to pressure on a nozzle section. At 
c 

point c one can determine Ic, Tc Exit velocity is determined 

from equation (8.42). Through sections at the exit from the nozzle 

and along its length are determined from the equation of consumption. 

For convenience on the I-S diagram lines of constant current density 

wy are plotted. Using these lines, one can also determine the critical 

section of the nozzle (point kp) and parameters of the state of gas 

in it. In a critical section the current density attains maximum 

value; therefore curves wy * const will touch isentropes k-c at 

point kp. 

8.9. Peculiarities of Thermodynamic Calculation 
in the Presence of the Condensed Phase 

in Products of Combustion 

Basically, all the above-stated position of thermodynamic 

calculation pertain also to a heterogeneous mixture of combustion 

products. The only difference lies in the necessity for calculation 

of properties of the condensed phase. 

During determination of temperature of combustion the initial 

equation is the equation of energy (8.36). However, during 

determination of enthalpy of combustion products it is also 

necessary to consider enthalpy of the condensed phase, i.e.: 
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Here g,, ^ - weight fractions and enthalpies of gaseous products! 

- X - the same for condensed products. 
J 

If, as usually, the gaseous products are assigned in partial 

pressures, and condensed - in weight fractions, then 

(8.47) 

The initial equation for calculation of equilibrium process 

of flow in a nozzle is equation (8.38), and during a determination 

of entropy of combustion products one should consider entropy of 

the condensed phase, i.e.. 

Yp, (Sfr, -1,986 In pt)+YgjS,. (8 •4 8 ) 
PuVtu ** 

Values of partial pressures of gaseous products and weight fractions 

of condensed in heterogeneous mixture are determined from a 

calculation of composition of combustion products (see 18.5). 

It is necessary to consider that the fraction of condensed 

products along the nozzle can change, due to a change of temperature 

and pressure. 

Just as also for homogeneous producj*, in the case of a 

heterogeneous mixture it is possible to calíate the process of 

outflow by simply using the average index of the process. Here 

is possible to use the position of S7.5. These materials can be 

used for calculations of outflow in the absence of equilibrium 

between phases in the process of flow in the nozzle. 

3 XO Results of Thermodynamic Calculations 
* *-and Their Analysis, 

In Fig. 8.6 are presented the results of a calculation of the 

composition of combustion products, from which it is clear that with 
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Fig. 8.6. Composition of 
combustion of nitric acid- 
kerosene fuel; - - - - p „ ■ 

CM 

= 40 atm(abs. ) ; - p_= 
CM 

= 20 atm(abs.). 

a decrease of excess-oxidant ratio there is a decrease in the 

fraction of products of complete oxidation (due to a deficiency of 

oxygen) and the fraction of products of dissociation. Decrease in 

the fraction of products of dissociation is explained, on the one 

hand, by a decrease of temperature of combustion due to lowering 

of the calorific value o£ fuel, and on the other hand - by an 

increase in the share of products of incomplete oxidation; the 

latter dissociate to a lesser degree than products of complete 

oxidation. Increase of pressure somewhat decreases the fraction 

of products of dissociation. 

In Figs. 8.7-8.11 are shown the dependences of P , u , T and 
yfl K z 

k on excess-oxidant ratio for certain liquid fuels during separate 

feeding at a pressure in the chamber p* = 40 atm(abs.) and p = p = 

= 1 atm(abs.). In the absence of dissociation maximum of temperature 

Tz should coincide with maximum of thermal effect, which corresponds 

to a = 1. An example is fuel, consisting of oxidizer - 80¾ H2C>2 + 

+ 20¾ H20 and fuel - 50¾ J^H^O + 50¾ CH^H (Fig. 8.7); combustion 

temperature of this fuel is not great and products of combustion 

are not dissociated. 

In the presence of dissociation the maximum of temperature is 

usually displaced in the direction of a < 1. Certain displacement of 

maximum value of temperature in the direction of rich mixtures is 

explained by a lowering in the degree of dissociation with a decrease 

of excess-oxidant ratio. 
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Dependences 
Pyfli PKi Tz and k 

on a: oxidizer - 0l 
hydrogen peroxide + 
+ 20$ water; fuel - 

n\!*Hhudn?Zine ” hydrate (NpH^H^O) + 50J5 methyl 
alcohol. 

Pig. 8.8. Dependences 

ya’ ^2 anc* ^ on 
a-' oxidizer - liquid 
oxygen; fuel — kerosene. 

8.9. Dependences 

0f Pyfli ph; Tz and k 
on a: oxidizer - 
liquid oxygen; fuel - 
kerosene. 

Dependences 

° yfl* ^k* ^z and k on 
a: oxidizer - liquid 
oxygen; fuel - dimethyl- 
hydrazine. * 
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Fig. 8.11. Dependences of 

?yA‘> Tg and k on a: 
oxidizer - liquid oxygen; 
fuel - liquid hydrogen. 

Increase of pressure somewhat increases temperature due to a 

lowering of the degree of dissociation of combustion products 

(Fig. 8.12). The less dissociated the products of combustion, then 

the weaker the influence of pressure on temperature. 

Fig. 8.12. Dependence of T 
z 

on pressure in the chamber 
(a = 0.8): 1 - 80# H202 + 

+ '¿0% H20 - 50% + 

+ 50¾ CH30H; 2 - HN03 - kero¬ 

sene; 3 - liquid oxygen - 
C2Ht-0H; 4 - liquid oxygen - 

kerosene. 

influence of a on average molecular weight 

of products of combustion in the combustion chamber. With a 

decrease of a there is an increase in the fraction of lighter 

products of incomplete oxidation, in consequence of which y drops. 

With an increase of pressure molecular weight increases somewhat 

(Fig. 8.13) due to the decrease of the share of products of 

dissociation. 

Average index of isentrope k depends on a (see Figs. 8.7-Ö.11), 

since the composition and temperature of combustion products change. 

With a decrease of a (at a < 1) temperature decreases and, 

consequently, also the degree of dissociation, which leads to a 
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Fig. 8.13. Dependence of 

on pressure in chamber at 
ot = 0.8; (numbers of curves 
based on Fig. 8.12). 

decrease of heat capacity and therefore to an increase of index k. 

Decrease of excess-oxidant ratio of oi leads to an increase in the 

share of gases with a lesser number of atoms, which also promotes 

an increase of k. With an increase of pressure in the chamber 

value k increases somewhat due to a decrease in the degree of 

dissociation. At a given pj with an increase in the degree of 

lowering of pressure in the nozzle, i.e., with a decrease of p . 

value k also increases somewhat, since here there is a lowering 

of „he influence of dissociation on the process of expansion of gas 

in the nozzle. 

Change of specific thrust (or, just the same, exit velocity) 

with a change of a is determined by the influence of excess-oxidant 

rutio on calorific value of fuel and thermal efficiency. With a 

decrease of a (at a < 1) h drops, but nt grows, since index k 

increases. Due to this the maximum of specific thrust is obtained 

usually with the excess-oxidant ratio differing from a unit, and 

for the majority of fuels with a < 1. With an increase of d* 
“ K 

specific thrust increases (Figs. 8.14-8.16) due to an increase of 

thermal efficiency, and value aQnT approaches a unit. In Figs. 8.15 

and 8.16 the dotted line connects points corresponding to a 

In Figs. 8.1/ and 8.18 the calculation values of comolex ß 
. Hfl 

are given for a number of fuels. It is clear that ß practically 

does not depend on pressure in the chamber; its value is determined 

mainly by the composition of the fuel, i.e., the type of components 

and value of excess-oxidant ratio. 

< 
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Fig. 8.IH. Fig. 8.15. 

Fig. 8.14. Dependence of specific thrust on 
pressure in the chamber at a - 0.8; p ■ p * 

w n 

* 1 atm(abs.) (numbers of curves based on 
Fig. 8.12). 

Fig. 8.15. Specific thrust of conditional 
fuel — C H„ at p = p = 1 atm(abs.). c. n ¿n c h 

r 

Fig. 8.16. Specific thrust of 
conditional fuel F0 - N at 

2 n 2n 
p = pu = 1 atm(abs.). 
C H 

Fig. 8.17. Dependence of 
complex ß on excess- 

v "A 
oxidant ratio: 1 - F2 - 

2 - 02 - H2; 3 - F2 - NH3; 

4 - 02 - kerosene; 5 - HNO^ - 

kerosene. 
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Pig. 8.18. Dependance of 
complex on pressure In 

the chamber: 1 - HNO^ - 

kerosene; 2 - C2 - C^H^OH; 

3-0^- keocene. 

In Pigs. 8.19 and 8.20 and In Table 8.5 the results of 

thermodynamic calculations for solid rocket propellants are given. 

oxicerzer (by weight) 

Fig. 8.19. Pig. 8.20. 

Fig. 8.19. Specific thrust of dibasic fuel nitroglycerine - 
nitrocellulose with a various percentage of nitrogen in 
nitrocellulose (p * 100 atm(abs.); p, = p = 1 aom(abs.)). 

rt H 

Fig. 8.20. Dependences of Pyfl> WH> rvz and k on share of 

oxidizer - ammonium perchlorate; fuel - polyestor (p* = 70 
atm(abs.)). 

It is clear from Fig. 8.19 that in dibasic fuel with an increase 

in the content of nitroglycerine and with an increase of share of 

nitrogen in nitrocellulose the specific thrust increases (mainly 

due to an increase of ha). In Table 00 other data pertaining to 

this fuel are given. 

The influence of share of oxidizer in mixture fuel on specific 

thrust and parameters of products of combustion are shown in Fig. 8.20. 
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Table 8.5. Parameters of products of 2 
combustion of dibasic fuels at p* * 100 kgf/cm 

2 and pc ■ 1 kgf/cm . 

Content of 
nitrogen In 
nitro¬ 
cellulose 

# nitro¬ 
glycerine 
in fuel 

t;k Me * 

11.06% 
0 

20 
40 
00 

1790 
2420 
aooo 
3216 

19 
20.3 
22.3 
24.6 

1.26 
1.26 
1.22 
1.11 

12.76% 

0 
20 
40 
60 

2640 
2960 
3180 
3310 

21.0 
22.5 
23.8 
26.2 

1.22 
1.12 
1.18 
1.15 

14.12% 

0 
20 
40 
60 

3090 
3230 
3340 
3380 

23.0 
24.3 
25.6 
27.3 

1.2» 
1.1« 
1.16 
1.12 

f 

t 

i 

» 
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CHAPTER IX 

CHARACTERISTIC OF ROCKET ENGINES 

In process of work of a rocket engine its thrust can change. 

At a constant altitude this change is caused by a change in the 

flow rate of combustion products from the nozzle. In a liquid 

propellant rocket engine [ZhRD] the change of flow rate of com¬ 

bustion products from the nozzle is caused by a fuel change in 

the feeding of fuel into the chamber from the feeding system. In 

an RDTT [solid propellant rocket engine] the consumption of com¬ 

bustion products during operation of the engine can change due to 

a change of burning surface of charge or burning rate. Thrust and 

specif.-3 thrust of the engine also depend on pressure of the 

environment. 

For a more complete appraisal of frhe characteristics of liquid 

propellant rocket engines, which have a turbopump system of feeding, 

one should examine the total thrust and effective specific thrust, 

i.e., thrust and specific thrust taking into account consumption of 

working substance on the turbine and additional thrust, created 

beyond the TNA [turbopump unit]. However, this considerably com¬ 

plicates the consideration of engine performance, inasmuch as the 

law of change of consumption of working substance depends on the 

method of control of the feeding system. Consideration of such 

characteristics has meaning for concrete constructions. In the 

theory of rocket engines for an exposure of main regularities 

usually they examine the characteristic of a liquid propellant rocket 

engine without considering the flow rate of working substance on 
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the turbine. Such dependences constitute the characteristics of 

only the chamber. For liquid propellant rochet engines with 

afterburning of generator gas in „Hor«r+f»ristics 
also for engines with pressurized feeding systems t e 

of chamber and propulsion system coincide. 

. a tronera 1 will be the name given to Engine characteristics in general 

dependences of thrust and specific thrust on 

them and determined by external conditions or operat ng 

of the engine. 

In this chapter we will examine characteristics based on 

pressure in the chamber and altitude characteristics of a rocket 

engine, here the nozsle of the engine will be considered unregulated. 

9.1. hharacterlstlcs of » ,g1«106 Bas£¿ 
on Pressure m the dhamber 

The given characteristics constitute the dependence of thrust 

and specific thrust on pressure in the chamber at a constant 

altitude of flight, and in the case of a liquid propellant rocket 

engine on bipropellant fuel also with a constant excess-oxidant 

ratio. For a liquid propellant rocket engine this characteris 

is also called throttle. Sometimes throttle characteristics are 

constructed based on expended fuel, however, the value of Pres6ur” 

in the chamber is measured more simply and therefore more frequently 

it is exactly this parameter which is taken as an indepen en 

variable. 

It is necessary to consider that for the separate chamber 

fuel consumption and pressure in chamber with sufficient accuracy 

are directly proportional to each other in a wide range o 

of p* value. Therefore characteristics based on pressure in t 

chamber and based on expended fuel for a single-chamber engine 

are practically similar to each other. This position also pertains 

to multichamber liquid propellant rocket engines, for which there 

are no separate turning off of separate chambers and pressure p,, 

in separate chambers changes to an identical degree. 
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If in multichamber liquid propellant rocket engines for definite 

conditions it is possible to turn off separate chambers and the 

pressure ih different chambers is changed to a various degree, then 

in this case change of fuel consumption for the entire engine is 

not proportional to the change of pressure in the chambers. In 

such engines the characteristics for pressure in the chamber are 

of interest only for separate chambers. However, having the 

characteristics of separate chambers for pressure and value p* in 

them for certain conditions, it is not difficult to find thrust and 

specific thrust of the whole engine for given conditions. 

Characteristics of liquid propellant rocket engines for pressure 

in the chamber can be obtained by means of bench tests; in this 

case it is necessary to measure thrust, pressure in the chamber, 

and fuel consumption. Instantaneous consumption in a RDTT is not 

measured directly during testing. Therefore for these engines 

by means of testing directly it is possible to obtain only thrust 

and pressure in the chamber. Earlier it was noted that in reference 

to RDTT usually the current (instantaneous) value of specific 

thrust is not considered, but its average value during time of 

operation is used. 

Characteristics of rocket engines can also be determined by 

the analytic method, if geometric dimensions of nozzle, parameters 

of gas in the chamber, and also coefficients, considering losses 

in the combustion chamber and nozzle, are known. 

Let us consider change of thrust with change of pressure in 

the chamber. We will consider that the engine is operating with 

each p* on steady-state operation, but the outflow of products of 

combustion from the nozzle occurs with a supercritical drop; the 

last assumption is quite exact in the practical range of change 

of pressure in the chamber. Subcritical drop of outflow can exist 

with P$/PH < (1.7-1.9)i such conditions take place only during 

starting and stopping of engines. Let us also accept outflow as 

occurring without breakaway of gas from the walls of the nozzle. 



«b . 

and index k constant. Thrust of the engine can be represented 

in the form 

P-P'-FcPm. (9J) 

Here 

Oj__a 

constitutes the thrust of an engine in a vacuum, when external 

pressure p„ = 0. Thrust in vacuum is equal to resultant forces of 

internal pressure and frïbtion, and F.p^ — resultant forces of 
C H 

external pressure. 

Let us consider how engine thrust in a vacuum is changed 

depending on pressure in the chamber. In Chapter VII it was shown 

that with a change of pressure in the chamber the pressure of gas 

in any point of the nozzle is changed directly proportional to 

change of p*. Consequently, one may assume also that engine thrust 

in a vacuum also will be changed directly proportional to pressure 

in the chamber. 

Actually, taking into account equations (2.48) and (2.28), 

the last expression can be reduced to the following form: 

p,-P\F» ?> 

According to what was said earlier, value 

does not depend on pressure in the chamber and is determined only 

by the geometric characteristics of the nozzle; since a variable- 

area nozzle is examined, then íp'í^) = const. For the same reason 
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Consequently: 

7. —?"(/«)—const. 

P.-KuF.tP:, 

where 

ac.“?,*'!7,)+?'(7.)- 

(9.2) 

(9.5) 

Value K = P /F p* Is called coefficient of thrust in a Vd -LUC I\n xn/ Kp^K 

vacuura. Value Kn shows the ratio of resultant internal forces in 

the chamber to resultant forces of pressure which have an effect 

on a section of the front wall of the chamber with an area equal 

to Fjjp, and depends on index k, geometry of nozzle (7C), and 

coefficient q>c. For an engine with a fixed-area propelling nozzle 

Dependence of coefficient of thrust in 

1 is shown in Fig. 9.1. Using this value, 

it is not difficult to estimate engine thrust in a vacuum, if 

geometric dimensions of nozzle (7c and F ) and pressure in the 

chamber are known. 

Kn is a constant value, 

vacuum on 7 with cp = 

Fig. 9.1. Dependence 
of coefficient of 
thrust in a vacuum 

on 7„ . 
c 

Thus, in the examined case changes directly proportional 

to pressure in the chamber. 

As a result the expression for engine thrust acquires the form: 

P=K,Ftfpl-Fcp,. (9.4) 

It follows from formula (9.4) that with the assumptions made 

the dependence of thrust on pressure in the chamber constitutes 

a straight line passing through point 0' with coordinates P¿ = 0 
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and P = -F P . It is obvious that this dependence is true only as 
C H 

long as the assumptions made are true, i.e., up to the moment of 

breakaway of gases from the walls of the nozzle. With a lowering 

of Pií P« also decreases; therefore, at a certain p$ pressure on a 

nozzle section pc willfbe less than maximum, and breakaway of gas 

from the walls of the nozzle will occur; starting with the moment 

of breakaway the curve will deviate from straight (Fig. 9.2). With 

a continuous lowering of pressure engine thrust would gradually 

arrive at zero value with p* = pH. However, there is a certain 

minimum pressure in the chamber (greater than pH), below which 

normal operation of the engine ceases. 

Fig. 9.2. Dependence 
of thrust on pressure 
in the chamber. 

Usually the range of change of pressure in the chamber is such 

that the engine operates mainly on the rectilinear section of the 

curve; this pertains especially to engine operation at high 

altitudes. An exception are the conditions of starting and 

stopping the engine. It is necessary to note that in spite of the 

fictitious nature of point O', it is convenient for construction of 

the characteristic curve. Actually it is sufficient to have only 

one reliable point on the rectilinear section of the characteristic 

curve in order to construct it on this rectilinear section if pH 

and F are known, 
c 

Characteristic curves based on pressure in the chamber, con¬ 

structed for various altitudes, will have the form shown in Fig. 9. 
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Fig. 9.3. Dependence of 
thrust on pressure in the 
chamber at various altitudes: 
1 — in a vacuum; 2 — at 
altitude 3 — at alti¬ 

tude < Hg. 

4 

We will examine the dependence of flow rate of combustion 

products from the nozzle on pressure in the chamber. In a liquid 

propellant rocket engine flow rate through the nozzle on steady- 

state operation is equal to the quantity of fuel, burning in a unit 

of time, and also flow rate of fuel from the feeding system into 

the chamber. In an RDTT the flow rate through the nozzle is not 

strictly equal to the second quantity of combustible fuel, sin>-c 

in the process of operation of the engine there is a change in the 

quantity of gases in the chamber itself due to an increase of free 

volume of the chamber and a change of pressure in it. However, 

if the conditions of ignition of charge and termination of operation 

are not considered, then for remaining cjjfiditions, when pressure in 

the chamber is not changed strongly, these two values (flow rate 

through nozzle and second quantity of burn^g fuel — fuel expenditure) 

can be considered as equal with sufficient accuracy. 

on pK’ 
If one were to disregard the dependence of <pK and ß1 

then the dependence of G^ceH on p* presents a straight line coming 

out of the origin of the coordinates (Fig. 9.4); only at very small 

pressures in the chamber, at subcritical drops which do not have a 

practical value for rocket engines, this dependence will deviate 

from a straight line. 

Let us turn to determination of dependence of specific thrust 

on pressure in the chamber, taking the same assumption as when 

examining thrust. 

» 
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Fig. 9.4. Dependence of 
flow rate on pressure in 
the chamber. 

The expression for specific thrust can be written: 

ItPn (9.5) 

The ratio P^^ceK constitutes specific thrust of the engine 

in vacuum P . This value does not depend on pressure in the 

chamber, since^hrust in a vacuum and flow rate are directly pro¬ 

portional to pressure p*. In the second member of formula (9.5) 

the numerator does not depend on pressure in the chamber, but the 

denominator is directly proportional to pj. 

Therefore it is possible to write 

/v-v.-*-?-’ (9*6) 
where 

B-T*Xä- 

Taking into account the assumptions made above and with 

constant ßMfl and <pK one may assume that values PyÄ#n and B do not 
depend on pressure in the chamber; then dependence of specific 
thrust on p* constitutes a hyperbola, determined by equation (9.6). 

K 

It is clear from Fig. 9.5 that with a pressure drop in the 
chamber specific thrust decreases; the greater the altitude of 

flight, the weaker the influence. Specific thrust of a rocket 

engine in a vacuum depends on type of fuel, on geometric charac¬ 

teristics of the nozzle 7C, or, which is the same, on ratio of 

pressure P£/Pc and coefficients <pc and <pK. On Fig. 9.6 is shown, 

as an mple, the dependence of Pyflfn on degree of lowering of 
pressure in nozzle p$/pc for oxygen fuel - kerosene at <pc = <pK = i. 
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Fig. 9.5. 

Fig. 9.5. Dependence of specific thrust on pressure in 
the chamber. 

Fig. 9.6. Specific thrust in a vacuum for oxygen fuel - 
kerosene (a = 0.8; œ = cp = 1). 

If ^ 

We will examine the influence of degree of nozzle expansion 

on the flow of characteristics based on pressure in the chamber. 

Let us assume that for the given chamber with a nozzle, having a 

degree of expansion 7cl, the characteristic curve has the form 

shown on Fig. 9.7 line 1. Calculation operating conditions for the 

nozzle will exist only at a definite pressure in the chamber; we 

will take: p¿#pl = 40 atm(ebs.). If with other things being 
equal there is an increase of nozzle exit section, i.e,, expansion 

area ratio is increased to 7c2 > 7cl, then pressure in the chamber 

p* corresponding to calculation conditions In the second case, 

will be greater than p* let us assume that P£#p? = 1°0 atm(abs.) 
Here p* — pressure in chamber at which nozzle with expansion 

ratio 7cl works on calculation condition^, i.e., ensures complete 

expansion; p£ ~~ same for nozzle with expansion ratio 7c2. 

Inasmuch as at the given pressure in the chamber the greatest 

thrust is developed by an engine with a nozzle which ensures com¬ 

plete expansion, then at pressure p* greater thrust will be 
ensured by a nozzle with an expansion ¿atio and at pressure 

p* „ - a nozzle with an expansion ratio 7 *K.p2 r c2 

Taking into account what was said the flow of characteristic 

curve at 7C2 will be as shown by line 2 in Fig. 9.7. In this 
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Fig. 9.7. Influence of 
degree of nozzle expan¬ 
sion on the flow of 
characteristics based on 
pressure in the chamber. 

way relative flow of curves of specific thrusts at various 7 
c 

is explained. 

9.2. Altitude Characteristics 
1 ■ 

Altitude characteristics of a rocket engine is what is called 

the dependence of thrust and specific thrust on altitude of flight 

with a constant value of pressure in the chamber-, and for a liquid 

propellant rocket engine, furthermore, with a constant excess- 

oxidant ratio (if the fuel is bicomponent). Flow rate here is 

considered constant, inasmuch as pressure in the chamber is accepted 

as constant, and the change of external pressure cannot exert an 

influence on the flow rate of gas through the nozzle, since drop 

in the nozzle is always supercritical. 

Rated altitude of nozzle Hp is the altitude, at which with a 

given pressure in the chamber the nozzle works on calculation con¬ 

ditions (pc = pH). 

In the case of continuous flow of gas through the nozzle the 

dependence of engine thrust on altitude of flight is determined by 

formula (9.4). Inasmuch as pft * const, then also Pn = const and 

the change of thrust with altitude of flight will have the form 

shown in Fig. 9.8. If rated altitude of the nozzle is great, then 

at low altitudes due to the strong overexpansion of gas there can 

be a separation of flow from the walls of the nozzle. This 

circumstance should be considered during construction of altitude 

characteristic curves. 
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Fig. 9.tí. Dependence of 
thrust on altitude of 
flight. 

Dependence of specific thrust on altitude of flight with 

continuous flow in the nozzle is determined by formula (9.6) and, 

as it is easy to see, has a form similar to the dependence of thrust 

on altitude of flight. 

We will compare the altitude characteristic curves of an 

engine with various pressures in the chamber. Increase of pressure 

in the chamber, other things being equal, leads to an increase oí 

thrust in a vacuum, and also to a decrease of rated altitude of 

nozzle (since a fixed-area nozzle is examined - FKp = const, 

F = const). 
c 

In contrast to thrust, specific thrust of an engine in a vacuum, 

as this was shown above, does not depend on pressure in the chamber. 

Therefore the dependence of specific thrust on altitude at various 

p* has the form shown in Fig. 9.9> from which, in particular, it is 

clear that the higher the pressure in ttfs chamber, the less that 

specific thrust depends on altitude of flight. 

Fig. 9.9. Dependence of 
specific thrust on altitude 
of flight: 1 — plj = 100 

atm(abs.); 2 — p^ = ^0 

atm(abs.) ; 3 - P^ - 20 

atm(abs.). 

Let us consider relative flow of altitude characteristic curves 

of an engine at various values of 7,. Inasmuch as the nature of 

flow of thrust and specific thrust by altitude is identical, we 

will examine only specific thrust. Let us assume that for a 
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Chamber with a nozzle, the geometric characteristic of which is 

equal to 7 1> the altitude performance curve has the form shown in 

Fig. 9.10 (curve 1); for this nozzle rated altitude Hpl = 0. If 

one were to increase nozzle exit section at a constant FKp, i.e., 

make f 2 ^ ^cl’ ra,te^ altitude of the nozzle will be higher, 

i.e., H g ^ Hpi« Inasmuch as for calculation conditions specific 

thrust of an engine has the greatest value, then, consequently. 

for altitude H specific thrust Pyfll > P 2, and for altitude 

H g — Just the opposite: Pyfl2 ^ Pyfll* Therefore the dependence of 

specific thrust on altitude for a nozzle with fc2 will have the form 

shown by curve 2. For a nozzle for which 7c3 > 7c2' dependence of 

specific thrust on altitude is shown there by curve 3. Curve 4 

shows the flow of characteristic curve for at low altitudes 

neglecting the breakaway of gas from the walls of the nozzle. It 

is clear from Fig. 9.10 that the greater the degree of expansion 

of nozzle fc, i.e., the higher the rated altitude of the nozzle, 

then the steeper the dependence of specific thrust on altitude. 

From the chart also follows the necessity for selection of degree 

of nozzle expansion at a definite altitude of flight. In the case 

of flight at various altitudes it is necessary to select a certain 

"compromise nozzle," considering the nature of the flight path. 

From a condition of maximum economy it would be desirable to have 

a variable-area nozzle, with which at each altitude rated conditions 

would be attained; for tne case pÿ = const and G^CeK = const it is 

sufficient to have adjustment only of the nozzle exit section. For 

such an "ideal" nozzle altitude performance would represent an 

envelope of altitude performance curves for an engine which are 

constructed at various fc (curve 5). 

Fig. 9.10. Influence 
of degree of nozzle 
expansion on flow of 
altitude characteristic 
curve. 
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9.5. Peculiarities of Throttling the Thrust 
oT Liquid 'Propellant Rocket Engines 

Above it was indicated that change of thrust of a liquid pro¬ 

pellant rocket engine is produced by a change of fuel consumption. 

In case of a single-chamber liquid propellant rocket engine at 

Fv = const there are also changes of pressure in the chamber and 

specific thrust. Dependence of specific thrust on thrust under 

these conditions is shown in Fig. 9.11. Throttling of a single¬ 

chamber engine leads to a decrease of specific thrust, i.e., to a 

reduction of its economy. At higher altitudes this influence is 

small, and in a vacuum is completely absent. 

Fig. 9.11. Dependence 
of specific thrust 
on thrust. 

r 

The most desirable method of throttling an engine is such, 

in which specific thrust of the engine remains constant. In the 

case of a single-chamber engine for this it is necessary to have 

control of through sections of the nozzle FKp and Fc (this is 

important when working at low altitudes), ^iowever, regulation of 

through sections of the nozzle of a liquid propellant rocket engine 

encounters considerable construction difficulties. 

Development of single-chamber liquid propellant rocket engines 

with a great range of change of thrust is complicated mainly due to 

the following circumstances. Decrease of fuel consumption, i.e., 

consumption of oxidizer and fuel, leads to a decrease of pressure 

drop Ap^ on the injectors. Drop Ap^ changes in conventional injectors 

proportional to the square of consumption. Consequently, if the 

drop for maximuta operating conditions of the engine is selected in 

the usual limits, then at low ratings it will be insufficient, 
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which can lead to impairment of the process of combustion and to 

disturbance of the '^ady operation of the engine. Disturbance 

of steady operation occurs due to impairment of conditions for 

combustion of fuel, and also due to a decrease of the damping 

influence of injectors. 

If, however, Ap^ for minimum conditions is made relatively 

high, then for maximum conditions with a large range of control of 

thrust the drop on injectors can turn out to be very large, which 

will lead to a considerable increase of feeding pressure and to 

loading of the engine. 

One of methods for insuring a considerable degree of change 

of thrust is the development of multichamber engines; in this case 

different methods of changing thrust are possible. 

One of the possible methods for changing thrust for multi¬ 

chamber rocket engines is the turning off of separate chambers 

without adjustment of every chamber. In this case with a change 

of engine thrust pressure and drop Ap^ of the working chambers 

remain constant. Another method is not only turning off of separate 

chambers, but also regulation of every chamber. It is obvious that 

the degree of throttling of each chamber will be less than in the 

case of a single-chamber liquid propellant rocket engine with the 

same range of change of engine thrust; consequently, pressure in 

the chamber and pressure drop in the injectors will be changed to 

a lesser degree. 

It is necessary to note that creation of multichamber liquid 

propellant rocket engines can be expedient not only due to the 

condition of its adjustment. In certain cases multichamber con¬ 

ditions are fulfilled by engines with a constant thrust. Thus, 

multichamber construction of high-thrust engines can facilitate 

experimental finishing, inasmuch as finishing of chamber of small 

thrust is simpler than for a chamber with great thrust. Further¬ 

more, the application of several small chambers, instead of one 

large one, can lead to a decrease of weight and length of the 
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engine and to more favorable conditions from the point of view of 

steady operation. 

Small changes of pressure drop on the injectors at a relatively 

great range of change of thrust (and, consequently, fuel consumption) 

can also be ensured in a single-chamber liquid propellant rocket 

engine. This is possible to obtain, for example, by switching off 

some of the injectors to conditions with a lowered flow rate. In 

this case flow rate through a separate injector will be changed to 

a lesser degree and, consequently, pressure drop will be changed 

to a lesser degree. However, switching off of some of the injectors 

in a number of cases can lead to impairment of the process in the 

combustion chamber due to a disturbance in the distribution of fuel 

over a section of chamber. Application of special adjustable 

swirlers is possible. For these with a decrease of fuel consumption 

there is a decrease of area f^ of a section of injector nozzle or 

discharge coefficient y.^. Decrease of discharge coefficient is 

usually ensured by switching off of several entrance channels, 

which leads to an increase of geometric characteristics of injectors 

A, and, consequently, to a decrease of u^ (see Fig. 4.5). 

9.4, Effective Specific Thrust of Liquid 
Propellant Rocket Engine's 

Effective specific thrust of a liquid propellant rocket engine 

rates the effectiveness of the propulsion system on the whole; 

in general it is equal to 

P + P. 

'lew + Ot ' (9.7) 

where P — thrust of main chambers of engine; P_ — additional Äon 
thrust of exhaust ducts of turbopump unit; GT — flow rate of 

working substance on turbine; G^ceK — fuel consumption in combustion 

chamber. 

Flow rate of working substance on turbine. Pressure of pump 

equals 
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«-iù-, (9.8) 

where Ap = p - p — increase of pressure of liquid in pump; 

Pnofl ” pressure, equal to pressure of liquid at exit from 

pump; pBx - pressure of liquid at entrance to pump. 

Power N , necessary for the pump for creation of pressure H 
H 

at flow rate G, is equal to 

V (9.9) 
■ 75 75-y% 

Here n - full efficiency of pump. 
H 

Power of turbine 

(9.10) 

where r)T - effective efficiency of turbine; - adiabatic work 

of expansion of gas in turbine, equal to 

Here TJ, pj — temperature and pressure of working substance 

before nozzle box of turbine; p? - pressure behind the turbine. 

Dependence of adiabatic work on drop = P1/P2 s^own 

Fig. 9.12. The turbine drives the pumps for the oxidizer and 

fuel; in certain cases it conveys power to the accessories, in 

particular the pump for supply of working substance to the turbine, 

if the latter is not a component of the basic fuel. Usually 

the main share of power is consumed by the pumps for the combustible 

N and oxidizer N ; therefore subsequently we will disregard 
Hr kok 
the power of accessories. Then 

(9.11) 
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Fig. 9.12. Adiabatic 
work of turbine. 

Putting value NT and NH in expression (9.H) and solving 

relative to GT, we obtain: 

0 , 1 Z0"**«« i i 
* ¿•».t’K \ Yo.’Wg, Yr*Wr / 

(9.12) 

For appraisal of the effectiveness of the system of feeding there 

is considerable value in the relative consumption of working 

substance gT = 0,/20, where 20 = 0SceK + GT - total fuel consumption 

in engine. 

For simplification of analysis we will take 

Then 

ana *),f=\#1(=V 
y 

c , »»sg-, (9.13) 
1 ¿U.f’lTHAVf 

where nTHA = - efficiency factor of turbopump assembly; yT - 
conditional weight density of fuel. Relative consumption will 

then equal 

ft 
Í«1-’’1TUAVt 

(9.14) 

Thus, relative flow rate of working substance gT depends on 

pressure of the pump, the value of which is determined mainly by 

pressure in the chamber, the efficiency factor of the turbopump 

assembly [THA], T and ^. For increasing the economy of the 
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turbopump assembly it is necessary to increase ^ and 

Value LaÄ T depends on parameters of working substance and pressure 

drop in the turbine ttt. 

In engines with open systems usually ft « 15-50» where pressure 

beyond the turbine is equal to 1,5-2 atm(abs.). Outlet pressure 

from the turbine is increased somewhat relative to atmospheric in 

order to obtain a pressure drop in the exhaust duct of turbine 

which is close to critical and thus develop operation of the turbine 

independent of change in external conditions. This circumstance, 

furthermore, makes it possible to obtain a little additional 

thrust. 

In engines with afterburners of generating gas the pressure 

drop on the turbine can be accepted approximately equal to 

where p*r — pressure of gas in gas generator. In these engines on 

the force of high outlet pressure from the turbine (equal to 

approximately Ffc) the application of high drop (more than 1.5-2) 

on the turbine is inexpedient, since this will demand great 

pressures in the gas generator. Therefore in these engines the 

value T will be relatively small, and flow rate of working 

substance on the turbine will be high, and even greater, the greater 

the pressure in the chamber. However this does not lead to impair¬ 

ment of economy of the propulsion system, inasmuch as the working 

substance beyond the turbine enters the main chamber and subse¬ 

quently participates in the creation of thrust. At very large 

pressures in the chamber it can turn out to be expedient to feed 

to the turbine one of components completely; if the turbine works 

on products of combustion of fuel (bicomponent gas generator), 

then into the gas generator a second component is fed in such a 

quantity that would ensure the required temperature of working 

substance of the turbine. 

Highest possible consumption of working substance on the 
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turbine, if it works on products of decomposition (single-component 
gas generator) or evaporation and heating of one of the components, 
is equal to 

GiMttmGo* or Gr miXOr. 

As an example it is possible to cite an engine which uses , 
hydrogen peroxide as an oxidizer. In such liquid propellant rocket 
engines hydrogen peroxide can initially enter the gas generator^ 
products of decomposition from the IT [gas generator] reach the , 
turbine and subsequently the combustion chamber; it is obvious 
that in this case G„mov = G.v. Another example can be a liquid Tmax ok 
propellant rocket engine using hyu.-ogen as the fuel. Hydrogen is 
used for cooling the chamber. Vaporized and heated, it can be 
used further as the working substance of the turbine, if the 
temperature of hydrogen after cooling the jacket is sufficient for 
production of the necessary power of the turbine. After the turbine 
Hg enters the chamber; in the given example GTmax - Gp. 

If a two-component gas generator with a surplus of combustible 
is used, then 

Here Gr — complete consumption of combustible in the engine; 
Gn„ — consumption of oxidizer in gas generator; H—- — relationship 

OKpp 11 
of components in gas generator. 

In this case all the combustible and a certain portion of 
oxidizer are fed to the gas generator. Gas after the turbine and 
the oxidizer are fed to the main chamber. 

If the gas generator works with surplus of oxidizer, then 
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where G0J{ — complete consumption of oxidizer in engine; Gr — flow 

rate of combustible to gas generator. rr 

Since the maximum flow rate of working substance through the 

turbine is limited by value GTmax, then there is a certain maximum 

pressure in the chamber which it is possible to realize in the 

engine. It is true that in most cases this ultimate pressure is 

essentially higher than the usual level of pressures in the chamber 

of a liquid propellant rocket engine. 

Effective specific thrust. If one disregards the value Pfl0n in 

equation (9.7), then for open systems of feeding P ^ will be 

equal to 

where Pyfl - specific thrust of main chambers of engine. 

Considering that in, the case of open systems of feeding the 

value gT is small, it is possible to accept 

P — 
Í77/ 

For engines with afterburning after the turbine the working substance 

is fed to the main combustion chamber and is used effectively. In 

this case ZG « GjceK* Therefore for propulsion systems with 

afterburning 

In Figs. 9.I3 and 9.14 are shown the dependences gT, Py^ and by the 
dotted line on pressure in the chamber for an installation 

with an open feeding system. With an increase of pressure in the 

chamber effective specific thrust increases more slowly than 

specific thrust of the main chamber due to an increase of 
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Fig. 9.13. Fig. 9.14. 

Fig. 9.13. Relative consumption of working substance 
of turbine: (ApH = 1.3P$ and ”VT = 1°00 kgf/m3) l — 

LaÄ.T c 120*105 kgf«m/kgf, nTHA = 0.4j 2 - = 

« 120.105 kgf»m/kgf, nTHA = °.25; 3 - ^.t = 

- 60.105 kgf.m/kgf, nTHA = 0.4; 4 - LaÄ<T = 
= 60«105 kgf»m/kgf, nTHA = 0.25. 

Fig. 9.14. Dependence of specific and effective 

thrust on pressure in the chamber: (Ap = 1.3P*i 
■z “ 

7t b 1000 kgf/m^j pc b const) (number of curves same 

as Fig. 9.13). 

consumption of working substance of the turbine. The higher the 

effectiveness of the turbopump assembly La^ T), the less 

this influence. Starting from a certain pressure pK, effective 

specific thrust practically does not increase and further, 

especially at small > even starts to drop. Increase of 

pressure in the chamber higher than 7O-IOO atm(abs.), as one can 

see from Fig. 9.14, either in general does not lead to an increase 

of effective specific thrust, or produces such a small growth of 

3$$ latter does not compensate for loading of the 

engine which is induced by increase of pressure. Therefore an 

increase of pressure in the chamber of a liquid propellant rocket 

engine with an open pump system of feeding higher than 7O-IOO 

atm(abs.) is not expedient. 

For afterburners, inasmuch as Pyfl b the dotted line 

on Fig. 9.14 characterizes simultaneously also their effective 
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specific thrust. As can,be seen, the advantage of engines with 

afterburning is especially noticeable at great pressures in the 

chamber (higher than 60 atmfabs.). The advantage of these systems 

in economy is the result, on the one hand, of the fact that here 

and",, \r efCtl0n °f UnU8ed (0r llule-^ed) working substance 
and, on the other - the possibilities of using great pressures in 

in trench T th6Se SySte,nS there 18 n° Pressure 
can be ^ T ^ th6 P°lnt 0f ïleW °f economy- Thls limitation 
can be superimposed by conditions of cooling and weight of the 

engine and, furthermore, by available consumption of working 

substance on the turbine (G ) 
v Tmax'* 
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CHAPTER X 

« 
HEAT EXCHANGE IN LIQUID PROPELLANT ROCKET ENGINES 

10.1. Heat Exchange Between Gas and Walls 
of the Engine 

Transmission of heat from hot gases to the walls of the combustion 

chamber and nozzle takes place by means of convection heat exchange 

and radiation. 

Convection heat exchange. Convection heat exchange in liquid 

propellant rocket engines is characterized by a turbulent state of 

flow of gas. In this case heat in the main part of the flow is 

transferred due to the disorderly shift of small volumes of gas. 

Close to the walls, where the thin laminar sublayer is found, heat 

is transmitted by means of molecular thermal conduction. Convection 

heat exchange between gases and the wall is described by the equation 

(10.1) 

where 9mm - specific convection heat flow from gas to wall; or- 

coefficient of heat transfer from gas to wall; rj - temperature of 

adiabatic inhibited flow of gas; T„r - temperature of surface of wall 

washed by gasu 

If along a section of chamber the relationship of components 

is variable (see Fig. 4.15), then heat exchange is determined also 

by the temperature and composition of gas in the wall layer. In 

this case * and rt pertain to the wall layer. What was said is 

true under the condition that the thickness of the wall layer is 
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greater than the thleknessof the boundary layer (see Pig. 10.8). 

This condition In a liquid propellant rocket engine Is usually 

maintained. 

In a liquid propellant rocket engine the temperature rr on the 

initial section of the combustion chamber increases due to combustion 

of fuel, attaining maximum value by the section where combustion is 

practically completed. On the further length of the chamber, 

including the nozzle, temperature!; practically remains constant. 

Coefficient of heat transfer or can be determined from the 

criterial equation of convection heat exchange. For a turbulent 

flow in a channel on a stabilized section with constant physical 

properties this equation has the form 

'' Nu-ARe"Pr*s (10.2) 

Here Nu—**¡p - criterion of Nusselt; Re—- criterion of 

Reynolds; “ Prandtl number; X,H, ¢, - accordingly thermal 

conduction, dyiamic viscosity, and heat capacity of products of 

combustion; A - constant, determined from experiment; D - diameter 

of section. 

For m and n during turbulent flow it is possible to take the 

following value: m » 0.8; n ■ 0.4. 

In the case of liquid propellant rocket engines the physical 

properties of combustion products on a section of the boundary layer 

cannot be considered constant due to the considerable change of 

temperature on the section (from temperature of flow T, to temperature 

of wall ) • 

The influence of changeability of properties on intensity of 

convection heat exchange is considered by various methods. For this 

frequently in equation (10.2) the coefficient Kt (coefficient is 

introduced). 
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Por gasea, as is known, the influence of alternating field of 

physical properties can be considered the temperature factor equal 

to T„jrr. Then the criterial equation has the form 

Mu» A Re* (10.3) 

where 

;. 

! S 

It is necessary to note that turbulent flow is completely 

stabilized on a length of channel L (counted off from the beginning 

of the channel) equal to 40D. The nozzle is a channel of variable 

section, but combustion chamber of a liquid propellant rocket engine 

usually has L/D i 3-5i therefore the flow of gas in a liquid 

propellant rocket engine cannot be completely stabilized; as a result 

the coefficient of heat transfer and specific heat flow will be 

higher. This circumstance can be considered if one were to take into 

account coefficient A in formulas (10.2) and (10.3) as variables in 

length of chamber of the engine, i.e., 

A-AILID). (10*i4) 

Calculations based on ordinary formula^ of convection heat 

exchange of the type (10.1) and (10.3), e'ven taking into account the 

variability of coefficient A, sometimes give considerably smaller 

values of specific convection heat flow than this follows from 

experiments, where divergence of calculation with the experiment 

increases with an increase of temperature of gas and decrease of 

pressure. As investigations showed, the main cause of this lies in 

the presence of dissociated products of combustion. Due to a large 

gradient of temperatures in the wall layer (temperature of wall in 

a liquid propellant rocket engine is times less the temperature 

of gas) in particles of gas, arriving from a region of high tempera¬ 

tures into a region of low temperatures at the wall, there occurs a 

recombination of earlier dissociated molecules and accordingly 

chemical energy is liberated. Therefore particles of gas, arriving 

at the wall from the region of high temperatures, transfer there not 
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only heat, determined by the sum of enthalpy and kinetic energy, 

but also energy which is liberated during cooling of the gas as a 

result of its recombination, which increases heat transfer to the wall 

Heat capacity of dissociated gas during recombination is higher 

than heat capacity, calculated in an assumption of constant composition 

of gas (i.e., absence of recombination), due to the presence of a 

thermal effect, accompanying this process (so-called full or 

equilibrium heat capacity). 

In Fig. 10.1 is shown the change of full heat capacity of 

dissociated products of combustion of oxygen — heptane fuel; in the 

same place is shown the heat capacity, calculated in an assumption 

of the absence of recombination. 

Fig. 10.1. True heat capacity 
of combustion products of 
oxygen - heptane fuel at 
a * 1. 

On this base it is possible to consider roughly that quantity 

of heat brought to the wall proportional to value , where — 

real temperature of gas, calculated taking into account dissociation. 

If one were to conditionally consider that in the process of 

combustion the gases do not dissociate, then it is obvious that heat 

capacity of such a gas will be less than Cp. As a result of such 

a conditional process the temperature of gas TV, will be greater than 

the real temperature T* due to lesser heat capacity. 

Since in both cases the same expenditure of heat is examined, 

then it is possible to consider 



ert*sc,.ru- (10.5) 

Consequently, the Influence of dissociation on the process of 

heat exchange can be considered, if in corresponding equations of 

heat exchange cp and T* or c9. and K are substituted. 

However, in those frequent cases, when in the wall layer there 

are lowered values of excess-oxidant ratio, and consequently low 

temperatures also, the gas in this layer is not dissociated and the 

given additional effect does not take place. 

Theoretical calculation of specific heat flow in a rocket engine, 

founded on methods of the theory of the boundary layer, is very labor¬ 

consuming. Therefore frequently for the determination of fro* and ar 

in a liquid propellant rocket engine the method of conversion is 

used. Besides it is assumed that for a certain initial engine the 

distribution of specific convection heat flow along the chamber is 

known. It can be obtained from a detailed theoretical calculation or 

from experiment. Furthermore, its geometric dimensions are known, 

and also pressure, temperature, and composition of gases. It is 

required to determine the distribution 9*»» for a projected engine, 

for which not only its geometric dimensions are known, but also 

pressure, temperature, and composition of gases. 

For conversion we will use an equation’of the type (10.3). 

(10.6) 

In developing the values of Re and Nu, we obtain 

In the last formula it is convenient to make the substitution 

.. F'* p* • 

then 

(10.7) 

*CT, 

i: 
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We will designate the values pertaining to initial data by 

index 1, and to unknown - by index 2. 

Dividing « in «.considering Pr, - Pr2,‘ and considering that 

in both cases similar sections are examined (A,-A* Ji-M. »« 0 a 

(10.8) 

—er®' 
A- 
»I 

where 

p \T*t' 

Inasmuch as m * 0.8, then 

'«-'"{iZ) U) “ * 

(10.9) 

It is simple to see that the formula for conversion of specific 

jonvection flows will have the form: 
/Ain \M / Sa 
(n . ) 177) S.’ 

Í10.10) 

where s-#(rr-rWf). 

Value S for a given fuel depends on excess-oxidant ratio, in as 

much as with a change of it there is a change of 7^. 6, cp, n, and 

also on temperature of the wall. With an increase of excess-oxidant 

ratio (in region a < 1), value S increases mainly due to tempera ure 

increase of gas; with an increase of f„, value S drops (Fig. 10.2). 

Consequently, specific heat flow depends on type of fuel, 
excess-oxidant ratio, pressure in the chamber, temperature T„, and 
to a certain degree on absolute dimensions of engine (0,). 

‘This is permissible, since the Prandtlnumberdependson 
atomicity (mmber of atoms in ’ fuels it approxl- 
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Fig. 13.2. Dependence of 
complex S excess-oxidant 
ratio. 

When initial data, necessary for the determination of by 

the method of conversion are absent, it is possible to use the 

method recommended in work [60]. Here for the initial they take an 

equation analogous to equation (10. 7): 

where 

•r 
0.006 v>M ( K r 
flM jú (10.11) 

here u - exponent in temperature function of viscosity; it is 

possible to accept u * 0.6. 

(10.12) 

Physical properties in equation (10.11) are taken at a tempera¬ 

ture of T\‘ Coefficient a considers the influence of variability of 
physical properties on intensity of heat exchange and a change of 

them along the length of the nozzle. Chang/o along the length of 

the nozzle depending upon temperature factor Ttjr'r i3 shown in 
Fig. 10.3. 

Fig. 10.3. Change of 0 along 
length of nozzle. 
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Heat exchange by radiation. On the force of high temperatures 

in the chamber of a liquid propellant rocket engine, the energy, 

radiated by products of combustion on the wall, is sufficiently 

great and it is necessary to consider. Products of combustion of 

conventional fuels for a liquid propellant rocket engine, which do 

not contain metallic elements, practically do not have any solid 

particles, and their radiation is gaseous. During radiant heat 

exchange between the gas and the solid wall the specific heat flow 

can be determined from equation 

(10.13) 

where«* - given degree of blackness, depending on degree of blackness 

of wall and gas; Cq ■ 4.9 Cal/m^h*0!^ - radiation factor of ideal 
black body. 

Inasmuch as temperature of combustion products in liquid 

propellant rocket engines reaches values of 3000°C and higher, and 

the temperature of the walls does not usually exceed 1000°C, then 

the second member of the expression in brackets in formula (10.13) 

comprises no more than 3-5* of the first. Considering that in a 

liquid propellant rocket engine, especially in the nozzle, to the 

share of radiant heat flow belongs the smaller share of total heat 

flow, it is possible to disregard the value(r„r/l00)4in formula (10.13). 

In this case 

(10.14) 

where - effective degree of blackness of wall approximately 

equal to 0.5 (««+1). 

Radiation of combustion products in contemporary liquid 

propellant rocket engines is determined practically by the radiation 

of HgO and COg. In this case with sufficient accuracy it is possible 

to accept 

*r"«CO,+*H,0. (10.15) 
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Degree of blackness of a gas depends on the product p^ and 

temperature:1 

^r)* (10.16) 

here pA - partial pressure of gas; l - effective length of ray. 

Experience shows that for CO2 the degree of blackness Indeed 

depends on the product p^, and not on each value separately. 

Regarding vapor, then for It the dependence (10.16) It not completely 

correct; in this case it Is necessary to introduce another correction 

®#h,o for pressure, i.e., 

•H.O—¡,t0-i,Hta (10.17) 

Calculation of radiant heat flow in liquid propellant rocket 

engines is conducted by the formula (10.1¿J), for which it is 

necessary to have knowledge of three values (TV, t, and £„). Degree 

of blackness of the wall depends on the material, and also on the 

treatment and state of its surface, presence of an oxide film, carbon 

black, etc. Degree of blackness of a gas is determined by formula 

(10.15). Values too. and eu.©, entering into this formula, are determined 

from experiments, the results of which are usually given in the form 

of graphs [26], If such data in the necessary range of parameters 

are absent, then in first approximation it is possible to use the 

following dependence: 

do.18) 

*H*0 -0,715(/>„lC ( 10.19 ) 

here jH^and A», - in kgf/cm2; Jl - in m. 

Radiation of gases depends not only on partial pressure, but 
also on absolute pressure of a mixture of gases. However, source 
material concerning this question is inadequate. 

228 



Partial pressures pu,© and poo,* necessary for finding ««to and tco,, 

are determined from a thermodynamic calculation. 

Value çM on the last section of the combustion chamber and in 

the initial section of nozzle -is determined by the parameters of 

products of combustion in the combustion chamber which are obtained 

from a thermodynamic calculation. On the section of the nozzle 

radiant heat flow is determined by the parameters of gas in the given 

section of the nozzle. 

It is necessary to consider that part of the radiant flow from 

the combustion chamber falls on the subcritical segment of the nozzle. 

Therefore on the initial section of the subcritical sector of the 

nozzle the radiant flow is higher than that calculated by the 

parameters of gas in the given section. 

Change of specific heat flow along the combustion chamber and 

nozzle. From what was stated above it is easy to see that a change 

of 9«« along the engine is determined by change of temperature of 

gas, coefficient of heat transfer * and temperature of the wall T„r- 

For simplicity of reasonings we will take the temperature of the wall 

from the side of gas along engine as identical; in reality it is 

not the same; a change of it depends on organization of cooling of 

the engine, where it usually has the greatest value in the region of 

critical section of the nozzle. The assumption made does not affect 

the nature of distribution of convection specific heat flow. 

Let us trace the change of * along the engine. Its change is 

determined mainly by the change of current density »Y (10.6) and 

(10.7); therefore or along the combustion chamber changes little, 

along the nozzle or increases up to the critical section (due to 

increase of current density), and then drops. Temperature K along 

the combustion chamber increases initially due to development of 

the process of combustion, and then remains practically constant, 

since heat withdrawal in the wall is small as compared to the complete 

heat content of the gas. As a result the distribution of Çmm over 

the length of the engine has the form shown in Fig. 10.H. On the 
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Fig. 10.4. Distribution of 
specific heat flows along the 
combustion chamber and nozzle. 

initial section ¢1101 increases due to temperature rise of gas and then 

up to the nozzle remains almost constant. On the subcritical section 

of the nozzle value q*m increases sharply due to an increase of 

coefficient of heat transfer. On the supercritical section of the 

nozzle specific heat flows decrease mainly due to a lowering of oP. 

Let us consider change of radiant heat flow along the chamber 

of a liquid propellant rocket engine. Value qM is determined mainly 

by the temperature of the gas and degree of blackness cr< Temperature 

of the gas on the initial section of the combustion chamber increases, 

and in the nozzle drops. Degree of blackness of the gas also 

decreases along nozzle due to pressure drop of gas. As a result 

the distribution of specific radiant heat flows along the engine 

has the form shown in Fig. 10.4. On the initial section of the 

combustion chamber qa increases due to a temperature rise of gas , then 

along the combustion chamber and on the ijaltial section of the nozzle 

radiant heat flow remains practically constantj on the remaining 

section of the nozzle decreases, due to decrease of temperature 

and degree of blackness of the gas. 

Full specific thermal flow from gas to the wall qt is equal to 

qt^lmm+Q* 

Specific heat flows in rocket engines can attain very large 

values. Thus, in liquid propellant rocket engine specific heat 

flows have approximately the following order of values: in the 

combustion chamber l-106-5-106 Cal/m2.h and more, here the share of 

convection heat flow is up to 60-80¾; in the critical section of 

the nozzle - 5*10^-30*10^ Cal/m2-h and more, of these the share of 

convection is more than 90¾j in the nozzle exit section the share 
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of convection flow is still a greater portion (usually more than 

95$). 

If the total amount of heat, given by gas to the wall of the 

engine in a unit of time is examined, then it turns out that radiant 

flow comprises approximately 10-25$ of the total. The share of 

radiant flow depends on the composition of fuel, and also on the 

relationship of dimensions of the combustion chamber and nozzle and 

absolute dimensions of the engine. 

Thus, the main role in heat exchange between gas and the wall 

in a liquid propellant rocket engine is played by convection heat 

exchange. The role of radiant heat flow is relatively great in the 

combustion chamber. In the supercritical section of the nozzle it is 

small and is comparable with value of accuracy of determination of 

heat flows. Maximum of full specific heat flow belongs to the region 

of the critical section of the nozzle, therefore this part of the 

engine is the most strained in a thermal respect. I 

Influence of varlotTs factors on heat flow from a gas to the 

wall. With a rise jn temperature of combustion products there is 

an increase of convection and also radiant heat flows. Thus, during 

the application of liquid oxygen and kerosene specific heat flows 

are 60-70$ higher than during the application of nitric acid and 

kerosene. 

Excess-oxidant ratio through the temperature of the gas and 

partly through its composition also exerts an influence on value of 

heat flows. In Fig. 10.5 is shown the approximate dependence of 

specific heat flow on excess-oxidant ratio; in the same place is 

given the change of specific thrust. 

Fig. 10.5. Dependence of 
specific heat flow on 
excess-oxidant ratio. 
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With an increase of pressure in the combustion chamber heat 

flows increase. Growth of convection heat flows is connected with 

an increase of coefficient of heat transfer due to an increase of 

density of the gas. From formula (10.10) it follows that coefficient 

of heat transfer is proportional to (pü)0,1- 

If here it is considered thatTctr= const, then heat flows can 

also be accepted as proportional to (pj)0,1- 

Radiant heat flow also changes with a change of pressure due 

to a change in the degree of blackness of the gas, however, to a 

lesser degree than convection. 

Value of temperature of wall from the side of gas exerts a 

lesser influence on heat flow than the temperature of the gas, 

inasmuch as it can change in smaller limits. Though not exerting 

practically any influence on radiant heat flow, T*«, somewhat affects 

convection heat flow. This is more strongly, the less the temperature 

of the gas, as this is easy to see from formula (10.1). If the 

engine operates with an excess-oxidant ratio close to optimum value, 

and has equal distribution of the relationship of components by 

section, then usually 7*»,, makes up 0.2-0.3 of the temperature of gas, 

and its influence on heat flow is relatively small: change of retr by 

10¾ changes heat flow all told by 3-4¾. If, however, the engine 

operates at lowered values of a or has nonuniform distribution of 

components by section with small values o£/a, and consequently also 

of temperatureTrin the wall layer, then the influence of r«Tr on heat 

flow is stronger (Fig. 10.6). This circumstance can be used, for 

example, in the event of external cooling of the engine, when for a 

decrease in the amount of heat given off to the liquid coolant there 

is an increase in the temperat¡ire of wall (if the material of 

the wall allows this). 

Fig. 10.6. Influence of 
temperature of wall r„r on 
specific heat flow from 
gas to the wall. 

232 



10.2. Methods of Cooling a Liquid Propellant 
Rocket Engine ~~~ 

The basic problem of cooling an engine lies in the fact that 

in the process of operation the temperature of the walls is not 

higher than a certain permissible limit, determined by the properties 

of the material of the wall and the resource of the engine. 

Removal of heat from the wall of the combustion chamber and 

nozzle is carried out usually by the oxidizer or fuel. Such method 

for cooling the engine is called external flow-through cooling. 

Chambers with external flow-through cooling are equipped with 

a cooling Jacket. In the clearance between the wall of the chamber 

ard the Jacket flows one of components of the fuel, which then 

proceeds through the head into the combustion chamber. 

For cooling a liquid can also be used which is unnecessary 

directly for the process in the chamber, but possesses good cooling 

properties, water for example (especially under bench conditions). 

If specific heat flowl are small, then heat removal from the 

wall can be ensured by radiation of the latter into external space 

(radiation cooling). Such conditions (low specific heat flows) 

take place on the final sections of the nozzle at small pressures 

of gas on a section. Specific heat flow, given off from the wall 

to the external medium by radiation, is equal to 

f “‘"'•(So) • 
The higher the permissible temperature of the wall and the 

degree of its blackness, then the greater the heat flow removed by 

means of radiation (Fig. 10.7). 

If there is no constant heat removal from the wall which is 

equal in value to the influx of heat from the gas, then the 

temperature of the wall does not remain constant and is increased 

in process of operation of the engine. Heat, proceeding from the 

gas to the wall, in such case is absorbed by the material of the 
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Fig. 10.7. Dependence of 
specific heat flow, removed 
from the wall by radiations 
on temperature and degree of 
blackness of the wall. 

walls. Since here the accumulating capacity of the material of the 

walls is used, i.e., its thermal capacity, then such method of 

cooling is called capacity. Duration of work of the engine, 

determined by the condition of heating of the walls, in this case 

depends on the dimensions and assignment of the engine, permissible 

temperature of the walls, and accumulating capacity of the material 

of tht. walls. 

In a liquid propellant rocket engine internal cooling is also 

used. By internal cooling is understood diffyent methods for 

lowering the specific heat flow from gas to tie wall by means of 

creation " its internal surface of a protective layer of liquid or 

a layer of gas (vapor) with a reduced temperature. It is natural 

that a lowering of heat flow in all cases facilitates resolution of 

the 'problem of cooling the engine. Used most extensively in liquid 

propellant rocket engines is external flow-through cooling, usually 

used in combination with internal. 

For increasing the effectiveness of shielding the walls of 

rocket engines from the influence of hign temperatures heat-resistant 

refractory materials are used. They are used to cover the Internal 

surfaces of the walls in the sections of the engine which receive 

the most thermal stress. 

For thermal shielding of the walls it is also possible to use 

the so-called ablating coverings, which are applied on the fire 
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surface of the walls. In this case the flow of gas, exerting an 

Influence on the covering, phase transitions (fusion, evaporation, 

sublimation) or endothermal reactions In it; products of these 

transformations are carried away by gas. Heat which is supplied to 

the wall is expended mainly in these transformations, in consequence 

of which heat flow, driven deep into the wall, is not great. 

The effect, ensuring shielding of the walls of constructions 

at the expense of phase and chemical transformations with subsequent 

removal of the products of these transformations from the surface 

of the covering during the influence of gas flow on it, is called ¡ 

ablation, and the corresponding coverings - ablating. 

10.3. Internal Cooling 

! ' ' 
i 

Internal cooling is used widely in liquid propellant rocket 

engines and is the basic method for lowering of specific heat flow. 

In principle, with the corresponding constructive realisation, with 

the help of internal cooling it is possible to reduce specific heat 

flow practically to zero and thus to maintain the temperature of the 

wall on necessary level without additional measures. But at present 

internal eooling is usually used in combination with other forms of 

shielding for the walls, in particular, in combination with external 

flow-through cooling. Most frequently for lowering the specific 

heat flow from gas to the wall a curtain of low-temperature gas is 

. created at the wall. This leads to a decrease of convection heat 

» flow. 

The low-temperature wall layer also absorbs part of the radiant 

energy coming from the burning gases in the nucleus of flow, thus 

also decreasing radiant heat flow. Diagram of a gas curtain is shown 

in Pig. 10.8. 

The low-temperature wall layer is usually created by means of 

feeding an excess quantity of combustible to the wall, which leads 

to an excess-oxidant ratio which is variable across the section of 

the chamber with a minimum value at the wall (see Pig. 4.15). Such 
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y Fig. 10.8. Diagram of gas 
curtain: 1 - profile of 
temperature along a section 
of flow; 2 - change of excess- 
oxidant ratio along a section 
of flow; 3 - nucleus of flow 
of gas; 4 - wall layer; 5 - 
boundary layer; 6 - wall. 

a wall layer can be created by special location of injectors on 

the head; in this case the fuel injectors are disposed mainly on 

periphery of head at the wall. A role of additional injectors of 

combustible can be played by a gap in the wall near the head. 

On the initial section of the chamber near the head the wall is 

covered by film of liquid which is enriched with combustible. With 

further movement toward the nozzle the film is gradually vaporized 

and burns, and at the wall a layer of gas is formed with a low value 

of excess-oxidant ratio (act)» and therefore - with reduced temperature. 

The process of combustion in the wall layer, as was noted, occurs 

more slowly than in the nucleus of flow due to the lower temperatures 

and therefore is protracted on a large length of the chamber. 

Combustible for the curtain is also supplied through the wall. 

In this case it is Introduced through a slot or holes which are 

made in definite sections of the combustion chamber or nozzle. The 

film forming on the wall, by absorbing hejíÉ from combustible gases, 

gradually vaporizes; the vapors mix with products of combustion and 

form the wall gas layer with a low excess-oxidant ratio and therefore 

with a low temperature. 

In the examined methods of organization of Internal cooling it 

is possible to distinguish sections. Fx.’st - the section near the 

point of supply of the liquid;1 here the wall is covered by a liquid 

lIn certain cases a. gas (vapor) and not a liquid, can be intro¬ 
duced into the curtain, for example, in a hydrogen liquid propellant 
rocket engine, in which in a cooling cavity hydrogen is reduced to 
a gaseous state. 
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film. Temperature of the wall on this section is close to the 

boiling point of the liquid, inasmuch as heat, given off by the 

gases, is absorbed in the basic film. Only part of the radiant flow 

(rays with wavelengths for which the film is transparent), goes 

through the film and reaches the wall. Therefore on this section 

heat flows on the wall are insignificant under the condition that the 

wall is evenly covered by the liquid. Second is the section after 

vaporization and burning out of the film, where the wall is washed 

by a low-temperature wall layer - a gas curtain (see Pig. 10.8). 

Here heat flow is determined by the temperature and composition of 

gas of this layer. Knowing the excess-oxidant ratio of the wall 

layer »«,, it is possible to estimate the value of heat flows on this 

section (see Pig. 10.5). 

At a considerable distante* from the point of entry of excess 

combustible to examined section the wall layer, as a result of 

mixing with the nucleus of flow, is eroded and its temperature is 

increased. This lowers the effect of internal cooling. Therefore 

the point of entry of excess fuel should be selected in such a 

manner that the low-temperature curtain is preserved up to the most 

thermally stressed parts of the engine (in particular, up to the 

critical section of the nozzle). In some engines this is limited by 

the organization of cooling with the help of the head; in others 

additional inlets through the wall are established, for example, 

before the nozzle. 

The curtain, being an effective method for lowering of heat 

flows, at the same time leads to certain losses in specific thrust, 

inasmuch as exit velocity of gases, corresponding to excess-oxidant 

ratio in the wall layer a«* is lower than at *■*. In the designing 

of engines one should aspire to decrease these losses. At a given 

value of e«t this can be attained by decreasing the quantity of 

substance, giving into the gas curtain, i.e., by decrease the layer 

of gas which has a lower excess-oxidant ratio. However, in this 

respect there are limitations, since the thinner this layer, the 

more rapidly it is mixed with the nucleus of flow and the earlier it 

ceases to exist. 
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Losses in specific thrust AP„, connected with the curtain, can be 

estimated, in an assumption of the absence of mixing between gas the 

curtain and nucleus of flow and complete combustion of the mixture 

both in the nucleus of flow and also in the wall layer, in the 

following way: 

^7» "" 

where - specific thrust of engine with value a-w.. identical 
everywhere; Pn - specific thrust of engine with curtain. 

Is considering that the excess-oxidant ratio in the nucleus of 

flow is equal to optimum value a«,, and in the wall layer - a we 
obtain: 

àP71 “ ~ 

or in relative values 

(10.20) 

Here relative quantity of gases forming the curtain; 

O3 - fuel consumption on gas curtain; - total fuel consumption 

If one were to take oon-OA then with tie accepted assumptions 

the losses in specific thrust will have the values shown in Pig. 

10.9. 

Fig. 10.9. Dependence of losses 
in specific thrust on the 
parameters of the gas curtain 
at ■•■«"at ,t 

Comparison of data of Fig. 10.9 with data of Fig. 10.5 shows 

that at the cost of comparatively small losses in specific thrust 

It is possible to essentially lower heat transfer from gas to the 

wall of the engine. It is necessary, however, to consider that the 
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Fig. 10.10. Regions of break¬ 
away and adhesion of film. 

data in Fig. 10.9 were obtained at a specific fuel consumption on 

the curtain. The problem of constructive realization is to ensure 

the necessary level of lowering of specific heat flows at possibly 

smaller flow rates on the curtain. 
+ 

The effectiveness of internal cooling is influenced greatly by 

the nature of movement of the film along the wall. The more stable 

the movement of the film, the more prolonged its existence and more 

effective the internal cooling. For stable movement the film should 

adhere to the wall. The influence of certain factors on the nature 

of movement of the film is shown in Fig. 10.10, on which limiting 

lines are plotted, thus dividing the plane into regions of breakaway 

and adhesion. The greater the width of slot b, through which the 

liquid is fed to the wall, then the lower the boundary curve is 

disposed, and the narrower the region of adhesion. 

At a given speed of circumventing gas for ensuring the adhesion 

of the film to the wall it is necessary to lower the rate of feeding 

the liquid and to decrease the width of slot b. It is obvious that 

the smaller angle ß is, the more favorable the condition for adhesion 

But even in the presence of adhesion the film can lose its 

stability due to disturbances which appear during its movement. It 

was established that with an increase of flow rate of the coolant 

the length of the film at first is increased, and then, starting 

with a certain critical flow rate, this increase is slowed down or 

is ceased due to a loss of stability. The most favorable conditions 
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for the stable movement of the film are while its thickness does not 

exceed the thickness of laminar sublayer of gas flow. Therefore an 

increase of expediture on film is effective only up to certain limits. 

With a further increase of expenditure the conditions of cooling are 

no longer improved, since here there is a lessening of stability of 

the film and the additional expenditure of liquid is carried away by 

gases. This can be seen from the graph in Pig. 10.11, which is 

constructed according to the results of experiments. 

The necessary flow rate of liquid through the openings in the 

wall Q for lowering of specific heat flows by a given value depends 
w 

on the structure for admitting liquid to the wall, on the properties 

of the liquid, and also on the parameters of gas flow and are usually 

found experimentally. It is always necessary to aspire to decrease 

this value for the purpose of lowering losses in specific thrust. 

Fig. 10.11. Influence of 
internal cooling on specific 
heat flow. 

V 

In a liquid propellant rocket engine losses in specific thrust, 

connected with the organization of internal cooling, are found on the 

average within the limits of l-5St; for engines with large thrusts 

they should be less (other things being equal). This is connected 

first of all with the fact that the perimeter of the section of 

combustion chamber and nozzle with an increase of engine thrust 

increases to a lesser degree than fuel consumption. Therefore the 

relative expenditure of coolant for the curtain decreases, inasmuch 

as for engines of various thrusts one may assume that necessary 

expenditure of liquid per unit of length of perimeter is approximately 

identical. 
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During a calculation of specific thrust these losses are 

considered by the value <|> and comprise the basic share of losses 

in the chamber. 

Transpiration cooling. The greatest lowering of heat transfer 

to the wall can be secured if the entire internal surface is 

completely covered by a film of liquid. For this it is necessary to 

connect the slots (apertures) by increasing the number of them and 

lowering the flow rate in each of them (Fig. 10.12). Such a method 

of cooling is called film. Close to this method is the so-called 

transpiration cooling. The wall in this case is prepared from porous 

material, the coolant is pressed through the pores from the external 

surface to the internal, phich circumvents the hot gas, and thus 

lowers heat flow from the gas to the wall; heat which penetrates to 

the wall is absorbed by the coolant which is passing through its 

pores (Fig. 10.13). 

Fig. 10.12. Fig. 10.13. 

Fig. 10.12. Diagram of film cooling. 

Fig. 10.13. Diagram of transpiration cooling: 1 - coolant; 
2 - heat; 3 - temperature of coolant; 4 - temperature of 
wall. 

The temperature of the wall during transpiration cooling 

essentially depends on the flow rate of coolant through it. If the 

coolant is a liquid, then there is a certain critical flow rate, at 

which the temperature of the wall becomes equal to the boiling point 

of the liquid. In this case, at large flow rates the liquid passing 

through the wall does not succeed in vaporizing and, consequently, 

the wall on the side of the gas is washed by the liquid. With a 

flow rate lower than critical due to an increase of heat per unit 

of expenditure of coolant the liquid which is passing through the 
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wall vaporizes and the internal surface of the wall is no longer 

washed by the liquid layer, which leads to an increase of rttr. Such 

conditions of cooling, although connected with an increase of tempera¬ 

ture of the wall, are not more suitable, inasmuch as in this case 

there is a decrease in the expenditure of liquid. At a specific 

flow rate vaporization will occur already on the external surface of 

the wall and through the pores of the wall vapor will pass. In this 

case a decrease of heat flow from gas to wall occurs at the expense 

of blasting relatively cold vapor into the boundary layer of gas. 

Heat which reaches the wall goes for heating of vapors which are 

passing through the wall and for heating and vaporization of liquid 

on the external surface of the wall. Such operating conditions 

ensures the uniform and economic cooling of the wall. 

One of the main difficulties in the use of transpiration cooling 

is the obtaining of materials of high strength and with uniform 

porosity. Nonfulfillment of the last condition leads to the non- 

uniform expenditure of liquid coolant through the surface of the wall 

and to nonuniform temperature fields for the wall. 

Well orgainzed transpiration cooling can ensure reliable 

shielding of the walls from high temperatures with very small " 

expenditures of coolant without external cooling. 

10.External Flow-Through Cooling 

External flow-through cooling of an engine is also called 

regenerative, inasmuch as here practically all the heat given off to 

the wall returns back to the combustion chamber. External flow¬ 

through cooling of an engine is used more frequently in combination 

with internal. 

During external flow-through cooling heat flow from the gas to 

the wall is equal to heat flow through the wall and to heat flow from 

the wall to the liquid coolant. If one were to disregard the 

difference between values of internal and external surfaces of the 

wall, then it is possible to also consider specific heat flows as 

equal: 
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(10.21) 

where ir. f«, specific heat flows accordingly from gas to wall, in 

the wall, and from wall to liquid coolant. 

It is known that 

ftt * (7«Tr 7e»B )« 

“ TJ}' 

(10.22) 

(10.23) 

(10.210 

Here «;- certain effective coefficient of heat transfer, 

considering in addition to convection also radiant heat flow: 
s' 

6 - thickness of walls; am - coefficient of heat transfer from wall 

to liquid coolant; ^-‘'temperature of surface of wall from the side 

of liquid coolant. 

Solving these equations Jointly, we obtain: 

r«tf—fn, ; 

* 1 » . 1 

Value (¿"**¿+¡7) ls freQuently called thermal resistance. 

Consequently, thermal resistance is mrie up of resistance of gas Ift, 

resistance of wall ip^ and resistance of liquid coolant I/o«. It is 

necessary to note that the basic value is the thermal resistance of 

gas. Actually, for a liquid propellant rocket engine the following 

order of values, included in formula (10.25) are characteristic: 

Cal/m2.h*deg; 

•g« 10*«** 10^ Cal/m2.h*deg; 

IJI-10* 1-2.10» Cal/m2 • h • deg. 

Change of temperatures during transmission of heat in a liquid 

propellant rocket engine from the gas through the wall to the liquid 

Plii 
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Also shown there are the approximate coolant is shown in Pig. 10.14. 

values of temperatures. 

Temperature 

Pig. 10.14. Nature of change 
of temperature during trans¬ 
mission of heat through the 
wall from the gas to the liquid 
coolant: 1 - wall of Jacket; 
2 - liquid coolant; 3 - wall 
of chamber; 4 — gases. 

Temperature of coolant on emergence from the Jacket will be 

found from condition 

(10.( 

where /^, /^f em, - enthalpy and speed of cooler on entry into 

and exit from the cooling Jacket; Gw - expenditure of coolant; Q - 

total quantity of heat, transmitted from wall to liquid coolant 

(overall heat removal). 

Usually the change of kinetic energy is small as compared to 

change of enthalpy and it can be disregarded. Inasmuch as heat 

flows along the engine are variable, then >or convenience of 

calcualtion the surface of the engine is splitValong the length into 

sections, then 

(10.27) 

Here q^, - average specific heat flow and surface of wall of 

separate i section. 

If the coolant does not change its aggregate state in Jacket and 

dependence of heat capacity on pressure can be disregarded, then 

it is possible to write 

(10.28) 

where temperature of coolant at inlet to and exit from 

Jacket; c. - average heat capacity of coolant. 
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Heat transfer from wall to liquid coolant. During external 

cooling of the engine it is necessary to ensure that value of 

coefficient of heat transfer from the wall to the liquid, at 

which the temperature of the wall on the side of the gas would not 

exceed permissible limits. It is not difficult to see that for this 

temperature of the wall on the side of the liquid T„a- should have a 

fully specific value: 

(10.29) 

In its turn provision of the necessary value ^.amounts to 

obtaining a fully specific value of a : 

«.-r-îj-- (10.30) 

If value of the coefficient of heat transfer from the wall to 

the liquid coolant is less than necessary, then this will entail an 

increase of r,^, and consequently also of r«r. 

Conditions of heat exchange between the wall and liquid coolant 

depend to a considerable degree on temperature of the surface of 

the wall which is washed over by the liquid. During stabilized 

turbulent flow in rectilinear channels, when there is no boiling on 

the wall, the coefficient of heat transfer aw can be found from the 

criterial equation 

Nu »0,023 ReMPrM/(,. (10.31) 

In this equation physical properties during determination of 

criteria are taken at the temperature of the coolant T^, coefficient 

Kt, as was noted, considers the influence of variability of physical 

properties on intensity of heat exchange. 

By expanding the criterion of similarity in the last equation 

we obtain: 

0,023 

here c, y » n, - respectively rate, density, thermal conductivity, 

viscosity, and heat capacity of coolants; dtm - equivalent diameter. 
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Solving ,tHe last expression relative to ot^ and considering 

dimensions 

aw in Cal/m2*h*deg; y in kgf/m3; n in kgf/m*s; 

c in m/s; d*, in m; C in Cal/kgf.deg; X in Cal/m*h.deg, 
Hi 

we obtain: 

(10.32) 

where 

f — area of cross section of channel; n — perimeter of section of 
channel. 

Thus, coefficient of heat transfer depends on mass velocity 

cy, properties of the coolant, and geometry of the channel. 

Dependence of on temperature for certain liquids is presented in 

Fig. 10.15. 

Fig. 10.15. Dependence of 
complex on temperature. 

The nature of influence of variability of physical properties 

on intensity of heat exchange, and consequently also on value 

depends on a whole number of factors (pressure, temperature, 

properties of coolant, etc.). For drop liquids at subcritical 

pressures and in the absence of boiling on the wall (Tct^Tmi) it is 

possible to take 

i 
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(10.33) "•-fer 
where n - dynamic viscosity of coolant at T : n__ - the same at 

)M m CT 

T . If the coolant is in a gaseous state, then, as was noted, the 
CTm 

influence of variability of physical properties is described by the 

temperature factor T /T ; for case of addition of heat to gas it 
C T In 

is possible to take 

*,-£)r (10.34) 

It is necessary to consider that for certain liquids the 

maximum permissible temperature T is limited. Thus, for certain 
Tm 

petroleum fuels experience shows that, starting with a certain 

temperature T , in the layer of liquid adjacent to the wall solid 

compounds start to form am^ are deposited on the wall in the form of 

carbon. The layer of carbon increases thermal resistance, thereby 

worsening conditions for cooling of the engine. According to experi¬ 

ments on kerosene at a pressure of 35 atm(abs.) carbon formation 

takes place at a wall temperature of 430-i»80oC. 

Peculiarities of heat transfer during boiling of a liquid on 

the wall. The layer of liquid adjacent to the wall has temperature 

exceeding the temperature of liquid in the main part of the flow T^. 

Therefore a situation can occur when T^ is lower than the boiling 

point of the liquid, and T^a>Ttm> i.e., in the absence of boiling of 
liquid in the main part of flow at the wall the liquid bolls. The 

process of convection heat exchange here differs from case, when 

there is no boiling at the wall. It is known that if in this case 

specific heat flows do not exceed the critical value qMp, then bubble 

boiling appears: on the wall bubbles of vapor will be formed which, 

by being torn from the wall, are directed to the nucleus of flow 

and are condensed. Transverse movement of bubbles causes mixing of 

the boundary layer, which intensifies the process of heat withdrawal 

from the wall and, consequently, leads to an Increase of coefficient 

of heat transfer. The more intense the vaporization of liquid with 

the formation of separate bubbles of vapor, which are mixing the 

boundary layer, then the more intense is heat removal from the wall 
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of the liquid; therefore with an increase of heat flow the intensity 

of heat exchange between the wall and the liquid increases and the 

coefficient of heat transfer increases. However, this holds true 

only to a certain limit; when specific heat flow exceeds q , the 
K p 

number of bubbles created becomes so large that they merge and form 

a solid vapor film, insulating the liquid from the wall. Conditions 

of film boiling develop; heat withdrawal from the wall drops here. 

If at a constant speed of liquid in the channel and constant 

temperature of liquid the specific heat flow is changed, the 

coefficient of heat transfer (Fig. 10.16) with an increase of q 

to a definite limit will change little (a certain increase of it is 

caused by increase of T^). Temperature pressure lT„m—Tm) and 

temperature of the wall T will be increased in accordance with 
m 

equation (10.24). When the temperature cf the wall exceeds the value 

of boiling point, bubble boiling will start, which intensifies heat 

exchange. With a further increase of q the coefficient of heat 

transfer increases Intensively, and the temperature of the wall is 

changed little. 

The presence of organized flow of ^ liquid influences heat 

exchange during bubble boiling as long as disturbances introduced 

by the process of vaporization, do not start to play a decisive 

role. This role of bubble boiling sets in according to the value 

of specific heat flow. The greater the velocity c of liquid in the 

channel, the later this is. 
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Even if specific heat flow is increased further, then upon 

achievement of critical value of heat flow q conditions of film 

boiling appear. Coefficient of heat transfer drops strongly and 

temperature of the wall increases sharply. A very possible result 

of this circumstance can be burnout of the wall. The higher the 

velocity of the liquid, the greater the value qM . In Pig. 10.16 

a picture is given for two values of speed of liquid cx and c2. 

Critical heat flow in general depends on properties of the 

liquid, pressure, rate of movement, on the value of underheating of 

liquid up to boiling point and several other factors. 

Prom what was said it follows that if heat transfer to the 

liquid coolant occurs during boiling on the wall, then it is necessary 

to exclude the possibility of transition to film boiling. Por this 

the specific heat flow should be less than critical by a value, 

knowingly covering the irregularity of heat flow over the perimeter 

of a section of chamber, and also the influence of changes of 

operating conditions of th^ engine. 

Peculiarities of heat exchange at supercritical pressure, if the 

pressure of liquid exceeds critical pressure p , then boiling is 

impossible. If, however, is less than critical temperature, 

then conditions of heat exchange are the same as without boiling on 

the wall during subcritical pressure, and coefficient of heat 

transfer can be found from equations (10.31) and (10.33). If, 

however, temperature of the wall exceeds critical temperature T ', 

then heat exchange between the wall and the liquid has its own MP 

peculiarities. Physical properties along a section of flow in this 

case change monotonically from values, peculiar to a liquid, to 

values which are characteristic for gas; fluid flow is separated 

from the wall by a thin gaseous layer with increased thermal 

resistance. Therefore with an increase of Tct at r,T >rw the 

intensity of heat exchange and, consequently, also the coefficient 

of heat transfer drop. Investigations show that value K in these 

conditions is a function of given temperature t and t ^nd given 
pressure ir. w cr J ‘ 
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Here 

'•» r«> Hf 

Fig. ParameterS Value Kt can be determined approximately from 

Fig. 10.17. Dependence of Kt 

on temperature of wall at 
supercritical pressure ?) 

Under certain conditions, as experiments show, the process of 

heat transfer to a liquid at supercritical pressure and T„ >T„ 

Ílare0Tf^hled by flU0tUatlOn Phen°-na. «hich essentially changes the 
nature of the process. However, source material from investigations 

of heat exchange under these conditions is still insufficient. 

T , gagto™ affecting the conditions of external now-thrn„gh 

Intensity of cooling should be such that the, temperature of the wall 

on the Side of gas would be lower than the permissible temperature 

for the given material of the wall, i.e., Ttft <7,^ 

In specific cases there can be limitations on the temperature of ' 

the coolant at the outlet from the jacket, for example: T <r„. 

However, this condition Is not always obligatory. There ÜTy be 

limitations, connected with temperature Tct . Thus, at subcritlcal 

pressures it is necessary to exclude the possibility of bubble 

boiling on the wall. For liquids which are capabl of carbon formation 

the temperature T should be lower than the temperature of carbon 
formation. w 

see insoria31].°f ^ exohange durlnS supercritical pressure, 
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Let us place in equation (10.23) the value Tct from equation 
M 

(10.2^) and solve it relative to T 

(10.35) 

From equation (10.35) it is clear that temperature T at a 
CTr 

given temperature of liquid and specific heat flow depends on 

coefficient of heat transfer a^, thickness of wall 6, and its 

coefficient of thermal conduction X 
CT 

Decrease of temperature T can be attained by intensification 
CTr 

of heat removal from the walls, i.e., by an Increase of coefficient 

of heat transfer a^, which depends to a considerable degree on mass 

flow rate of the coolant. If the coolant is a liquid, then the 

density is a value which is practically constant, and in this case 

it is possible to influence the coefficient of heat transfer o Just 

by changing the rate of movement of the liquid in the coolant 

passage. The higher the rate the greater the coefficient of heat 

transfer and the less the temperature of the wall. 

The flow rate of liquid coolant at its assigned expenditure 

depends on the area of section of the channel for coolant passage. 

If the required flow rate of liquid at a given expenditure is great 

and therefore the area of a section of channel is small, then the 

necessary height of channel or clearance between Jacket and internal 

wall of the chamber A, can turn out to be very small. To produce an 

engine with a very small height of channel is technologically 

difficult. Usually it is made no less than 1-1.5 mm. When the flow 

of liquid is not sufficient, then in order to obtain the required 

flow of liquid at an acceptable value of clearance, the Jacket is 

sometimes made up of helical channels, since with a helical direction 

of channel and the same altitude A the area of its section is less 

than during longitudinal (along the axis of the engine). Actually, 

if it is considered that expenditures of liquid coolant in both cases 

are equal, then 
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where c* speed of coolant and area of channel during helical 

movement; /M— speed of coolant and area of channel during 

longitudinal movement. 

It Is not difficult to see, If thickness of ribs forming the 

channels is disregarded that fap-nDA and /.-«DAsinf, where ¢) - angle 

of ascent of helical thread; therefore 

However, it is inexpedient to increase considerably the flow 

of coolant in the Jacket, since this increase loss of pressure of 

liquid (proportional to the square of flow) which can cause a strong 

increase in the required value of feed pressure. 

Inasmuch as the greatest values of specific heat flow belong to 

area of critical section of the nozzle, then in this place it is 

necessary to have the greatest expenditures of liquid coolänt. Flow 

of liquid in the area of critical section of the nozzle is equal to 

10-50 m/s and higher. Losses of liquid pressure in the cooling 
2 

Jacket on the average are equal to 5-20 *cgf/cm . In separate cases, 

in the event of the necessity to remove high specific heat flows, 

it is necessary to considerably increaseAhe flow of liquid coolant, 

and with it losses of pressure which can attain several tens of 

atmospheres. 

A combination of change of specific heat' flows and coefficient 

aH( along the chamber determines the distribution of temperature of 

wall in length. In general the greatest values of wall temperature 

are found in the area of critical sec4-1^ of the nozzle. In Fig. 

10.18 is shown an approximate picture of change of wall temperature 

along the chamber and other parameters during external cooling of 

liquid propellant rocket engines. 

Considerable influence on value T is exerted by pressure in 
Tr 

the chamber. With an increase of pressure in the chamber there is 
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Fig. 10.18. Change of parameters 
during external flow-through 
cooling 

an increase of specific heat flows approximately proportional to 

power 0.8. If change of pressure in the chamber of a specific engine 

(F ■ const) is examined, then approximately to the same degree 
Kp 

coefficent a will be changed. Change of a in this case is caused 
Hi Hi 

by a change of expenditure^(nd flow of liquid coolant, if cooling is 

carried out by one of the components. 

Inasmuch as thermal resistance of the wall 6/\„_ does not change 

here, then from equation (10.35) It follows that temperature of the 

wall T should be increased with an Increase of pressure in the 
CTr 

chamber. 

To a still greater degree will be the increase of Tct with an 

increase of p*, if pressure in the chamber is increased at the expense 

of decreasing the critical section with a constant expenditure of 

gas, and consequently also of liquid coolant; in this case various 

engines, having various F and equal fuel consumption, are compared. 
Kp 

The greater increase of Tct will be due to the fact that with a 

change of pressure in the chamber to thermal resistance remains 

constant, not only of the wall, but also of the liquid coolant, if 

clearances in cooling Jackets at various p* are identical. Thus an 
K 

increase of pressure in the chamber hampers cooling of the engine 

from the point of view of value T (Fig. 10.19). 
CTr 

Change of p* at F » const leads to a proportional change of 
K KO 

expenditure of liquid coolant, which is one of the components. The 
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Fig. 10.19. Dependence of 
temperature Tct on pressure 

in the chamber (A _ = 40 
CT 

Cal/m*h-deg and 6 * 1 mm). 

amount of heat, given off through the wall to the liquid coolant 

(general heat removal Q), is changed to a lesser degree. Therefore 

the amount of heat, belonging to 1 kgf if fuel (specific heat 

removal Qq), and consequently also to 1 kgf of liquid coolant, 

decreases (at a constant excess-oxidant ratio). Therefore with an 

increase of pressure in the chamber the temperature of the liquid 

coolant at the outlet from the jacket is decreased. In Fig. 10.20 

is shown the dependence on pressure in the chamber of overall heat 

removal Q (Cal/s), specific heat removal QQ (Cal/kgf), and value of 

preheating of coolant ar«-r_Li—. 

Fig. 10.20. Influence of 
pressure in the chamber on 
overall heat removal Q, 
specific heat removal Qq, 

and on preheating of liquid 
in the Jacket. 

V 

Increase of wall thickness leads to an increase of thermal 

resistance of the wall, and consequently also to a certain lowering 

of specific heat flows. However, here there is increased temperature 

drop on the wall and accordingly of value T (Fig. 10.21). The 
Tr 

latter is not difficult to see from formula (10.35)» if one considers 

that change of thickness of wall has little effects on q. An increase 

of coefficient of thermal conductivity of the wall material decreases 

T . Consequently, the application of better heat-conducting 
CTr 

materials and a decrease of wall thickness during external flow¬ 

through cooling furthers the improvement of conditions of cooling 

of an engine from the point of view of T . However, there is an 
C T 
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Pig. 10.21. Influence of 
thickness and thermal conductivity 
of the wall on temperature of 
the wall and heat flow: 

^CT * 30 Cal/m'h'deg; 

-*CT ■ 150 Cal/m'h’deg. 

increase in the amount of heat given off to the liquid coolant, since 

specific heat flow increasesj therefore at a constant o temperature 

T is increased. w 
M 

/ 

A positive influence on conditions of cooling of an engine can 

be exerted by the application of refractory thermal insulation 

coverings, possessing a low coefficient of thermal conductivity and 

high permissible temperature of heating. If the internal surface of 

the wall is covered with such a material, then overall thermal 

resistance of the wall will be increased, which will decrease 

specific heat flow and therefore also the values of wall temperature. 

In Pig. 10.22 is shown the distribution of temperatures in the wall 

in the presence and absence of thermal insulation, where the conditions 

of heat exchange on the part of gas and liquid are taken as identical. 

Fig. 10.22. Influence of heat 
insulating coverings on conditions 
of cooling: 1 - wall; 2 - 
thermal insulation. 

The, application of ribs. Certain constructions, the walls are 

equipped with ribs for increasing rigidity and improving the cooling 
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Of the engine. Improvement of cooling is connected with the fact 

that due to an increase of external surface of the chamber wall the 

same heat flow from the wall to the liquid coolant will be transmitted 

in case of a ribbed wail with a smaller difference of temperatures 

r*t*“r*- Therefore the temperature of the wall at the given value a 

will be lower. However, heat transfer from the wall to the liquid * 

coolant does not increase proportionally to the increase of external 

surface of a ribbed wall, but to a lesser degree. This is explained 

by the fact that temperature of the rib for height does not remain 

constant (Pig. 10.23), but decreases due to heat removal from its 

edges. Therefore a noticeable improvement of conditions of cooling 

of an engine is observed only at a specific height of rib. 

Pig. IO.23. Change of 
temperature of wall with 
height of rib: 1 - 
external wall; 2 - profile 
of temperature; 3 - internal 
wall. 

The greater the coefficient of thermal conductivity of wall 

material, the more even the temperature profile for height of rib 

and, consequently, the greater the effect of ribbing. For this reason 

the relative improvement of cooling of ^n engine with ribbing will 

be even greater, the less the value of coefficient of heat transfer 
a . ' m 

Decrease of thickness 6p of the rib also promote an increase of 

its effectiveness, since here there is an increase in the number of 

rios and, consequently, the overall surface of the wall which is 

washed by the liquid. 

Let us consider a ribless wall, having a surface P and tempera¬ 

tures Tct^, which is washed by a liquid coolant with temperature T . 

Heat flow from the wall to the liquid coolant in this case is equal to 

J- 
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Let us assume that a portion P2 of the surface of the examined 

wall is covered with ribs. Then the heat flow from the wall to the 

liquid coolant can be presented as the sum: 

Q'“Qi+Q*t 

where - heat flow from surface F1 » F - P2 of the wall not occupied 

by ribsj Q2 - neat flow from share F2 of the wall, covered by ribs. 

Let us accept that in the case of a ribbed wall the value T 
or 

Mi 
is the same as for a ribless wall. Then 

Qt—pW^-TJ, 

here ap - certain effective coefficient of heat transfer, considering 

the increase of heat transfer on a surface having a rib. 

General heat flow is equal to 

Effectiveness of application of ribs can be evaluated by the 

relationship 

(10.36) 

It is obvious that the higher the value n , the more effective 

ribbing is. P 

For a flat rib of constant thickness, in the assumption that 

temperature based on its thickness is constant and heat removal from 

the upper end is negligible, the value of a can be determined from 

expression: 

(10.37) 

where Bl,= Biot criterion, calculated for width of rib. 
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In Pig. 10.24 are given the results of calculation by the 

formulas (10.36) and 10.37), showing the dependence of n on height 

of rib and influence on this value of the coefficient of thermal 

conductivity of the wall and coefficient of heat transfer a . It is 

clear that ribbing is most effective when using high—heat-conductinr 

materials; the higher the coefficient aw> the less the effectiveness 

of ribs. It is necessary to consider that with a definite combination 

of parameters the application of ribs can give a negative effect 

(small Xct, large c^), i.e., np < 1. 

Pig. 10.24, Dependence of n 

on height of rib (with F1 ■ P2): 

- aw • 30*10** Cal/m2.h.deg; 

-\ ■ 50*10** Cal/m2*h*deg. 

> 
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CHAPTER XI 

THE USE OF NUCLEAR ENERGY IN ROCKET ENGINES 

11.1. Basic Information 

At present there are twt^baslc methods for releasing of nuclear 

energy: 1) the method of fission of certain heavy nuclei under the 

influence of bombardment by neutrons and 2) the method of nuclear 

fusion of light substances under the influence of very high tem¬ 

peratures. In both cases a huge amount of energy is liberated. 

The method of fission (splitting) of heavy nuclei has already 

gained practical application at industrial power and military in¬ 

stallations (electric power station, submarines, surface ships). 

This turned out to be possible only with the development of a 

controlled, calm process of fission of heavy nuclei. This method 

will be the subject of further examination. 

The method of synthesis is based on fusion of hydrogen nuclei 

with the formation of helium; this process carries the name of 

thermonuclear reaction. In nature thermonuclear reactions are 

carried out on the sun and ether stars. For realization of a thermo¬ 

nuclear reaction heavy hydrogen is useful, but here extraordinarily 

high temperatures are necessary so that kinetic energy of approaching 

light nuclei exceeds the energy of forces of mutual repulsion. For 

deuterium D^1 a thermonuclear reaction requires temperatures cf 

‘Figure below indicates the number of protons in the nucleus 
(charge), figure above - total number of nucleons (protons and 
neutrons). 
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(300-400)•10° def. IT one wore to take mixture from equal parts of 

ami tritium then -t thormonuclear reaction con üe carried out 

already at (40-‘j0) ^ lo” let*• Kner^y given off in the process of 

synthesis is equal ’o the difference of binding energy of nuclei of 

end and Initial products. For* example, 

energy, 

where n - symbol for neutron. 

Energy liberated during a thermonuclear reaction is very great - 

it is greater than the energy during fission of heavy nuclei. 

For utilization of the energy of thermonuclear reactions on 

stationary and transport propulsion systems it is necessary to be 

able to control the course of these reactions. At present this goal 

has still not been achieved. In U3f>R, in England, and in the United 

States research is being conducted on the creation of instruments 

and installations for control of thermonuclear reactions. 

In contemporary electrical power nuclear systems the energy of 

fission of heavy nuclei is used for preheating the working substance 

of the propulsion system instead of the comical energy of fuel or 

for direct conversion of heat into electrical energy. 

"Nuclear fuel" is the name for sut stances, which as a result of 

fission or fusion liberate energy. The instrument, in which a calm 

controlled nuclear reaction takes place is called a reactor. The 

name "nuclear fuel" has a conditional nature and is connected with 

the role which is fulfilled by fissionable material in contemporary 

power systems by replacing chemical fuel. 

In reactors for carrying out the controlled process of fission 

the fissionable materials are the isotopes of uranium U-235)* 

plutonium Pu^9 (0r Pu-239), and the isotope of uranium (or 

U-233) with half-livos of 8.8*108, 2.6*lo\ and 1.6*10^ years 

respectively. 
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The isotope of uranium io contained in naturtl uranium 
in a quantity of 0.712Î. 

Plutonium Pu-239 is fomed through a chain of trr^s format ions 
from natural uranium U-238 under the influence of neutrons. Isotope 

U-238 is contained in natural uranium in a quantity of 99.282Í. 

Consequently, all natural uranium, with the exception of isotope 
U-231* (M).006í) can be used for obtaining the energy of nuclei 

fission either directly (U-235) or through plutonium (U-238). 

Isotope U-233 is formed through a chain of transformations 
from natural thorium Th^? (or Th-232) under the influence of 

neutrons. Thus the initial raw material for production of fuel 
for fission reactors are natural uranium and thorium. 

In nuclear engineering for calculation of work the measure 
electron volt (eV) is used, and not the unit erg. By election volt 

is understood energy content received by one electron during passage 
of a potential difference of one volt. Consequently, 

1 eV ■ 1.6*10”^ coulomb-volt ■ 1.6* 10”^ erg; 

here the value 1.6*10 ^ coulomb represents the charge of an electron. 
Mass of an electron is equate 9.11 *10“28 g; it is I837 times 

lighter than the mass of an atom of hydrogen. In view of smallness 
of the eV unit in a description of nuclear processes most frequently 

the value MeV is used - million electron volts (or megaelectron volt): 

Energy, liberated during fission of heavy nuclei, can be deter¬ 

mined by the decrease of mass of the end products, comparatively with 
initial by using the Einstein equation 

E-mc*. 

where m — decrease of mass or mass defect; 

c**3*IO,# cm/s - speed of light. 
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If In 1 k.'f of all the atomic nuclei are lubjectei t the 

process of fission, then the decrease of mass will be m**l con¬ 
sequently : 

£=,J.3». 10*"«= 9 10» er»’; *2110» Cal. 

During fission of heavy nuclei under the influence of a neutro., 

two fragments of unequal weight are obtained. Up to 80 different 

forms of fragments have been recorded from products with a mass num¬ 

ber of 71 to products with a mass number of around I60. Most fre¬ 

quently the ratio of weights of two fragments comprises approximately 

2:3. 

For example: 

US,+«i-Sr5+Xey»+2«; 

In Fig. 11.1 is given a graph of the relative quantity of fission 

products of U-235» Pu-239, and U-233. The majority of these products 

are radioactive and acquire stability through y-radiation or a series 

of successive ¿»-disintegrations with the transformation of excess 

neutrons into protons. ^ 



Above we pointed out a case of formation of the most probable 

fragments, namely - strontium and xenon with atomic numbers 38 and 

54 and mass numbers and 1*0. These mass numbers correspond to 

the maxima on the curve of Fig. 11.1. Relatively many of the follow¬ 

ing pairs are obtained: rubidium (Rb®^) and cesium (Cs^|3); niobium 

(Nb^) and antimony (Sb**1); bromine (Br^) and lanthanum (La^38); 

yttrium (Y^) and iodine ^53^)» and others. These radioactive 

fragments (unstable due to large n/p, where n - number of neutrons, 

and p - number of protons of the nucleus) present unique "ashes," 

which change the isotopic composition of the reactor and exert a 

negative influence on the course of the reaction of fission with 

time. As it is said, as a result of nuclear reactions there occurs 

a^gradual "poisoning" of reactor "by ashes" - fission fragments 

("poisoning" by xenon, samarium, strontium, and others). Development 

of this process can lead to cessation of fission in the reactor, and 

consequently to cessation of liberation of energy in it. Due to 

accumulation of fission products in the reactor and change of its 

properties due to this, it is possible to use for fission only an 

insignificant share of the fissionable material (for example, uranium) 

which is embodied in the reactor. 

Investigations showed that the greatest amount of nuclear energy 

is liberated in the form of kinetic energy of electrically charged 

fission fragments, possessing tremendous speeda due to electrostatic 

repulsion. Furthermore, it is necessary to consider the energy of ' 

newly formed neutrons, y-radiation, and the energy of ß-particles. 

According to experimental data energy, liberated during the 

splitting of one nucleus of U-235, comprises 190 ♦ 5 MeV and is 

distributed in approximately the following way in percentages: 

kinetic energy of fission fragments.. 

kinetic energy of neutrons. 

energy of direct y-radiation. 

energy of y-radiation and ß-particles 
during disintegration of fission 
fragments.,.,,, 

86-^7 

2.5-3.0 

3.0-3.5 

6.0-7.0 
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energy, not liberated In the reactor, 
and energy unaccounted for (energy 
of a neutrino). the remainder 

In contemporary reactors the kinetic energy of fragments and 

neutrons is completely converted into heat as a result of their 

deceleration in nuclear materials and in constructional elements. A 

significant share of the energy of y-radiation and ß-particles is 

also converted into heat. According to investigations around 9k% 
of all the energy liberated in the reactor converts into heat and 

is subject to extraction from the reactor by some method. 

Not any collision of a neutron with a nucleus of fissionable 

material leads to fission. For characterizing the effectiveness 

of nuclear reactions the concept of cross section of a nucleus 

is used. 

During motion of neutrons in a mass of fissionable material two 

basic results are possible: 1) neutron scattering and 2) absorption 

of them by nuclei. Also possible is the passage of individual 

neutrons through the mass without collision (”missw). Neutron 

scattering is possible only during the collision of neutrons and 

nuclei. 

Scattering can be ’’elastic" and "inelastic.’’ Elastic scattering 

corresponds to a case of collision with preservation of total 

kinetic energy and pulse of neutron and nucleus (analogous to the 

impact of two spheres in mechanics); elastic scattering is possible 

in the case when kinetic energy of a neutron (during direct collision 

with nucleus) is less than the excitation energy of the nucleus 

which is necessary for radiation of energy. Elastic scattering, 

leading to deceleration of neutron velocity, is important for a slow 

(neutron) reactor, since it plays the basic role in deceleration. 

Inelastic scattering, conversely, occurs in that case when kinetic 

energy of the neutron is greater than excitation energy of the 

nucleus; as a result, after collision the velocity (energy) of the 

scattered neutron will decrease, and part of the initial energy of 
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the neutron will be imparted to the nucleus, which will radiate 
energy, passing anew from the excited state into initial. 

Not any absorption of a neutron by a nucleus leads to splitting 
of the latter. Absorption of a neutron by a nucleus in some cases 
leado to nuclear lission, and in others - to capture of a neutron 
by a nucleus without fission (to radiative capture). An example of 
the reaction of radiative capture is, for example: 

Radiative capture is an example of inelastic scafering. Bv 
absorbing a neutron, the nucleus passes into an oxcitec state and 
forms directly or through a chain of transformations a stable 
product with the simultaneous emission of y-rays or ¡¿-particles. 

Important examples of radiative capture in a practical respect 
are the capture of a neutron by a nucleus of U-238 with the formation 
of Pu-239 and the capture of a neutron by a nucleus of thorium 
Th-232 with the formation of U-233. 

Excluding miss, elastic sea tering, and radiative capture from 
all possible collisions, we will obtain only that number of effective 
absorptions which leads to nuclear fission. 

Let us assume that the cross section of one target nucleus, or 
microscopic section, is 0 cm2/nucleus. If one were to take a cube 
with sides 1 cm, on the lateral surface of which a neutron flux falls 
uniformly (Fig. 11.2), then the full area of cross section of all 
the nuclei found in this volume, will be N 0 cm2, where N - number 
of all nuclei in 1 cm . Probability of collision of neutrons with 
nuclei would be equal to 

In reality the number of effective collisions leading to fission 
exceeds this number. 
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Ai u if.'t. ni 

Fig. 11.2. Diagram of the in¬ 
teraction of neutron flux with 
nuclei. 

Let us assume that os — cross section of scattering, considering 

the number of collisions during elastic scattering and during passage 

without a collision; oa — cross section of absorption, considering 

all cases of collisions, ending in fission and radiative capture. 

Values og and oa are the measure of probability of reactions of 

scattering and absorption. Full probability of collision 

v**+v 

Values o8, a&, and pertain, as was indicated, to one nucleus 

and one neutron; these are microscopic sections and they correspond 

to one energy level of :.eutrons or average energy level of neutrons 

participating in the reaction. 

-2U ? 
Areas of nuclei have an order of 10 cm . For U-235 the area 

2 
of the nucleus is equal to o ■ 2*10 cm . 

Experience shows that for U-235 "he full probability of collision 

with slow neutrons comprises oi*»698• I0-* cm , i.e., a value 349 times 

greater than the area of the nucleus. Exactly in connection with 

this the remark was made concerning the conventionality of a purely 

geometric determination of probability of collisions. 

For simplification of recording the value IO”2** cm2 it is 

called a barn; in this case oim696 barns. 

The value o. includes probable cross sections of fission and 
a I 

probable cross sections of radiative capture - o- * o . air 
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In Table 11.1 microscopic sections for slow neutrons are ,-1 vor. 

for certain substances. 

Table 11.1. Cross section of certain sub¬ 
stances (slow neutrons). 

If from one neutron and one target nucleus we switch to N 

nuclei, then N o - I pertains already to 1 cm2 and represents a 

macroscopic section. Accordingly Za» Zf ~ macroscopic cross 

sections of scattering, absorption, and fission. 

For a different energy level cf neutrons and for various media 

(target nuclei) values os, oa, and of (and accordingly Zç, I , and 

V wil1 be various. For example, "or fast neutrons In uranium 

U-235 based on experiments the cross section of scattering Is equal 

t0 °s " 3,97 bams; cros- section of absorption o « O.33 barns, 

where fission cross section is equal to of - O^/barns and radiative 

capture cross section or ■ 0.0¾ barns. 

For uranium In a mixture with other substances these values will 
be different. 

oince 1 mole of substance contains N « 6.023-1023 atoms 

(Avogadro number), then the number of nuclei in 1 cm3 will be 
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where y - weight density of gf/»3; m - atomic or molecular weight. 

For example, for U-235 (ï - 18.7 gf/em3 and m ■ 235) the value 

JV « 0,06-10*1 M*. 

In this case macroscopic absorption cross section for slow 

neutrons will be 

2=N3.-0 05-10*-683-lC-*=34,15 ]/cm. 

ê 

Cross sections <, and oa (or Es and 2,) are the most important 

characteristics of nuclear and structural materials in nuclear 

engineering. 

During nuclear fission neutrons are liberated. For eacli 

neutron, absorbed by a target nucleus of fissionable materia , 

2-3 neutrons are liberated; exactly this circumstance makes it 

possible to carry out both the valuable fast-flowing fission reac¬ 

tion (bomb), and also the calm, stationary fission reaction by 

means of removal of superfluous neutrons (reactor). 

««îtf.cal investigations show that on one initial neutron 

during one splitting the number of completely liberated neutrons 

comprises : 

- _ IT yoc .V ■ 2.43 ± 0.02 
for U-235.... u . 2 89 ± 0.03 

: ^233 - fl? * 0.02 

Part of the liberated neutrons vanishes as a result of radiative 

capture by the fissionable material itself, dased on experimental 

data for every one splitting taking into account radiative capture 

free neutrons are emitted: 

f° S::::::::.* * ^ * 0.02 
« ... “ 
»' natural uranium.0 “ 1*34 
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Consequently, radiative capture lowers the free number of 

neutrons in a system. Statistically per splitting of U-235 by 

means of radiative capture 2.43 - 2.07 - 0.36 neutrons vanish 

from the system; the ratio of effective cross section of radiative 

capture to effective cross section of division for U-235 will be 

•«5^*0,175. / 

The bond between v, n, and a is determined by the formula 

The majority (>99ï) of neutrons is emitted by fragments 

approximately in the period 10~12 s after division; these neutrons 

are called prompt. Less than 1% of all neutrons is emitted from 

certain fragments during the period 0.5-60.0 s after division; 

these are delayed neutrons. 

Prompt neutrons have a various energy level. Distinguished 

are fast neutrons with tremendous energy (>1000 eV) and slow or 

thermal neutrons (<1 eV). In the last case their energy is com¬ 

parable with the kinetic energy of molecules of gas. The energy 

of fast neutrons is most frequently >1 MeV, while the energy of 

thermal neutrons most frequently is <0.025 eV. Between thermal 

and fast neutrons there are neutrons with various intermediate 

levels of energy (from 1 to 1000 eV). Velocity distributions 

(energies) of neutrons have a similarity with the function of Maxwell 

distribution. Although there are many neutrons with an energy of 

2-8 MeV, the most probable energy level is ^1 MeV. 

Fast neutrons through a series of collisions with nuclei of 

certain substances (moderators) lose their speed and can become slow 

neutrons. In many nuclear processes namely slow neutrons are needed. 

For slow or thermal neutrons the correctness of velocity distribution 

based on Maxwell is also assumed. The most probable velocity com¬ 

prises around 2200 m/s; this speed corresponds to a temperature of 

^25°C of neutron gas and energy 
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£-I-Af,»»-ri.l,66.10-**(2.210»I*=410-*« erg, 

or 

£-0,025 eV; 

here ■ 1.66*10 - mass of neutron, 
n 

Delayed neutrons have Important value for controlling the 

reactor; their energy comprises 0.25-0.70 MeV, depending on source 

(fission fragment). Six groups of delayed neutrons with a various 

time of yield have been established. 

Slow neutrons divide the nucleus of U-235, Pu-239» and U-233, 

although these nuclei can also be divided under the influence of 

fast neutrons. Nuclei of U-238 and Th-232 are more capable of being 

divided under the influence of fast neutrons with considerable 

energy (>1 MeV). Thus, for example, for natural uranium fission 

cross section comprises 'vO.OlS barns at an energy level of neutrons 
of 1 MeV, while for thermal neutrons the cross section of fission is 

equal to 4.22 barns. 

By converting fast neutrons in thermal with the help of modera¬ 

tors, it is possible to essentially decrease radiative capture of 

slow neutrons U-238. 

A substance, which is able with a small number of collisions to 

lower the speed of fast neutrons to the level of thermal, is called, 

as was Indicated, a moderator. As moderators substances are used 

which have no capacity for absorption of neutrons or, as far as 

possible, have a very small cross section of absorption. The main 

problem is to lower speed with the help of the process of elastic 

scattering. 

Let us assume that Mn and M - masses of neutron and nucleus of 

moderator; /q - initial neutron velocity; speed of moderator nucleus 

will be considered equal to zero. During central impact (head-on 

collision), if V and v - speed of nucleus and neutron after impact. 
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it is possible to write the equations of conservation of energy and 

conservation of momentum and obtain: 

(11.2) 

If Eq and E - energy of neutron before and after impact, then 

the ratio of these values after central impact will be 

4 44 + 
or 

(11.3) 

The mass of a neutron is close to a unit. The closer the value 

M to Mn, i.e., the lighter the nucleus of the moderator, the less 

the ratio (11.3) and, consequently, the greater the energy lost by a 

neutron during one collision. For example, for graphite 

far hydrogen 

i.e., a neutron can lose all its energy during one central collision 

with a nucleus of hydrogen. Thus the lighter the moderator, then 

with other things being equal the more effective it is. 

We examined the simplest case of central impact. In reality 

there will be cases of impacts at an angle (lateral impacts), and 

also cases of flight past a nucleus (”missM). In the last case 

energy of the neutron will remain constant; during lateral impact, 

at an angle, the neutron will lose less energy than in the case of 

a head-on collision. In view of this, for real process it is nec¬ 

essary to operate with the value of average loss of energy. This 
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value Is statistical, considering all possible 

of a neutron with target nuclei. The value of 

decrement of energy for one collision is used, 

average change of natural logarithm of energy: 

forms of encounter 

average logarithmic 

or the value of 

I-E&. 

Por approximate calculations it is possible to consider 

where M - mass of target nucleus. For light nuclei (small M) losses 

of energy are great. In the given moderator during each collision 

a neutron loses an identical portion of its energy practically 

independently of the energy level. 

Knowing Ç, one can determine necessary average number of 

collisions C for decreasing the energy of a neutron to an assigned 

level with the help of a given moderator. Let us assume, for example, 

that a fast neutron has the energy • 2 MeV; in order to decrease 

this energy to value Ej ■ 0.025 «V, it is necessary to have an 

average number of collisions 

For graphite 

for hydrogen 

:0,159: 

Ml 
'•.«I 
t.lM 

114; 

C.-18. 

(11.¾) 

Here CH is much less than Cc (since MH < Mc)j but CH is much 

greater than a unit, corresponding to a case of central impact; thus 

a head-on collision is realized rarely. 

272 



An Ideal moderator will be that which does not absorb neutrons 

■ 0; os ■ •) and lowers the energy of fast neutrons to the 

required level during one collision and with the least value of 

path length (diffusion) of fast neutrons. The delaying capacity of 

the moderator can be Judged by the average logarithmic decrement £ 

of energy for one collision; 

- by the number of collisions C; 

- by the coefficient of deceleration, presenting the relation¬ 

ship k3 ■ C£8/Ea» i.e., the ratio of macroscopic moderating power 

of a substance to macroscopic absorption cross section; in other 

words, moderating ratio shows the number of effective (delaying) 

collisions for one absorption. 

In Table 11.2 are given the values of magnitude Ç, C, and k 

for various moderators. Value £ by itself is insufficient, since 

different scattering and absorbing capacity of moderators can respond 

to identical values of £. 

Table 11.2. Moderating properties of certain 
substances. 

Subatvie* £ c k 
a S *t Hue* 
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Hall mi 
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0.72b 

O.SIQ 

O.b’b 
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Id 

,-f 

be 
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> bdio 

1 H 0 

•4 

IbC 

C trbor* 

Ni*r *.f. 

))£.■ h 

Kiuorit. • 

Litf 1 -m 

hervn 

-.1-jM 

0.1-b 

:.1 o 

0.107 

114 

1 

1Í0 

l" 

b 7 

« •’ 

.6¾ 

•• k " 

> 

» ? 1 •* ' ! - 
!• i f 

11 ! 

"r.- ''nñ- 

Prom Table 11.2 it follows that from the point of view of 

dimensions of the reactor the best moderator is heavy water, for 

which k3 > 5820, and the number of collisions is small. However, 

it is necessary to consider that heavy water, deuterium, and water 

limit the maximum possible temperature of the reactor even during 

application of very high pressures. Selection of moderator should 
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be made taking into account the temperatures of workinr substance 

required in the power propulsion system, circuit of the atomic 

installation, and weight and dimensions of the reactor. 

Let us assume that n - number of neutrons in 1 cm3, and velocity 

of each neutron is identical in value and direction and is equal to 

V cm/s. Then the number of neutrons, intersecting in 1 s an area of 

1 cm in a direction perpendicular to velocity, will be 

♦ ■ nv neutrons/cm2 s. (11.5) 

Value « represents density of neutron flux, or simply neutron 

flux. In reality neutrons have various values and directions of 

velocity. However, in any direction an encounter of a neutron with 

a nucleus gives an identical result. This makes it possible to 

examine value * as neutron flux in a concrete case, under the con¬ 

dition that the average velocity for neutrons is taken or that 

neutrons with Identical velocities are considered. 

If^one were to take for a concrete example the neutron flux 

♦ ■ 10 neutrons/cm s, and for velocity of slow neutrons v ■ 2.2-1C5 

cm/s, then the number of neutrons in 1 cm3 of volume in this case 
will be 

*“*Î'“4'5*,0F neutrons/cm3. 

This number seems very large, but it is 6-1011 times less the 

number of molecules (or atoms) of gas in 1 cm3 under normal conditions 
(2.7-1C19). 

In nuclear engineering, besides number of collisions necessary 

for moderation of fast neutrons, there is also interest in the 

average distance on a straight line, or average path length, of a 

fast neutron from the moment of its formation to the moment when it 

becomes thermal. This average distance is designated by Lf and is 

called length of diffusion of fast neutrons, or moderation length. 
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Theoretically the mean free path of a neutron between two 

collisions with a target nucleus is equal to 

‘»“È* (11.6) 

where Es - macroscopic cross section of scattering for a given 

substance and for a given average level of energy of neutrons. 

Based on the statistical theory of derail (theory of "age") the 

square of length of diffusion for fast neutrons, or the square of 

moderation length, is equal to 

where Atr - real ("transport”) length of free path of neutron. 

Value 

(11.8) 

Is called age of neutrons (based on Fermi). If the age of thermal 

neutrons is known, then from equation (11.8) the length of diffusion, 

or moderation length of fast neutrois to thermal is also known. 

In the theory of nuclear reactors it is proven that 

ÍL 
* 1 ' 

from which, considering (for a substance with a large number of 

collisions) 

SC«— ws 
is obtained • * 

étmm hÒií£. 
s • 
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After integration from 0 to a full number of collisions C, which is 

necessary for moderation, expression (11.7) is obtained if X and 

X3 are constants, and the age of neutrons at the initial moment 

T ■ 0. 

In expression (11.7) the product of X c represents the rectified 

overall path length of a neutron from assigned level of energy (for 

example, at the time of division) to the energy of a thermal neutron. 

reasoning in the same way, one can determine the length of 

diffusion of thermal neutrons - the average distance along a straight 

line, or the average path length of a thermal neutron from the moment 

of its formation to the moment of lt.j capture. Free path length of 

a thermal neutron up to its collision with a target nucleus (and 

absorption by it), Just like 

where Ea — macroscopic cross 

neutron in the given medium, 

be written for the square of 

(C - 1): 

or, considering Xtr ■ 3Aa 

Formulas (11.7) and (11.10) make it possible to calculate length 

of diffusion of fast and thermal neutrons and average time t of their 

life. 

expression (11.6), will be 

(11.9) 

section of absorption for thermal 

In the same way equation (11.7) can 

length of diffusion of thermal neutrons 

¿¡-id* 

(11.10) 

In Table 11.3 are given for certain media (moderators) the age 

of neutrons x, length of moderation Lf, and moderation time tf of 

fast neutrons, length and diffusion time t^ of thermal neutrons. 
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Sioít n*3, Age’ length» and tllne of diffu¬ 
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ll-2. Basic Information About Reactors 

The process of calm, controlled fission of heavy nuclei is 

rr,;:ï:,T"' -- - - .ú..™ mg to the following criteria: 

1. Based on energy level or neutrons utilized for division M,. 

reactors can be for fast, thecal, and Intermediate neutrons 

can be^forlT1"? ^ nat“re °f flsslo"a«- "«erial the reactors 
be natural uranium, for uranium enriched by Isotope U-235 

or pure fissionable materials U-235, Pu-239, and U-233. 

can be3'wlthCwIt!re h" °f SUbstance "“«1«« rear .ors 

and gases ’ ^ Water, Uqjld <and thel- aUoys,. 

K. According to the natur- of moderator nuclear reactors for 

and™3: on:ludter:n:nr:t:r::ueous•with heavy— 

and mlr:r°rdlng ^ 0r l0Catl0n °r '’laslonable material 

i" a °rrCt0” °an be heter0gene0US- "ha" «aalonable material is placed in the reactor core in thp fnmn t-ure in uie form of separate blocks and 

omogeneous. when fissionable material Is evenly distributed’through- 
out the volume of the reactor. ® 
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6. Based on assignment reactors can be research (for carrying 

out of separate experiments), power (for production of energy), 

regenerative (for production of Pu-239 or U-233) and combined (for 

simultaneous obtaining of energy and fissionable material). 

Past-neutron reactors depending upon assignment can be with a 

moderator and without a moderator. Thermal-neutron reactors always 

h«»ve a moderator. 

If the internal volume of the reactor is occupied by fissionable 

material and moderator it is called the core. The core also contains 

the rods, controlling the speed of the process of division and 

ensuring safety of the reactor. 

Heterogeneous reactors are used widely at present on stationary 

Installations for the output of electric power and for other purposes. 

Heterogeneous reactors are made with a metallic shell for 

uranium elements. Since uranium has three modifications (rhombic, 

tetragonal, and cubic) with transition points at 660 and 800°C, the 

temperature of uranium, maximally permissible for construction of 

thin-wal?ed shells, has to have a limit. In connection with this 

heterogeneous reactors with metallic shells of elements are useful 

for relatively low-temperature power plants. For production of 

high-temperature heterogeneous reactors new technological methods of 

shielding of fuel elements are required. 

In a homogeneous reactor the nuclei of fissionable material are 

uniformly placed in the volume of the core. If in the homogeneous 

reactor there is a moderator, then the nuclear fuel and moderator 

represent an alloy, a chemical compound, a solution, or a thin 

uniform suspension. With a specific combination of nuclear fuel 

and moderator and definite temperatures the structural materials of 

the core of a homogeneous reactor cannot change their aggregate 

state; in this case heat from reactor is carried away with help of 

some cooling agent. Material of the core can be brought to fusion or 

boiling; then with the help of special pumps the liquid or vaporous 
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material of the core is passed through a heat exchanger, in which it 

gives off heat in the required amount to working substance of the 

power plant. A reactor with this principle is also called "boiling 

reactor," if in it all of the working substance or one of its com¬ 

ponents is brought to boiling. A homogeneous reactor in general has 

a simpler construction than heterogeneous. 

For producing high temperatures substances with a low temperature 

of boiling or vaporization cannot be used as moderators in the core 

of the reactor. 

A homogeneous high-temperature reactor, in which the core is a 

solid homogeneous body with a very high melting point, with channels 

for a liquid coolant can be used for light transport installations. 

Due to the necessity to have a considerable amount of moderator 

the core in thermal-neutron reactors is large. Average quantity of 

heat liberated per 1 liter of core volume comprises (1.7-6.0)•10^ 

Cal/h, which corresponds to a power of 20-70 kW. In fast-neutron 

reactors there is less moderator or none at all. This makes it 

possible to increase the quantity of liberated heat per unit of 

volume of core by 20 and more times in comparison with reactors on 

thermal neutrons. The main point here lies in the possibility of 

heat removal from reactor while preservjng the maximum temperature 

of the reactor on the permissible level. For this it is required to 

develop surfaces of heat exchange depending on the properties and 

state of the coolant. It is precisely the problem of heat removal 

which determines the dimensions of the core for a fast-neutron 

reactor. Such reactors serve for research purposes or as source of 

fast neutrons for obtaining plutonium Pu-239 from isotope U-238 or 

U-233 from thorium Th-232. 

There are reactors on fast neutrons with the pure isotope U-235 

or Pu-239 with mercury cooling (melting point -39°C), cooling by 

sodium, potassium, sodium-potassium alloy, and others. The amount of 

liberated heat per 1 liter of core volume reaches (10-12)-10^ Cal/h. 
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Neutron flux In reactors with fast neutrons comprises a maximum 

of lO^-lO1'’ neutrons/cm2 s. 

Multiplication factor of neutrons. The ratio of the number of 

newly formed neutrons to number of the previous generation of 

neutrons which caused the process of division is called the multi¬ 

plication factor. Prom experience constants v and n for fissionable 

materials and the connection between them are known (11.1). For 

each division there are n free fast neutrons with various levels of 

energy. 

A certain number of fast neutrons leads to nuclear fission, 

which is considered by fast multiplication e. For a thermal-neutron 

reactor and for natural uranium e * 1.03; for enriched uranium 

e « 1.0. For homogeneous reactors es 1.0 due to rapid moderation 

of neutrons. For a reactor with pure metallic uranium without a 

moderator the maximum value e = 1.2. Consequently, total number of 

fast neutrons for 1 effective (leading to division) thermal neutron 

will be ne. 

Let us assume that p - share of fast neutrons, which in the 

process of moderation are not captured; in other words, p -- proba¬ 

bility to avoid radiative capture. Then the quantity of fast neutrons, 

moderated to the level of thermal neutrons, per 1 fission event will 

be nep. For reactors with pure fissionable isotopes value p ■ 1. 

For heterogeneous reactors with natural uranium p = 0.85-0.95. 

After the process of moderation some (1 - f) of the thermal 

neutrons can be absorbed by structural elements of the reactor. If 

f - share of thermal free neutrons, in other words f - probability for 

thermal neutrons to avoid unproductive absorption, then for each 1 

fission event there remains nepf free thermal neutrons. 

Coefficient f represents the ratio ox’ number of thermal neutrons, 

absorbed in the fissionable isotope, to all the number of thermal 

neutrons, absorbed by the fissionable isotope, the moderator, and 



structural materials. In the case of a homogeneous reactor without 

structural materials in the core 

where “ cross section of absorption for fissionable material; 
~ the same for the moderator. 

For uranium and graphite, for example: 

2, «0,351f/c*; 2c-3,7210-« f/«*; 
therefore 

/«0,904. 

In examining a reactor of infinitely large dimensions and 

disregarding therefore leakages of neutrons from the system, we 

obtain a multiplication factor in an infinite medium: 

(11.11) 

Let us assume for example that in a heterogeneous thermal- 

neutron reactor n - 1.3*; e - 1.03; p - 0.9, and f - 0.9; for such 

a reactor of infinitely large dimensions 

*.-U 

i.e., a chain reaction can be developed, since kœ > 1 and the number 

of neutrons of the new generation exceeds the number of neutrons of 

the old generation. 

Since n and e are constants for nuclear fuel, then the value 

k°° is determined by values of probabilities p and f, which depend on 

many factors (composition of medium of reactor, geometric form of 

lattice of core, and others). 

281 



I 

For a reactor with pure U-2 3i> and without a moderator - e ■ 1, 

p ■ 1, n ■ 2.08; in addition to that L3 ■ 0 and 

therefore 

■1. 

Transition to a reactor of finite dimensions requires an 

additional calculation loss of fast and thermal neutrons to the 

outside environment through the shell of the reactor. For decreasing 

these losses the reactor is furnished with material which is 

impervious for neutrons. A shell from such material (graphite, 

beryllium, and others) is called a reflector. 

Full probability to avoid leakage in a finite medium 

where - probability to avoid leakage of fast neutrons; - 

probability to avoid loss of thermal neutrons. 

Values Bj. and B^, depend on geometric dimensions, form, and 

construction of the reactor, nuclear properties of material of the 

reflector, and on the nature of movement of neutrons in the reactor. 

In nuclear physics methods have been developed of calculation 

of values Bf and B^: 

*/ 

I 
i ' 

(11.12) 

(11.13) 

2 
Here L^, ■ x - "age,” or square of length of diffusion (modera 

tion) of fast neutrons; L. - diffusion length of thermal neutrons; 
2 z 

K - geometric parameter, considering the dimensions and form of 

reactor. 
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Knowing the probabilities of Bf and Bt and being able to 

calculate k. by the formula (11.11), one can determine effective 

multiplication factor for a reactor of finite dimensions with 

known form and dimensions: 

(11.14) 

For the possibility of carrying out a stationary process of 

division in a reactor of finite dimensions it is necessary to have 

k300 " ^ 

Let us give for clarity a diagram, illustrating the neutron 

balance in a reactor of finite dimensions, relating it to one initial 

neutron leading to a fission event (Fig. 11.3). 

I 

I 

Fig. 11.3* Diagram of neutron 
balance. 

Neutron flux in a reactor is unequal and depends on type of 

reactor, its form, and construction. If the source of neutrons was 

very small and in direct proximity to it (in the limit - in the 

center of the source) the neutron flux was equal to then with 

removal from the source the neutron flux will be less. 

^83 
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In a reactor with a core of finite dimensions the losses of 

neutrons would be great, if a reflector we»**' not set up, the mission 

of which would be to reflect neutrons back into the core without 

absorption. The ratio of number of reflected neutrons to total 

numoer of neutrons reaching the surface of the reflector is called 

reflection factor A or albedo. Value A is a function of length of 

diffusion and transport mean free path; furthermore, albedo depends 

on the material, form, and dimensions of the reflector. For a 

reflector of unlimited dimensions the value of albedo is given in 

Table 11.4. 

Table 11.4. Reflectivity. 

Subit«ne* 
U*1.'M 
U«r ‘.'ty, t i vt t.v 

(all)«*n j 

*r 

:<*avy *at*r 

a>rylUua 

H«rylUua oxld* 

Qraptiltt 

l.OC 

1.10 

I. 84 

J. liO 

1.60 

0,B¿ 

0.9/ 

0.89 

0.94 

0.93 

If thickness of reflector is limited, then the value of 

reflectivity will decrease comparatively with the data in Table 

11.4. However, with a thickness of reflector 2-3 times greater 

than the length of diffusion of neutrons the relative decrease of 

albedo will be small. A reflector gives another advantage in that, 

by decreasing loss of fast and thermal neutrons from the system, 

it returns neutrons to the peripheral sections of the core; thanks to 

this the change of neutron flux in a transverse and longitudinal 

section of the reactor decreases, which is very Important for 

practical purposes. In Fig. 11.4 is shown how in principle neutron 

flux in a bare reactor and one with a reflector is changed. 

Critical mass of core of any reactor is the name given to that 

quantity of mass, which at given dimensions and form of core and at 

given relationships of different substances in it, and also with 

concrete dimensions and material of the reflector, ensures an 

effective multiplication factor k#^ * 1. 
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Pig. 11.4. Change of neutron 
flux in a reactor with a reflec¬ 
tor and without it: I - reflec¬ 
tor; II - cores; 1 - without 
reflector; 2 - with reflector. 

As was already indicated, the application of reflectors ensures 

a condition of criticality of the reactor with smaller core dimen¬ 

sions by reducing or eliminating loss of neutrons; furthermore, 

reflectors level neutron flux inside the reactor, thus increasing 

the ratio of average neutron flux in the reactor on the whole to 

maximum neutron flux. 

Relative change of neutron flux based on relative distance from 

the center of the core along the axis of the reactor, having the 

form of a sphere, cylinder, and parallelepiped, is shown in Pig. 

11.5. Practically for these three different forms of reactors the 

law of change along the axis of reactor is identical and is expressed 

by the law of cosine. Setting up of a reflector, as it was shown, 

has the result that on the periphery of the core of the reactor 

♦ > 0. 

Fig. 11.5« Relative distribu¬ 
tion of neutron flux in reac¬ 
tors: 1 - parallelepiped; 2 — 
cylinder; 3 - circle. 

Irregularity of neutron flux in transverse and longitudinal 

sections is undesirable, especially in those cases, when it is 

necessary to have a uniform field of temperatures of working substance 
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heated In the reactor. Furthermore, decreese of neutron flux in the 

end section of the reactor (based on flow of heated gas) makes this 

section little effective. It Is possible to correct this deficiency 

either by nonuniform distribution of fissionable material or the 

absorber of neutrons in the space of the core, or by a change of 

cross sections for the cooling agent. These solutions involve an 

Increase of weight and dimensions of the reactor. 

Critical mass is determined by many factors. 

1. Dimensions and form of the reactor. Since losses of 

neutrons are proportional to surface FQ of the reactor core, and 

liberation of neutrons is proportional to its volume V , then other 
£t 

things being equal the greater the dimensions of the reactor, the 

less the relative losses of neutrons through the surface. 

The less the ratio Fa/Va at assigned core mass, the less the 

loss of neutrons. Minimum ratio Fa/Va is attained in a spherical 

reactor; consequently, other things being equal a spherical reactor 

will have minimum critical mass. 

For a cylinder or, for example, a plate there are those relation¬ 

ships between height and area of base, when losses of neutrons are 

excessively great and it is impossible to achieve critical mass. 

As an example in Fig. 11.6 the change of critical mass and height 

for a cylindrical reactor is shown, ^t is clear that at relatively 

small diameters of the base or, conversely, at relatively small 

heights of a cylinder critical mass attains infinity. Based on this 

is the storage of nuclear fuel, taking into account the proximity 

of other Aassec of fissionable material. 

2. Relationship of isotopes of fissionable materials. Radiative 

capture, or absorption, of neutrons without division is carried out 

by the isotope U-238 (or thorium); consequently the dimensions of 

the reactor depend on the quantity of these isotopes in the core. 

Critical mass of the reactor decreases with enrichment of uranium 

with isotope U-235 and it becomes minimum for pure U-235 (or Pu-239). 
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Pig. 11.6. Change of critical 
mass and heifjht of cylindrical 
reactor depending on diameter: 
1 - critical mass; 2 - height. 

3. Moderator. Critical mass of a reactor also depends on the 

presence or absence of a moderator, on the relative quantity of it, 

and the type of moaerator. If the reactor operates on thermal 

neutrons, then introduction of a moderator accelerates the process 

of lowering the energy level of neutrons and in known limits decreases 

critical mass of the reactor, and also the necessary concentration 

of fissionable material. The more effective the moderator, the less 

of it it is required to have and the smaller the dimensions of the 

reactor. With an assigned type of moderator there is a limit, above 

which an Increase of concentration of moderator at first no longer 

exerts an influence on critical mass of the reactor, and then even 

increases it. An excessive quantity of moderator increases the 

absorption of neutrons by it. At a certain concentration of moderator 

the capture of neutrons by it can completely compensate for multi¬ 

plication of neutrons as a result of division. In this case critical 

mass increases ad infinitum. 

For an illustration in Pig. 11.7 is shown the change of critical 

mass of a spherical reactor depending on relative quantity of 

moderator. 

4. Construction of reactor. Elements of construction, necessary 

for strength, cooling, regulation, and control, can absorb neutrons 

to a greater or lesser degree; due to this there will be a change in 

critical mass of the reactor. Here the concept of construction 

Includes not only the dimensions and form of structural elements, but 

also materials from which they are made. 

287 



?ig. 11.7. Change of crltl- 

díí.üJ?8 0f 8Pherlcal reactor 

ofp"dí?Stõ?.r*lative quantu* 

5. Material and dimensions 

Influence on neutron balance of 

critical mass. 

of reflector. They have a dlrec 

reactor and, consequently, on Its 
t 

Duration of continuous operation. This infin« 

»re those fragments which rn™ . Uï' The most harmful 

to radiative capture of a neuTr " irgreater 8nd are 
poisoning") Inlti.i"? (f°r ““P16- tenon - »,eno„ 

in such a manner that tiki ^ ^ r*aCtlvlty ahouW b« Asígnate, 
manner that, taking Into account duration of 

»ork. especially under condition, of exploitation when “ 
reactor Is exeindoH e. P 1T;atlon» when access to tt 

vor is excluded, toward the end of work It Is k > i 
34>$ - la 

shouldRehaâv,0rL"addnîPerîte ,,Uh fre,U*nt at°P8 ln the p— nouio nave an additional reserve of reactlvltv which h 

understandable from what follows. 111 be 

Dimensions of the reactor also depend on energy level of 

neutrons, leading to division (fast, thermal. Int.Ldl.t, 

name glveTt^th«^»^011''1^' ^ reactlvlty> of « reactor Is the 

(11.15) 
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or reactor on steady-state operation p . 0; under conditions 

of increasing the power of the reactor p > o, and under conditions 
or reducing power p < 0. 

fir, T?1" "ultlpll<!atl0n <•*“<»• and. consequently, coef¬ 
ficient of reactor reactivity depends on temperature, l.e., p . oT 

where value a - temperature coefficient of reactivity. 

At a > 0 with an Increase of temperature In the core the reactor 

s accelerated, l.e., Its power grows continuously, since there Is an 

ncrease of neutron flux. At a < 0, conversely, with an Increase of 

e perature of the core the power of the reactor decreases due to a 

uecrease of neutron flux. In homogeneous reactors an Increase of 

emperatur. expands the substance In the core, as a result of which 

the concentration of fissionable material and moderator decreases 

and coefficient of reactivity decreases. To ensure the stability'of 

e process In the reactor at c > 0 and a < 0 It Is necessary to 
control the reactor. 

Reactors with o > 0 In the event of disruption of the control 

y cm ur ng operation are inclined to an Increase of coefficient 

of reactivity with an Increase of temperature. Due to this such 

reactors can cross border of permissible values of maximum tempera- 

ITu'uT? T \rU °f Self-aCOeleratl0n of th' «-ion reaction 
will lead to breakdown of the reactor with possible ejection of 

angerous radioactive products In any phase. Including gaseous. 

are muniníTT T reacWvlt>'> the ”0« rapidly the neutrons 
re multiplied, and the more responsible process of starting and 

regulation of reactor power. Value of Initial reactor reactivity 

W 1 seleoted »ateríais and construction depends on assignment of 

reactor, duration of operation operating conditions, frequency, and 
conditions of shutdowns. 

Let us assume that t - average lifetime of neutrons of one 

generation In s; then relative Increase of number of neutrons In 
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1 s, or increase of number of neutrons in 1 s for n neutrons 

expended for division will be 

or ——dx. 
dx « * t 

After integration, considering n ■ n0 for t ■ 0 

(11.16) 

Disregarding slowing-down time of fast neutrons as small in 

comparison to time of diffusion of slow neutrons (see Table 11.3), 

it is possible for prompt neutrons to consider lifetime equal to 

diffusion time of thermal neutrons and to determine this time by 

the formula 

where X - mean free path of thermal neutron up to its absorption; 
SI 

v _ average speed of neutron. 

If one were to calculate averaged macroscopic absorption cross 

section for the whole reactor taking into account leakagesjand 

absorption of neutrons by structural materials, then time t of life 

of prompt neutrons can be calculated oy the formula written above. 

This time is close to 0.001 s. But prompt neutrons comprise around 

99.25* of all neutrons of one generation, since there is still 

around 0.75* delayed neutrons with an average lifetime or all these 

neutrons of around 12.24 s. Therefore the lifetime of one generation 

of neutrons (prompt and delayed) will be 

09925.0.001 +0,0075 • 12,24 ~0,094 s. 

Consequently, the presence of delayed neutrons Increases the 

lifetime of one generation almost by one hundred times. 

I 
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Reactor period T is the time, during which neutron flux or 

number of neutrons in reactor is increased by e times. Prom 

expression (11,16) this will be with 

from which 

(11.17) 

With p = 0.02; V = 2200 m/s, and A 
a 40 cm, value 

and 

— 0 40 
»-££»2.10-« s 2200 

/1—/»0*'co\ 

In 1 s (t = 1) neutron flux (or number of neutrons) will 
increase by 

0^=2,66.1043 times. 

As can be seen, already with such a reactivity neutron flux in 

1 s increases very sharply. This example indicates the importance 

of reliable regulation and control of the reactor. Reactor period 

for this case will be determined from formula (11.17) and will be 
equal to 

T= 2-10-4 

0.02 
=0,01 s. 

Period T, determined by formula (11.17), is not an exact value. 

Deviation is caused by disregard of slowing-down time of fast neutrons 

and, especially, the influence of delayed neutrons. If one were to 

consider the influence of delayed neutrons and accept 

t= 100-2-10“4=b2. 10“* Si 
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then the reactor period in the examined example will be no longer 

than 0.01 s, and 

T 210_î 
¢.02 ~ 

1 S . 

Figure 11.8 contains a graph of dependence of reactor period on 

its reactivity and on average lifetime of neutrons taking into 

account the influence of delayed neutrons. It can be seen that 

reactor period decreases strongly with a decrease of 7, especially 

at p > 0.01. 

Excess reactivityi 

Fig. 11.8. Dependence of re¬ 
actor period on reactivity and 
average lifetime of neutrons. 

11.3. Power of Reactor. Control. 
Shielding. Starting. 

By power of a reactor is understood the maximum quantity of 

heat, liberated by a reactor on steady-state operation in a unit of 

time (for example, in an hour). Power of a reactor relative to 

power plants is expressed also in kilowatts. Let us assume that 

7 - average neutron flux in neutrons/cm2 s; Oj. - microscopic fission 

cross section in barns; N - number of nuclei of fissionable material 

in 1 cm^. 
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One division gives V.95 MeV of energy; and 1 MeV - l.e-lO'« 
1 4- e. . 4.1__ _ le " 

coulomb-volts; therefore 195 MeV «3.2-10"11 
coulomb-volts. 

Since 1 W » 1 coulomb-volt in 1 s u in i s, then the number of nuclear 
divisions corresponding to a power of 1 w will be 

‘-¡riirn*310"- 

_ number of divisions in 1 

^f^a* where « o^N. Therefore 
s in volume Va of the core equals 

power of the reactor will be 

AT-il*!. kW. 

Thermal power of reactor per hour will be equal to 

Qp-"860 N, Cal 

¢,-2,86.10-.^^ Cal/h 

If volume of the core is expressed in m3, then 

¢,-2.86.10-ÇV v;. 

(11.18) 

(11.19) 

(11.20) 

(11.21) 

If If and ¢, are known, one can determine v based 

value Qp or, conversely, Q based on known V . 3 
^ a 

on rated 

Average neutron flux * is always assigned, 
neutrons/crrr s. 

Value <p m io13-io15 

aiue If depends on type and relationship isotopes, and also on 

the presence of moderator and relative quantity of it in the reactor 

theTfoTlt 1 neUtr0nS f0r iSOtOPe U'535 ValUe °f * 582 

^-«82. lO-^Ar,,, 
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where - number of nuclei of isotope U-235 in 1 cm3. 

If homogeneous thermal reactor is derived on the basis of UO, 

and BeO (as moderator), then with a ratio of NBe0/NU0 • 1000 the' 

number of U02 nuclei in 1 cm3 will be 2 

where 

„ 0,673-10)4 . . . 
Ar°0*"iõ»"—iõõõ—“••7410" nuclei/cm-5, 

^■•0 ” * 0,675-10*4 nuclei/cm-3. 

Considering the pure isotope U-235, we obtain 

X/-H* I0-“ • 6,73 IO**-aj8 10-' Mck 

_ 14 
with ¢-10 and t - 0.6 (where Ÿ - considers the free section for 

flow of reactor coolant), for Va • 1 m3 the quantity of heat liberated 
in 1 hour will be 

P,-M6 I0-» IO»« 3J» io-'(i-06)»o 10* Cal/m3 h. 

Power of the reactor will be equal to 

885 000 kW/m3. 

Number of moles of uranium dioxide will be 

6.73-10» 
“^"TSdST mmi-o.Oí-ms-io» moles 

or (mU02 " 267J 

MO IO* 267-114 I0* kgf. 

Por 1 kgf of U02 the power of the reactor in this case 

obviously will comprise 

; 

1 i 
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aas ico 
no »4430 kW/kgf. 

Control of reactor power. As was shown, for a stationary 

process k3<)(J) ■ 1 and p ■ 0. It is impossible to have an uncon¬ 

trolled power reactor, in which calculated effective multiplication 

factor would be exactly equal to a unit. In the case k ■ 1 it 

would have been Impossible to ensure a stationary process in time 

in such an uncontrolled reactor. Actually, after starting of the 

reactor the temperature of its core is changed and, consequently, 

multiplication factor and coefficient of reactivity are changed. 

During a positive temperature coefficient of reactivity the reactor 

with an Increase of T would have an increasing value of k , which 

would lead to a continuous increase of neutron flux, power, and 

temperature of the reactor up to its breakdown from overheating. 

After breakdown the reactor will present a danger in view of the 

radiation of neutrons and y-rays, however there will be no reactor 

explosion, since the reactor will become subcritical from a change 

of neutron balance induced by leakages. With a negative temperature 

coefficient of reactivity a decrease of temperature against calculated 

makes the reactor subcritical. 

It is impossible to make k^^ ■ 1 in an uncontrolled reactor 

still because the quantity of fissionable material in reactor 

decreases with the flow of time and, conversely, the quantity of 

products of division, "posioning'’ the reactor, increases. 

For maintaining the power of the reactor on an assigned level 

in time and for power control in accordance with needs it is necessary 

to make a reactor with k^ >1. In a steady-state operation the 

excess quantity of neutrons should be removed from the core up to 

achievement of * 1. Removal of r outrons is carried out by 

means of their absorption by special controlling or regulating rods 

made out of materials with a large cross section of capture of 

thermal neutrons. Such materials are boron, cadmium, and hafnium. 
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Boron by itself is brittel, therefore the rods are made from boron 

steels. Boron is preferable to cadmium, since the latter in the 

event of capture of a neutron is a source of y-radiation. 

If it is necessary to increase the power of the reactor, then 

regulating rods are set at a lesser depth; conversely, in the event 

of necessity to decrease the power of the reactor the rods are 

introduced deeper into the core, as a result of which neutron flux 

in the reactor decreases. There are two types of controlling or 

regulating rods - for rough and fine adjustment, i.e., with greater 

and lesser mass for absorption of neutrons. There are also rods 

which play the same role as control rods but are specially intended 

for compensating the effect of poisoning of the reactor. 

Besides the channels for regulating rods, it is anticipated 

that the core also have channels for safety rods made from the same 

materials. In the event of any defects in the reactor or in the 

system for its regulation and control the safety rods are automatically 

introduced rapidly inside the reactor and make it subcritical. 

Safety rods remain inside the core even when the reactor shuts down; 

it is planned to have a blocking device, thanks to which the emergency 

or safety rods cannot be removed from the core until regulating 

rods are Inserted completely. 

Transition fron one level of power to another, higher one should 

be gradual, taking into account the properties of the reactor cooling 

agent, otherwise overheating of the reactor is possible and its going 

out of commission. Change of reactor power occurs rapdlly; a limiter 

is the inertness of the cooling system. Therefore, in order to avoid 

overheating and accident, special Instruments which record neutron 

flux (neutron detectors) are mounted on power reactors. 

In controlling the reaptor the role of delayed neutrons is great; 

effective multiplication factor should be designated taking the 

neutrons into account. In the process of increasing the 

power the number of prompt neutrons increases proportional to the 

power, but the number of delayed neutrons increases considerably more 
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slo-ly, since their formation la connected «1th former power level 

due to the duration of the period of their emiaalon from division ’ 

agments. Overall number of neutrons due to this Increases mor» 

TZT Tr °r the rea0t0r- "hlch » delaying influence 
on Increase of reactor power. 

Pu 21Q0th.U"23! the Share °f d*layed neutrons comprises 0.73«; for 
-239 this share Is equal to 0.36b*. and for U-233 total of 0.2b2«. 

IrjJTZT."-235 18 "°re <•- ‘*>e point o'f view 
In this case, If does not exceed 1.0073. Increase 

of control. 
nr . 3<P*-- ¿'WH, increase 

1 T «r?: n0t danger0U,i f°r PU tM3 Value airead 
only 1.00364. and for 0-233 - a still smaller value - 1.00242. 

If In the reactor the effective multiplication factor for U-21S 

» equal to 1.0073. for Pu-239 - 1.00364. and 1.00242 for 0-233 

hen the reactor Is In a state of "prompt criticality." 1.,.. 

onary reaction can be maintained on prompt neutrons alone. 

fining of reactor. Fission fragments, foxing during opera- 

lon of the reactor, and product, of their radioactive decay have 

vlth th f! aa,:tl0na °f CaPtUr* °f thermal "»““•O"»- Du. to this 
Uth the flow of time the Initial neutron balance Is disturbed. At 

hhe beginning of operation of the reactor there Is an Increase of 

harmful products which absorb neutrons; on the other hand. a. a 

which a rdl0aCtlVe deCaï °f rragnenta and th* lonmatlon of Isotope, 
which are transparent with respect to neutrons, there 1. a decrease 

n the quant ty of harmful absorbers of neutrons. With the flow of 

e certain equilibrium concentration of harmful absorbers of 

öfUnerutro18 e“abUShed‘ at ‘H* formation rat, of new absorbers 
of neutrons and rate of their disappearances are equal. If on. were 

to consider this factor during assignment of vaiue of effective 

multiplication factor, then the reactor will work on steady-state 

“fand T11 be aCCaSSlble t0 b0nbro1 aa aa ‘H-esun of 

become subcmila’l. ^ POlSOnlng °f th* d° 
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The greatest absorption of neutrons is peculiar to isotopes of 

xenon Xe-135 (o_ * 2*10^ barns) and samarium Sm-1<»9. Xenon is 
d 

formed both directly and also as a result of disintegration of a 

fission fragment of iodine 1-135. At neutron fluxes 0 < 1013 the 

accumulation of xenon increases slowly and only around 0.7S of 

thermal neutrons is absorbed in xenon at equilibrium concentration. 

If ♦ > IO13 - the quantity of xenon on.equilibrium conditions of 

its formation and disintegration is increased; at 0 > 101^ - xenon 

already absorbs up to 5* of all thermal neutrons. Xenon poisoning, 

depending on ¢, limits the maximum value of neutron flux. During 

equilibrium concentration of xenon for steady operation of the 

reactor it is necessary to increase reactivity at most by 0.05 in 

order to eliminate the harmful influence of xenon. 

Equilibrium concentration of samarium which is a product of 

radioactive decay of promethium Pm-1M9, forming directly as a fission 

product, in contrast to xenon practically does not depend on neutron 

flux. During steady operation of the reactor for removal of the 

harmful Influence of samarium it is necessary to Increase reactivity 

by 0.012. Poisoning of the reactor, although to a lesser degree, is 

a result also of other fission products (other isotopes of xenon, 

iodine, strontium, and others). 

Poisoning of reactor is strengthened after its shutdown. This 

is explained by the fact that half-life for iodine 1-135 is equal to 

6.7 hours, but the half-life of promeohium Pm-l49 is equal to 47 

hours; therefore after shutdown the concentration of stable products 

of disintegration of xenon and samarium Increases, attaining a 

maximum after many hours after reactor shutdown. The quantity of 

iodine and promethium depends on conditions of shutdown of the 

reactor. The more slowly the reactor is turned off, the less the 

neutron flux before and at the time of shutdown, the less iodine and 

promethium ^id, consequently, the less will be the concentration of 

xenon and samarium. In Pig. 11.9 is shown the change of value, 

characterizing reactor poisoning, with time at various values of 

neutron flux. Poisoning represents the ratio of number of thermal 
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?ig. 11.9. Poisoning of reac¬ 
tor after shutdown in time 
depending on neutron flux by 
the moment of turning off. 

neutrons, absorbed by fission products, to number of thermal neutrons, 

absorbed in fissionable material. At *0 - 1013 poisoning is less 

than 0.05; at <|>0 - 2-101 maximum of concentration of xenon is 

reached in 10-12 hours after turning’off, and poisoning already is 

equal to 0.35-0.i{0. For repeated starting of such reactor a 

reactivity greater than 0.35-0.HO will be needed. At *Q • 1014 

poisoning comprises 0.2 at most. Poisoning of the reactor after 

shutdown strongly decreases reactor reactivity. 

Slow reactor shutdown essentially decreases and the reactivity 

required for repeated starting. 

General duration of possible operation of a reactor depends on 

conditions of continuous operation, on the number, conditions, and 

duration of shutdowns, and on the initial value of reactivity. 

Fission fragments, enduring these or other circuits of radio¬ 

active decay, will form different stable isotopes ("ashes” or "slag"). 

Some of these have large cross sections of absorption (7000-50,000 

barns) and are formed already soon after operation of the reactor 

begins. Others, although more weakly, absorb neutrons, but their 

quantity is relatively greater. Slags, absorbing neutrons (thermal 

and partly delaying), with flow of time decrease reactor reactivity 

and may make it subcritical, if in b^d time measures are not taken 
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for their removal. In reactors with Pu-239 absorption of neutrons 

by fission fragments is relatively greater than in uranium reactors. 

Heat removal from reactor. In power reactors the basic goal 

is heating a working substance to the maximum temperature necessary 

for a thermodynamic cycle. Cooling can be carried out both directly 

by the working substance of the power plant, and also by other agents, 

fulfilling the role of intermediate bodies (heat-transfer agents) 

in system of heat exchange. Basic problems of cooling a reactor are: 

1) removal of a quantity of heat, corresponding to the energy 

liberated in the reactor during nuclear fission on a maximum and 

any intermediate power level; 

2) distribution of circulatory channels of cooling in such a 

manner that the temperature of material of the core nowhere exceeds 

the maximum permissible value; 

3) ensuring minimum expenditures of energy for the process of 

cooling (drives of pumps of intermediate heat-transfer agents and 

others). 

In case of direct preheating in reactor of working substance of 

the power plant which is found in a gaseous state, in certain systems 

the problem appears for obtaining a sufficiently uniform temperature 

field before the turbine or nozzle. 

In this work a calculation is not made of heat transfer from 

reactor to the cooling agent which is circulating through the reac¬ 

tor. These questions are examined in books on heat transfer. Let 

us point out only that a peculiarity of the given case is nonuniform 

heat emission in the volume of the reactor from inconstancy of 

neutron flux in transverse and longitudinal sections of the reactor. 

It is important to emphasize that calculation of surfaces, 

needed for heat removal from reactor at a known field of temperatures 

in its core and with an accepted cooling agent, is a responsible 

segment in designing of a reactor. In many cases, and always during 
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cooling by a gas, necessary surfaces for heat removal and cross 

section for circulation determine the construction of reactors 

(especially reactors of transport propulsion systems). 

As liquid coolants it is possible to use: 

-gases (air, nitrogen, carbon dioxide, helium); 

- liquids (water, heavy water, hydrocarbons, and others); . 

- liquid metals (mercury, potassium, sodium, lead, bismuth, 

solutions of K-Na and Pb-Bi and others). 

Selection of coolant depends on designation and circuit of the 

power plant and has an influence on construction and dimensions of 

the reactor and other elements of the power system. In a nuclear 

rocket engine the reactor issues heat directly to the working 

substance. 

Cooling of a reactor by air can turn out to be expedient for 

power plants where the basic working substance is air. Use of 

helium can be effective on a steady-state power plant at comparatively 

low temperature's of cycle and with reliable fulfillment of communica¬ 

tions of combustible gas. Helium (aE also air, nitrogen, and carbon 

dioxide^ is inert, but in the sense of heat withdrawal it possesses 

the best properties. Helium also possesses the least cross section 

of absorption. • 

Water and heavy water are useful for power plants with relatively 

low temperatures of cycle. For example, 360°C of dry saturated 

water vapor corresponds already to a pressure of ^190 atm (abs.). 

Hydrocarbons and other substances can be examined as coolers 

of reactors for certain special power systems. 

Liquid (melted) metals can be used in circuits, in which the 

working substance of the power p^ant is heated in a heat exchanger. 
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by obtaining heat from liquid metals heated in the reactor. The 

liquid metals circulate in the closed system reactor-heat exchanger- 

reactor with the help of reactor pumps. Intermediate heat-transfer 

metal decreases the dimensions of necessary cooling surfaces in the 

reactor, but requires pumps and pipelines and, furthermore, an 

additional heat exchanger. 

It is necessary to consider that many cooling substances after 

reactor become radioactive (air, sodium, potassium, and others) or 

promote transfer of wall material from the circulation system from 

regions with high temperature to regions of lower temperatures (for 

example, pure mercury). 

Potassium and sodium, passing through a reactor, will form 

isotopes radiating y-rays of high energy with half-lives of 12 and 

15 hours respectively. Bismuth will form an isotope which radiates 

a-particles. Lithium is an element which is very aggressive 

chemically. Hellium does not obtain any radioactivity, but its 

application at high temperatures and pressures requires further 

study. 

It is necessary to consider corrosion of walls of the cooling 

system during application of aggressive substances. It is necessary 

also to consider that the use of alkali metals requires special 

measures for complete hermetic sealing of the system and elimination 

of the danger of contact of alkali metals with the air and water 

vapors. 

Coolants are opaque for neutrons to some degree; they not only 

absorb neutrons, but also delay their speed by means of elastic 

scattering. This one should consider in designing a reactor. A 

change in the state of the coolant in a closed cooling system, due 

to dissolution of metals and other substances, changes its cross 

section of absorption. This circumstance also has to be considered 

in the selection of coolant and assignment of period for its con¬ 

tinuous service. 
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Application oí melted metals creates considerable operational 

difficulties, since their melting point is high. In Table ]i.o are 

given the melting points of certain metals and their solutions. 

Table 11.5. Melting point of certain metals. 

.*5 ' Pb Bi LI K Na 56« N»+ 
+44« K 

P 
i. <\ 

327 271 179 62 96 19 

Starting and turning off of installations with heat-transfer 

metals are a complex matter and require a great deal of exactness. 

In Table 11.6 are cited the cross sections of absorption, and 

also average logarithmic decrement for one collision for a number 

of coolants. As can be seen from the table, the least cross section 

of absorption is possessed by atomic oxygen, and then helium, which 

at the same time has a relatively large Ç, but smaller than i. 

Table 11.6. Nuclear properties of coolants (with 
slow neutrons). 

Requirements for a coolant can be formulated in the following 

way: the coolant should be stable; it should not be aggressive with 

respect to materials of the circulation system (neither in the sense 
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of corrosion nor in the sense of transfer of material); its weight 

density and heat capacity have to be high; it should be as opaque 

as possible f- r neutrons; circulation of it through the reactor 

should be combined with minimum expenditures of energy; it should 

allow preheating to high temperatures and should be convenient and 

simple in operation. 

Shielding of the reactor. During nuclear fission in a reactor, 

as it was shown, neutrons are emitted, y-rays are radiated, and ß- 

and a-particles are formed. 

The problem of preservation of neutrons inside the reactor is 

important for its process and requires the setting up of reflectors. 

Independent of this, in view of the biological hazard of neutrons, 

reactors have to have not only reflectors, but beyond their limits 

also a shell made from materials which absorb neutrons. Only reac¬ 

tors for single use, exploited without the help of man and outside of 

inhabited localities, can be free from the requirements for a bio¬ 

logical neutron shielding. 

a-Partlcies represent nuclei of hellium (two protons and two 

neutrons); they are emitted by radioactive heavy elements and fission 

fragments. Although a-particles possess high energies (speed ^20,000 

km/s), their penetrating ability is not considerable. Thus, a layer 

of air with a thickness of 1 cm decreases the energy of an a-particle 

by a value of an order of 2 MeV; a sheet of paper inhibits the 

majority of a-particles. Thus, a-particles in a reactor are in¬ 

hibited completely thanks to the reflector. 

ß-Particles are electrons, emitted by radioactive fragments, 

and their levels of energy are diverse. Along with this there are 

positive S -particles, which is connected with the liberation of 

positrons by products of radioactive decay. Finally, during con¬ 

nection to the nucleus of an electron from the shell (K-capture) 

ß-particles are also liberated. Although penetrating ability of 

ß-particles is greater than that of a-particles, already aluminum 
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With a thickness of several mm completely restrains 8-particles. 

Radiation of 8-particles does not require special concern during 
shielding of a reactor. 

The greatest attention, along with neutrons should be given to 

deeply penetrating y-radiation, which is very dangerous for man. 

The properties of a medium and its thickness are Judged based on 

the intensity of weakening of y-rays. 

If I0 - initial energy, I - energy of y-rays at the distance x, 

then the connection between I and I0 is written in the form: 

/-V-M, 

where p - linear attenuation factor of y-rays; it depends on the 

energy of y-rays and on the medium through which they are passing. 

In Fig. 11.10 a graph is given which shows the necessary thick¬ 

ness of different materials for lowering the intensity of y-rays by 

10 times (layer of tenfold weakening). Along the axis of ordinates 

the figure 1 corresponds to a thickness of ^25 mm. in order to 

decrease the energy of y-rays by 100 times two layers of tenfold 

weakening are needed. Thickness of shield for a reactor which is 

under the observation of operating personnel should be such that 

beyond the borders of the reactor the intensity of y-rays is 

absolutely harmless. 

In the case when through the reactor the working substance of 

the power plant flows continuously, it is especially necessary to 

consider leakages of neutrons and y-radiation through entrance and 

exit openings in the circulation system. 

Starting and control of the process of the reactor. Although 

in the atmosphere there are always free neutrons, which can be used 

for starting the reactor, in the reactor it is anticipated to have a 

source of neutrons to ensure control and regulation. The site of 
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Fig. 11.10. Dependence of thick 
ness of tenfold weakening of y- 
radiation on energy for various 
materials: 1 - water: 2 - con¬ 
crete; 3 - aluminum; 4 - iron; 
5 - lead. 

¢/ 0.2 OlfiVUH ¡ *22 
nergy of y*ray?, M-=V 

installation of the source of neutrons inside the core is deter¬ 

mined by the construction of the reactor. The source of neutrons 

is fulfilled from polonium and beryllium or radium and beryllium 

and others. A neutron source from Po-Be has that positive property 

that it hardly gives out any y-radiation. In the United States 

they use antimonic-beryllium sources (bars) made from Sb-124 in 

a cup made from beryllium. These sources emit neutrons with an 

identical level of energy. During starting the flux density com- 
eg 2 

prises 10-10 neutrons/cm s. 

During starting and during operation of a reactor and change of 

its power an important role is played by counters of neutron flux. 

They are necessary in order to avoid the danger of excessive increase 

of neutron flux or excessive decrease of reactor period and increase 

of its power. Neutron counters have to be mounted in such a manner 

and ¿n such a quantity that they guarantee reliable control of the 

process of starting, control, and reactor shutdown without appre¬ 

hension about overheating and other malfunctions. 

The reactor should be equipped with different instruments, con¬ 

trolling temperature, pressure, and other values in characteristic 

points of the reactor. 
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Of specific importance is the question of heat withdrawal in 

the period of starting, operation, and reactor shutdown, and also 

after it has been turned off. Processes in the reactor after turn¬ 

ing off (disintegration of fission products) are connected with 

energy release and require concern about heat removal. The circuit 

of the power plant should allow circulation of the cooling agent 

through the reactor in all shown stages and control of circulation 

and parameters of the coolant. 

Control of the reactor under all conditions from starting to 

turning off and subsequent servicing of it after turning off are 

carried out by remote control. The control system should be auto¬ 

matic, guaranteeing the necessary program sequence of all operations. 

Especially responsible are problems of control and adjustment of 

reactors on fast neutrons. 

Systems for Nuclear Rocket Engines 

In rocket engines a fully urgent problem is the use of nuclear 

reactors for heating suitable working substances. The working 

substance for this purpose should possess the following main prop¬ 

erties: it should yield low-atomic light end products (with a high 

va^ue of gas constant) and with a small value k » c /c ; it should 

possess a high degree of stability of heat removal in reactor; for 

decreasing the dimensions of tanks (and rockets) it should, as far 

as pooSxble, have a high weight density; working substance should 

not have restrain or absorb neutrons and should not acquire radio¬ 

activity during flow through the reactor. Simultaneous fulfillment 

of all these conditions is not ensured in practice. 

In nuclear rocket engines [YaRD] (rr^), as a rule, the tanks 

should contain the working substance alone, with the exception of 

a gas phase reactor and cases when it is assumed to have combined 

use of nuclear energy for heating of fuel components and then the 

chemical energy of this fuel. 

: 

i 
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During heating of liquid working substance in a reactor it 

passes through the following stages: heating and vaporization; 

superheating of vapors and transition to a gaseous state with 

dissociation of molecules at high temperatures and with ionization 

of atoms at very high temperatures. Initial heating of working 

substance prior to the reactor is carried out in the engine jacket 

during the cooling of its walls. If the working substance possesses 

the ability to restrain or absorb neutrons, then these properties 

of it have to be considered in the designing of the reactor. Cal¬ 

culations for the reac-or in this case are more complex than during 

heating of a liquid substance or gas, since on a certain length 

of the reactor there is a change in the aggregate state of the work¬ 

ing substance, and then there is also the possibility of a change in 

the composition of products of heating due to dissociation and 

ionization. 

In Pig. 11,11 a graph is given for the approximate dependence 

of theoretical specific rocket engine thrust on temperature of 

heating of the working substance before the exit nozzle for four 

substances. 

: 

i 

' 

Pig. 11.11. Specific thrust of 
certain substances depending on 
temperature of heating: 1 - 
hydrogen; 2 - methane; 3 - am¬ 
monia; l| - water. « 
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Chemical fuel may be promising for obtaining maximum specific 

thrust of an order of t50 kgf-s/kgf. Prom Pig. n.U it can be 
seen that such a value of specific thrust Is attained for ammonia 

ofe?gnn°renSlty 0'677 ^ “ '3°°C) at a temPerature of heating 
f 2500 C, and for methane (weight density In liquid phase 0.H3 

kgf/t at -164«0) at 2300»C. The highest specific thrust Is given 

y hydrogen - around 900 kgf-s/kgf at 3000«C and around »00 

kgf-s/kgf at 5000°C. A deficiency of hydrogen Is Its low weight 

density (--0.07 kgf/t In the liquid phase) and very low boiling 

point (-252.8-0). however this does not hinder Its successful use. 

Hydrazine may give a specific thrust of an order of 500 kgf-s/kgf 
during heating up to 3500°C. 

Heating of suitable working substances In a reactor up to 

temperatures of 2000-3000-0 makes It possible to obtain higher 

specific thrusts than the specific thrusts of rocket engines on 
chemical energy. 

As the working substance in a nuclear rocket engine it is 

possible to use, for example, water also. However, specific thrust 

obtained in this case is less than for ammonia, and is close to 

the specific thrusts of contemporary chemical fuels. Thus, at a 

temperature of heating up to 3000°C specific thrust of a yIrd on 

water attains a value of around 310-330 kgf-s/kgf at a comparatively 

gh pressure drop. The advantage of water is its relatively high 

weight density, prevalence in nature, extremely low cost, and 

simplicity and safety of transformation with it; these qualities 

cannot be compared with any other working substance. An operational 

deficiency of water (under winter conditions) should be considered 

its high freezing point. The comparatively low value of specific 

thrust of a nuclear rocket engine with water as the working substance 

makes such an engine little suitable for large rockets. 

Working substances in nuclear rocket engines in principle can 

be solid, gaseous, and liquid substances. However, methods of in¬ 

troduction of a solid into a reactor during operation of the engine 
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are still not developed, and the capacity for storage of the needed 

quantities of gaseous substances Is so great even under high pres¬ 

sures that at present It Is possible to assume the possibility of 

application of working substances only In the liquid phase. In this 

case In the liquid substance It Is also possible to use solids, for 

example, metals In the form of suspensions. 

We already mentioned liquid hydrogen, ammonia, hydrazine, 

methane, and water. It Is possible to view as working substances 

ydrocarbons, alcohols, and other substances. The greatest specific 

thrust, other things being equal, can be obtained by using liquid 

hydrogen. Hydrogen up to a temperature of 2200«C remains diatomic 

and dissociates at higher temperatures. Upon heating hydrogen 

enters Into a reducing reaction with carbon, hydrocarbon compounds, 

and with many metals. This may lead to corrosion and removal of 

surface layers of a solid-phase reactor, which Is necessary to con- 

aider during construction. 

Ammonia and hydrazine are decomposed already at a temperature 

of around 1H00°C, forming not only diatomic, but also monatomic 

hydrogen and nitrogen. In this case the interaction with graphite 

and a number of metals will be the same as and in case of hydrogen. 

Reactors for rocket engines can be of the following types: 

1) reactor with core in the solid phase (solid-phase reactor); 

2) reactors, in which compounds of fissionable material are in 

the liquid phase (liquid-phase reactor); 

3) reactors with a gaseous core (gas-phase reactor); 

10 comblned reactors, in which the core contains the solid 

and liquid phases of uranium compounds or a solid and gaseous phase. 

Figure 11.12 shows a diagram of a rocket engine with a 

solid-phase reactor. 
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Pig. 11.12. Diagram of nuclear 
rocket engine with solid-phase re¬ 
actor: 1 - tank for working sub¬ 
stance; 2 - pump; 3 - aggregates; 
- pressure accumulator; 5 - heat 

excnanger; 6 - tapping of gases 
for turbine; 7 — body of chamber 
with shielding; 8 - reflector; 9 - 
reactor; 10 - nozzles for control 
of flight; 11 - regulating device 
for reactor; 12 - pump for closed 
circulation; 13 - turbine. 

/ 

A solid-phase reactor in principle is no different from a 

reactor - a heat exchanger. Inasmuch as in rockets the duration 

of operation of the reactor is very limited, it is possible to 

increase the maximum permissible temperature of core elements. The 

most refractory uranium compound is uranium dioxide (t -ï 2800°C). 

Fuel elements of a reactor on the basis of uranium dioxide or 

uranium-tungsten compounds make it possible to raise the temperature 

in the core to 2750-2800°C and to ensure heating of the working 

substance to 2500°C. In this case as the moderator for a thermal- 

neutron reactor it will be necessary to use graphite, the melting 

point of which is 3500°C, or in an extreme case beryllium oxide, 

the melting point of which is equal to 2520°C. The most refractory 

material for control rods for a reactor is boron carbide B,C 

(tn, * 2550°C). 

Fuel elements can be realized on the basis of ceramics from 

carbides of hafnium and tantalum (tn/i = 3900°C). It is necessary 
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to consider the relatively large cross sections of absorption of 

neutrons by tantalum and natural hafnium and tungsten. 

On a graphite solid-phase reactor using liquid hydrogen as 

working substance it is possible in reality to calculate for a 

maximum specific thrust of 900 kgf*s/kgf. 

In spite of the brief nature of operation of a solid-phase 

reactor, the development of an efficient construction is of con¬ 

siderable complexity. Energy release in such reactors is 2000-3500 
■3 

MW per 1 nr of core. 

Useful quantity of heat, which should be given by 1 kgf of 

liquid working substance in a reactor: 

c,dT Cal/kgf, 

or, considering analogous to formula (2.8) 

L e dT CmQT mm A • 
' Sill 

or 

4,186« 10"* MVJ/kgf, 

since 1 Cal/s - 4.186-10"3 MW; here X - heat of vaporization. 

One of the serious problems of a solid-phase reactor is stability 

of the process in a nuclear rocket engine. Apparently, this problem 

for a nuclear engine will be more complex than for a rocket engine 

on chemical fuel. 
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If it is necessary to raise the temperature of workine sub¬ 

stance higher than 2800°C, when U0? passes into a liquid phase, 

it is necessary to think about liquid-phase reactors, In which 

uranium compounds are in a liquid state. It is possible to assume 

circuit for such a nuclear engine, in which liquid uranium carbide 

is held on the internal walls of the reactor due to rotation of a 

porous cylinder and the centrifugal forces which develop due to 

this. The working substance (for example, H,> passes through the 

porous wall of cylinder into the melted mass of reactor, being 

heated to the required temperature and simultaneously protecting 

the cylinder from overheating. Being limited by a temperature of 

melted mass essentially lower than its boiling point, it is possible 

to have high temperatures of heating of working substance and 

specific thrusts on liquid hydrogen of an order of 1000 kgf-s/kgf. 

Creation of a liquid-phase reactor presents a still more com¬ 

plex problem in comparison with a reactor - a heat exchanger with 
a solid core. 

Considerably higher temperatures of working substance car, be 

obtained in a gas-phase reactor. The slmpiest arrangement for « 

rocket engine with a gas-phase reactor is shown in Pig. 11.13. Here 

into the reaction chamber is introduced through one system of 

injectors the fissionable material which is in a liquid phase or 

in the form of suspension in a sultsble liquid substance (for 

example, moderator). Through another system of injectors the work¬ 

ing substance is introduced. Until a definite quantity of fission¬ 

able material is Introduced into the chamber, the fission reaction 

Will not take place. Only upon achievement of critical mass will 

the process of fission and energy release begin. Value of critical 

mass depends on properties of the moderator and working substance, 

on the nature and properties of fissionable material, on the dimen¬ 

sions of the chamber, and on the shielding of the engine. In addition 

he size of the chamber Is determined by pressure in the chamber 

and absolute thrust of the engine. Energy which is liberated as a 

result of a controlled process of fission Increases the temperature 

Of the working substance to the required value. 
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Fig. 11.13. Diagram of nu¬ 
clear rocket engine with a 
gas-phase reactor: 1 - pump 
for working substance; 2 - 
regulating device; 3 - pump 
for nuclear fuel; ^ - regulat¬ 
ing device; 5 - injector of 
nuclear fuel; 6 - injector of 
working substance. 

Obviously the volume of the core of a gas-phase reactor will 

always be considerably larger than the volume of a solid-phase re¬ 

actor under identical pressures, in spite of the fact that in the 

latter case it is necessary to develop sufficient surfaces for heat 

transfer. For decreasing the volume of a gas-phase reactor it will 

be necessary to use very high pressures in the chamber, which can 

turn out to be necessary for other considerations also. 

A gas-phase reactor possesses two essential advantages: from a 

construction point of view it is simple since in the core there are 

no components, however this simplicity is made up for by complication 

in the problem of organisation of the process; absence of structural 

elements in the core permits the increasing of temperature of dis¬ 

charge products to 10,000°C and higher, however such high tempera¬ 

tures require special concern for cooling of the walls of the chamber 

and the nozzle. This problem is more difficult than in conventional 

liquid propellant rocket engines since the specific heat fluxes are 

higher. With such high temperatures the working substance and 

fissionable material are ionized and are turned into plasma, which 

makes it possible by special procedures to exclude the contact of 

gases with the walls of the chamber. 

The process in a gas-phase reactor is very complex. If one does 

not take special measures, fissionable material will be mixed with 

working substance, issuing fission energy to it, and it will emanate 
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together with it through the nozzle. Although thrust of the engine 

at the expense of the mass of fissionable material increases in¬ 

significantly, the loss of fissionable material is undesirable. It 

is necessary to reduce these losses to a minimum; at the same time 

it is necessary to find suitable method for transfer of energy to 

the working substance. At present there are still no published 

concrete solutions of the problem of organization of the process. 

During inlet of working substance and fissionable material with 

the moderator it is necessary or to exclude to the utmost the 

possibility of their mixing, or to secure their complete separation 

if mixing is necessary in the initial stage. Consequently, in the 

chamber have to be zones, occupied only (or chiefly) by fissionable 

material, and zones, through which the working substance flows. 

Then it is necessary to develop sufficiently the surface of contact 

of working substance with fissionable material for the transmission 

of the required amount of heat; here it is necessary to remember 

that both substances are in a gaseous phase. Obviously it is im¬ 

possible to avoid a certain exchange by masses on surfaces of heat 

exchange and a certain loss of fissionable material. 

In foreign literature it is indicated, for example, that for 

retention of fissionable material in the chamber it is possible to 

create vortex flows, as a result of which the radial gradient of 

partial pressure of a heavy gas will be greater than the gradient 

of a light working gas and the concentration of uranium on the 

periphery will be increased. However, for transmission of heat to 

the working substance the latter should pass to the center through 

a peripheral cloud with a high content of uranium. Organization 

of such a process is subject to development and study. 

For decreasing losses of fissionable material it is possible 

to make use of the circumstance that at high temperatures the working 

substance and fissionable material, as it was shown, are ionized, 

i.e., molecules and atoms liberate one or several electrons. The 

degree of ionization of fissionable material is much higher than 

for working substance, consequently the electrical properties of 
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plasma of working substance and fissionable material will be dif¬ 

ferent. Due to this, with the help of an electrical current flow¬ 

ing through a winding around the chamber, it is possible to prevent 

the leakage of fissionable material. 

It is necessary to point out also the difficulty of controlling 

a gas-phase reactor due to the possible variation of pressure in the 

injectors of both systems and accidental fluctuation in the value 

of loss of fissionable material through the nozzle. Finally, in 

such a reactor there is a greater probability of variations of 

pressure of different frequency, induced by system of supply and the 

process themselves in the chamber. The problem of stability in the 

process of a gas-phase nuclear rocket engine will apparently be 

one of the most important. 

In a gas-phase reactor for the reliable adjustment of process it 

is expedient to use thermal neutrons. In the selection of a modera¬ 

tor it will be necessary to consider the temperature and pressure 

in the chamber and the moderating properties of the working sub¬ 

stance itself. After achievement of conditions of criticality in 

the chamber it is necessary to maintain exactly the relationship 

of all components (fissionable material, working substance, and 

moderator). 

A combined reactor can be carried out in a different way. One 

can imagine a section of the core filled with a solid-phase reactor, 

in the channels of which flows a working substance which is heated 

to the highest possible temperature. Through other, special channels 

fissionable material is fed and the supply of it, after- achievement 

of conditions of criticality, is regulated in such a way as to 

compensate for loss through the nozzle. Depending on mass-ratio of 

fissionable material in the solid and gaseous phase the»** will be 

changes in the overall volume of the core and temperature of gases 

before the nozzle. The greater the share of the solid phase, the 

less the dimensions of the reaction chamber, but also the less the 

temperature of gases. For easing the problem of cooling the walls 
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ltao7r 0Ut r be USefUl t0 C0Ver the "allS of the «^ber and 
nozzle with a solid-phase substance with a high rneltir»^ 

PO nt and with l0w tber^a! conductivity in wblcb is found only ^ 

moderator or a moderator with fissionable material and which Is 

washed by the working substance, since the basic share of core 

volume Is due to the moderator, the quantity of which In the reactor 

s3r;: r/1:*1“materiai*but aensuy - --- ^ solution can lead to a noticeable decrease of overall chamber 
volume. 

Application oí' gas-phase and combined reactors requires such an 

organ cation of storage of fissionable material In tanks which 

reaction P0SSlblUtï °f S ^^neous appearance of a fission 

The use of reactors (especially gas-phase and combined) in 

ocket engines makes the discharge products radioactive; therefore 

nuclear rocket engines can be safely used In the second and following 

wereeLunched°fket rhl0h laUnChed from earth or »» rockets which 
were launched from the orbit of an artificial satellite. 

hat was said above shows that In the first place one should 

theeu itTrntatl0n 0f 3 30lld-phase reactor In operation, in 
United States during the last few years tests were conducted on 

several modifications of a nuclear solid-phase reactor the "KIWI " 

n the beginning of 1966 successful ground tests were conducted ón 

nuclear rocket engine NERVA on liquid hydrogen; calculation 

power of the reactor was around 1000 MW; specific thrust of the 

engine was around 750 kgfs/kgf. On the basis of these experiments 

the graphite reactor "Feb" 1 phoebus (Translator's note: This word 

Is not verified] was developed. It was analogous to "KIWI." but 

made It possible to obtain greater thrust with the same value of 

specific thrust. A later variant of the reactor the "Feb" 2 should 
have considerably greater power. 

In a rocket engine it is 

for heating of two substances 
possible to use a solid-phase reactor 

- oxidizer and combustible with a 



subsequent chemical reaction between them after the reactor. In 

this case the temperature of combustion products will be higher than 

the temperature which is permissible for structural elements of 

the reactor. Although thermal effect of the reaction decreases with 

an increase of initial temperature due to increasing influence of 

dissociation of reaction products, it is possible to expect that in 

this case temperature before the nozzle will be higher than the 

temperature of combustion without preliminary preheating in the 

reactor. Heating in the reactor can be realized up to 2000°C. 

Selection of temperate should be connected with properties of the 

components in order to eliminate, in particular, deposits of un¬ 

desirable products of decomposition on the walls of reactor channels. 

Increase of maximum temperature before the nozzle is still useful 

because with this the gas constant of products of combustion increases. 

The use of nuclear reactors with their high energy content 

makes it possible to consider the application as working substances 

of metals, the heating and vaporization of which during chemical 

processes, decreases the thermal effect of reaction noticeably. 

Such metals can be Li, Al, Mg, Be, and others. Heat of vaporization 

of 1 kgf of lithium, magnesium, and aluminum is equal respectively 
to 11680, 1137, and 3050 Cal. 

In one of the foreign works comparative approximate calculations 

are made of data of chemical, nuclear, and combined nuclear-chemical 

rocket engines with an expansion ratio of gases in the nozzle equal 

to 34. During the combined use of nuclear and chemical energy the 

temperature of heating of working substances in the reactor was 

accepted at 1500°C. In comparative calculations the highest specific 

thrust is obtained during the use of only nuclear energy for the 

heating of hydrogen. During chemical and nuclear-chemical processes 

less specific thrust is obtained, although the maximum temperatures 

of products of combustion reach great magnitudes. Ammonia in a 

chemical reaction with oxygen and fluorine should make it possible 

to have specific thrusts of the same order as during its heating in 

a reactor up to a temperature of 2230°C. Consequently it is necessary 
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to develop reactors which can allow preheating of working substances 

to higher temperatures, if the application of not Just hydrogen is 

assumed. Available materials are still insufficient for a Judgement 

about the comparative effectiveness of nuclear-chemical engines. 

11*5. Comparison of Rockets on Chemical 
and Nuclear Energy 

For a complete comparison of chemical and nuclear rockets it 

is necessary to perform detailed calculations with a determination 

of scales of all elements at an assigned payload and range of rocket. 

Here we will limit ourselves to only certain general data for an 

illustration of relative properties of rockets using chemical and 
nuclear energy. 

Let us assume that on chemical energy specific rocket engine 

thrust is equal to Pyfl1 - 300 kgf-s/kgf, and the share of fuel in 

the initial weight of the rocket comprises O.85 for rockets up to 

5C0 T in weight and 0.9 for rockets with greater initial weight. 

Quantities of fuel and total pulse will be determined by the initial 

weight of the rocket. In Table 11.7 are given the corresponding 

values for rockets of various initial weight. 

Table 11.7. 

...1-1".! 
•: - - tr 

.• 'i"K t In 
100 230 

r~~ 

500 1000 2000 

:’r t. 11-.1- 
**• 1,-1.- Si. T 

j^'ll PUI .,K 
Sr. T-s 

•3 

25.5-10* 

212.5 

63.4-101 

425 

127,5-101 

900 

270-101 

1000 

540-101 

.Vith transition to the use of nuclear energy specific thrust 

depending on temperature of core and properties of working substance 

can have a value from ¿J00 to 1200 kgf-s/kgf. Let us assume that 
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specific thrust during the use of nuclear energy has the values 

Pyfl2* eQual to ^50, 600, 750, 900, and 1200 kgf*s/kgf. Thus the 

ratio of specific thrusts of a nuclear rocket engine comprise 

1,5; 2,0; 2,5; 3,0 and 4,0. 

In Table 11.8 are given the quantities OrJ of working substances 

necessary so that at various ratios of specific thrust it is possible 

to obtain in a rocket with nuclear engine the same total pulse as 

in one on chemical fuel. 

Table 11.8. 

Initiai weight of 
^Nwof pocket In ? 

■atio of 
jpeelfle 

100 2S0 500 1C00 2000 

1.» 
2.« 
2.4 
M 
4,# 

06.7 
42.5 
M.0 
27.5 
21.5 

141.6 
100.5 
•4.5 
70.0 
53.1 

203.2 
212.5 
100.0 
141.0 
106.2 

600.0 
450.0 
3C0.0 
300.0 
225,0 

1200.0 
900.0 
720.0 
600,0 
450.0 

In Fig. 11.14 is given a graph showing by what number of tons 

the weight of working substance in a nuclear rocket decreases in 

comparison with chemical depending on initial weight of rocket and 

ratio of specific thrusts of nuclear and chemical rocket engines. 

For example, for a rocket with initial weight of 500 T the saving 

in weight of working substance at a ratio of sp cific thrusts of 

2.0 comprises 42.5<, and for a rocket weighing 2000 T, at the same 

ratio of specific thrusts, the saving in weight of working substance 

comprises already 45Í. 

In order for a rocket with a nuclear engine to be more effective 

than a rocket with chemical fuel, the weight of the reactor with 

shielding and system for control and regulation should be less than 

the weight which is saved by the transition from chemical energy to 
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Pig. 11.11!. Decrease of neces¬ 
sary weight of working substance 
in a nuclear rocket in compari¬ 
son with chemical depending on 
initial weight of rocket and 
ratio of specific thrusts. 

nuclear. This possibility will be greater, the greater the initial 

weight of the rocket and the greater the specific thrust of the 

nuclear engine in comparison with chemical. This is readily apparent 
from Pig. 11.1¾. 

If, for example, for a rocket weighing 500 T with a thrust 

weight ratio of 1.5 and at a specific thrust on H2 equal to 750 

kgfs/kgf the weight of the reactor system is taken as 100 T, then 

from a comparison of data in Tables 11.7 and 11.8 it is clear that 
with 

the saving in weight of working substance comprises 425 - 1*9 ■ 2f,6 T. 

Thus, transition in such a rocket to nuclear energy permits a 

lowering of initial weight of rocket by 156 T, i.e., by 31*, or to 
essentially increase the payload. 

In Fig. 11.15 is given a comparative calculation chart for 

single-stage rockets with a nuclear engine on hydrogen and ammonia 

and with engines using the chemical energy of fuels. Curve A 



?ig. 11.15. Curves of equal 
effectiveness of single-stage 
nuclear and chemical rockets 
depending on flight range. 

corresponds to Identical effectiveness of a nuclear rocket on 

hydrogen and a chemical rocket on 02-N2H4. In the area under curve 

A a chemical rocket turns out to be more effective than nuclear. 

Along curve B are identical degrees of effectness of a nuclear rocket 

on hydrogen and chemical rocket on F2-H2. In the area under curve 

B the chemical rocket is more effective than nuclear. Curve C 

corresponds to equal effectiveness of nuclear rocket on ammonia and 

a chemical rocket on 02-N2H4. From the chart it is clear that with 

an end weight of rocket AfR ■ 2.5 T and more and with a range L ■ 

■ 6500 km and greater a nuclear single-stage rocket always turns out 

to be more effective than a single-stage chemical rocket. With 

an increase of weight of payload a greater effectiveness of nuclear 

rocket is attained at a lesser range. Thus, for example, with a 

passive weight of 4.5 T a nuclear rocket is more effective than 

chemical already at ranges less than 2000 km. Certainly the data 

in this paragraph are very approximate; they illustrate only a 

basic tendency of rocket construction - the use of nuclear energy in 

powerful rockets with great range and large payload. 
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The higher (almost twice) value of specific thrust of a nuclear 

rocket engine not only compensates for the weight of the reactor 

and its entire system, but gives yet an additional essential gain 

in weight of payload. 
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Part II

CONSTRUCTION, DURABILITY, AND AUTOMATIC 
EQUIPMENT OF ROCKET ENGINES

CHAPTER

CONSTRUCTION OP CHAMBERS FOR LIQUID PROPELLANT 
ROCKET ENGINES

At present basically cylindrical chambers find application 
(Fig. 12.1) and more rarely spherical or close to spherical.

r K °?'"bustlble into tubes; 5 - tub4s

Chambers which are close In fern, to spherical [47] have an 
advantase over cylindrical chambers: with an equal worhlng volume
the surface of their walls Is less, and consequently, the better 
the conditions for cooling, and with an equal gas load the weight 
Of the chamber may also be less.
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For engines with very large thrusts (over 500 t) a sectional 

multi chamber construction may be rational (Pig. 12.2), where the 

separate chamber-sections are disposed in one or several rows around 

central body, inside the central body a turbopump assembly can be 

deposed. With such an arrangement it is convenient to use a nozzle 

with an outward flare formed by the profiled tip of the central body. 

Critical section of nozzle is of an annular form. A nozzle with an 

outward flare has good aerodynamic properties, especially on partial 

load conditions, for example, during turning off of separate 

combustion chambers for a change cf value of thrust. In view of 

absence of an outer wall for the nozzle radial dimensions and length 

of the engine decrease considerably as compared to an engine of a 

conventional nature and the same thrust. 

Fig. 12.2. Diagrams of sectional 
multichamber engine with central 
body: l — chamber-section; 2 — 
central body; 3 - critical section 
of nozzle. 

Perfection In construction of a chamber Is characterized by 

specific weight where 0H - weight of chamber, P - thrust of 

engine. Depending on fuel, pressure In the combustion chamber, 

special purpose assignment of the engine, and material of the 

Chambers specific gravity lies within the limits of 0.001-0.OOK 

ngf/kgf. Lesser values pertain to Ideal chambers with pressure p 

of an order of 50-100 kgf/cm2 and thrust of 10-30 T. " 

12.1 Heads of Chambers 

On heads are disposed devices for the Inlet of fuel to the 

chamber. Liquid fuel Is fed to the chamber by Injectors, but In the 

case of application of circuit with afterburning of gas, proceeding 

from the turbopump assembly (THA\ or during feeding of fuel (for 
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example, hydrogen peroxide) in a gaseous state - through special 

windows made In the head. For two-component liquid fuel the head 

has two cavities. In engines with thrust control by means of cutoff 

of groups of injectors these cavities can have additional partitions, 

allowing fuel to be fed separately to different groups of injectors. 

Also located on the head are engine mounting lugs, valves for 

starting, cutoff, and thrust control of engine, and in a number of 

cases antivibration devices, and igniters. 

The basic requirement in the construction of the head is 

ensuring of assigned conditions of carburetion and protection of 

chamber walls from excessive heating and burnout. These problems, 

as it was shown, are resolved by the rational distribution of injectors 

on the head, by the selection of productivity of separate groups of 

injectors and their characteristics, and also by the proper cooling 

of the engine. Simultaneously the construction of the head should 

possess sufficient rigidity in spite of the weakening of its walls 

due to the large number of holes under the injectors, it should 

ensure the possibility of feeding components with a minimum of flow 

friction, and it should have reliable protection from overheating by 

hot gases. 

For the best mixing of components, on the head it is desirable to 

place the greatest possible number of •injectors. Minimum distance 

between injectors is determined by conditions of strength of the wall 

of the head, conditions of distribution of channels for feeding of 

components in the body of the head, if the head does not have a 

common component cavity, and, finally, dimensions of the injector. 

With swirlers the determining factor is dimension of injector, since 

rigidity of head can be ensured by inclusion of the body of the 

injector in power circuit, and the feeding of components in most 

cases is carried out from the general cavity. With Jet injectors, 

having relatively small dimensions, minimum pitch is determined at 

a given angle of dispersion by the distance of the zone of collision 

of streams from the surface of the head or by conditions of feeding 

the component. In constructions carried out with swirlers the pitch 
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comprises 12-30 mm, but with jet injectors the minimum pitch can be 

reduced to 3-^ mm. 

One or another method of distribution of injectors is selected 

either on the basis of available experience of miximg of components 

oi ^uel a particular composition, or from purely construction 

considerations, including the feeding of fuel and rigidity of head. 

Basic structural elements of the head are the injector bottom 

and external wall. In its turn the injector face more frequently is 

double-walled and less often - single-walled. With a double-walled 

injector face the head on the whole is three-walled. Then the wall 

of the injector face which is turned to the combustion chamber is 

called inner and the second one - middle. 

The two inner cavities, formed by the walls of the three-walled 

head, are filled with components of fuel. Usually the pressure of 

the first and second components p1 and p2 are approximately equal, 

and it can be considered that “ P2 “ PT* us designate 

pressure in the combustion chamber p^, and external pressure p . 

Then the outer wall of the head is found under the impact of pressure 

drop Apn-pi—pu, and the injector face on the whole - Apo-Pt-P«- Under 

calculation condition Pt—Pk^Ap*, where Ap«— pressure drop on injectors. 

Since pressure drop on injectors is not great, then under calcualtion 

conditions the injector face is loaded comparatively little. Under 

conditions of pressurization, when pressure p can be disregarded, 

the injector face is loaded by maximum pressure drop Ap^a^Pr 

Under operating conditions the inner wall is heated noticeably, which 

leads to the appearance in it of considerable temperature deformations 

and a lowering of strength properties of its materia]. 

The stated factors cause bows in the injector face and outer 

wall. Therefore the basic requirement in the construction of the 

head is ensuring its sufficient rigidity, and also preservation of 

airtightness of its ele lents during possible deformations. Check of 

strength of the head by calculation is carried out for conditions of 

pressurization, when load from forces of pressure are maximum, and 
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under calculation conditions, when an essential influence can be 

exerted by heatinR of the inner wall.1 

Based on the form of the wall which is turned to the combustion 

chamber, injector fa‘es are subdivided into flat, hipped, and 

spherical. In accordance with the form of the injector face the head 

on the whole is frequently named. 

A flat face is simple in construction and not complex in pro¬ 

duction. With a cylindrical combustion chamber a flat face gives the 

best homogeneity cf field of speeds and composition of mixture of 

components on a cross section of chamber. A flat face possesses a 

comparatively low degree of rigidity and strength. However, it is 

possible with comparatively simple construction measures to ensure 

sufficient strength of a flat face when it has a diameter up to 

1-1.5 m. These include, for example, rigid sealing of the face along 

the periphery at the point of connection with the combustion chamber, 

power coupling with the outer wall in the center of the head, and if 

possible in the central part with the ribs, and also reliable 

protection from overheating by circulation of fuel inside the face. 

Flat injector faces are made both single-walled and also double- 

walled. 

A single-walled injector face should have inside a system of 

channels for feeding one of the comporents to the injectors: the 

other component is fed from the cavity enclosed between the injector 

face and the outer wall. 

There are single-walled faces with annular channels, radial 

channels, and radial channels with injector rings. 

Annular channels A pass through a cast face (Fig. 12.3a). Thanks 

to massive crosspieces between the channels such a face possesses a 

‘Methods of calculation of injector faces for strength are 
expounded in works [153 and [53]. 
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a) b) 

Fig. 12.3. Heads of chambers with single- 
walled injector face: a) with annular 
channels; b) with radial channels. A) 
annular and B) radial channels; 1 - outer 
wall of head; 2 - injector face; 3 - 
injectors; and 5 — walls of combustion 
chamber; 6 - liners; 7 - ring; 8 - nut. 

high degree of rigidity. Deficiencies of cast faces Include difficulty 

of ensuring identical fuel supply to groups of injectors which are 

fed from one channel A. Jet injectors are made in the form of 

directly in face, and centrifugal injectors can be screwed 

in the face. In Fig. 12.3a, the head with the cast injector face is 

readily detachable, which can be convenient for engines which are 

reusable. Aluminum alloys are the material for cast faces. Such a 

type of face can find application in engines with a relatively low 

heat-release rate with a pressure in the combustion chamber up to 

30-no kgf/cm2. 

A single-walled injector face with radial channels is shown in 

Fig. 12.3b. Radial channels, usually made by drilling, are directed 

from the periphery of the head to the center. Angle between 

neighboring channels may comprise 5-10°. Axes of the injectors of 

that component, which is fed along the channels, usually lie on the 

axis of the channel. Tneref^re the number of injectors of this 

component is limited and, naturally, it is expedient to feta the 

combustible over the channels; in this case the injectors of oxidizer 

can be grouped around the injectors of the combustible. In view of 
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the fact that pitch alonfi the arc of the circumference between 

injectors of combustible Is increase toward the periphery, for a 

more equal distribution of mixture ever the volume of the chamber 

additional shortened channels are made between the basic radial 

channels passing to the Injectors of combustible which are located 

In the head. On heads of such a type Jet injectors are used more 

frequently. 

Additional rigidity is given to the head by a massive rim which 

is connected with the walls of the combustion chamber. A steel 

injector face is connected with the walls of the combustion chamber 

and the headers by welding. A face made from aluminum alloy 

(Pig. 12.3b) is braced to the combustion chamber on bolts. For more 

reliable packing grooving Joints are used in which soft linings 

are pressed. 

An advantage of disk faces with radial channels is their 

simplicity of construction and sufficient rigidity, obtained at the 

expense of their relatively great thickness. Deficiencies include 

a limited possibility to vary the distribution of injectors, 

necessity of high degree of accuracy in manufacture to ensure identical 

conditions of injection of fuel into the chamber from the injectors, 

which are fed from the injectors, which are fed from various channels, 

and unfavorable thermal balance of the head, connected with heat 

removal through the thick face. 

Constructions of faces with radial channels with injector rings 

are free from the majority of these deficiencies (Pig. 12.4). The 

injector face has a massive rim and relatively thin disk, to which 

the injector rings, 4, are attached. 
1 

In each ring there are only injectors of one component, 

consequently the location of injectors is concentric. Injectors can 

be both Jet and also centrifugal. There are great advantages in 

similar constructions when using Jet injectors with intersecting 

streams. Here the form of the rings from the side turned to the 

combustion chamber may be selected diversely depending on the required 
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Pig. 12.J|. Injector fac^ with 
radial channels and Injector 
rings: 1 - injector face; 2 - 
axial channels for feed'.ng 
oxidizer to rings; 3 - injectors; 
4 - injector rings; 5 - screen 
filter; 6 - injector of wall 
layer of combustible; 7 - tubes 
of chamber; 8 - entrance to tubes 
of combustible; 9 - exit of 
combustible from tubes; 10 - 
radial channels. 

angle of impingement of streams (Pig. 12.5). It is also possible to 

realize a method of atomization by Impingement against a barrier, 

for example against rib 3. 

Pig. 12.5. Forms of rings 
and direction of streams of 
injectors: 1 - cavity of 
combustible; 2 - cavity of 
oxidizer; 3 - rib. 

Construction of rings can be different depending on the methods 

of attaching them to the disk and the method of supplying the 

components. In Pig. 12.4 is shown one of the possible variants of 

construction. The component, found in cavity A of the head (see 

Fig. lt.l) between the outer wall and face, is fed into the rings 

through a series of axial channels, 2, in the disk. The second 

component is supplied over radial channels, which are drilled in the 

body of the disk, from' the periphery of head from the header, into 

which It arrives from the cooling system. Depending on their 
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construction the rings can be attached to the disk and among 

themselves by welding or solderingt which is more technological. 

Preliminarily the ring can be rolled in with the material of inter- 

annular crosspieces of the disk. 

Inasmuch as the rings are made thin-walled, conditions of 

protecting them from overheating are favorable. Thickness of the 

walls of rings when the Jet injectors are obtained by direct drilling 

in wall is determined by the length of the injector channel. A 

construction with rings gives certain technological advantages 

during the manufacture of injectors, since conditions are improved for 

the treatment of inlet edges of orifices, which is difficult, for 

example, for injectors of combustible in a head with radial channels. 

Attachment of a head with rings to combustion chamber is carried 

out by welding similar to the connection examined earlier. The 

outer wall can be welded to the bottom or braced on bolts. 

The most widespread, due to simplicity of construction, are flat 

double-walled injector faces. For engines with relatively small 

diameters of the combustion chamber, the face cannot have an external 

power ring, and the walls of the face are welded directly to the walls 

of the combustion chamber or to t.*e header, if it has one (Fig. 12.6). 

In those cases when great rigidity Is required, the walls of the 

injector bottom are welded to the external power ring. 

With thin walls for an injector face the basic construction 

problem is ensuring its sufficient rigidity. Rigidity of the face 

can be considerably Increased by means of a power connection between 

its walls. Such a power connection can be achieved through point 

blanks or flaring and soldering of the body of injectors with the 

setting up of intermediate bushings. Along the cites of the blanks 

(Fig. 12.6a) spot selding is carried out, and then injectors of the 

component which is filling cavity B are set in. Injectors of the 

component which is found in cavity A can, if the wall is sufficiently 

thick, be screwed in by a thread, but more frequently they are 

attached with the help of flaring. In the construction shown in 
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Pig. 12.6, Double-walled injector faces: 
a) with blanks; b) with flaring of injectors. 
1 - outer wall of head; 2 - middle wall of 
head; 3 - inner wall of head; H - injectors. 
A. and B - cavities for components; C - 
opening for igniter. 

Fig. 12.6b, the connection between walls is carried out through the 

bodies of the injectors. Identical distance between walls is ensured 

by a stop in the beading on the body of the injector. High 

requirements are presented for beading, since it is necessary to have 

reliable contact over the entire circumference of the flared bead. 

A compact Joint is achieved by rolling out under a press. For 

preventing the deformation of the rolled connection under working 

conditions, which can lead to disruption of airtightness, additionally 

the connection is soldered with a brazing solder. 

For ensuring heat withdrawal the thickness of the walls should 

be as little as possible (order of 2.5-5 nun). Greater magnitudes of 

thicknesses pertain to case of bracing swirl Injectors on the wall 

by threading. The walls are made from heat-resistant, easily welded 

steels. 

ihe advantage of faces of such a construction is the possibility 
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of distribution, In any desirable order, both of Jet and also swirl 
injectors, including two-component types. It is also very simple to 

carry out the feeding of components. By setting inside cavities A 

and B additional partitions, dividing them into separate sections 

with separate feeding of components to each section, It is possible 

to regulate thrust by variation of separate groups of Injectors. 

Flat faces, single-walled for example, can also enter into the 

construction of vortex heads, which represent a special type of 

heads (Fig. 12.7). In center of a flat head a mushroom-shaped 

atomizer 1 of oxiuant is mounted. The stream of oxidizer, by hitting 

the face plate, is injected into the combustion chamber through Jet 

injectors, set up in the outer rim of the atomizer. Direction'of 

movement of the streams is radial. On the periphery of the face is 

located a cylindrical ring with Jet injectors 2, surrounded by the 
header 3. The injectors direct the stream of combustible on a tangent 

to chamber, thanks to which in the chamber a swirl flew of fuel will 

be formed. Such a construction is applicable on engines with low 
thrust. 

Fig. 12.7. Chamber with vortex head, erosion 
insert, and uncooled cap of nozzle: 1 - 
mushroom-like atomizer of oxidizer; 2 - 
injectors of fuel; 3 - head of combustible; 

- erosion liner; 5 - wall of chamber; 6 - 
nozzle attachment. 



Hipped and spherical heads possess a rreater surface with the 

sair.e diameter of combustion chamber than flat heads, and high strength 

properties. With the greater area of such heads It Is possible to 

place and a greater number of Injectors, thus ensuring the best 

atomization. In the center of the head It Is simple to place the 

Igniting device, which due to the specific nature of mixture formation 

is better protected from heating by hot gases. A deficiency of 

spherical and hipped heads, besides the complexity of their manu¬ 

facture, lies in the possibility of accumulation of fuel at the axis 

of the chamber. 

A hipped form of head can be used on engines with low thrust, for 

example, steering or auxiliary engines of space craft with one central 

fuel-supply arrangement (Fig. 12.8). The inner wall of the head Is 

cooled by fuel. The massive outer wall of the head possesses a 

high degree of rigidity and is deformed little, which maxes it 

possible to mount in it a mobile bushing, which when shifted changes 

Fig. 12.8. Hipped head with 
two-component adjustable 
injector: 1 - outer wall of 
ht ad; 2 - mobile bushing; 3 - 
slot injector of combustible; 
^ — wall of combustion chamber 
made from fiberglass with non- 
directional location of fibers; 
5 -- mushroom valve; fc - slot 
injector cf oxidizer; 7 - inner 
wall of head, [f ■ combustible; 
0 ■ oxidizer] 

Construction of the simplest spherical head with a double-walled 

injector face is shown in Fig, 12.9. The form of the wall of the 

face, which is turned to the combustion chamber, is selected in such 

a way that mixing of components of fuel occurs by three crossing Jets; 

a central stream of combustible with lateral streams of oxidizer. 

Joining of the walls of the injector face in carried out by tightening 
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HÍgKi12*^' Spherical head with 
waïl1orWallKd 1"Jector face: i 
wan of combustion chamber: 2 - 
Inner wall of head; 3, 6 - pins• 
? 7 °.uter of head; 5, 7 - 
8 - rniSï? 0f ??ldlzer and fuel; 

ml?2le wal1 °f head; 9 - 
pins; K) - groove seals, [r - 

combustible; 0 . oxidizer] 

the nut of pin 6 with subsequent sentir. , . 

which are inclined to the axis of the f P ^ 9* the 3X63 °f 
oxidizer cavity is achieved! S ness for the 

setting up of colsutirin .yc“"Ul7,r grOOVe 3eal3 10 

connected with the combustion by pine 3" threa<l3' The head ls 

pr.ch^eVdUpurÒ:lthea: U 13 al3° P°3Slble t0 the 

IV. A spherical head with earl‘er ChaPte" 
to the interconnection of amberS has groater rigidity both due 

great thickness of the walls. 6 ^ dUe t0 the relatlve*y 

.zr;r^r:r;" T'T": ■■ • --- 

iif-nf2,1?* Head wlth flat injector bushings. 

In certain constructions radiai 

wall of the head from the side or 6 ^ attached to the inner 
the side of the combustion chamber for preventing 
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determined^06 °, nU°tU»tlon3 °f *-• »eight or rib, :, 

or w”h LterTentally‘ The Mh3 Can be and uncoolea or w th lnterRal coollng (plg 12 u). ln thc iatter caae fuei ( 

8 rr:°rtraí r0<l 1 ar- thr°Ueh aPertures 2 enters the hollow ribs 

apertoresTlVthTlT01"8 PartU1°nS 3 U ls «"«ucted throng,, 

annular channels 7 oTtleZ'T ^ ^ ^ ^ ^ ^ 

rîh^.1^*11^ nHead Wlth cooled ribs, r and 0 - supply of 
combustible and oxidizer: l — 
ov?Îraî rodî 2 ” apertures for 

combustlble from central 
rod Into partitions; 3 — 
partitions; 4 - apertures for 
feeding combustible to annular 
rín^f ^ 5 - channels for 
feeding oxidizer to Injectors; 
b - Injector face; 7 - annular 
channels; 6 - ribs. 

Along the uncooled ribs It Is possible to mount additional 

njec ors or combustible, forming a fuel curtain for protection of 
the ribs from overheating. protection of 

the T81" deSl8n reatures have »eads, Intended for supplying to 

the other! ä Charaber£ ^0^81 °ne 0f “hlch ^ In liquid, and 
pecu r t ' “ PhaSe' üaHiisas phase heads, ihese 

r wa 1 wh a! eT1“0"^ ^ ^ lnCreaSed the™al conditions wan wnich are circumvented bv the hni- ^ , 
menti «r ^ a , ^ tne not Sases» and also by reouire¬ 
gents of special distribution of devices wm eh Q , require- 

and liquid and the application of external and Inte™” l'l^of3 

These problems are resolved comparatively sirrmlv wh0n 

gas, forming during the decomposition of hydrogen peroxide and "Lin, 
a temperature of an order nr srmon 4 ^ J naving 
chamber 5 0 C, is admitted into the combustion 
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The construction of a spherical liquid-gas phase head with wing 

windows is shown in Fig. 12.12. Through windows steam gas is 

supplied from the turbopump assembly THA and from the catalyst chambers 

for afterburning in the combustion chamber. Liquid-gas phase heads 

can also be made latticed with the location of injectors of liquid 

component on radial and annular crosspieces of the lattice. 

Fig. 12.12. Chamber of liquid propellant 
rocket engine with liquid-gas phase head 
with windows: A and B — coolant in and 
coolant out: 1 - catalyst chamber; 2 - 
discharge of steam gas from turbopump 
assemply; 3 - supply of combustible; A - 
window for supply of steam gas; 5 - outer 
wall of chamber; 6 — chamber housing; 7 — 
inner wall of chamber; 8 - gear-like 
injector of combustible. 

12.2. Construction of Injectors 

Jet injectors (Fig. 12.13a) constitute borings in the body of 

the head or special bushings. Diameter of injectors in constructions 

made, depending on productivity lies within the limits of 0.5-3.0 mm. 

Realization of apertures with a diameter less than 0.5 mm presents 

specific technological difficulties. 

It is known from experience that the most advantageous relation¬ 

ship of geometric dimensions of Jet injector is a ratio of length 

of injector l to diameter of aperture d, lying within the limits of 
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a) b) 

Fig. 12.13. Injectors: a) Jet; 

hi 1 7 Jet inJect0*’» formed 
by drilling in body of head; 2 - 
Jet injector, formed by drilling In 
bushing; 3» 4, 5 - Inserts. 

2 < l/d < K. On the exit edge of the Injector there Is a fact for 

decreasing separation of the jet and Increasing the discharge 

TulT'J’V': °f fa0et 13 °f a" °rt,er °f ” an«le f«et 
10 15 . The Injector opening can also be conical with a ratio of 

tr:7717:.entrance to the injecto-and ** - «« - ■ 

The quality of atomization Is Influenced significantly by the 

7r Ll an SU:,faCe 01' the lnJeCt0r h0le- In - application 
heml.ally active components for fuel the material of the Injector 

r h7 r of °a3es this 13 iLrecti:/ the °f th* »an 
and aLr^li rld .T8633 ^ reslstance ^^atlon and corrosion, 
nd also high strength during the action of high temperatures. Here 

It is necessary to ensure the absence of fusion of nozzles. 

Slot Injector (Pig. 12.13b), which are a variety of jet 

constitute concentric slots In the head. Separate slots can’be 

disposed with a slope to the axis of the chamber In order to ensure 

-0 thZ rr °f ^8 °f C0,np0nents- Wldth °f the Slot is made 

0 he e, 8 r8lble t0 0,,taln “ area °f slot fhlatthf corresponding 
he expenditure of components, with a large diameter a slot 

JZTLlTn haVe 8U°h a 8maU Width that US «alltatlon becomes 
technologically very difficult and appears a great danger of 
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obstruction develops. Therefore slot injectors find application more 

frequently in engines with low thrust, where it is possible to install 

one of two-component slot injector in the center of the chamber. In 

this case the slot injector may have advantages over other injectors, 

since it is comparatively easy to regulate the area of the slot for 

changing fuel supply in the process of throttling the engine. 

An adjustable slot injector is shown in Pig. 12.14. Fuel and 

oxidizer enter the chamber through two annular slots — inner and 

outer, forming between fixed outer cone 3, fixed inner cone 7, and 

mobile cone 4, connected with the piston of servomotor 8. Piston of 

servomotor 8 ends in the cylinder and on it on the one side acts 

spring 2, and on the other - force of pressure of liquid, fed from 

the hydraulic control system for the area of the injectors. Under 

the impact of the spring and the variable force of liquid pressure 

from the hydraulic system, piston 8 and the mobile cone 4 which is 

connected with it during operation of the engine occupy the 

corresponding positions, changing the cross sections of the slot 

injectors in accordance with the assigned law of thrust control 

Pig. 12.14. Chamber with adjustable slot 
injector: 1 - supply of liquid from hydraulic 
control system; 2 - spring; 3 - fixed outer 
cone; 4 - mobile cone of injectors; 5 - 
outer wall of nozzle; 6 — inner wall of 
nozzle; 7 - fixed inner cone; 8 - piston of 
servomotor. 
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pi nTT !" COnstruotl,,n 13 the adjustable injector chow,, 1,, 
Mg. lu.ö. In it the adjustment of areas of slot injectors of 

oaldlaer 6 and combustible j Is carried out during axial shirt In,- 

O mo ile bushing ¿ and mushroom valve 5 respectively. 

Sïirler Injectors are realized constructivei;., as single-stage, 
two-stage, two-nozzle, and emulsion. 

The simplest In construction and smallest In size are slngle- 

nage injectors with tangential channels (Pig. 12.15,). Selection of 

geometric characterlstcs of an Injector for an assigned expenditure 

can be ensured by the required flame angel (see Section 1..2). p0r 

decreasing the flame angle and Increasing the flow rate without 

an'Iddlt?8 P!’*SSUre dr0p 0n the ‘"Jector constructions are used with 
ona opening 2 In the swirling chamber (Pig. 12.15b) 

Through a central opening 1 a portion of the fuel component Is fed 

! ref°n °f re<iuoe<1 Pressure In the swirling chamber 7 and 

Liquid68, 7,the n0ZZle ln the f0rm °f * Jet Wlth * 3m,U ««»e «nrle. 
nozzle‘in th f8 ^ tangentlal '»annels. emanates from the 

ëhsured th T * Jet WUh 8 l8rge flame angel. Thus can be 
ensured the multistage mixing of fuel. 

Tt ,::°-n;Z"e lnJeot°P3 at Che same time are usually two-component. 

red 7 "“i 8 Chamber 3 81d 14 (F:g- 12-15d) lts d“" component Is 
t7d 20 7 !" dl8metrl081 dimensions the two-nozzle Injector Is all 

aoollcf. r- tha" 8 3'ingle-co"'P°nent. Thanks primarily to the 
application of two-nozzle Injectors It Is possible to Increase the 
flow intensity 01 whe head. 

m ,,Be?HdeS lnJe0t0rs wlth ‘angentlal channels and swirling chambers, 
in liquid propellant rocket engines they also use screw Injectors 

w a multlplethread screw - a swirl vane 6 (Pig. 12.15,). Applicable 

0 acrew Injectors Is expedient, when due to conditions of arrangement 

n ;nwgin1:11:g;hamber 18 0btalned' In a-’ °rdlnar> awiner Injector 
his win lead to considerable losses on friction and the flame 

angle decreases. At the entrance to the screw Injector It Is possible 

install a throttle washer 5, which, without considerably Increasing 



« 

Pig. 12.15. Swirl injectors: 
a) single-stage; b) with central 
channel; c) emulsion; d) two- 
nozzle, Integral igniter; e) 
auger. 1 - central opening; 2 - 
additional opening; 3 — inner 
swirling chamber; 4 - outer 
swirling chamber; 5 - throttle 
washer; 6 - screw; 7 - swirling 
chambers; 8, 9 - tangential 
channels; 10 — rod. [r ■ 
■ combustible; 0 ■ oxidizer]. 

the flow friction of the injector. Increases its damping ability. 

Fluctuations of pressure of gases which develop in chamber, are 

smoothed out thanks to damping and do not cause an essential change 

of pressure of the liquid in cavities of the head. In the absence 

of a damping effect the development or supporting of resonance low- 

frequency oscillations in combustion chamber is possible. For the 

organization of multistage mixing it is possible to use screw 

injectors with a central hole in the screw, fulfilling the role of 

Jet injector with a small flame angle and great range. Based on 

dimensiens screw injectors are somewhat larger than injectors with 

tangential channels with the same productivity due to the necessity 

of placing the screw in the swirling chamber. 

A construction of an emulsion system is shown in Fig. 12.5c, 

where the oxidizer and combustible are fed to the swirling chamber 7 

through tangential channels 8 and 9. 
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In the constructions achieved the diameter of the swlrllnr 
chambe- comprises (2-¾) Hc, where Rc - radius of nozzle. Size 

of the swirling chamber Is determined to a considerable degree by the 

radial dimensions of the Injector. Thus the outer díamete; of the 
Injector usually comprises 

4*-/>m+(Î+3) mm. 

If the body of the Injector is Included in the power-distribution 
system of the head, i.e., injector is placed in the wall on threads 

or is flared, then the thickness of the wall of the swirling chamber 
is selected from the condition of strength and rigidity of the 

corresponding connection. Diameter of tangential channels lies within 
the limits of 0.5-2.0 mm. Number of tangential channels is selected 
on an order of 2-6. The screw swirl vane should have a length, 

ensuring the curling of the liquid by no less than a 1/¾ turn. With 

a long screw losses of pressure in the injector are increased without 
an essential Improvement in the quality of atomization. 

The cylindrical portion of the injector nozzle should be as short 
as possible. If the length of the nozzle is more than one gauge, 

then the angle of spraying is decreased. Cone angle of the swirling 
chamber at the entrance to the nozzle is accepted within the limits 
of 60-120°. 

In the selection of the pitch between injectors it is necessary 
to originate both from the total number of injectors and also from 

the condition of ensuring the rigidity of the wall of the head. Here 

the value 4/f<a,7& where dp - dimensional diameter of injector, 
t - pitch between injectors. 

Swirl Injectors in the same set should have expenditure 

characteristics with an allowance of no more than 3-51. Therefore 
injectors are manufactured according to the 2nd or 3rd class of 

accuracy. Based on productivity injectors of one component are 

split into groups. Injectors, included in different groups, differ 
in productivity and angle of flame. Productivity of peripheral 
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injector, of combatible for the formatier of a «all layer la uauallv 

203S)(,« nrt'r Pr0dUCtlVUl' 0f lnJe0t0r3 ln the «"!«• of the head by' 

oTthe he d 3,°f 0XMl2er "hlCh are Set ln the PTlpher.1 portion 
f head, are alao made with reduced productivity in order to 

decreaae eroaion of the ahroud of combuatlble. 

In the center of the head in moat caaea the injectera of one 

Ô mZe rV“" Pr°dUCtlVlty- baaed on condition, 
lit ? *" d,terBlnM -P-l-ntally, injectera of aeparate 
concentric rowa can have productivity which différa by 25.50*. 

e.rt.rrl lnJeCt0rS a” ra<,,le fr°m or alloy ateela, and in 

ationaMl I” br0n“ and C0PPer' DUe t0 technoloelo«l conaider- atlona the awlrllng chamber is more frequently made open. The 
bottom of the injector can be flared or soldered. 

12*3, Construction of Coabuatlon Chambt»»« 
ana Nozzles —-~ 

Combustion chamber, and notzlea are b.alc.lly made double-walled. 

ImIT* °aaeS aln*lM4Ue<1 th'-«-“aUed conatructiona find 
of MU °nbln*<i 00n,truetl°'‘* possible when separate parta 
of the chamber or nozzle which la accepted on the whole aa a double- 

lied construction can have one or three walls. All these 
distinctions are determined basically by the accepted system for 
oollng or thermal protection of the vails. 

and el simplest are .ingle-walled chambers! they can be uncooled 
and cooled. In the event of a abort duration of operation of the 

"tr w then”al balanC* S0’!etl"e8 sl"*l-«»ned chambers with capacity cooling are used. 

A considerably longer duration of operation is ensured by 
app ylng on the wall heat-insulating coverings made from refractory 
material, or material, with low thermal conductivity. Then the wan 
preserves a relatively low temperature and its carrying capacity does 

insulati ply t0,,*r<l the *nd of °P®ratlon of the engine. Heat- 
naulatlng coverings used are ceramic and are applied directly on 
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the »Ul. Application of heat-lnnulatlnir covering!- In retain ca. cc, 

for example, during ehort-term operation of an enElne with a lo» 

temperature In the combustion chamber, can give caving In weight 

up to 25-30* aa compared to a system of external cooling. Especially 

expedient Is the application of coverings for the prot ;tlon of 

Jingle-walled uncooled attachments on the outlet section of the 

nozzle, where the wall does not carry considerable load from the 

forces of gas pressure. Such uncooled attachments am made from 

light alloys on the basis of aluminum or titanium, and also from 

copper. It Is necessary to note that In separate cases single-walled 

nozzle attachments made from titanium or niobium alloy possess 

sufficient strength during removal of heat Just by radiation and do 

not need a protective heat-insulating covering. 

Application has also been found for constructions of combustion 

chambers and nozzles with the heat-lnsulatlng covering forming 

during the process of operation of the engine. If a single-walled 

chamber 1. made from fiberglass which Is Impregnated with phenol or 

epoxy resins, then heat-lnsulatlng coverings do not have to be 

applied. During heating the binding substances of fiberglass, which 

are burned, are carbonized, thus forming on the surface of the wall 

which is turned to the combustion chamber a covering which conducts 

heat poorly and ensures the preservation of mechanical properties • 

of material in the nonburning layer;;. 

In the construction shown In Pig. 12.8 the chamber Is formed from 

fiberglass with nondlrectlonal location of fibers. The thick-walled 

body of the combustion chamber Is rigidly connected with a metallic 

lange, with the help of which the body of the chamber Is attached to 

he head by acre»,. Sealing Is achieved with the help of a grooving 

Jo .it. The best mechanical properties under the Impact of a gas 

load are possessed by a body of a combustion chamber which Is made 

from narrow fiberglass tape with a directed arrangement of fibers 

and which in the process of winding Is fitted by the rib to axis of 
the chamber. 

The walls of the chamber 
can be protected from heating, as in the 
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construction shown In Fig. 12.7, with the help of on erosion liner 4 

nade from silicon tissue Impregnated with phenolic resins. he ne 

with a clearance enters Inside the aluminum body of the combustion 

chamber from the side of the divergent section of the nozsle. The 

radial clearance between liner and bod, is filled with Insulating 

material. Attached to the nonzle flange of body on bolts Is the 

uncooled nozzle attachment 6 with ribs for rigidity on the outer 

surface. 

cooled single-walled chambers can be with Internal channels 

and without channels. In the first case the conbustlon camber and 

nozzle are thick-walled with Internal drilled and relatively sparsely 

located channels. For facilitation the chamber can be made from 

aluminum alloy. A deficiency of such a construction Is the difflcu 

of making channels Inside the walls on the narrowing and «vergeht 

section of the nozzle. Here is required either a greater thickness 

of wall for the possibility of drilling a long channel which is 

slanted with respect to the axis of the chamber or the manufacture 

of a nozzle from separate short sections. 

The simplest way of cooling a single-walled combustion chamber 

is by locating it directly in the tank of one of the fuel components, 

in the construction shown in Fig. 12.16 the combustion chamber and 

inlet portion of the nozzle are placed in the tank for the combustible. 

For directed movement of the coolant the chamber is separated from 

the tank by a thin-walled nonpower housing 3. Such construction s 

applicable if the engine has comparatively low thrust and the 

diametrical dimensions of the aircraft make it possible to place the 

tank around the chamber of the liquid propellant rocket engine. The 

wall of the combustion chamber can be practically relieved of ^ 

action of forces of gas pressure when, as in the examined construction, 

cylinder feeding of fuel is used. 

Double-walled constructions are used in those cases when the 

chambers have regenerative cooling. They differ by types of 

connections between the walls and forms of channels for external 

cooling. Double-walled chambers can be completely without power 
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Pig. 12.]6. Liquid propellant 
rocket engine with combustion 
chamber, located inside the fid 
tanks 1 - wall of nozzle; 2 - 

fuel tank; 3 — casing; 4 - 
inner wall of combustion chair.ter; 
5 - outer body of tank. 

» 

- 

connections between the walls on the section between the head and 

nozzle, with sparsely located and thickly located and thickly located 
connections. 

Double-walled chambers without Intermediate connections (see 

Pigs. 12.12 and 12.1¾) can be made with small diameters of combustion 

chamber, and also with low pressures in the chamber and a temperature 
of the inner wall of an order of 250-^00°C. With such temperature 

conditions an inner wall with a thickness of 2-5 mm possesses 

sufficient rigidity and is able without a loss of stability to 
sustain the load from forces of pressure of the liquid coolant and 

gases. The outer wall, having still more favorable temperature 
conditions, is also able to take up the load from the forces of 
pressure of the liquid coolant. 

The inner and outer walls in such a construction are connected 

with each other through the head and near the edge of the nozzle, and 

sometimes additionally at the end of the combustion chamber. Due to 
difference of temperatures of the inner and outer walls their 

lengthening during working conditions are different. For relieving 

the inner wall from temperature stresses, caused by difference of 

longitudinal temperature deformations, on the outer wall a corrugation 
compensator can be used or the deformation of ring headers for 
feeding of coolant can be used. 

Under working conditions radial deformations of the wails of 
the chamber are also different; due to this there is the possiblity 

of a change of clearance between the walls and impairment of conditions 
of cooling. For the purpose of ensuring the minimum value of 

I 

» 
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clearance rods are welded to one of the walls, or the change In the 

gap Is limited, as in the constructions shown in Figs. 12.12 and 

12.14, by the height of the ribs. 

Figure 12.17 depicts a double-walled construction of the exit 

section of a nozzle which is cooled by gas arriving from the turbine 

of the turbopump assembly. These gases create additional thrust when 

escaping through openings 6. 

Fig. 12.17. Exit section of nozzle which 
is cooled by gases tapped from the turbine 
of the turbopump assembly: 1 - collector 
of gas; 2 - window; 3 - outer wall of nozzle; 
4 - inner wall of nozzle; 5 - nozzle ring; 6 - 
opening for exit of gas from system for 
cooling of nozzle. 

Application of a construction without a connection between the 

walls, which technologically is very simple, is possible for combustion 

chambers of engines with little thrust or for steering and auxiliary 

engines and at chamber pressures of 15-25 kgf/cm2. Development of 

liquid propellant rocket engines accompanied by an Increase of 

chamber diameter, combustion temperature, and pressure, made it 

necessary to switch to a construction at first with sparsely disposed 

and then with densely disposed connections. 

» 

Sparsely disposed connections are realized in the form of rigid 

rings, connecting the walls which promotes a decrease of deformation. 

Furthermore, near the rings the inner and outer walls work jointly, 

which increases the overall carrying capacity of the chamber. On 

sections between connections for relief of temperature stresses, 

which appear due to difference of longitudinal temperature deformations 
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of walls, annular compensators are placed which serve simultaneous!,/ 

as additional ribs for rigidity. 

Such a type of construction is applicable at a wall thickness of 

an order of b mm and more, comparatively low wall temperatures, 
and pressures in the chamber of an order of 25-30 kgf/cm2. In'a 

weight ratio constructions with sparsely disposed connections are 

unprofitable. i 
I 

The lightest and most reliable constructions are those with 

densely disposed connections, found so close to each other that the 

action of excess pressure of liquid coolant does not cause any 

noticeable local sags of the wall and efficiency of the chamber is 

determined only by the carrying capacity under the impact of forces 

of pressure of gases and axial force. The walls are connected with 

each other by welding or soldering. 

With a welded Joint on the outer wall point or solid blanks are 

realized. Point blanks can be round or oval with the large axis 

directed along the generating line of the chamber. Spot 

welding is conducted at the sites of blanks. However, in the event 

of very thick walls the blanks block the route of liquid coolant and 

do not permit connections to be situated sufficiently close. 

oolid blanks under seam welding can be arranged depending on the 

accepted method of circulation of liquid coolant - along the 

^ generating line of the combustion chamber and nozzle or on a spiral, 

as in the construction shown in Pig. 12.18. With a multiplethread 

screw connection there is an increase in the length of contact 
• j 

surface of the walls as compared to longitudinal connections, which 

promotes an increase of rigidity of the chamber and strength of 

connections. 

I 
i 
, j Increase of gas pressure leads to the necessity to considerably 

decrease the distance between connections, which is possible in 

soldered constructions. For soldering hard solders are used. 

Solders are applied preliminarily on the surface to be soldered. 
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Fig. 12.18. Chamber of liquid 
propellant rocket engine with 
connection of wall by welding 
on helical blanks: 1 - injector 
face; 2 - erosion liner made 
from refrazila; 3 - inner wall 
of chamber; 4 — ceramic nozzle 
liner; 5 - outer wall of chamber 
6 -- uncooled portion of nozzle; 
7 - helical blanks. 

Soldering is done in a furnace. Hard solders have a melting point up 

to 1500°C. With an operating temperature of 500°C at the site of 

the connection permissible stresses on the soldered seam comprise 

up to 8 kgf/mm , and at a temperature of 700° - around 1 kgf/mm2. 

Soldered constructions are made with ribs and of the tubular 
type. 

The simplest construction is with the soldering of ribs which 

are set flush from one of the walls, for the most part from the inner 

(Fig. 12.19), to the other wall. Ribs on the inner wall are 

machined. They can have variable spacing over sections of the 

chamber and nozzle and are disposed along the generating line or 

along a spiral. For simplicity the ribs are made with a rectangular 

profile; their thickness should be the least permissible by techno¬ 

logical resources. For reducing obstruction of the route for the 

liquid coolant and lowering the weight the ribs can be formed with 

thin-walled pressed profiles, which then are either soldered to both 

walls or are welded to one wall and soldered to the other. The 

difficulty of creating such soldered constructions, where the seam 

is inside the cooling cavity, lies in the necessity to ensure a 

smooth seam surface and to prévent the flowing of solder into the 

channels of the Jacket. Free of this technological deficiency are 

soldered tubular constructions, for which seam is on the outside of 

the cooling channels. 

Tubular chambers (see Fig. 12.1) are made from separate thin- 

walled tubes, placed along the generating line of the combustion 

chamber and nozzle, and sometimes along a spiral line. Tubes (Fig. 

12.20) have rectangular, oval, or U-shaped section. In the 
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Pig. 12.19. Soldered connection of walls of a chamber 
with ribs: 1 - outer wall; 2 - inner wall with ribs. 

Fig. 12.20, Tubes of combustion chamber and nozzle: 
1 - tubes of combustion chamber and nozzle; 2 - shortened 
tubes of nozzle; 3 - feeding of component to shortened 
tubes; 4 - triangular window for feeding of gas from 
turbine of turbopump assembly to nozzle. 

nQnsylindrical section of the combustion chamber and nozzle the area 

of cross section of tubes is variable. At relatively small expansion 

area ratios of combustion chamber and nozzle, the nozzle also can be 

formed from one and the same number of tubes. The number of tubes 

Is selected so that each tube occupies an arc with a central angle 

of 0.75-1.25°. At large nozzle expansion area ratios with such an 

angular pitch on a nozzle section the tubes have to be strongly 

flattened, which is technologically difficult. Therefore in such 

cases combined constructions are used, when some of the tubes passes 

along all the generating line of the combustion chamber and nozzle 

(tube 1), and between them on the expanding section of the nozzle 

one or two shortened tubes 2 are placed. The tubes are soldered on 

lateral adjacent surfaces. The soldered seams receive a very 

considerable load from gas forces which are striving to disrupt the 

chamber along the generating line. For ensuring proper strength it 

is necessary to use strengthening elements. Such elements can be 

external housing, bands, or solid winding. 

With a thick-walled metallic housing the weight of the chamber 

is increased considerably. Therefore more frequently separate 

! 
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strengthening bands are used which are located almost next to one 

another on the combustion chamber and nozzle throat and with greater 

intervals on the expanding section of the nozzle (see Fig. 12.1). 

In separate constructions they use a winding on the outside of the 

tubular chamber with wire with a square cross section, which can be 

impregnated with binding epoxy resin. Instead of wire they also 

use a covering of fibreglass with a directed arrangement of fiber. 

Specific conditions of cooling can also lead to the use of a 

three-walled tubular chamber (Fig. 12.21). In it through the inner 

series of tubes 2 the liquid coolant flows from the head to the 

nozzle section, and through the outer series 1 — in the opposite 

direction. Sometimes, for example in the construction shown in 

Fig. 12.1, a system of cooling is used in which through one of two 

neighboring tubes the liquid coolant flows from the head to the 

nozzle, and through the other - in the opposite direction. 

Fig. 12.21. Three-walled 
chamber: 1 — tubes of outer 
series; 2 — tubes of inner 
series; 3 - entry of fuel; 
4 - main fuel valve; 5 - 
head of engine. 

With a tubular construction it is comparatively simple to 

realize admission into the chamber of exhaust gas from the turbine 

of the turbopump assembly for the creation of additional thrust 

(Fig. 12.22). Windows for admission of gas have a triangular form 

and are formed in that section of the nozzle, where between the main 

long tubes 1 the shortened tubes 2 (see Fig. 12.20) are inserted. 

A chamber with regenerative cooling can have heat-insulating 
t 

covering in those cases, when heat capacity of the coolant is . 

insufficient and there is no internal cooling, and also If fuel with 

a very high combustion temperature is used. 

? 

Walls of the chambers for the most part are made composite and 

are connected by longitudinal and transverse seams; less often 

I 
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Fig. 12.22. Chamber of liquid propellant 
rocket engine with admission of gases from 
turbopump assembly into the nozzle: 1 - 
head of chamberj 2 - feeding of gases from 
turbine of the turbopump assembly; 3 - 
feeding of combustible (liquid hydrogen); 
^ - annular collector for Joining one inlet 
and two return tubes. 

seamless chambers are used. Walls of cylindrical combustion chambers 

are welded from sheet material. Entrance section of the nozzle up to 

the critical section is usually stamped, Just as a profiled nozzle. 

It is convenient to locate the welded seam of the entrance and exit 

sections of the nozzle in the critical section. For greater strength 

^uch a seam, and also longitudinal and transverse seams of the inner 

wall, are forged, and their surface which is turned to the gas flow 

is ground. 

Thickness of the inner wall of the chamber is determined by 

conditions of cooling. In engines with high thermal intensity the 

thickness of the inner wall comprises approximately 0.8-2 mm. 

Thickness of the outer wall, due to conditions of required carrying 

capacity and depending on operational load, temperature, material, 

and permissible radial deformations, has greater dimensions. 

Inner walls are made from heat-resistant steels or alloys or 

from materials with high thermal conductivity, for example, from 

copper, bronze, or aluminum. Outer walls in the case of small 

relative loads can be made from low-carbon or heat-resistant steel, 

and with large loads - from highly durable materials. 

Thicknesses for the walls of tubes are of the order of 0.2-0.4 mm 

materials for tubes are steel and nickel, and aluminum alloys. 
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12.Systems for Cooling the Chambers of a 
Liquid Propellant Rocket Engine 

Elements of the cooling systems include c< nectors, bringing in 

and taking out the coolantt and devices for the directed movement of 

coolant through the clearance between the walls and for internal 

cooling of the chamber. 

Collectors are welded to the outer wall of the chamber. In the 

collector the field of speeds of liquid coolant is levelled along the 

circumference before entrance into the clearance between the walls. 

The coolant is usually fed to the collector through several pipelines. 

At the site of ‘location of the collector which supplies coolant to 

the end of the noezle the outer wall can be absent (see Fig. 12.14), 

it can have a window (Fig. 12.23a), or it can form a deflector, 

directing the coolant to the nozzle exit section (Fig. 12.23b). If 

in the cooling system the liquid moves over some of the channels in 

the direction of the nozzle, and on the remaining channels - in the 

opposite direction, then the feeding collector should be located in 

the front section of the chamber, and at the end of the nozzle - the 

return collector. On the chamber there can be several collectors, if, 

for example, the liquid coolant is supplied at the nozzle, and is 

removed from the coolant passage not directly into the corresponding 

cavity of the head, but through valves or units of the control system, 

when separate elements of combustion chamber and nozzle are cooled 

by different components. 

Fig. 12.23. Diagram of collectors, located 
at the end of the nozzle: a) with window in 
outer wall; b) with deflector, 1 — outer wall; 
2 - window; 3 - deflector. 
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Different methods of removing liquid from the coolim1; 

into the head are shown in Figs. 12.1, 12.^, 12.12, and 12.1^. 

Increasing the area of cooled surface and organization < !' 

movement of coolant in the clearance between the walls is f .ruiered 

by channels which are formed by ribs on the inner or outer wall, 

tubes, rods, or spirals. Rods and spirals moot frequently do not 

enter the power system of the chamber. 

In the majority of constructions the channels are directed 

along the generating line. Spiral movement of the liquid is used in 

those cases when it Is necessary to extend the path of the cooler 

over the clearance. During movement along a spiral channel, due to 

the action of centrifugal forces there is a separation of coolant: 

liquid particles are rejected to the periphery, and the vapors 

formed accumulate at the hot Inner wall, which worsens heat with¬ 

drawal from it and can lead to burnout. 

7'he size of the clearance between walls (area of channels) is 

determined by the speed of the coolant during calculation of the 

cooling system. In engines which have been realized, at the nozzle 

throat speed of the coolant reaches 25-30 m/s, and near the exit of 

the nozzle 8-10 m/s. When liquid oxygen is used as a coolant speed 

at the nozzle throat can reach 200 n/s and more. Clearances of less 

than 2 mm are difficult to achieve during normal construction of a 

chamber. When liquified gases are used for cooling the clearance can 

be Increased. 

If the coolant is chemically active in respect to the material 

of the channels, then protective coverings are applied to surfaces 

over which it flows, for example, parkerizing is carried out. 

Coverings are especially necessary in engines which are reusable. 

12.5. Starting Devices 

For starting engines on nonhypergolic components chemical, 

pyrotechnic, and electrospark ignition are used. 
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iutIn, cnemlcal ignition of nonhypergollc components the basic 

fuel feeding devices are used. During the period of starting ploeline 

from priming fuel system, which is filled with hypergolic components, 

are connected to these devices. After formation of a powerful burning 

flame in the chamber the starting system is disconnected. During 

chemical ignition the chamber does not have any design peculiarities. 

Pyrotechnic Ignition is carried out with the help of explosive 

cartridges. The cartridges can be mounted in the head of the chamber, 

e ng one of its structural elements, but more frequently they are 

located on a special holder which is introduced inside the chamber 

from the side of the nozzle. In this case no limitations are placed 

on dimensions and construction of igniters. After ignition of basic 

components the igniting device is ejected with the flow of gases 

from chamber or remains on the lauching pad. 

Certain peculiarities in the construction of the head area 

introduced by electrical starting devices which are usually placed 

in the middle of the head. Such devices are spark plugs, plug- 

igniters, or two-stage igniters. 

Por creating a spark of high power semiconductor spark plugs are 

used which consist of two concentric electrodes, the insulator 

between which is covered by a layer of semiconductor. Following the 

supply of voltage on the electrodes a current emerges in the semi¬ 

conductor and heating of the semiconductor occurs. At a sufficiently 

high temperature of the semiconductor conditions are created for the 

ionization of the fuel mixture near electrodes, and between them a 

strong spark discharge develops. Periodicity of the discharge is 

of the order of 1 microsecond. 

In a spark plug-injector an easily Ignltable fuel, for example 

gasoline or a mixture of combustible with oxygen, Is blown through ’ 

the discharge between the annular electrodes. 

For protecting the Igniter grom hot gases shielding Is required 

by mews of creating a fuel curtan when the starter Is disconnected. 

For organization of a stale flame source during the entire time of 



operation of the engine and easing the condition.- of 0011-.,: 

dlsengaglng Ignltera are used. 

The nondisengaging Igniter (Pig. 12.24), placed !n the center 

of the head of the engine, consists of two chambers located In 

series: a ..mall one 5 (1st stage) and a large one 9 (2nd -.tage). In 

the small chamber there are spark plugs 4, Injector of combustible 6, 

and Injector of oxidizer 2. Oxidizer Is supplied In a gaseous state. 

Products of combustion pass Into the second chamber and Ignite the 

fuel, supplied after firing up of the first chamber. Tno chamber 

of the 2n.i stage, which Is .>f three-walled construction, Is cooled 

by fuel wnlch Is injected Int> the chamber through Jet injectors 

located both on the head and aJso In several belts on the inner wall 

of the chamber. Oxidizer enters the second chamber through slot 

injector 11. Hor preservation of the ratio of components In the 

starting device regulators of supply are placed in the main lines. 

After cutoff of the engine the igniter Is used for blowing out the 

chambe*’. 

Fig. 12.24. Nondisengaging two-s.tage 
igniter: 1 - supply oxidizer (liquid 
oxygen) to chamber of 2nd stage; 2 - 
injector of gaseous oxidizer of 1st 
stage; 3 - supply of combustible 
(liquid ammonia) to 1st stage; 4 - 
spark plug; 5 - chamber of 1st stage- 
of igniter; 6 - injector of combustible 
of 1st stage; 7 - injector of com¬ 
bustible In head of 2nd stage; 8 - 
supply of combustible to 2nd stage; 
9 - chamber of 2nd stage; 10 - Jet 
injectors of combustible; 11 - slot 
Injector of oxidizer of 2nd stage. 
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¿Specially important in the process of starting is the order of 
entry of components into the combustion chamber, which is determined 
by the properties of components used and the construction of the 

chamber. Fuel during starting should be fed into the combustion 

chamber in a quantity which would avoid explosive accumulation of 
components. No less important also is fuel flow control during 

stopping of the engine. Program of supply during starting and 

stopping (Fig. 12.25) will be selected experimentally and is ensured 
by regulating devices, including main and auxiliary valves of 

components which are mounted in the main lines before the chamber. 

n 11111 
■'•rkin,; of vturt«r un aolid 

I fu»! 
■Slijnai for| ITT ! 
fu*l 

Injoetlun of Of ««in 
nyp*p¿olio r‘*1 vulv* 
fu«l 

l»w Of 
li oxldli« 

valvu 

Slgiiil for 
turi.ii. IT 

'ïmttln,: a r of,* 
min jxidizar 
vUv» 

nuttiiv: off 
lof nain fual 
ly lv« 

^8* 12.25. Diagram of sequence of operations 
during starting and stopping engine H-l 
(United States). 
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CHAPTER XIII 

STRENGTH OP CHAMBERS OP LIQUID PROPELLANT 
ROCKET ENGINE AND VIBRATION OP WALLS 

3-3.1. Load Conditions of Chamber 
Walls and Calculation Scheme 

Load conditions of the walls of combustion chambers and nozzles 

are determined by operating conditions of the engine and power circuit 

of the chamber. In general the most characteristic conditions are 

pressurization, starting, and a steady state of nominal thrust. 

Conditions of pressurization correspond to control tests, 

conducted in the cold, of the airtightness of a double-walled chamber 

with external cooling. In this case in the interwall space the 

liquid coolant is fed under pressure pQn which is established for 

control. Element of a double-walled chamber with densely located 

connections will be loaded from witnin by forces of pressure p , and 

on the outside - by pressure pw of the environment (Fig. 13.1). 

These forces of.pressure cause sags of chamber walls y and y 
H B 

Thickness of the walls should be selected so that no permanent 

deformation appear as a result of sag. As a rule calculation of 

thickness of walls from these conditions is not determining. 

Connections between the walls under conditions of pressurization are 

also loaded. The welded or soldered seam of the connections is 

calculated for break under the impact of the load per unit of length 

of the seam. By this calculation the strength of wall connections 

is checked. 
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Fig. 13.1. Diagrams of load a 
and deformation b of an element 
of a double-walled chamber dur¬ 
ing pressurization. 

Conditions of starting are Irregular, namely: in process of 

starting there are changes In the pressure of gases In the combustion 

chamber, pressure of the coolant, temperature of gases In the 

combustion chamber, temperature of walls, and loads on elements of 

the chamber. It Is possible to accept [53J that In process of 

starting, which lasts for 0.1-0.2 s, the pressure of gases p changes 

in time by an exponential law (Fig. 13.2). One may assure also that 

he pressure of liquid In the system of external cooling, which Is 

g ater than pressure pr, also follows this law. Temperature of the 

wall In the examined section Is changed In process of starting 

by laws of non-statlonary thermal conductivity, since there Is heating 

of the walls of the chamber and liquid coolant enclosed between the 

walls. Due to thermal Inertia the walls are heated more slowly than 

the Increase of temperature of gases takes place In the combustion 

chamber and attain a stabilized temperature In an average of 2-« s. 

As can be seen from Fig. 13.2, only toward the end of starting 

the pressure of gases, and consequently also the load on the walls 

from gas forces, attain maximum value. But by this moment the 

temperature of the walls still has not reached maximum value and the 

strength of the material Is sufficiently great. Therefore the 

conditions of starting do not present a danger from the point of 

view of strength of the chamber. This pertains also to that case, 

when In process of starting there is the possibility of a surge of 

pressure pr higher than the value corresponding to normal rating. 

After termination of heating of the walls when the chamber 

Is already brought to conditions of nominal thrust, temperature 
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Pig* 13*2. Change oí* presser, 
of gases pr and average tem¬ 

peratures of outer t and inner 
H 

tB walls in the process of 

starting and heating. 

loads also attain their maximum value. Therefore determining for 

the strength of the chamber are conditions of nominal thrust after 

termination of heating of the walls when their average temperatures 

obtain maximum value. 

During calculation for strength the following basic assumptions 

and calculation scheme. 

The walls of the chamber are viewed as an axisymmetrical shell 

of relatively little thickness, therefore stresses based on thickness 

of wall can be considered constant. Gas load is accepted as 

axisymmetrical and constant in time. The temperature field of the 

shell is also axisymmetrical. Strength properties of the material 

of the walls are taken as corresponding to their average temperature. 

In a number of cases high heating, accompanied by a change of 

properties of the material, leads tc the appearance of plastic defor¬ 

mations . 

It is assumed that from moment of starting active deformation 

in the walls of the combustion chamber takes place. During repeated 

startings there is an accumulation of plastic deformations. Calcula¬ 

tion of this phenomenon can be performed by methods expounded in 

[53]* 

The walls of the chamber are loaded in circumferential and 

axial directions, which corresponds to their plane stress. 
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The calculation scheme for a two-walled cylindrical chamber of 

a liquid propellant rocket engine Is shown In Pig. 13.3. Lengths 

of edges of the element with a central angle are accepted as equal 

to a unit. Acting on the edges of the element in an axial direction 

are loads Px. In this case being specific loads. In a circumferential 

direction specific loads are designated by Py. 

Fig. 13.3. Diagram of load of 
an element of a double-walled 
chamber. 

In a calculated section of the chamber axial force X is acting. 

Value of X is determined by the curve of distribution of axial 

forces along the length of the chamber (Fig. 13«^)• 

Fig. 13.4. Curve of axial 
forces of a liquid propellant 
rocket engine. 

Acting on the element from within is a load, which is numerically 

equal to the pressure of gas in the given section of chamber pr 

and which is directed normally to the surface of the element. In 

the clearance between the walls with a height h there is a liquid 

coolant with pressure pw. Load on the wall from forces of pressure 
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of the liquid is numerically equal to pw and is also directed normally 

to the surface of the wall. 

The connections between the walls we do not consider loaded 

either with circumferential or axial loads. This assumption goes 

into the safety factor. 

Subsequently all values of forces, deformations, and stresses 

relative to the outer wall we will designate by the supplementary 

index "h", and for the inner wall we will take the index "b". 

By planning all the forces acting on the element in the direction 

of normal, conducted through its middle, we obtain 

1+2^-1-»In »InÄ. i+2P#f »In . i. 

In view of the smallness of angle d^ we take *ln(rff/») «.rff/SL 

Then we obtain the first condition of equilibrium of the element 

Designating stresses on the edges of walls of the element 

a 0*0,0 and disregarding, in view of smallness of clearance 
wy* ay* hx* bx 

h « R, the value p h, we obtain 

A-*#. (13.1) 

During action in the calculation section of the chamber of 

axial forca X the specific load per unit of length of cross section 

comprises X - X/2.R. Then the second condition of equilibrium has 

the form 

Hence, just as earlier, by disregarding the value pwh and 

expressing force through stresses, we obtain 

(13.2) 
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We will designate k ■ X/prR. 

Value k characterizes the ratio of axia^. load per unit of length 
of section of chamber to circumferential specific load. Then 

expression (lj.2) gives 

(13.3) 

Equations of equilibrium (13.1) and (13*3) are conveniently 

presented in the following form: 

-^|— S.-K. (13.H) 

(13.5, 
Value p (R/6 ) is called the parameter of circumferential gas 

r* Q 
load. 

13.2. Relationships Between Stresses and 
Deformations of a Double-Walíed, Working 

in an Elastic Plastic ReoAon 

In the presence of rigid connections between the walls of the 

chamber it is possible to consider that full relative deformations 
of both walls in each of the directions - axial and circumferential - 

are identical [53]. Consequently, the following equality take place 

(13.6) 

where index "n” designates full relative deformations. 

Pull deformation of a wall of the element is composed of 
relative deformations from corresponding stresses (oHy and omX or 
o and o ) - force deformations, and temperature deformations. ■y ex 
Let us designate deformations from stresses ohx, oHy, oBX and oBy 
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respectively by eMX, eHyi tBX, and cBy. Temperature deformations of 

the walls we will designate by eM^. and eBt. Temperature deformations 

are determined by the dependences: 

Hi“ V«; J 
Hi“V»* I (13.7) 

where $H, Bb - coefficients of linear expansion of wall material at 

their assigned temperature; t, t - average temperatures of walls. 
ri D 

Consequently: 

where c°y, c°x, eBy, cBX - force deformations in walls. 

According to the designations accepted earlier 

“*•*”**■ jr 

where m - Poisson's ratio, depending on nature of deformation of 

wall. During plastic deformations m ■ 0.5. 

As a result we have 

J (13.8) 

Prom here it is possible to obtain the connection between force 

and temperature deformations of the walls. 

(13.9) 

A plane stress is characterized by intensity of stresses 

connected with stresses ox and oy by the relationship 
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(13. in) 

here the re aMve (leform«» 1 .'t> of the element la characterized 
by Intensity of u*formations 

‘«•/‘l+ii-v». U3.ll) 

During tests of material In a uniaxial state of strain at Its 

assigned temperature a diagram of deformation is obtained (Fig. 13.i>). 
For a case of plane stress tne same diagram of deformation is taken, 
but plotting on its axes not a and e, but and c^. 

Fig. 13*5. Diagram of defor¬ 
mation of material. 

In the plastic region the connection between stresses and 
deformations by analogy with the elastic region is expressed through 
the Intersecting elastic modulus £*: 

and 

In reference to a double-wa)led shell we have 

*■ • “ )^17+*¿7“ W»#: 
A* 

(13.12) 
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where ch1, tal, _ intensity of deformations of outer and Inner walls 

These values of Intensities of deformations make It possible on 

the curves of deformation to determine the Intersecting moduli of 

materials of the outer and Inner walls UJ and E', and further by the 

(13.13) 

to determine also the mean values of stresses in 

chamber. 
the walls of the 

13.3. Calculation for Strength 
of Double-Walled Chambers 

Strength calculation of a double-walled chamber la preceded 

by Its thermodynamic and gas-dynamic calculations, selection of 

wall material, and calculation of cooling system. As a result of 

these calculations the geinetrlc dimensions of the chamber In a 

calculation section, dl.t^utfbn of «lai «d circumferential loads, 

« g t of the Interwall channel h, pressure of liquid coolant, 

average temperatures of outer and Inner walls, and thickness of 

inner wall are known. 

During a calculation on strength of combustion chamber stresses 

and deformations In the wall, are determined, and .1,0 the forces 
having an effect on the connection. 

calculation ia made conveniently by the graphoanalytical method 

ith the use of a generalized graph of state of stress for walls 

of a chamber (Pig. 13.6). The graph constitutes a grid of dependences 

>"sl*t7and (*£-)• eonstructed for several (in Pig. 13.6 - 
for nine) fixed values of full circumferential deformation en 

y‘ 

Community of this graph emanates from the following. During its 

construction only the materials of the outer and inner walls, their 
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Fig. 13*6. Generalized gramil of 
state of stress for the walls of 
a chamber. 

¥ 

/ 

average temperatures t and t , and coefficients k are assigned 

(13.3). One should also know the diagrams of deformation of the 

given materials at assigned temperatures, and also coefficients 

of linear expansion ß and ß . 
M B 

Thus, it is possible to use this graph for calculation of 

strength of chamber walls for a liquid pyoppllant rocket engine 

with various pressures of gases pr, thicknesses of walls, and 

absolute radial dimensions during condtions stipulated above. 

Order of construction of the generalized graph is the following. 

Based on known t , t , b , 3 temperature deformations of the 
H B H L 

outer and inner walls are determined. 

Further several, for example m, values of full relative 

circumferential deformation c^. are assigned where J takes values 

1, 2. . . m. It is possible to recommend that be selected 

lying within the limits Hi<•£,<•;.. where ••i+BUii-Sil+O.on. 

We assign n values of relative deformation of the outer wall 
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cHyk, where k - 1, 2. . . n. 

Calculation is conducted for each pair of values (ej^, eHyk) 

in the following order. 

Prom first equation of system (13.8) based on known cjj, eHyk 

and tH^we find cHX. Prom equation (13*9) based on known €wy» CHX» 

£st* CHt* We determ^ne eBy Csx* Further on 
formula (13.12) eh1 and eBl are determined, and based on diagrams 

deformation - intersecting moduli of materials of outer and inner 

walls e' and E*. According to expression (13.13) effective stresses 
H B 

a . o . o . and o are determined. Putting these stresses and 
w hx ^ ny “ bx 9 By 
value k in equations (13*^) and (13*5)» we find pr(R/6§) and 

corresponding to assigned eyj and cHyk* ®y carrying out the 

consecutive calculation for all pairs (cyj*» cMyj(^» ** P°88181e 

to construct a generalized graph of chaunber stress. 

With the help of the generalized graph of stress for chamber 

walls it is possible with a known gas load pr, radius of chamber R 

and thickness of inner wall 6 B ( it should be assigned during 

calculation of cooling the chamber), to determine the thickness 

of the outer wall 6 , stresses and deformations effective in the 

wall, and reserve of carrying capacity of the chamber. Significance 

of the last value will be explained below. 

Let us assume that from constructive considerations or on the 

basis of design experience with a known pr and 6B the thickness of 

outer wall 6 is selected. Then the rated value (¿H/ÄB)_ ia known. 

» 

By drawing in Pig. 13.6 a horizontal with the ordinate (6^0^ 

on the points of its intersection with curves P»*£“**^ (•*)• data are 

determined for construction of curve of deformation 

shown in Fig. 13.7. Simultaneously in Pig. 13.6 are found the pairs 

of values 6 and til for construction of dependence »■»"•■»(»JK 
ny y 

also shown in Pig. 13.7. In Pig. 13-6 a method ia shown for deter¬ 

mination of a pair of particular values £yj and cHy7» and also the 

value (*£)(. 
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On the curve of deformation characteristic sections are separated 

by points a, b, c, e, and m. At the assigned value of parameter of 

gas load the determinate is the position of calculation point 

r on "the curve of deformation. 

The position of the operating point on a specific section of the 

diagram makes it possible, first of all, to Judge the value of 

possible error in determination of full circumferential deformation 

under calculation conditions with a known value of probable deviation 

of pressure in the chamber from calcu^B^ed, and, secondly, about 

reserve of carrying capacity of the^hamber. 

It is possible to consider that values of corresponding to 

the position of the operating point r on sections ab and ce of the 

diagram, are more reliable than values which correspond to positions 

of the operating point on sections be and em. In cases of location 

of the operating point on sections be and em small deviations of 

pressure of gases in the chamber cause large changes of full circum¬ 

ferential deformation. Therefore during designing one should avoid 

location of the operating point on ti.e-wC sections. As a rule, the 

operating point strives to combine with that section of its diagram 

where the parameter of gas load is greater than on section ab. 

The reserve of general carrying capacity of a double-walled 

shell of a chamber in a liquid propellant rocket engine is what we 

will agree to call, following from work [57], the ratio of a certain 

f 

e 
4 
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limiting value of parameter of circumferential gas load to its 

calculation value: 

Limiting value of the parameter of circumferential gas load 

can be selected in accordance with recommendations contained in 

work [533. The reserve of carrying capacity of the chamber, depending 

on temperature regimen of the walls and pressure of gases in the 

chamber, can be within the limits n ■ 1.5-2.5. 

If the reserve of carrying capacity at the given thickness of 

the outer wall Is less than the shown values. It Is necessary to 

assign a larger value of (^/6^ and to construct a new deformation 

diagram for the chamber. With a position of calculation point, 

satisfying the necessary reserve of carrying capacity n, the pllr of 

values UHy)p and (cy)p Is determined by the method shown In Pig, 13,7. 

Based on these values In the order described above components 

of deformations and stresses In the walls of the chamber are deter- 

Thls calculation of the strength of double-walled chambers gives 

values of deformations of walls without considering the Influence 

of forces of pressure of liquid enclosed In the clearance between 

them. During derivation of basic calculation relationships It was 

assumed that forces of pressure of the liquid coolant are Internal 

and do not exert an Influence on deformation. In reality with a 

dense distribution of longitudinal connections In a double-walled 

chamber sags will be formed In the walls between the connections. 

The presence of connections exerts an Influence on the form of wall 

in the case when connections are loaded. 

The extent of local sags in the walls of a chamber is determined 

for example, by the method expounded in work [53]. 

For determination of load which has an effect on the connection 
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let us examine the equilibrium of an element of the outer wall with 

discarded connections (see Fig. 13.3) snd substituted linear loads 

z. The action of n connections can be replaced by conditional 

pressure p : 
C B 

111 

where 

z-S-l,,«-/’..). 
It 

If the connection between walls is realized with the help of 

spot welding [53], then the force on each point 

PmPc*F». 

where F — surface area of shell relative to one welded point. 

If points are uniformly distributed over the surface of shell 

S and their number is equal to i, then 

With linear connections of the welded seam type or soldering 

on the ribs one can determine the fores q^ which is exerted on a 

unit of length of seam: 

where L - total length of seams on surface S. 

The forces found on a connection are compared with destroying. 

The comparison should be conducted only in those cases, when the value 

of p is positive. If PCB is negative, then this means that under 

given operating conditions of a chamber its walls"are not detached 

from each other, but are pressed together. This can occur due to 

the fact that at comparatively small forces of pressure of gases a 

considerable expansion of the inner wall from heating takes place. 
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Hence, in particular, it can be concluded that one of the most 

dangerous conditions for the strength of connections is pressurization 

of the engine. 

13*^. Vibrations of Chambers of 
Liquid Propellant Rocket Engines 

As it was shown in Chapter VI, in chambers of liquid propellant 

rocket engines low-frequency and high-frequency vibration» of gas 

can develop. These vibrations in a number of cases can lead to the 

onset of vibrations of chambers of liquid propellant rocket engines, 

and in the end — to breakdown of the chamber. For an analysis of 

causes of vibration destruction of chambers and development of 

measures for their elimination it is necessary to have knowledge of 

spectrum of frequencies of natural vibrations of a chamber and 

amplitude of variable forces which stimulate vibrations. In 

individual cases vibration of chambers can support intrachamber 

instability. 

Two forms of basic natural vibrations are distinguished: 

axisymmetrical and flexural^ 

During axisymmetrical vibrations the shell is subjected to 

variable compression and expansion while preserving a correct annular 

form of its cross sections, i.e., with preservation of the symmetry 

relative to longitudinal axis (Fig. 13.8). Here along the length 

of the chamber, if one were to consider the shell rigidly sealed 

along the edges, the average surface of the wall is bent in such a 

way that between stops n half-waves are disposed, where n - an 

integar. Points which remained fixed in the process of vibrations 

are disposed over angular circumferences A. Forms of axisymmetrical 

vibrations are named according to number of half-waves respectively: 

with one half-wave along the length — first axisymmetrical form, 

with two — second, etc. Practically dangerous can be the resonance 

vibrations of chambers based on the first three forms of axisymmetrical 

vibrations. 

For determination of frequencies of axisymmetrical natural 
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n • » 
a) 

Pig. 13.8. Forms of axisymmetrical vibrations 
of the wall of a cylindrical chamber of a 
liquid propellant rocket engine: a) first; 
b) second; c) third. A - angular circumferences. 

n» Z 
b) 

n*3 
c) 

vibrations with n half-waves of thin-walled cylindrical shells 

with length L, radius R, and thickness of wall 6, it is possible 

to use [9] the formula: 

<13.1*0 

where 

(13.15) 

(13.16) 
ë» 

(13.17) 

With sufficient accuracy for practical purposes the frequencies 

of axisymmetrical vibrations of a double-walled cylindrical chamber 

of a liquid propellant rocket engine withydensely distributed 

connections can be calculated taking into account the mass of liquid 

coolant, enclosed in the clearance between the walls by the formulas 

(13.1^)-(13.17) under the condition of replacement of values 

E6, 6, and y, included in them by the corresponding given values 

•‘v *7 (vA+vA+VcA.+y«a), 
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where 6 - thickness of material of connections which is obtained 
C 0 

with their uniform '’smearing*" over one of the walls of the chamber; 

h — height of interwall channel for liquid coolant taking into 

account its obstruction by connections; E , E — elastic moduli of 

material of inner and outer walls with their corresponding average 

temperatures; yd» Y^» YnQ» yw ~ densities of material of walls, 
B H U D m 

connections, and liquid coolant. 

As can be seen from expression (13.11*), the frequency of 

inherent axisymmetrical vibrations does not depend on the value of 

excess pressure acting on the wall. 

During flexural vibrations the wall loses its annular form 

in a cross section. It is bent and fluctuates near a position of 

equilibrium of the middle surface, having several (but no less 

than two) pairs of fixed nodes of vibrations (Pig. 13*9). Points 

which remain fixed in the process of vibration will form nodal lines 

disposed along the generating lines of the chamber. The form of 

flexural vibrations is characterized by the number of waves q, 

packed along a length of circumferences of cross section. The least 

number of waves is qmin » 2. During flexural vibrations on a length 

of chamber several half-waves can be fixed. In a practically important 

frequency range of flexural vibrations on a length of shell one 

half-wave is established, i.e., n ■ 1. 

Fig. 13.9. Forms of flexural vibrations of 
the wall of a chamber for a liquid propellant 
rocket engine: a) with two waves; b) with 
three waves; c) with four waves. 
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Frequency of flexural vibrations depends on excess pressure 

p . Taking into account excess pressure the frequency of Inherent 

flexural vibrations of any of the walls of the chamber in the absence 

of connections between the walls can be detennined [9] by the formula 

_ (1 - „nu X-. f!) + ,(>: (13.10; 
jÄMl-«*) M + f*(l+»») + ♦« 

where 

T_Pm%*R (1 -m*) (13.19) 
T £1 

Values k and X are calculated respectively by the formulas 

(13.15) and (13.16). 

Frequency of flexural vibrations at a given excess, pressure 

depends on number of waves q. For every chamber depending on its 

geometric dimensions at a given excess pressure there exists that 

number of waves q, at which the frequency of inherent vibrations 

turns out to be minimum (Fig. 13.IO). The general nature of 

dependence of frequencies of inherent flexural vibrations on number 

of waves is such that with an increase of q the frequency at fiict 

decreases, and then is increased. 

1*00 

1200 

Pm “I J 

/ 
/ 
/ 

\ d 
/ 

< 

t t j « 5 £ ? g 

Fig. I3.IO. Dependence of 
frequency of inherent flexural 
vibrations of chamber wall on 
the form of vibrations. 

In formula (13.19) internal excess pressure is taken as positive, 

and external - negative. During calculation of the outer wall the 

internal excess pressure is taken as equal to the pressure of the 

liquid in the clearance between the walls. During, calculation of the 

inner wall PM30 * Pwc“Pr and is negative. 

Increase of Internal excess pressure leads to an increase of 

frequencies of inherent flexural vibrations. Conversely, an increase 
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of excess external pressure causes their decrease. Dependence of 
frequencies of inherent flexural vibrations on internal excess 
pressure at a various number of waves q is shown in Pig. 13.11. 

Fig. 13.11. Dependence of 
frequency of inherent flexural 
vibrations of chamber wall on 
the value of excess pressures 
for various forms of vibrations 

At a certain excess pressure PM36 the frequency of inherent 
flexural vibrations of a given form may become equal to zero. This 
means that at a given pressure the shell loses stability with the 
formation of the corresponding number of vja/es. Usually the minimum 
value of PM36tHp corresponds to that number of waves q, at which the 
frequency of inherent vibrations is minimum. 

Frequency of inherent flexural vibrations of a double-walled 
chamber with density distributed connections between the walls is 
determined [9] by the formula: 

^ ^ + + + TV* (13.20) 

where 

'4 

ft* 

•‘-7(VA+YA+Ytt««+Y*A); 

*■-BtJt+ . 

<«.».+£,»■) Ä*’ 
= £it±£ïJL. T — Pmm + P" 

Jb* Jh” moments of inertia of inner and outer walls with their unit 
length relative to the axis passing through the center of gravity of 

the calculation section parallel to the axis of the chamber; 

PBy* pbx* Pny * PHX “ circumferential and axial loads of inner and 
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outer walls under calculation conditions. 

As can be seen, frequencies of inherent flexural vibrations 

depend to a certain degree on value of axial force. With an increas, 

of stresses of expansion the frequencies of natural vibrations tre 
Increased. 

The column of gas in the chamber of a liquid propellant rocket 

engine constitute? an elastic system and has an infinite number of 

frequencies and forms of inherent acoustic vibrations - waves of 

pressure. As was shown in Chapter VI, the basic types of acoustic 

oscillations are longitudinal and transverse. The latter in turn are 

subdivided into radial and tangential. 

During acoustic oscillations of gas based on any form of natural 

vibrations in the combustion chamber nodal surfaces will be formed 

on which the pressure of the gas constant, and surfaces of antinodes 

on which amplitudes of variable pressure reach to the maximum. As 

example in Pig. 13.12 are shown diagrams of pressure at longitudinal 

vibrations of gas in a combustion chamber with a nozzle, which can 

be reduced to a certain equivalent tube: Length of equivalent tub- 

l3 is taken equal to the distance from head to a section, tue ux-t,a 

of which is equal to three throat areas. During low forms of 

vibrations - first and second - antinodes of pressure appear at the 

head of the chamber and the nozzle. 

During the action of a variable pressure of gases with an 

amplitude of vibrations Apr in the walls of the chamber forced 

vibrations emerge. They will be axisymmetrical, if the variable 

pressure is uniformly distributed over the circumference of cross 

sections of the chamber. Such conditions are created during low- 

frequency vibrations of pressure and during longitudinal or radical 

forms of high-frequency vibrations. With an equality of frequency 

of disturbing variable pressure of one of the frequencies of natural 

vibrations of the chamber resonance vibrations of the walls develops. 

It is obvious that the best conditions for excitation of forced 
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Fig. 13.12. Equivalent circuit 
of combustion chamber of a liquid 
propellant rocket engine and 
forms of longitudinal acoustic 
oscillations of gases. 

vibrations are created when the greatest share of work accomplished 

by variable pressure will go to rocking of the walls. For this 

during forced axisymmetrical vibrations the diagram of pressure 

for chamber length should repeat the form of natural vibrations, 

i.e., be similar to it. 

The first form of axisymmetrical vibrations can be excited 

during a simultaneous change of pressure over the entire volume of 

the chamber. However, here the frequency of change of pressure is 

low (order of tens of cycles per second), and natural frequency is 

very high (thousands of cycles per second). Therefore forced vibrations 

of this form occur far from resonance. 

Frequency of the first form of natural vibrations can coincide, 

for example, with the frequency of high-frequency longitudinal 

vibrations of gas based on the second form. As can be seen from 

Fig. 13.13» in the central part of the chamber the amplitudes of 

pressure and shift are in one phase, and on the ends of the 

chamber - in a reversed phase. Consequently, on the ends of the 
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Chamber the vibrations of pressure counteract the vibrations of the 

walls. Thus, it may be concluded, that for the appearance of 

resonance vibrations of chamber walls, when amplitudes will increase 

so that they are made dangerous for the strength of the walls., 

besides the basic condition of resonance - coincidence of frequencies 

of natural and forced vibrations, no less important is the similarity 

or proximity in the form of diagram of variable pressure to the 

diagram of sags in the wall during its natural vibrations by the 

given form. These conditions during longitudinal vibrations of 

gas, as was shown above, usually are rarely realizable. 

Fig. 13.13. Diagrams of radial 
deformation of chamber wall and 
pressure of gases along the 
length of the chamber. 

More favorable are conditions of resonance during forced 

flexural vibrations of walls developing from high-frequency transverse 

and tangential forms of vibrations of pressure of gases in the 

combustion chamber, and also during parametric and flexural vibrations. 

Parametric vibrations are characterized by the fact that external 

variable force accomplishes work not on the basic shifts of mass, 

but on its secondary shifts, i.e., when the influence of external 

force is reduced to a periodic change of elastic parameters of the 

system. 

The simplest model of parametric vibrations can be a vibration 

system in the form of vertical strained filament with a mass on 
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middle (Pig. 13.14). If on the filament variable force T ■ TQ + AT 

sin fit is acting and the filament is in an equilibrium vertical 

position, a change of tension of filament does not cause lateral 

vibrations of the mass. If, however, the mass is removed from 

equilibrium by a transverse force, then a change of tension of the 

filament will lead the mass to a position of equilibrium, and then, 

by inertia, to transition through the position of equilibrium, 

i.e., to the onset of vibrations. If tension of the filament 

is increased during movement of the mass to a position of equilibrium 

and decreased during removal from the position of equilibrium, then 

amplitudes of vibrations will be increased. Resonance, which is 

called parametric, can set in. 

Pig. 13.11*. Diagram of para¬ 
metric vibrations of a mass on 
a vertical stretched filament. 

Parametric vibrations also take place in combustion chambers of 

liquid propellant rocket engines. Let us assume that in a certain 

instant the annular form of cross section of a chamber under the 

impact of any disturbance was turned into one similar to elliptic a 

(Fig. 13-15). If at the time of distortion internal pressure reached 

a maximum, the ring starts to be straightened out and, passing by 

inertia a neutral position corresponding to the form of the circum¬ 

ference, again takes the distorted form b. If by this moment the 

internal pressure again reaches a maximum, the phenomenon will be 

repeated. According to set conditions the pressure for the entire 

period of vibrations of the ring reached a maximum twice. This 

381 



will agree to call, following from work [57], the ratio of a certain 

370 

corresponds to maximum transfer of energy of pressure to a vibration 

system. As also in the case of parametric vibrations of a filament, 

variable force - the pressure of gases, accomplishes work on the 

secondary shift of the system, since the bending moment from forces 

of pressure appears only when the cross section of the chamber 

differs from a circular form. Therefore such a vibration mode can 

be related to parametric, and resonance, in the event of its 

appearance, is parametric resonance. 

Fig. 13.15. For an explanation 
of appearance of parametric 
vibrations of a shell. 

Investigations of parametric resonance of different elastic 

systems, which by analogy can include the shell of combustion chamber, 

show that not Just separate resonance states exist, but a whole 

region of parametric resonance [533* If one were to designate 

w and Í2 the frequencies of natural vibrations and vibrations of 

pressure, and Apr the amplitude of vibrations of pressure of gas, 

then it is possible to construct a diagram of parametric resonance 

similar to that shown in Fig. 13.I6. On diagram the three zones of 

parametric vibrations are shaded. The most dangerous is the zone 

where ft « 2u>. In the other two zones the amplitudes of vibrations 

in the presence of damping are small and do not present a practical 

danger. The diagram shows that in shells of a chamber of a liquid 

propellant rocket engine parametric resonance appears if the point 

with coordinates ft/w and Apr/pr fallí' ' ^ ane of the shaded regions. 

In view of the presence of regions of resonance the probability of 

its appearance is increased. An additional condition for the 

appearance of parametric resonance is, as was indicated above, the 

presence of vibrations of pressure of gases in the combustion 

chamber of type of radial or tangential acoustic oscillations, which 

are one of the most characteristic forms. 
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Fig. 13.16. Areas of parametric 
resonance of the chamber wall of 
a liquid propellant rocket engine. 

i 

Combatting dangerous resonance vibrations of shells of combustion 

chambers is usually conducted by constructional means. They can be 

reduced to measures, directed towards either a change of frequencies 

of natural vibrations of chambers or of frequencies of acoustic 

oscillations. Frequencies of acoustic oscillations can be modified 

with a change of geometric dimensions of the chamber or by carrying 

out special measures for decreasing the pulsations of gas. 

Frequencies of natural vibrations of shells depend on the 

dimensions of the chamber, thickness of walls and properties of the 

material. The most probable path of changing frequencies of natural 

vibrations is changing the thickness of the outer wall, inasmuch as 

this is not connected with a change of conditions of cooling a 

chamber with densely distributed connections. In chambers with 

sparsely distributed connections a frequency shift of vibrations can 

be basically achieved by means of changing the rigidity and sites 

of location of reinforcing elements. 

Forced vibrations or parametric flexural vibrations can also 

occur in walls of conical or profiled nozzles. Usually the narrow 

part of the nozzle possesses great rigidity and is hardly deformed. 

Therefore one may assume that in the critical section the nozzle is 

fastened or supported by a hinge on an annular contour. Nozzles 

have the greatest amplitudes at the free end. Nodal lines during 
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flexural vibrations appear along the generating line of the cone 

(Fig. 13.17). In a conical nozzle parametric vibrations can appear 

also. 

Fig. 13.17. Forms of natural vibrations 
of conical nozzle walls of a liquid 
propellant rocket engine: a) first form 
of axisymmetrical vibrations; b) first 
(four-nodal); c) second (six-nodal) forms 
of flexural vibrations. 



For determination of frequencies of axisymmetrical natural 
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CHAPTER XIV 

TURBOPUMP ASSEMBLIES OF LIQUID PROPELLANT 
ROCKET ENGINES 

In a pump feed system a turbopump assembly (TNA) is used as 

the basic unit for creation of pressure. To ensure operation of 

the centrifugal pumps without cavitation a preliminary increase of 

inlet pressure in the pump is required. Increased pressure can be 

created by pressurizing the tanks, i.e., essentially by creating 

pressure feed system of fuel to the TNA or by booster jet pumps. 

Jet pumps can be used 'the basic units of the pump feed system. 

In this case the necessity of having a pressure feed system of 

fuel to the basic pumps is not eliminated. 

In the turbopump assemblies of a liquid propellant rocket 

engine basically there are found axial impulse-type turbines and 

centrifuga pumps. The design of a turbopump assembly of an engine 

with a bi-propellant is shown in Fig. 14.1. The main units of a 

turbopump assembly are turbine A, fuel pump B, and oxidizer pump C. 

The turbine has housing consisting of two halves 2 and 17, a rotor 

wheel 4, nozzle boxes 15 and 16, an inlet header 5, and a gas header 1. 

Subassemblies of the pumps consist of housings 6 and 10, in which 

are carried out the inlet nozzles and diffusers with collection 

chambers and impellers 7 and 11. The shaft of the rotor of the 

turbopump assembly rests on supports 5. For insulation of the 

cavities of the turbine and pumps packing 8, 9, 15 and 14 are placed 

on the shaft. 
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The turbopump assembly in addition has a reduction gear, if 

the number of revolutions of pumps and turbine are not the same. 

The number of pumps in a turbopump assembly may be more than two, 

if the basic fuel components are not used for feeding the turbine 

or if there are required two or more pumps for the supply of each 

component for production of assigned flow rate or pressure. As 

additional devices, a turbopump assembly may have an oil pump for 

systems for lubricating the bearings and reduction gear, a pump for 

supply of the actuating medium to the control system or for controlling 

the aircraft, a powder or electrical starter for starting, a speed 

control regulator for the turbopump assembly, etc. The structural 

perfection of a turbopump assembly and its arrangement, and also 

the rational use of strength properties of the material have an 

essential effect on the perfection of the propulsion system as a 

whole. ' ' 

14.1. Assembly Diagrams of a Turbopump Assembly 

The assembly diagram of a turbopump assembly is basically 

determined by the diagram of its rotor, to which all the revolving 

elements of a TNA pertain: rotor wheels of the turbines, pump 

impellers, shafts and their connecting subassemblies, drives of 

the assembly. Turbopump assemblies are more frequently single-rotor 

and more rarely two-rotor. The number of rotors is determined by 

the corresponding number of turbine rotor wheels having different 

numbers of revolutions. 

Each rotor may have one or several shafts. In the latter case, 

the shafts are connected through a reduction gear (in the reduction 

gear of the turbopump assembly) or connector sleeves. 

The simplest in construction and easiest to assemble are 

single-rotor turbopump assemblies without reduction gears. They 

occur more frequently with two- and four-supports; they rarely have 

three supports. 
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Dual-support rotors are used with relatively ri^id shafts, 

when the mass of the rotor turbine wheel and pumps is comparatively 

small, and consequently there is little shaft sag. Dual-support 

rotors are distinguished by location of the turbine and pump inlets. 

With two pumps the turbine can be located between them or on the 

end of the rotor. 

A turbopump assembly with overhung arrangement with respect 

to the turbine supports and one of the component pumps is shown in 

Fig. 14.1. With such an arrangement feed is facilitated ani, 

especially the elimination of hot gases from the turbopump assembly. 

Such a diagram is especially expedient when one of pumps has a 

bilateral inlet. If both pumps have a one-sided inlet, they can 

be disposed either with inlets inside as on the diagram represented 

in Fig. 14.2a or a pump located on end of the stiaft is made with 

an axial inlet (Fig. 14.2b). In the first case, axial forces having 

an effect on the rotor are easier to balance, and in the second - 

it is convenient to use a pump with a preliminary stage at the inlet. 

Fig. 14.2. Diagrams of turbopump assemblies 
with an overhung turbine: a) pumps have 
inlets inside, b) one pump has an axial inlet. 

With the turbine located in the middle of the rotor, in most 

cases, both pumps are placed with inlets inside (Fig. 14.3a) or 

inlets outside (Fig. 143b). With pump inlets outside the length 

of the shaft is reduced and the conditions for feed of component 

to the pump and disposal of preliminary stages on inlet are improved. 
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The rotor may have only two supports. A disadvantage in this 

arrangement is the necessity of locating the bearings on the rear 

side of the pump impellers, where usually the components have 

increased pressure, if in so doing, the bearings are lubricated 

not by fuel components but by lubrication passed from the oil 

system, or by packed grease lubricant, then it is difficult to 

organize reliable packing, in a rotor made as in the diagram shown 

in Fig. 14.3a, one of bearings is located on the low pressure side. 

I I 

I a) i » b) i 
Fig. 14.3. Diagrams of TNA with turbine in 
the middle of the rotor: a) pumps have inlets 
inside; b) pumps have inlets outside. 

When the turbine is located between the pumps, the component 

cavities are separated more safely and torque is distributed more 

rationally along the shafts of the unit. 

An example of the arrangement of a single-rotor three-support 

turbopump assembly with a radial turbine located on the end of the 

shaft is shown in Fig. 14.4. With such a diagram conditions are 

facilitated for elimination of gases from the turbine, in particular, 

for afterburning in the combustion chamber. 

The construction of a four-support single-rotor turbopump 

assembly is represented in Fig. 14.5. The turbine of the turbopump 

assembly is located cantilever fashion on the shaft of the fuel 

pump, resting on two antifriction bearings. The shaft of the pump 
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for the oxidizer, liquid oxygen, also with dual supports, has plain 

bearings. Each of pumps has its own separate housing connected with 

the housing of the turbine in such a way as to eliminate the mutual 

effect of temperature deformations. With a four-support rotor, in 

the design there is included a coupling to ensure transmission of 

torque, taking into account possible noncoaxiality of the pump shaft 

B) . C) 

Fig. 14.5. Turbopump assembly with four-support rotors 
A) fuel pump; B) turbine; C) oxidizer pump; 1, 8 - covers 
of pump housings; 2, 7 - pump housings; 3, 4 - turbine 
housings; 5 - nozzle; 6 - blocks; 9 - thrust bearing 
bushing with radial ducts; 10, 11 - plain bearings; 

12 - duct baffle. 
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/* diagram of a turbopump assembly with two pumps driven from 

a reduction gear is shown in Fig. 14.6a. The general disadvantages 

of a reduction gear turbopump assembly are complexity of construction 

and the necessity of organization of lubrication and cooling of the 

reduction gear. 

Fig. 14.6. Diagrams of a turbopump assembly: 
a) driving two pumps through a reduction gear, 
b) dual-shaft. 

A two-rotor turbopump assembly may have several variants in 

relative distribution of pumps and supports. They have an advantage 

in simplicity of construction over a reduction gear turbopump 

assembly, but yield to all types of turbopump assembly in simplicity 

of fuel flow control. The absence cf a rigid connection between 

the rotors requires the installation of two speed regulators of 

the turbopump assembly instead of a single regulating unit providing 

a specific number of revolutions of the turbine of a single-shaft 

and reduction gear turbopump assembly. One variant of such an 

arrangement is shown in Fig. 14.6b. 

Selection of a single-rotor, without reduction gear or with 

reduction gear, or two-rotor diagram of a turbopump assembly is made 

based on the possibility of coordinating the characteristics of the 

pumps and turbines. 
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A turbopump assembly may have lean dimensions and weight, 

and also efficiency of pumps and turbines with the neatest permis., nie 

conditions of strength and number of r/min of Us elements. However 

for the pumps. In a number of cases, depending upon the fuel properties 

Dermisr?|lfement ^ ^ ^ the —truet.on, the „mximum ' ' 
permissible number of r/min is determined by condition, of abr 
o cav tatlon at the Inlet. This number of revolutions can be 
determined [47] by the formula 

[ I0y J Jf' 

where p„ - pressure of the component on inlet Into the pump- 
P. - pressure of saturated vapors of a given fuel component; 

■y - density of fuel component; S. - pump capacity; c„ _ critical 

coefficient of cavitation, characterizing the desj of the pump. 

For pumps without special antlcavitatlon devices, = 300-900 
In the presence of the antlcavitatlon devices described below 

can be brought to 2000-2200, and in a case of Installation’in 

front of the entrance to the impeller of axial pump - 5000-4000 and 
nigner. 

It is obvious that value r,„, of the component pumpa in gen, i 
are different. If they differ by less than 20-30«, then it Is 

preferable to use the simplest single-rotor without reduction -ear 

ea^aiT "aT ^ ldentlcal ^ «volutions of pumps and turbine 
equal to the minimum values of obtained for Individual pumpa. 

Selection of.a diagram Is checked against the gas-dynamic 

hlmhU.m ? °f the tUrMne‘ D1*Kra” 18 «^P^le with sufficiently 
and " y’ 01088 t0 ",)nlmum expenditures of working substance, 
and optimum ratio of radial dimensions ,f turbine and pumps. The 

:::::-: ,#Dnd U*htest ls a °e a turbopump assembly with 
lo of - 1.2-1.5, where - average radius of turbine 

.,. - maximum radius of the largest pump (usually the fuel pump).’ 
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If the results of calculation of the turbine do not confirm 
the expediency of using a single-rotor without reduction gear 
diagram, a check is made of the reduction gear diagram with the drive 
of one or all pumps from the reduction gear, a two-rotor diagram 
and, finally, a diagram with a separate turbopump assembly for supply 
of each component. Criteria of advantage of one or another solution 
are simplicity of construction, minimum weight of the turbopump 
assembly, and minimum flow rate of working substance. 

14.2. Design cf Centrifugal Pumps 

The basic elements of a centrifugal pump are the impeller and 
the housing, in individual cases, ahead of the impeller there is 
set the preliminary stage in the form of worm or axial prepump. 
In the design of the pump there is also included the packing of 
the impeller. 

The pump impellers are made closed type and open. Closed 
impellers have vane channels closed at the ends; for open - vane 
channels have open ends. Blades of closed impellers, as a rule 
are bent opposite to rotation [471; for open impellers, the blades 
are radially disposed. 

Impellers of the open type with radial blades (Fig. 14.7) are 
very simple in construction, but their efficiency is below that 
of impellers of the closed type. They are usually made of steel, 
since fin of the blade, not braced at the end by a disk, is subject 
to considerable centrifugal force. 

iz£ 

Fig. 14.7. Pump with 
open-type impeller. 
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Closed impellers can be cast (see Figs. 14.1 and 14.5) or 

assembled (Fig. 14.8). Cast impellers, made from cast alluminum 

alloys, are usually massive. Due to conditions of the technology 

of manufacture, the strength thickness of the walls is on the order 

of 4-5 mm. The basic quality of cast impellers - simplicity in 

manufacture. 

Fig. 14.8. Assembled impellers of pumps of 
turbopump assembly: a) with brazed cover; 
b) with riveted joint of the cover; c) with 
cover Joined by calking in of flanges on 
blades of the impeller; 1 — slit gasket ring; 
2 — impeller with blades; 5 — place of solder-’ 
ing; 4 — cover; 5 — rivet; 6 — calked flanges. 

Assembled closed impellers usually consist of a disk with 

blades 2 and separate cover 4. The impeller and cover are made 

from aluminum alloy or steel. The cover can be stamped, while the 

disk with the blades usually requires machining. Thicknesses of 

the walls of assembled impellers may be considerably thinner than 

for cast impellers, and in individual designs equal 2.5-5 mm. 

The thickness of the wall of the disk is determined by calculation 

based on the strength of the pump. 

$ 

The fastening of the cover to the trades is produced by brazing 

(Fig. 14.8a) or by riveting (Fig. 14.8b), or by calking in of 

flanges, carried out on the blades of the impeller and entering 

breachings of the cover (Fig. 14.8c). Brazed constructions are 

stronger than riveted. Brazing is produced over the entire surface 

of the edges of the blades turned to the cover by solid solders. 
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A riveted connection can be used with sufficient blade thickness. 
With thin blades calking can be used. Calking is technologically 

more complicated, since it requires exact filling of the breachings 
on the cover. 

In the turbopump assembly shown In Pig. 14.9, assembled construc¬ 
tion of impellers is used: the peripheral part of the Impeller 

cover is carried out as a unit with the blades and disk, but rings 
2 and 5 are removable. 

¿toam-íjn supply 

Combustible 
°utl*t to on.’ir» 

Coinustibl# outlet to 
presfurt rs/juttor 

Dmim.’e supply 
from Tufl valve 

“dmir, 

CombustIbis 
dmln 

Steam-gas 
drair. 

Combustible 
Supply 

Impellers; -^ÔÍmV^s?? ?SSembly “if ««'"‘-led 

bUde:e9r gas header o^Âriuïbln^ri^sî^1',^*-«« 

it is possible to ensure favorable conditions for flow of liquid 

te* Tf ’ 88 PrS°Mce shown- usl"e «h impeller with widening 
at the Inlet, which Is achieved either by profiling the Inlet as 

n Pig. 14.10a, or by distortion of the rear wall, as In Pig. 14.10b. 

I. these cases. Inlet pressure In the Impeller Is Increased, which 
prevents cavitation. 

To improve the cavltationel properties of pump by means of 
Increasing the Inlet pressure before tne centrifugal pumps there 

are placed worm screws (see Fig. 14.9) or axial pumpe (see Pig 14 1) 
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The worm screws are most frequently made doucle-screws with 

two-four turns, having angle of pitch of 3-7°. eternal diameter 
of the worm screw Is determined by the diameter of the Inlet to the 
Impeller, while the internal - by design considerations. The sme o 

the Internal diameter of the worm screw, the higher »he antlcat.tat 

properties of the pump. An axial pump has 4-f. blades. Tf condil.ir 

require strength, the blades of an axial pump are shrouded. 

Efficiency of an axial stage is usually 1.3-3 times greater than 

the required efficiency of the Impeller of a centrifugal pump. 

'I C* 

, 1 

Fig. 14.10. Pump impellers of a turbopump 
assembly with widening of the inlet 
a) profiling of the inlet channel; b) distor¬ 
tion the rear wall; 1 — pump impeller; 
2 - floating ring of labyrinth seal; 
3 - deflector; 4 - profiled expansion at 
inlet; 5 - rear wall. 

Liquid pressure forces get a closed impeller including 'he 

clearance between the impeller and the housing. In order to 
decrease the axial force appearing as a result, of difference m 

liquid pressures, and to decrease the flow of fuel from the 
delivery side in the direction of the Inlet, a seal is placed on 

the closed impellers. If the seal from the front and rear side of 

the impeller is set on an identical radius, and the cavity on rear 

side of impeller connects with the cavity on inlet to the pump, then 

the axial force having effect on the impeller will be practically 

equal to zero. 

, Seals may be contact (see Pig. 14.1) or contactless - slot 

and labyrinth (Fig. 14.11). Contactless seals consist of narrow 

annular slots between cylindrical belts on the dish and cover of 
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the impeller and sealing rings rigidly fastened to the pump housing 

(see Fig. 1^.5). A combination of contactless and labyrinth seal 

are free-floating rings (see Fig. 14.10). The ring is pressed by 

liquid pressure endwise against the housing, and leakage through 

the annular slot diminishes because of labyrinth grooves of simplified, 

rectangular profile. Contact seals are made from soft materials 

possessing good antifriction properties, for example, from teflon. 

With contact seals the leakage of fuel from the cavity with raised 

pressure is minimum. Disadvantages of contact seals include 

difficulty in selection of appropriate material for sealing rings 

when using aggressive fuel components, and their short life. To 

ease the operating conditions of the seals on the rear side of the 

impeller sometimes there are made low radial blades, preventing 

motion of the liquid in clearance from the pressure side to the 

seal. 

Fig. 14.11. Types of sealing 
for impellers? a) slot; 
bj labyrinth with lugs; 
c) labyrinth with rectangular 
teeth; d) labyrinth with a 
baffle. 

Torque from the shaft, on the impellers of centrifugal pumps 

or preliminary stages is transmitted through keys or slits. Key 

joints, (see Fig. 14.9) are used with relatively low torques. 

With a key joint the impeller is centered on the shaft. In powerful 

turbopump assemblies slot joints with rectangular or evolvent slits 

are used (see Figs. 14.1 and 14.5). To ensure reliable centering 

push fit of the impeller on the centering belt of the shaft can be 

used (see in Fig. 14.1 centering of a bilateral impeller). In 

individual cases, when the impellers are steel and when this is 

permitted by assembly conditions, the impeller can be welded to 

the shaft or are made as a unit with it. 
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Construction of the housing of pumps depends on the material 

and the method of manufacture. Housings can h»3 divided Into cast, 

welded, and made by machining from a one-piece billet. When this 

is permitted by strength conditions, the housings are mrde by 

casting from aluminum alloys. In similar cases, the pump housinr 

consists usually of two parts: the header housing (collection chamber), 

made as a unit with one of the walls, and a removable cover, which in 

the case of a one-sided impeller is located on the inlet side in 

the pump, if the inlet is external (see Fig. 14.1, pump R, and 

Fig. 14.9)* and on the s*de oi' rear wal1 oi> impeller if the 

inlet is located inside (see Fig. 14.5). 

The cover and housing of the collector are joined by pins or 

screws. To ensure a reliable seal linings are placed in the Joint. 

With high fuel pressures and considerable radial dimensions 

of impellers steel housings are used which are made from castings 

or stampings. Strong axial forces, having an effect on the removable 

cover, in a number of cases require the installation of a large 

number of bolts and considerable thickening of the walls in the 

places where they are set. A weldea Joint, permits decreasing the 

thickness of the wall of the flanges. Welding is produced in 

Joint or by flanging (Fig. 14.12). A disadvantage of welded housings 

is the complexity of working in finishing or repairing the unit. 

Fig. 14.12. Housings of 
pumps: a) with welding 
of the Joint; b) with 
welding by flanging. 

The shape of the inlet part of the pump housing depends 

basically on the selected diagram for the arrangement of the turbopump 

assembly, i.e., on the location of inlets inside or outside (see, 

for example. Fig. 14.3a and c). In the first case, housings are 
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used with a radially located Jnlet duct, in the second — with axial 

or axial with a knee usually at an angle of 90°. 

With radial location of the nozzle, in the design of the 

housing there should be ensured uniform filling of the inlet to the 

impeller. For this purpose in the inlet radial nozzle (see Fig. 14.5) 

there is placed partition 12, lying in the plane of symmetry of 

the nozzle, which divides the flow in two, and the nozzle passes 

into the annular chamber where the flow is levelled by the 

circumference. The inlet in a bilateral impeller is made in a 

similar manner. 

To prevent intersecting the flow approaching the impeller of 

the liquid proceeding into the suction pipe from the seal, on the 

housing is an annular deflector 3 is made (see Fig. 14.10a) which 

directs directly onto the impeller. 

If, according to the conditions of arrangement, at the inlet 

to the impeller located on the end of the shaft there are set nozzles 

with a knee (see Fig. 14.9), then for uniform filling of the inlet 

section of the impeller in the nozzle there can be set guide vanes. 

In the housing of the pumps there are also made sockets for 

seating bearings and placement of the shaft seal, as shown in 

Figs. 14.1, 14.5 and 14.9. 

14.3. Design of Turbines of Turbopump Assemblies 

A turbine, in general, consists of rotor wheels, nozzle boxes, 

housing and exhaust duct for removal of waste working substance. 

In a turbopump assembly basically there are employed gas action 

turbines, in which gas expands only in the nozzle box and the pressure 

ahead of the rotor wheel and behind it are identical. The use of 

impulse-type turbines is explained besides by considerations of 

simplicity in construction by the following. By conditions of 



I 

strength and arrangement of the turi.opurup assembly t ne values of 

peripheral velocities U of Hie blades of the turbines are límite i 

to 250-300 m/s. Exit velocity of the working substance from the 
nozzle boxes of monern turl'lnes is on the order of lnOO m/s arH 

more. The totality of values U and C| determines such values of 

parameter U/c^, with which maximum efficiency can be obtained 

exactly in impulse-type turbines [^7]. Furthermore, turbines, as a 

rule, are made fractional, i.e., with incomplete feed of gas over 

the whole circumference of the blade rim, since with relatively low 

flow rates of working substance the necessary area of nozzle box a^ 

the outlet is considerably less than the blade annulus area of the 

rotor wheel. With fractional feed impulse-type ^urbines are profitable, 

inasmuch as losses in overflowing of gas in unstreamlined flow 

channels are small with identical pressures on both sides. 

Turbines are made mono- and two-stage, i.e., with one or two 

rows of rotor blades. In a two-stage turbine, between the first 

and second row of rotor blades there may be set a nozzle box 
(expansion type) or a stator (velocity stage turbine). In the 
two-rotor diagram with stages of velocity during rotation of rotors 

in opposite directions, a rectifier Is not. installed. 

The rotor wheel consists of a disk with one or two rows of 

rotor blades. In turn, the disk has profiled part and a thickened 

rim to which the blades are attached. With two rows of rotor blades, 

i.e,, with two-rim construction (see Fig. 1^.1 and 14.5) the rim 
is made wide. With great peripheral velocity, according to strength 

conditions such a construction may be Impracticable. In similar 

ij ■ cases they are changed to two-dis< designs. , 

When disk has central opening for the shaft, then at the opening 

there is placed a thickened nave, smoothly changing into the profiled 

part (see Fig. 14.5). In the central part of the disk there may 

be placed collars for bracing the shaft or for centering on the 

shaft, as in the construction shown in Fig. 14.1. 
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The turbine blades are made individually or as a unit, with the 

disk. In the latter case, they are milled with subsequent electro-spark 

machining of the vane ducts. By milling it is impossible to obtain 

optimum profiles both of the blades proper, and also the vane channels 

which leads to additional losses in the turbine; due to this, as 

a rule, blades are made separately. 

Th? blade consists of a profiled part - the foil, and the root 

(Fig. 14.13). The root serves for attaching the blade to the rim 

of the disk. In those cases when lock fastening to the disk is 

used, on the root there is a lock. Sometimes blades are made as a 

unit with a shroud 3, forming a band. 

Fig. 14.13. Turbine blades of a 
turbopump assembly (a) and diagram 
for determination of blade dimen¬ 
sions (b): 1 - root; 2 - foil; 
3 — shroud. 

o 

The turbine blades of a turbopump assembly, for the purpose 

of simplification in manufacture, have constant profile in height. 

The foil of the blade has trough and back. The trough is cylindrical 

with a certain radius rg (Fig. 14.13b). With symmetric profile, 

which is used in most cases, the back in the central part of the 

profile is also cylindrical with radius r^ joined with two rectilinear 

sections leading to the front and trailing edges. The angles 

between rectilinear sections and face planes of the blade rim 

Pin and foi are identical. 
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Blade width b is selec^d based on strength considerations. 

In the designs carried out it Lies within limits of lh-?0 mm and 

more. Thickness of blade edges 6 = 1.0-2.0 mm. Lengths of t.h^ 

rotor blade on front ani trailing edges and may be identical, 

but more frequently they differ. In that case, the cone angle ~) equals 

6-10°. If the Made has constant height, then a length of lead it,g 

edge is selected greater than the height of the nozzle l . Here 
c 

one should consider that i f the height of the rotor bla ies is 

considerably more than that of the nozzles, it may lead to formation 

of stagnant zones in the channels, sucking gas into them, and to 

eddy formation, and, consequently, increased losses. A great, difference 

in heights on front and trailing edges can lead to separation of 

flow and is undesirable. Usually the ratio is within limits 

of 1.2-1.5. 

Blades are set on the disk with pitch t, selected from the 

condition t/b = 0.5-0.7. 

The blades are attached to the disk with or without a locked 

Joint. A Joint without lock is produced by means of welding or 

soldering (Fig. 14.14a). The welded or soldered Joint is constructively 

the simplest. Very high requirements are imposed on seam quality. 

The seam is controlled by X-ray radioscgj^; the external surface 

of the seam is ground. 

Fig. 14.14. Types of Joints of blades with 
turbine disks: a) a welded Joint without lock; 
b) fir-tree lock; c, d, e) T-shaped locks; f), g) 
cylindrical locks; h) lock with triangular flanges. 

402 



A locked Joint ensures transmission of torque and fixes the 

blade under the action on It of axial forces, centrifugal forces, 

and bending moments. Locks are made like a fir tree, or dowels, 

T-shaped, cylindrical, and with triangular flanges on the root. 

9 

Fir tree locks (Fig. 14.14b) constructively and technologically 

are the most complicated and can be used only in a turbopump assembly 

of an engine of great thrust. They work reliably under conditions 

of appearance of plastic deformations in the teeth. 

The most widely used fastenings are T-shaped locks set in 

annular grooves in the rim of the disk. The blades are consecutively 

introduced into the groove through a slot designed for this. 

The last blade is made without a T-shaped lock and is riveted 

(Fig, 14.14c), and in case of identical locking with the remaining 

blades can be fastened with a lateral insert, closing the slot 

(Fig. 14.14d), or to be fitted by a wedge-shaped block (Fig. 14.14e). 

Joints with T-shaped lock are simple and are technological, but 

strength of the lock part of the blade and the lateral part of the 

rim of the disk is insufficient. 

Pin locks (see Fig. 14.1) make it possible to considerably 

reduce the weight of the turbine rim. The pins are inserted in • 

holes Jointly drilled and turned in the root of the blade and rim 

of the disk, and then spread. For a decrease in weight, the pins 

can be made hollow. 

Cylindrical locks in turbines of a liquid propellant rocket 

engine (Fig. 14.14f) according to conditions of location are more 

frequently made with checkerboard location of grooves (Fig. 14.14g). 

A disadvantage in cylindrical locks - low strength of the crosspiece 

between grooves in the rim of the disk. 

Locks with triangular flanges, assembled in annular grooves 

of rim (Fig, 14.14h), differ little in respect to conditions of 

installation and work from T-shaped locks, and although they possess 

greater strength are rarely used. 
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Shrouded blades (see Fig, ere male singly or In sections, 
sometimes including up to 20 blades. The circumferential clearance e 
between ends of shrouds of separare sections equals 0.5-1 mm. With 

individual shrouded blades, the clearance Is taken on the order of 
0.1-0.2 mm. Removable shrouds are male in the form of rings or 

belts, slipped onto the blade rim (sec Fig. V1.9); cuts are made 

for compensation of temperature deformations on such a shroud. 

Blades are made by milling or casting. Cast blades sometimes 
>~an be in pairs and threes (Fig. 14.15), where a group of blades 

has one stern with a lock. For simplicity cast blades are made hollow. 

• a es and dlsKs of a turbine operating at a r;as temperature 
of 350-1*50 C are made of aluminum alio;*. When operating at a 

higher gas temperature, steels are uced, and with an aggressive 
working substance — stainless steels. 

The steel disks of turbines in certain cases can be mad* as 
a unit with the shaft (see Fig. 14.9) or be welded to the shaft. 
Tn most cases, the fastening of the disk to the shaft split is by 
slots, bolts, or on raiial pins. With a disk made of aluminum 

alloy, in order to Increase the strength of the spline fitting, the 

disk is fitted on intermediate steel bushings with slots (see Fig. 14 

Bushings and disk are joined by rivets, with a steel disk it is 

possible to directly spline fit disk with the shaft. The simplest 
and cheapest is a bolt connection of the disk with the flange of 

the shaft either with an intermediate cone-shaped disk, which in 
turn is united with shaft by slots (see Fig. 14.ll. The use of a 
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bolt connection renders th<. construction somewhat heavier as compared 

to a joint on slots. One of the lightest and most simple connections 

is fastening the disk to the shaft by means of radial pins both 

with a solid shaft (Fig. and also with a slotted one. 

Types of joints on flanges and on face slots are shown in 

Fig. 14.16b and c. 

Fig. 14.16. Types of joints of turbine disks 
with shafts: a) pin; b) flanged; c) on face 
slots. 

Nozzle boxes most frequently are made with conical channels 

(Fig. 14.17a) completely axisymmetrical or with deformed outlet 

section. Axisymmetrical nozzles are the simplest to manufacture, 

but with them it is difficult to coordinate the dimensions of the 

outlet section with the dimensions of the rotor blades, in order 

to eliminate this deficiency nozzles are used in which from the 

round form of the critical section the outlet part changes to an 

oval or close to round sector. 

Fig. 14.17. Profiles of 
nozzles of nozzle boxes: 
aj with conical nozzle; 
b) nozzle cascade. 
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the turbopump assembly and the temperature of the ^ 
can be made from carbon heat re-la, . ' worktn.t substance 
cast iron. beat-resistant, or stainless steel or from 

-r the nozzL bSoI ^ 
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«7p t^rr^ u ,s to 
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nozr:::::::::1::::::0::9 ,xiai ci—9— 
Insignificant reduction of turbine emcLi: ^ *" 

assembUes carried out the azlal elearance compos s 7mm 

and more. Flnally, the number of nozzle boy sectors and t'he“ 



location are selected as a compromise solution, considering the 

hydraulic perfection of the turbine and the fatigue strength of 
the blades. Turbines are also used with equidistant spacing of 
nozzles around the circumference. 

Tn two-stage impulse-type turbines, the intermediate nozzle 
box consists of a cascade composed of blades having a profile 

similar to the profile of the rotor blades. With partial feed of 

the working substance, an intemediate apparatus is placed after 

the cascade of rotor blades of the turbine first stage opposite the 

nozzle outlets (Fig. 14.18a). in such cases, the nozzle blades 

can be made in groups and be fastened to segment ring by locks, 

basically T-shaped, in order to reduce losses, blades with an 

internal shroud are used. Segment rings are attached to the turbine 
housing by bolts or by Welding. 

In special case, a two-stage 

Fig. 14.18. Intermediate 
nozzle boxes: a) partial 
with attachment to a 
segment ringj b) rotating 
gas header; 1 — stator 
blade; 2 — baffle. 

turbine may have one blade rim. 
Then the bend of the current is produced by turning the gas header, 
a diagram of which is shown in P'ig. 14.18b, by means of stator 
blades 1 and longitudinal baffle 2. 



Turbine housings are east, welded, and made by means 

machining from a one-piece billet. Housings of turbines working 

on steam gas, frequently are cast from aluminum alloy, while those 

working on gases with high initial temperature, — from stainless 

or carbon steel with subsequent chromium calorizing or zinc coating. 

Welded housings are simple to manufacture, cheap, and light 

(see Fig. 14.1). The lightest are constructions in which sheet 

material is used with appropriate strengthening of the walls by 

reinforcing ribs. 

In the turbopump assembly shown in Fig. 14.5, is used a movable 

joint between the turbine housings and pumps is used, carried out 

by means of blocks. This type of joint allows mutual displacement 

of the housings in a radial direction because of temperature 

deformations while preserving coaxiality of turbine and pumps, in 

the design under discussion this is caused by the fact that as a 

fuel component liquid oxygen is used and there is a great difference 

in the temperatures of housings of the pump and the turbine. 

In those cases, when possible, It is more preferable to have 

the housings joined by bolts or by welding. A welded joint is cheaper 

an¿ th» ''úrbopump assembly is lighter, but in so doing disassembly 

of the unit in process of final adjustment is complicated. 

At relatively low temperatures of working substance (on the 

order of 500-600°C) the gas can proceei directly to the cavity of 

the turbine housing and then be removed by the exhaust duct (see 

Fig. 14.9). In the design shown in Fig. 14.5, for collection of 

waste steam gas a cast collector is used which enters the power 

circuit of the turbopump assembly. At high temperatures of gases 

it is desirable to use a special gas "rMector which does not 

enter the power circuit of the turbopump assembly (see Fig. 14.1). 

In such cases, the gas collector, passing directly into the exhaust 

duct, can be made of sheet material with thermal insulation against 

overheating of the manifold and fittings located in direct 

proximity to it. 
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^ Bearings and Lubrication of Turbopump Assemblies 

In the turbopump assembly of a liquid propellant rocket engine 

usually there are used antifriction bearings, most frequently 

ball bearings. A thrust bearing is used under the most favorable 

conditions: where there is less load from radial forces or less 

heating from the turbine. Bearings are assembled on the shaft in 

case hardened or nitrided belts. 

I 
Antifriction bearings can be lubricated by pumped fuel component, 

grease lubricant or liquid oil passed from a special pump driven 

from the turbopump assembly* in an aircraft liquid propellant 

rocket engine the drive can be nonautonomous (from a turbojet engine 

(TRD) in a composite propulsion system). 

The simplest is a system of lubrication by pumped component. 

Its advantage lies in the fact that it is comparatively easy to 

ensure cooling of the bearing, there is no necessity for special 

lubrication and there is a somewhat simplified system of sealing 

the turbopump assembly. Such a system is used in those cases when 

the fuel components possess sufficient viscosity and are nonaggressive 

with respect to the material of the bearing. Among such components, 

in particular, belong the combustibles. Bearings can be lubricated 

with nitric acid; in so doing the lubrication system is made in such 

a manner that the acid proceeds directly to the bearings before 

starting the engine. In restartable eigines it may be necessary to 

wash the bearings which are lubricated by nitric acid, after each 

stop. Alcohol, having low viscosity is not used for lubrication 

, and direct cooling of bearings. 

A system of lubrication by pumped fuel component usually is 

carried out according to the following diagram. The fuel component 

from the high pressure cavity passes through the sealing of impeller, 

usually from its rear side, and proceeds to the bearing, and then 

to the side of suction of pump via the external main line by the 

channel in the housing of the pump or, which is the most simple. 
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through the hollow pump spindle. In the latter ease, the circulation 
f lubrication Is somewhat Impaired due to th» necessity or n- 

centrifugal Torces preventing motion of the liquid ulL LlZn 
addltT 8 the lubrlcatln* abIuty of certain types of fuels 
a 1 Ives are used. 3uch an additive, for example, can be ' ’ 

rr:: :: zl:c diaide"vde’introduced int°the directly before It enters the bearing which is being lubricated. 

or .r:er rt::g:nr::s:nonr:::riTduring 
turbop assembly periodic lining 0:^:^.:^ r^lred 

A imiur system of lubrication Is „ther simple but requires 
eliable packing of bearing from the side of ï-h© 

which are snhw* , om ^e side of the pump. Hearings 

bearings during assemblv «ya « ^ °n aPP^lca^lon: 
during ocelti °0Vered wlth s°lid lubrication, but 
during operation are cooled by the pumped component, m su~i case^ 
more frequently - by the oxidizer, grease lubricani Is usiaii 

r8latlVely Sml1 tUrb0^ a^™<'ly which is non rest, rteble. 

usually in a^t^h*1^ 000ling by 11:!uld 011 uQder pressure Is used 

reduction gear. It must be noted that in fha s. , . “ULea rnat in the construction of the 

difficult T there “y Le bearlnf5S> the tabri=“ion of which is 

Irlcant. PreSSUrei ^ bearinSS lubr1^d -ease 

is a cause of operatlo^lTllH^T' iTt^Hs'eT^r.0" 

from the rump driven from the turbojet engine. But there are possible 
ch arrangements, when due to the length and great weight of oil 

eS U 18 more exPedlent to drive oil pump directly from the 
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turbopump assembly. A deficiency in systems with liquid lubrication 

is the possibility of thickening of oil In the bearings located 

near pumps with cryogenic components. Then in the design of the 

turbopump assembly the possibility of preheating of bearing before 

starting is provided for. 

In individual cases, the use of cryogenic liquids as fuel 

components forces the use of plain bearings working reliably under 

conditions of lubrication by liquid oxygen, if the peripheral 

velocities of the Journal do not exceed 20-30 m/s. Such bearings 

are used, for example, in the turbopump assembly represented in 

Fig. 14.5; in the same place reliable lubrication, of the support- 

thrust bearing by liquid oxygen is ensured with help of bushings 

with radial channels, playing the role of a centrifugal pump [47]. 

In a low-inverse turbopump assembly antifriction bearings can 

be lubricated by liquid oxygen, in so doing the flOK of oxygen through 

the bearing should be intense and uniform. It la impermissible to 

have formation of vapor locks, which cause local cessation of heat 

removal, overheating of separate sections of the bearing and cause 

it to go out of commission due to great thermal stresses. 

^•5. Seals of Turbopump Assembly Shafts 
/ 

A very important role in the design of a turbopump assembly 

is played by the shaft seals. This emanates from the fact that 

in a turbopump assembly in direct proximity to each other there 

are fuel components which besides aggressivenesses are able during 

mixing among themselves or with the lubricating materials to enter 

Into reaction. Besides the above-described seals dividing the 

cavity of high and low pressure of the pumps, in a turbopump 

assembly there are placed seals separating the working cavity of 

turbine or pumps from the bearings and other cavities. These 

seals are made contactless, contact, and hydrocentrifugal. 
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Contactless seals for the ai ove-1 ndicafed purpose.• are us»- i 

comparatively rarely. An example of the use of a :on act less 

double labyrinth seal as the preliminary stare in sealinp of a turbi* 

cavity is shown in Fig. 14.19. In carried out constructions, the 

radial clearance between lugs and bushing composes < .1-0.2 mm. 

Such sealing works on the principle of throttling ^as In the interior 

cavities — the chambers of the labyrinth. A labyrinth seal is not 

insulating. Oases passing through the labyrinth seal must necessarily 

be removed through the drain system. A labyrinth seal is very 

sensitive to change in the radial clearance between the rotat*nr 
bushing and the stationary lugs. In the selection of initial 

clearance, there must of necessity be considered possible temperature 

deformations under operating conditions. For the purpose of reducing 

the area of the slot in a labyrinth seal is disposed as far as 

possible on the shortest radius possible. 

Fig. 14.19. Contactless 
labyrinth and bellows seal 
1 — impeller disk; ?, 2— 
labyrinth bushings; 4 — 
bellows sealinr. 

V 

Most frequently in a turbopump assembly contact seals are used; 

stuffing box, with elastic rings, with annular sectors, and face. 

The simplest are stuffing-box seals. They are used for the 

insulation of cavities with relatively small drop in pressure, for 

example, the cavity of a bearing with packed lubrication or with 

lubrication under pressure, fror the cavity connected with the draining 

system. Annular stuffing boxes inserted in grooves of the stuffing 

box covers, are made from ordinary, and also from cape blue or 

graphitized asbestos. Such seals are unstable in an acid medium 

or in low-viscosity liquid, since an asbestos filling is quickly 
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moistened and washed out . ‘-'xamples of application of anrurfar 

stuffing-box seals are shown in Figs. 14.9 and 14.5. S/abxer and 

more hermetic are collar seals pressed to the shaft either by 

spring rings, or only by the pressure of the liquid/found in the 

packed cavity. Collars are made from special ruj&fiers, leather, or 

plastics resistant to those liquids, the le^iMfge of which they must 

prevent. For example, for work in a cavity where there is acid, 

teflon collars are used. In the sealing shown in Fig. 14.20, 

teflon collars 1 work in combination with teflon labyrinth bushing 2. 

Fig. 14.20. Collar sealing: 
1 - collar made of teflon; 
2 - bushing made of teflon. 

$ 

Contact multiple seals with elastic rings (Fig. 14.21) can be 

used for the separation of cavities with considerable drop in 

pressure. Rings 1, set in grooves of the bushing-ringholder, work 

on the cemented or nitrided surface of the bushing fastened to the 

housing of the turbopump assembly. The rings are made of bronze 

or antifriction cast iron. Sealing is achieved by means of tight 

pressing of the rings to the bushing and on ends to the surface of 

the grooves of the ringholder by means of the pressure in the 

sealed cavity. Annular seals work reliably with peripheral velocity 

of the bushing-ringholder up to 50-70 m/s. To decrease abrasion, 

the surface of the rings is covered with porous chromium. 

Fig. 14.21. Sealing with 
elastic rings: 1 - elastic 
ring; 2 - bushing-ringholder; 
3 - fixed bushing. 
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Contact seals with annular segments are used most frequently 
for Insulation of the gas cavity of the turbine (Fig. 
consist of several rows of rings, each of which Is formed by three- 
four segments. Between segments In the nonworking state there is 
a small clearance. Segments are packed In the grooves of the fixed 
bushings so that side play between them and grooves composes ..ot 
more than 0.05 mm. Segments are pressed to shaft by spiral annular 
spring 2, lying in the groove on their external cylindrical surface. 
With turning the segment* are held by pins 3. The segments are 
ground to the shaft and in working state under pressure from 
packed cavity they are pressed by their lateral surfaces to the 
walls of the grooves of the bushings so that simultaneously they 

cylindrical and face surfaces. As the segments wear, contact 
on the surface of the shaft Is maintained by means of the decrease In 
the clearance between the segments. Such seals ensure better ' 
airtightness than elastic rings because of the greater contact area, 
but they are more complex, are easily damaged, and are used with 
a peripheral velocity of not more then 30-40 m/s. Segments are 
made of graphite or antifriction cast Iron. 

Fig. 14.?2. C on tact senil rig with 
annular segments: i - n mular 
segments; 2 — spring; 5 — pin; 
4 — shaft bushing; 5 — shaft; 
6 — bushlng-rlngholder. 

Contact face sealing is usually used In combination with 
slot, diaphragm, or bellows seal. Strictly face sealing consists 
of two rings, touching along *heir face surfaces. One of the 
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rings 3 (Fig. 14,?3ä) revolves together with the shift, while the 

second ring 4 is fixed tut is capable of a certain axial shift. 

This shift is necessary to ensure tight pressing of the ring faces 

against one another under pressure of the liquid in the sealed 

cavity and the spring. In the examined packing ring 4 pressed to 

bushing 5, which In turn Is pressed hy spring ? to a tight contact 

of facets of rings 4 and 3. The spring is necessary for preliminary 

sealing with a pressure on the order of 1.5-r> fcgf/cm . In working 

state, tight contact is usually created by liquid pressure. It 

is obvious that, besides sealing on the end, it is necessary to 

ensure further sealing between the forward moving part of the 

seal and the housin'. In the design represented in Fig. 14.23a, 

for this purpose a slotted seal is used between bushing 5 and hollow 

in bushing 12. A deficiency of a slotted seal, besides its lack 

of airtightness, is sensitivity to misalignment which can appear 

due to Irregularity of wear of the facets of the rings, which can 

lead to Jamming or to Increase of leakages. A seal which is free 

from this deficiency is one in which in combination with face sealing 

there is used a diaphragm or bellows seal. 

Fig. 14.23. Face sealings: a) in combina¬ 
tion with slot; b) with diaphragm; c) closed; 
d) with bellows; 1 — stop; 2 — spring; 
3 - rotating ring; 4 - nonrotating ring; 
5 — bushing; 6 — diaphragm; 7 — threaded 
bushing; 6 — guide; 9 - servomotor; 10 — hydro¬ 
lock; 11 — bellows; 12 — bushing. 
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Tn dl«,*,»,* scaling (Fl,-. :.. i ; ron» ri -ovi,,- lu,htn,. 
with rlní h is suspended un di«|,h,«,im ú, fastenei to t>,- 

The re/olvln*: p.rt of the seal eonslsu uf a , us„],^ „rewed on ihn 

shaft with rln« 3. Tn a r.onworktnr; ríate, riñes 5 and k are presset 
b.v sprint: ?. The disadvantages of dlapma -n seals Include the 
possibility of only comparative ly siirl.t, axial shut, of tush In v 

Oh -he order of 0.8-1.2 mm. Total wear of facets, depending upon’ 
the material of the rings anal»« 0,1-0.8 m/h. closing face seals 

extend the life of face seals with a diaphragm. They must work In 

combination with other seals, for example, with a nydrclock 

(Fig. It.3Jc). Contact sealln,- between rings 3 and 4 works from 

the beginning of starting the turlopump assembly until achievement 
of a specified pressure of fuel behind the pur*, with an Incre.s- 

n fuel pressure passed into servomotor 9, Us piston, surmounting 
the force of the spring, shifts guide 3, which In turn turns 
threaded bushing 7. m so doing, ring 4 Is se,»rated from ring 3, 

he lace seal will be closed and the hydraulic seal begins to work. 

In a bellows seal (Fig. 14.83d) bushing 9, oarry,n(. ,he 

nonrotating -Ing 4 o- the face s-el. Is united with bushing of the 
housing 13 by bellows 11. Ac compared to the diaphragm tyre, -be 

bellows parmi-s greater axial shift (up to 4-Ó mm) which lncree-s 
period of service of the seal end Us reliability. Tnls also 

promotes smaller forces In the contact sapl due to the act'on of the 
forces of fuel pressure, since the effective area can be male 

smaller than lor the diaphragm. Face sealing In combination with 
a bellows is the most reliable of contact seals, its disadvantages 
• re comparatively lar»-’e axial dimensions and complexity. 

The material of the face rings Is selected depending upon th- 
purpose of the sealing, speed of slip at the ends, and the properties 

of the liquid, In which the rings wo,k. In carried out constructions 
speed of slip at the ends Is allowed within limits of 80-90 m/s. 

Rings in pairs are usually made from different materials. For 

sealing the oil cavity a rotating ring of steel can be used steel 

and the nonrevolving - In the form of packing made of cape blue asbestos 
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Oil, moistening asbestos, protects it from wear. Cavities where 

there are acids are usually sealed with steel rings. High 
requirements are imposed on accuracy in the manufacture of rings 

and the smoothness of the friction surfaces. 

For sealing cavities in which there are hydrogen peroxide, 

kerosene or tonka, one of the rings (more frequently the revolving 

one) is made stainless steel, and the other from graphite. When 

wetting is by kerosene there can be used a pair — steel + ceramic 
metal (copper-graphite-lead mixture). Use is also made of a pair — 

steel + teflon. To increase wear resistance, sometimes stellite is 
fused on steel rings. In short-life engines there can be used 

a fixed ring made of solid rubber, however the reliability of 

such a seal is low. 

Bellows most frequently are made from tombac type alloys. 

Bellows working in hydrogen peroxide are chrome-plated over a nickel 

coating. Bellows, placed at the side of turbines whose working 
substance is gas produced by the combustion of basic components are 

made of stainless steel. 

Hydrocentrifugal sealing, or hydrolock, works according to 

the following principle (Fig. 14.24). The blades of the impeller 

are turned in the direction of cavity a, into which liquid must 

not be admitted, so that during rotation of the impeller, the fuel 

getting from the side of cavity b to the blade is repelled by 

centrifugal forces. A disadvantage in nydrecentrifuga1 sealing is 
the necessity of having, besides it, still other sealing, working 
up to the moment when the pressure created by the hydraulic lock 
resists the pressure of the sealing liquid. In the example shown 

at low rotation rate of the shaft, sealing is carried out the 
pressure of leather collar 1 against the disk of the impeller by 
fuel pressure on the side of cavity b. With a certain number of 

turns of the blade pressure is created balancing the pressure on 

the side of cavity b, and the hydraulic seal begins to work. The ‘ 

collar, under the impact of forces of elasticity moves away from the 
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surface of the impeller and the contact sealinp; is broken. Another 
method of breaking the contact sealing is used in the design 
represented in Fig. 14.23c. 

Fig. 14.24. Hydrocentrlfugal 
sealing: a, b) cavities; 
1 - collar; 2 - impeller 
hydro lock.. 

A combination of hydrolock with closing face packing is the 
most reliable and long-lasting sealing. 

In all cases where there are located two or more sealing elements 
in a row the cavity between them of necessity is drained. 

14.6 Strength of Turbine Blades and Axial 
Thumps of a Turlopump Assembly 

Blades of the turbines of a turbopump assembly are loaded by 
centrifugal and gas forces depending on operating conditions. 
At the time of starting the turbopump assembly, on basically a gas 
force the turbine blades acts, causing them to tend. Maximum 
bending stresses take place in the root section of blade at the 
place of transition between the profiled part and the root. During 
starting there also occurs comparatively rapid heating of the blades. 
Heating begins at the sharp front and trailing edges and surface 
layers of the blade. Because of nonuniform heating temperature 
stresses appear in the blades. During rotation of the turbopump 
assembly centrifugal forces to the gas forces are added, causing 
tension of the blades. Maximum tensile stress will be at the 
maximum number of revolutions of the rotor. Full heating of the , 
turbine blades is usually completed after the turbopump assembly 
achieves its rated number of revolutions. Therefore, considerable 
temperature stresses can act at the maximum number of revolutions. 
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If the turbine is partial, then bending of blades by gas forces 

occurs only at those moments when the blade is opposite the nozzles. 

When the blade during rotation of the rotor is in intervals between 

the nozzles, it is loaded only by centrifugal forces. Consequently, 

blades of partial turbines are subject to cyclical action of gas 

forces. 

Blades of axial pumps are loaded by centrifugal forces and 

hydraulic loading. The strength of blades of axial pumps is 

basically determined by hydraulic load, which is usually very 

great. 

The blades of nozzle boxes of turbines are loaded only by gas 

forces, but on them there can additionally act considerable stresses 

due to nonuniform heating. 
f 

Blades of turbines and axial pumps during strength calculations 

are considered as cantilever beams, rigidly sealed in the rim of 

a disk and free at the end. The effect that fastening shrouds on 

the free end of the blades has on bending stresses will usually be 

disregarded. 

Tensile stresses from centrifugal forces op are calculated on 

conditions of maximum number of revolutions of the rotor. Distribution 

of stresses a9 over the cross section of blade is taken as uniform. 

For any section of blade located on radius R (Fig. 14.25), 

(u.i) 

where Q — mass density of the material of the blade; cd — angular 

velocity of the turbopump assembly rotor; F, f. F* - areas of blade 
cross sections on radii R, r and R2 respectively; F. - area of 

cross section of shroud; A. - height of shroud; A, - radius of end 

section of blade; Jfa — radius of center of gravity of shroud, which 

usually in view of the smallness of height of the shroud is taken 

as equal to R2. 
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Fig. 14.25. Calculation of 
blade under tension from 
centrifugal forces. 

By formula (14.1) stresses are determined in sections of blade 

with variable area of cross section lengthwise. Usually, blades 

of reactive gas turbines are made with constant section lengthwise 

Then formula (14.1) is simplified and takes the form: 

( 14.2 ) 

where 

Diagram of stresses 0* calculated for a blade of sonstant 

section, is shown in Fig. 14.26 by line 1. The greatest values of 

tensile stress oM are attained in the root-section of the blade, 
where R = R1< Then 

( 14.3 ) 

✓ 
where 

¢.-1+8¾ »-i¡ 

- tensile stress In root section of a blade of constant section; 

"» - peripheral velocity of the blade end. 
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Fig. 14.26. Diagrams of 
tensile stresses in blades; 
1 - of constant section; 
2, 3 - wedge-shaped . 

If the blade does not have a shroud, then fc-i and 

V.—(14^) 

From equation (*4.4) it follows that tensil stresses in the 
root section due to centrifugal forces do not depend on area of 

cross section of the foil if it is constant in length. An increase 

in area of cross section, as follows from expression (14,3), leads 
only to a decrease of stresses due to centrifugal forces of the 

blade shroud. To decrease Om blades are made with an area of 

section of fin decreasing from the root to the end. Blades of such 
form are called by wedge-shaped. The value oM characterizes 

tensile stress due to centrifugal forces of the shroud. In the 

absence of a shroud on the end of the blade, stresses are equal to 

zero. The effect of a shroud on the value of stresses in the blade 

is the greater the more massive the shroud and the shorter the blade. 

In completed constructions of turbopump assemblies the 
tensile stresses due to centrifugal forces lie within limits: 

• 600-18C0 kj/crc2 fur bladta of turbine»! 

Op.« • 200-400 k<jf/om2 for : lados of axial pump«. 

Blades are calculated for bending on conditions of maximum 

flow rate of working substance. The action of forces of gas pressure, 

or hydraulic load can be considered in the example of a turbine blade 
(Fig. 14.27). Conditionally one may assume that on the average 

radius of blade on it from the side of gas flow there act concentrated 
components of full gas force Pa and Pu, corresponding to axial, 

parallel to axis Oy, and circumferential parallel to axis Ox. 

421 



These forces create moments - in plane yOr and M - in plane 

xOr. Forces Pa and Pu can be defined by known Intensities of load 

(linear loads) pft and p^ In corresponding planes: 

Fig. 14.27, Diagram of 
the action of gas forces. 

Intensity of loads on radius r are determined [15] by the 
formulas 

2nr 

where / - number of blades; a - peripheral velocity; c,., C(, - 

circumferential and axial components of speed on entrance to the 

blade; - circumferential and axial components of speed on 

exit from the blade; 9. - mass density of working substance on 

entrance to the blade; Pu Pt - pressures of working substance on 
entrance to and exit from the blade. 

(U.5) 

(14.6) 
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By formulas (14.5) and 14.6) it is possible to calculate the 

intensity of loads with any method of profiling of blades. Tn the 

calculation of blades of reactive gas turbines it is possible to 

consider - P2 = 0. With partial turbines instead of the total 

number of blades, one should put in these formulas number of 

blades z', actually being subjected in each moment to the action 

of gas forces. 

In view of considerably greater rigidity of blade against 

bending in plane yOr, than in plane xOr, during calculation of 

blades for bending it is possible without essential error to 

disregard the action of moment Mx , and to determine only stresses 

due to the action of moment M . 
y 

With relatively short blades, as in the turbines of the 

turbopump assembly, intensity of load pu can be considered constant 

over the length of the blade, i.e., to consider Pu - p L, where L - 

length of blade. Here, fo# calculation of pu, instead^f formula 

(14.5), it is possible to use, emanating from the equation 

dependence 

* «4<* + *,)* * (14.7) 

where N - power of the turbine; n - number of r/min of turbopump 

assembly rotor. 

Tnis dependence can be used in the calculation of intensity 

of load pu on blades of an axial pump. 

In an arbitrary section of blade on radius R, the bending moment 

due to gas force, as follows from Fig. 14.28, equals 
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Fip. 14.28. I termination 
of lending moment from 
force P . 

Bending moment attains maximum value in the root section: 

( 1.4.8 ) 

Bending stress in an arbitrary point of cross section of blade 

(Fig. 14.29) in a system of coordinates xityi, where point 0 coincides 

with center of gravity of section, is determined by the formula 

(14.9) 

where — section modulus of profile of blade for a given point; 

/„ - minimum moment of inertia of profil* blade relative to 
corresponding principal axis, which can be considered aa coinciding 

with axis Ojh; s« — distance of the point from axis Oyi in which stress 

is determined. 

Fig. 14.29. Profile of 
cross section of blade 
of an impulse-type turbine. 
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With a symmetric profile of Made of an impulse-type turbine 

(Fig. 14.29), r.he area of cross section and moment of inertia can 

be defined by the following approximate dependences: 

yw-0^38lc(r*-f-0m 

where b — profile chord; c — maximum thickness of profile; 

h — maximum rise (curvature) of center line of profile. 

Bending stresses are usually determined for three characteristic 

points of profile A, B, and C, most remote from axis (V In turbine 

blades, maximum bending stresses appear on the ends of sharp 

edges of profile, i.e., at points A and C. Section modulus of 

profile for points A and C is determined by the formula 

r4-re-0,Q38 

With constant section of blade, bending stresses have their 

maximum in the root section and change along the length of the 

blade as shown by curve 1 in Fig. 14.30. For wedge-shaped blades, 

bending stresses can change along the length of blade in conformity 

with curves 2 and 3.x In carried ovt constrictions of turbopump 

assemblies, bending stresses from the action of gas forces in the 

root section of blades lie within Units of: 

ej * 100-400 kgf/cm^ for blades of turbines; 
< » 1500-4000 kgf/cmc for blades of axial pumps. 

Fig. 14.30. Diagrams of 
bending stresses due to 
gas forces for blades: 
1 — of constant section; 
2, 3 - of wedge-shaped. 
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Usually, blades of impulse-type turbines are made linear 

extension of centers of gravity of section in plane xOr in tb*. 

direction of rotation of the disk, as shown in Fig. 14.31. Generators 

of the profiled part are disposed parallel to base line OA. In so 

doing, in each section of blade moment appears due to centrifugal 

force of the part of the blade lying higher than the examined 

section. This moment bends the blade, opposite to direction of 

rotation, and compensates to this or that degree the action o'- 

bending forces due to gas forces. 

Fig. 1^.31. Diagram of 
extension of centers of 
gravity of blade section. 

Maximum value of bending moment M¡, i^attained In the 

root section of the blade. If one were to consider the centrifugal 

force of the foil and shroud of the blade P« applied at the center 

of gravity of the blade 0, then with respect to center of gravity 

of root section it gives a bending moment: 

where d - arm of force with respect to the center of gravity 

of the root section. 
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Arm d is determined by the dependence 

t 

where f-x/*. 

Bending stresses due to the action of centrifugal forces are 
calculated by formula (14.8), where, instead of JH;,, there is substituted 
M",. In carried out constructions, bending stresses due to the 
action of centrifuge! forces in the root section of the blades of 
a turbopump assembly equal: 

«5 = 300-600 kgf/cm2 for blades of turbines, 
3000-7000 kgf/cm2 for blades of axial pumps. 

Total bending stresses due to gas and centrifugal forces 

(14.10) 

In formula (14.10) the stresses are substituted with their 
signsj positive are considered tensile stresses. Total bending 
stresses in the root section of blades of a turbopump assembly equal 
e* ■ 200-400 kgf/cm2 for the blades of the turbines and •« « 
- 1000-3500 kgf/cm2 for the blades cf the axial pumps. 

With a nonstationary thermal rate, the blades of the turbines 
of a turbopump assembly are heated unequally at all points of cross 
section. The relatively thin front and trailing edges are heated 
more, and the massive central part of blade is heated more 
rtl0*ly. approximate character of change in temperature along 
the length of the center line of the blade profile is shown in 
Pig. 14.32a. in Fig. 14.32b there is shown the character of change 
of stresses along the center line of the profile corresponding to 
the given character of change in temperature. As can be seen, 
along edges of the blade compression stresses appear because of the 
fact that expansion of the more heated fibers of the blade is 
prevented by the less heated. Conversely, in the central part of 
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the blade, the less heated Tilers are stretched because of the 
effect of the more heated. 

Fig. 14.32. Distribution 
along the center line of 
the blade profile of temper¬ 
atures a) and temperature 
stresses b). 

Methods of calculating the temperature stresses a, are complicated. 
Therefore in practice they are limited to calculation of possible 
temperature stresses on the basis of statistics. In carried out 

turbopump assemblies the maximum values of temperature stresses 
attain 1500 kgf/cm2. 

Estimation of the rtrength reserve of blades is produced 
according to maximum value of total sresses. In general, total 
stress in a given section equals 

As an example, in Fig. 14.33 there is shown the character of 

distribution of stresses along the length of a blade at point A 

of the profile (see Fig. 14.29) directly after starting and after 
full heating. 

Fig. 14.33. Diagrams of 
stress at point A of a 
blade: a) immediately 
after starting the turbo¬ 
pump assemblyj b) after 
full heating of the blade. 
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The safety factor in a £iven moment of work is determined by 

the formula 

where •• — ultimate tensile strength of the material of the blade 

at a given temperature in a calculated point at a given instant. 

Value of the safety factor should be not less than 1.2-1.5. Under 
p 

maximum total stresses 0i«m * 800-1200 kgf/cm in the blades of the 

turbines and = 1500-4000 kgf/cm2 in the blades of. the axial 

pumps, safety factors equal 3-8 and 1.2-4 respectively. 

blades of partial turbines, as noted above, are subjected to 

the cyclical action of stresses. Total stresses for such 

blades change from maximum value •»■■■•et+Oii +e(, when the blades 

pass before the nozzles, to minimum eaa«-0p+0¡+ei. when the blades 

pass through the section bptween the nozzles. The cyclical 

action of bending stresses can lead to blade breakdowns due to 

fatigue of the material. 

The blade of a partial turbine should be checked for fatigue 

in accordance with a fatigue safety factor 

where * - fatigue limit with a given coefficient of asymmetry of 

cycle of effective stresses. 

In carried out constructions of blades of partial turbines of 

turbopump assemblies, the fatigue safety factor k lies within limits 

of 2-3. 

Forces having an effect on the blade are transmitted through 

the Joint elements to the disk. The locking part of the blade is 

loaded by tension due to centrifugal forces and bending due to 

centrifugal and gas forces. Using the formulas (14.1) and (14.9) 
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there can be found bending and tensile stresses for it in any section. 

In carried out constructions, total tensions do not exceed p 
IOOO-25OO kgf/cm , which corresponds to a safety factor = 2.0-3.0. 

In locks of fir tree and T-shape types and with triangular tee41 , 

the teeth also are subjected to strength calculation. The teeth 

are calculated for strength against the action of centrifugal forces 

at maximum number of revolutions of the rotor of the turbopump 

assembly. It is assumed that the centrifugal force is distributed 

among the teeth in proportion to the value of their contacting 

surface, i.e., bearing stresses are identical on all teeth. The 

contacting surface is checked for crumpling, and the base of the 

tooth - for bending and shear (Fig. 14.34a). If the contacting 

surfaces of all teeth are taken as identical, then one may assume 

approximately that on each tooth a force Pi-Pu//. where Pm - total 

centrifugal force of blade with locks; i - number of teeth. Then 

the normal bearing stresses oc>». bending oa and tangential shear 

stress Tr* are determined by the formulas 

where — area of contacting surface of a tooth; F,9 — area of 

sheared section of a tooth; V, — moment of resistance to bend of 

the area of the calculated section of tooth at its base. 

and shearing stresses of a tooth of a blade 
lock. 
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Diagrams of stresses oe*. oa and TCp for a tooth of a fir-tree 

lock are shown in Fig. 14.34h, c. On the average «cm = 1000-1600 kgf/cm , 

On « 400-1000 kgf/cm2, tip = 800-1200 kgf/cm2. 

In the case of a pin lock (Fig. 14.35) a check is made on the 

stretching of section I-I due to the action of centrifugal forces 

of the foil of the blade and the part of the root lying higher than 

the datum section, and also on bearing stress and shear of the pin: 

where Pa — total centrifugal force of a blade with a lock; 

d - diameter of pin; a - width of blade root. 
\ 

Fig. 14.35. Calculation 
of a pin lock. 

p p 
On the average 0« = 1200-1500 kgf/cm , TCp = I3OO-150O kgf/cm , 

In joining the blade to the disk by welding or brazing 

(Fig. 14.36) tensile stresses on the seam are determined as 

where Pm^2nRotc — area of cylindrical section of seam; ^ — coefficient 

of seam strength, taken as equal to 0.8-0.95. 

o 
Tensile stress in the welded seam 0» = 1000-2000 kgf/cm , and 

safety factor A,«!**—3—6, where Onm — tensile ' trength of the material 
•» 

of the seam. 
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14.j56. Calculation 
welded sear:;. 

14.7. Blade Vibrations 

Irregularity of gas flow around the circumference of the 

flow-through part of a turbine causes periodic change in forces 

acting on the blades which can lead to the appearance of forced 

vibrations o^ the blades, and during resonance due to fatigue of 

the material of the blades their breakdown is possible. Resonance 

vibrations more frequently appear in blades of partial turbines. 

During investigation of blade vibrations there is produced a determina¬ 

tion of the frequencies of natural and forced oscillations, resonance 

numbers of rotor revolutions of the turbopump assembly and 

vibration stresses in the blades. ' 

The basic forms of natural vibrations of blades are flexural, 

torsional, and flexural-torsional. Depending upon the number of 

nodel lines of vibration they are subdivided into uninodel, or 

vibration of the first form; binodal, or vibration of the second 

form; trinodal, etc. 

Forms of flexural and torsional vibrations of blades are shown 

in Fig. 14.37. Besides similar pure flexural and torsional vibrations, 

a blade can have complex, flexural-torsional vibrations. However, 

the frequencies of these oscillations are such that possible resonances 

are not dangerous. 
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a) b) c) ' d) 
Fig. 14.37. Forms cf vibrations blades: 
a end b) first and second flexural; c, d) 
first and second torsional. Nodal lines 
are shown by dots. 

a) 
Fig. 14.37. 

For a Made of constant section without shroud, the frequency 
of natural flexural oscillations of i-th form is determined by the 
formula 

where L — length of blade; J, F - moment of inertia and area of 
cross section; E, Q — elastic modulus and mass density of the 
blade material; i — number of form of vibration; «k — form factor 
of vibrations. The greater the flexural rigidity of blade, the 
higher the frequency of its flexural vibrations. 

In view of the great rigidity of turbine blades, in practice 
usually determination is made only of the frequency of first 
(low-frequency) form of flexural vibrations, at which the appearance 
of dangerous resonances is most possible. Talcing into account an 
analytic dependencies given above which connect the geometric 
characteristics of the profile, area, and moment of inertia of a 
section, for the frequency of flexural vibrations of the first form 
there is obtained the dependence: 

(14.11) 

where ei>3¿2.e 
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v, the blade has a s!!roud. ««H the frequency of its fjexurel 

instead°of f“ “T Cal0Ulated b-v fo™u1« with substitution 

on the rauo ™ ir;!:0:"10""4 y ,he V8lUe °r WhlCh ~a 
"■.-mass of the 1 ~ ° he f°U of the of the shroud, as shown in Fig. 14.38. 

this is explained by the elastleitv fM ♦-n ^ ’ 
Hiei, u elasticity fitting of the blade into th* 

caicuiation - 

I'ig. 14.38, Dependence of 
coefficient of the first form 
of flexural vibrations on 

the ratio of mass of shroud 
to mass of foil of the blade *. 

The frequency of natural flexural vib-ations of . m 
together with a dish is increased 

number of revolutions. This occurs due to the fact that a , 
deflections of the vibrating M.d„ r dUrlng 

rotation not only the force'of elastlolty^buTaT” PC’SUl0n dUrIng 

•“» •• ~~.. «..n“,rr';T‘ 

by the formula6 ^ ^ dynamlC fre<,uenc^ « 1» determined 

where nc - number of revolutions of the rotor per second, 

the“."T5;:;rrr;“cVoer:hon the form of vibrati°ns equals k-6. ere r - 0.4-0.6, the value of B accordingly 
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As r:an t>e seen from formula (14.11 ), the frequency of natural 

flexural vibrations of a blade does not depend on the material of 

the blade (inasmuch as for the majority of materials, the imtio 

£/• Is Identical), but depends on temperature, since with an 

increase in temperature, the elastic modulus of the material decreases. 

Therefore, as the blades become heated in the process of exit 

from the turbopump assembly to the mode, the frequency of natural 

flexural vibrations is increased due to the restoring action of 

centrifugal forces and decreases due to the temperature rise. The 

combined effect of these factors leads to a change in frequencies 

of flexural vibrations f^ according to the number of revolutions 

of the turbopump assembly rotor. 

For a blade of constant section, the frequency of natural torsional 

vibrations of the i-th form is determined by the formula 

where G - elastic modulus of the second type; T - geometric rigidity 

of the blade against torsion with respect to center of gravity; 

Jp - polar moment of inertia of the section. 

The frequency of natural torsional vibrations of a blade of 

constant section depends on its material and geometric characteristics 

of profile. 

A characteristic of torsional vibrations of blades with shrouds 

(shrouded), besides tne dependence of frequency of vibrations on 

shroud mass, is the possibility of damping. If the clearance 

between the shrouds of neighboring blades is so great that the 

shroud during vibrations do not touch, then the forms of vibrations 

of the blades do not differ from the form of vibrations of isolated 

blades, if the adjusting clearance is small, during heating there 

is possible such a decrease in the clearance that the neighboring 

shrouds during counter vibrations can collide. This leads to a 
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considerable decrease In amplitudes of vibrations, i.e., to damned 
vibrations. In the absence of a clearance, the shrouds will t’ortn 
a solid shroud. Then there are possible only those vibrations of 
blades according to the first form, when all of them simultaneously 
are deflected to one side (Fi.*. 1^.39»). inasmuch as Individual 
blades have somewhat different frequencies of first form of fl^yurai 
vibrations, the described vII rations of shrouded blades are poorly 
excited and usually are not dangerous. A possible mutual arrangement 
of shrouded blades during vibrations according to the second flexural 
form is shown in Fig. 1^.39b. The frequency of natural vibrations 
of such form is determined by experimental means. 

Fig. 14.39. Oscillations of shrouded 
blades: a) uninodal; b) binodal. 

Forced oscillations of revolving blades cause periodic forces 
acting from the side of the gas flow. These forces are changed 
along the circumference of the flow-through part of the turbine 
according to the law of change of field of pressure and velocity 
of a gas, described by a certain periodic function. This periodic 
function can be subjected to harmonic analysis, i.e., to be 
represented by the sum of harmonic components 1, 2, 3, and subsequent 
orders. In general, the order of the k-tfi harmonic (where k = 
■ 1» 2, 3» •••) is equal to the number of full cycles of change of 
exciting force for pne revolution. Frequency of the k-th harmonic 
of exciting force is equal to the ^*oduct of the number of 
revolutions of tne rotor per second times the index number of 
harmonic k: 
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where n — number of revolutions of the rotor per minute. 

The frequency of forced vibrations /mm Is equal to the frequbncy 
of exciting force: As the number of revolutions increase 

forced vibrations are increased. At a certain number of revolutions, 

the forced vibrations may become equal to one of the frequencies 

of natural vibrations of the blade. Here resonance vibrations appear, 

accompanied by growth of amplitudes and, consequently, vibration 

stresses which can lead to breakdown of the blade. 

The number of revolutions of the rotor per minute, at which 

resonance begins, is called resonance «t« and is determined from the 

condition of equality of frequency of the i-th form of natural 

vibrations (flexural orMorlTonal) ft with frequency of the k-th 

harmonic of the exciting force; 

Hence resonance number of revolutions 

«,*-8*. (W.ia) 

In formula (14.12) there is substituted the frequency of the 

i-th form of natural vibrations at a corresponding number of revolu¬ 

tions and temperature of blade. Therefore, analytic determination 

of the resonance number of revolutions is difficult. For determination 

of resonance numbers of revolutions usually use is made of the 

frequency diagram (Fig. 14.40), on which is constructed the dependence 

of frequency of the i-th form of natural vibrations (for example, 

first flexural, as in Fig. 14.40) on the number of revolutions 

UmU(*) and rays ftmäk-lmmki*), corresponding to k-th harmonics of the 

exciting forces. Points of intersection of rays with curves of 

frequencies of natural vibrations give the resonance numbers of 

revolutions. In Fig. 14,40 the region of frequencies of natural 

vibrations obtained by virtue of the following is shaded. 
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Flp. 14.^0. Frequency dl«gram 
of blade vibrations. 

The blades, because of technological tolerances, have certain 

differences in dimensions;, which leads, naturally, to scattering of 

their frequencies of natural vibrations (up to Vj>-20%), From each 

vibrating blade on the disk, waves of elastic deformations are 

transmitted through the disk to other blades, exciting vibrations 

in coupled circuit in a group of blades. All the blades of the 

group vibrate in one phase and to each group there corresponds its 

frequency of natural vibrations of a giv«n form. Therefore, there 

is characteristic not any one frequency of natural vibrations of all 

blades, but a frequency band. Therefore resonance vibrations occur 

not at a certain fixed value of number of revolutions, but occupy 

specified regions of working range of number of revolutions, called 

resonance conditions. An example of determination of resonance 

conditions where k • 2 end k * 3 ia shown in Fig. 14.40. 

Amplitudes of resonance vibrations depend on the value of the 

forces of exciting vibrations and of the suppressing forces (damping) 

Even with very great exciting forces, the amplitudes of vibrations 

can be insignificant, if there are great suppressing forces. The 

basic suppressing forces are the frictional forces in the lock end 

aerodynamic forces, and also hysteresis of the material of the blade 

and lock. Those resonance conditions under which the amplitudes of 

vibrations are dangerous to the strength of the blades are called 

critical. Critical resonance conditions must not occur in the zone 

of operating numbers of revolutions of the turbopump assembly. 

The amount of permissible vibration stresses in blade» depends 

on the duration of operation of the turbopump assembly under 

resonance conditions, and also on the level of tensile and bending 
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stresses acting on the blade. Usually, the value of vibration stresses 

in blades does not exceed ^00-800 kgf/cm2. Vibration stresses in 

blades are determined usually by experiment, using a tensometer. 

In breakdowns of blades due to vibration under specified 

resonance conditions there is known the form of vibrations corresponding 

to the given resonance. It is possible to remove critical resonance 

by changing in the first place, the frequency of natural vibrations, 

which is attained, for example, by changing form of the blade profile 

or the setting of the shroud. It is more complicated constructively 

to change the frequency of the disturbing forces; it is possible to 

do this, for example, by changing the number of nozzles and their 

relative position. To decrease the amplitude of the disturbing 

forces they sometimes haye recourse to increasing axial clearance 

between the nozzles and blades of the turbine. 

1^.8. Strength of Turbine Disks 
and Centrifugal Pumps 

The dis.-cs of gas turbines are loaded by centrifugal forces from 

their own masses and the masses of blades set on them, and due to 

nonuniform radial heating — are subject to the action of considerable 

temperature stresses. The level of stresses due to centrifugal 

forces and temperature stresses frequently exceeds the elastic limit, 

and plastic deformations appear in the disk. If plastic deformations 

in the disk exceed the yield point, breakdown of the disk is possible. 

Calculating the strength of a disk consists in determining the 

circumferential and radial stresses due to centrifugal forces and 

nonuniform heating. Usually they are limited in designing the disk 

to assumption of elastic deformations, and an estimate of strength 

is produced by comparison of calculated stresses with stresses in 

analogously carried out constructions of disks of the turbines of a 

turbopump assembly. 

Determination of the distribution of temperatures radially 

for a disk under conditions of nonstationary heating constitutes an 

independent problem, which is decided, for example, by the method of 
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elementary balances. In approximate calculation of disk strength 

: 18 P°S3lble tu P“«be a certain law of distribution of temperature 

y radius, proceeding from available experimental or calculation 

data for analogous constructions and operating conditions. 

Tîuy’ ,naXlmUm dlffärence ln temperatures of the peripheral 
part and the center of a disk equals where «, - tempera- 

ure of working sobstance under established conditions of a turbopump 

sscmbly in 0. In so doing, the temperature of the rim of the disk 
not having special cooling or heat shielding Is established on the 

^°'á5*0,75) ^ • In the central part of the disk there is 

established a temperature of (0.15-0.25) /, . m calculating strength 

s assumed that the temperature of the disk throughout the 
thickness is constant. 

Dependences of tensions in disk on its dimensions, material, 

loads due to centrifugal forces, and irregularity of heating are 

written as equations of stress conditions. In derivation of the 

equations It Is taken that the disk is symmetrical relative to the 

on an! Plane' i,; 18 ln Pl8rle 3treSS con<slt;ion «d the stresses 
on any radius of disk do not change throughout its thickness. 

Equations of stress condition are derived from conditions of equilib¬ 

rium and deformation of elementary section separated from the disk 

Ü Ü t/;/16 dl8gram °f l0ad 8nd ^"“»tion of which is shown in Fig# 

Fig. 14.41. Derivation 
of fundamental equations 
of stress condition of 
a disk. 
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Along the edges of the separated element there act radial o- 

and circumferential o» normal stresses. The element is loaded by 

centrifugal force of its own mass P* Along the periphery on radius 

R*, the disk is loaded with radial stresses &*■ Radius /?„ is 

conducted to the edge of the slotted part of the rim, i.e., that part 

of the rim, where the locks of the blades are located. Examples of 

determination of radius R* for several types of blade locks are 

shown in Fig. 14.25, 14.55, and 14.56. Consequently, stresses 

a’* appear from the action of centrifugal forces of the masses of 
the blades and the mass of the part of the rim lying higher than 

radius J?,, including the mass of the blade locks: 

where R«.a - centrifugal force of the blade foil; — centrifugal 

force of the mass of thé blade locks and the part of the rim lying 

higher than the section conducted on radius R«; K — width of rim 

on radius R» 

Stresses * and «* are variable by radius. 

ÿ; '*■ 
* 

Due to the action of centrifugal forces and heating, the element 

in working state is deformed so that its .radial deformation on 

radius r becomes A, and on radius r + dr — A + dA accordingly. 

In the accepta designations from the conditions shown there can 

be obtained differential equations of stressed condition of a., disk 

[15] î 

(7-+7-)+¾ y; (14.15) 

-mrVÏ--Ed(fU), (14.14) 
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where 8 — mass density of material; m — Poisson's ratio; E — elastic 

modulus of the material of the disk at given temperature t <^n radius r; 

ß — coefficient of linear expansion of the material of the disk at 

temperature t; co — angular velocity of rotation of the disk. 

The system of equations (14.13) and (14.14) usually is expanded 

by the method of finite differences. The method of such calculation 

of the distribution of stresses by radius of the disk is given in [15], 

A character diagram of stress with corresponding laws of 

distribution of temperatures by radius of disk for single-stage 

turbines with a solid disk and a disk with a central hole is shown 

in Fig. 14.42a, b. 

Fig. 14.42. Distribution of temperatures 
and stresses by radius: a) turbine disk 
without central hole; b) turbine disk 
with central hole; c) impeller disk (solid 
lines) and removable cover (dotted lines). 

In carried out constructions of turbines with peripheral 

velocities on the external radius of the disk on the order of 

180-240 m/s, and a temperature gradient of 200-400°C, the stresses 

from the blade rim usually do not exceed o,a * 500-I500 kgf/cm2; 
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0i on the order of 
stresses in the center of a solid disk ar 

3500-5500 Kgf/cm2, i„ a disk „lth hole, on the border of the'hole 

I « 00- 000 kgf/cm (neglecting plastic deformations), and 

* - 0, if not pressed on the shaft, and . «here e. - fitting 

stresses, if the disk is pressed onto the shaft. 

On the periphery of the disk with the indicated gradient of 

rrr-ftto constr8int °f def°™stion °f ^ ^ 
Oh the si e Of the central part of disk, on the rim there may appear 

2000-4000 kgfAm2!4'428’ b’ 00mPresSl0n 3tresses «*• Attaining 

centrifugal pumps oonslsthofCtheUfõllowin^r ^^^1^^ T*116" ^ 

:n:e:“iytioad the with 
of their attachment. In calculating the strength of a blade 

ai^ridit: ^is -c:ii:hLr co^r::1^ ^rr10 
sa ety factor of the disk. Calculation is produced by the above- 

in cated method, but instead of mass density of the mateLTlJ the 

disk, in corresponding formulas the given density is substituted 

On a given radius the given density is determined by the fo^U 

where /., - ares of cross section of blade on radius r; z 

Impeller blades; b - width of Impeller disk on radius r. 

With peripheral velocities of impellers of centrifugal pumps 

on the order of ug - 100-180 m/s, the maximum value of circumferential 

nzn redlUS °f the h0le 18 33 equal to 
100-400 kgf/cm for impellers made out of aluminum alloys, and 

2000-4000 kgf/cm for impellers of steel. Removable disks of 

closed impellers are calculated for strength separately. The level 

of stresses in removable disks is usually the same as in the 
iinpeller disks. 
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In Fig. 14.42c there are diagrams showing stresses in a one-sided 
impeller and a removable disk. 

14.9. Vibrations of Disks 

Variable gas forces, having an effect on the blades, are 

transmitted to the disks and cause their forced vibrations. Vibra¬ 

tions of disks can be caused by flexural vibrations of the rotor. 

The frequency of forced vibrations of disks is equal to or is a 

multiple number of the revolutions of the rotor. With coincidence 

of frequencies of forced and natural vibrations of the disk there 

appear resonance vibrations which can serve as the cause of fatigue 

breakdown of the disks. 

Most characteristic are the following forms of vibrations of 

the disk: vibrations with one or several nodal diameters 

(Fig. 14.43a, b), vibrations with one or several nodal circumferences 

(Fig. 14,43c, d) and combined vibrations with nodal diameters and 

nodal circumferences (Fig. 14.44). The most frequently observed are 

vibrations with nouai diameters and combined vibrations. 

Fig. 14,43. Forms of disk vibrations: 
a) with one nodal diameter; b) with two 
nodal diameters; c) with one nodal circum¬ 
ference; d) with two nodal circumferences. 
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Medal dimeter NjqrI 
eircuBle renos Modal 

circumferen«* Nodal diameter 

alSwith*on; of di8k vibrations: 
a; with one noha1 circumference and one nodal 
diameter; b) with one circumference and two 
diameters; c) with two circumferences and one 

Frequency of natural oscillations of a disk, neglecting 

irregularity of heating is determined by the formula 

where R, - external diameter of the disk; h - average thickness of 

the disk; «,. - form factor of vibrations, depending on the number 

of nodal diameters and circumferences; q, s - number of nodal 

diameters and nodal circumferences. 

For a disk close to flat, it is possible to take a,, . 10.24; 

«II- 21.25; an - 39.8; an - 60.8. 

During vibrations of a revolving disk the nodal diameters do 

not remain fixed with respect to the disk, but revolve to this 

side or that. A similar shift in the deformation wave over the 

disk is called a traveling wave. Fixed fields of pressures and 

velocities of gas flow cause vibrations with nodal diameters fixed 
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in space (with respect to the disk the diameters revolve with Its 

number of revolutions). With coincidence of frequencies of natural 

and forced oscillations in this case the most dangerous resonances 

appear, since they are excited by constantly acting disturbances 

(for example, from partial feed of gas). 

Resonance numbers of revolutions are determined by the formula 

H* 

For combatting dangerous resonances a number of constructive 

measures are used: change in the configuration and dimensions of 

the disks, which leads to change of „ change in the configuration 

and dimensions of the disks, which leads to change of /m*. increase 

in the axial clearance between nozzle box and disk, leading to a 

decrease in the amplitude of the exciting forces. 

Footnotes 

Calculation for blades of variable section by length is 
provided in [15]. 

2Methods of calculating the frequencies of natural vibrations 
of blades of arbitrary profile are given in [15]. 
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CHAPTER XV 

ELEMENTS OP FUEL SUPPLY SYSTEMS 

15.1. High-Pressure Gas Containers and High-Pressure 
containers with Liquified Cases - 

A high-pressure gas container consists of a cylinder filled with 

compressed gas. In most cases the cylinder has a spherical shape. 

If, during calculation of the required volume of a spherical cylinder 

its diameter turns out to be larger than the midsection of the 

aircraft or engine compartment, no cylinder can be made with elliptical 

section or in the form of a cylinder with spherical bottoms of the 

same volume. 

The cylinder is supplied with fittings: servicing devices, 

safety and scouring valves and subassemblies for fastening. The 

weight of this equipment can amount to from 20 to 50# of the 
cylinder's own weight. 

The cylinders are usually steel welded. Calculated safety 

factor *a according to ultimate tensile strength of material «• is 

taken as equal to 2-5. 

Thickness of the wall of a spherical cylinder with known design 

pressure Pt and internal diameter D is determined by the formula 

t.&A? 
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By this formula there is riso determined the required thickness 

of walls of the spherical bottoms of the cylinders. Thickness of 

walls of a cylindrical container is determined by the formula 

Dry weight of a spherical high-pressure container without 

fittings 

C4=(l,2-l,5)nô*ÍYi, 

where V* — weight density of the material of the cylinder. 

It must be noted that under assigned pressure in the fuel 

tanks and their volume, the weight of the cylinders practically does 

not depend on the value of initial pressure, since with an increase 

of it the calculated volume of the cylinder simultaneously decreases 

almost in the same degree. For the purpose of decreasing the dimen¬ 

sions of the cylinder it is desirable to increase initial pressure 

in it, which is limited in basic possibilities of means of charging, 

which most frequently develop pressure up to 250-300 kgf/cm2. 

Dry weight of a cylindrical pressure container with the same « 
pressure and volume as a spherical ore, is almost twice as large. 

The volume of cylinders of pressurized systems of fuel supply 

can amount to 30# of the volume of the fuel tanks. 

In pressurized fuel supply systems, and also for pressurizing 

the tanks with a pump supply system, containers are also used with 

liquified gases. Such containers are lighter in weight than gas ones, 

since the volume of the container wHh liquified gas in view of the 

greater density of the working substance is less, and the pressure 

in the container is also less. The supply system is considerably 

simplified if the same liquified gas is used for pressurizing 
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and as one of the fuel components. A diagram of such a system 

is shown in Fig. 15.1. Liquid oxygen from pump 6 reaches the coil 

of heat exchanger 5 through control valve 5 and check valve 4. 

In the heat exchanger the liquid oxygen is heated by waste steam 

gas coming out of turbine 2. With the vaporized liquid oxygen under 

a pressure on the order of 2-5 kgf/cm^ the liquid oxygen tank 1 

is pressurized. Under these conditions the consumption of liquid 

oxygen for pressurizing composes 0.5*0»6$ of the consumption of 

oxygen for the chamber of the liquid propellant rocket engine. 

Fig. 15.1. Diagram of a 
system of tank pressuriza¬ 
tion with a pressure container 
working on liquified gass 
1 - tank; 2 - turbine of the 
turbopump assembly; 3 — 
distributing valve; 4 - check 
valve; 5 — heat exchanger coil; 
6 - liquid oxygen pump. 

15.2. Solid Propellant Generators and Starters 
of a Turbopump Assembly 

A solid propellant generator (PAD) consists of a combustion 

chamber (Fig. 15.2) in which is contained charge 3 made of powder 

or other solid fuel, a front bottom with igniter 1 placed on it 

and a rear bottom. According to their principle of operation PAD'S 

are subdivided into supercritical and subcritical [47]. In a 

supercritical PAD the ratio of feed pressure P* to pressure in the 

chamber p¥ is less than critical or equal to it. In a subcritical 

PAD, this ratio is greater than critical, but pressure difference 

Pn—Pu is small and is determined by losses in the feeder tubing. In 

a supercritical PAD in the rear wall a throttling nozzle 4 is set 

(Fig. 15.2a); in a subcritical PAD (Fig. 15.2b) the throttling nozzle 

is absent. 
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Fig. 15.2. Diagrams of solid 
propellant generators: 
a) supercritical; b) subcritical; 
1 - igniter; 2 - igniting charge; 
3 — charge; 4 — nozzle; 5 — 
safety valve, 6 — diaphragm; 
7 — auxiliary charge. 

A FAD should ensure separation of constant quantity of gas in 

a unit of time. Therefore, charges are used which have constant 

burning surface; face charge (Fig. 15.2b) or tubular grain, burning 

from external and internal surface. Those surfaces of the charge, 

on which burning should not occur, are armored with a special 

composition which does not support combustion. Between the charge 

and the walls of the combustion cnamber, when they are open for action 

of hot gases, there is placed a heat-insujéting covering. The simplest 

covering is asbestos. 

Charges intended for prolonged combustion are made from fuels 

with low combustion rates. In the operation of a PAD in a pressure 

feed fuel system, slowly burning fuel cannot ensure rapid achievement 

of rated conditions of the engine, since the gases formed in the 

first period of operation of the PAD have to at first fill the main 

line and free volume of the tanks and to ensure heating of the elements 

of the fuel supply system. For the purpose of accelerating achieve¬ 

ment of rated conditions, the PAD is supplied with an auxiliary 

charge 7 (Fig, 15.2b), fulfilling the role of starting charge and 

igniter. This charge is made from quick-burning solid fuel. Dimen¬ 

sions of this auxiliary charge are selected from calculation of 

the required gas generation for preliminary creation of pressure in 

the systems. 
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A supercritical PAD, which characteristically have high gas 

pressure in the combustion chamber (on the order of up to 

200-250 kgf/cm2) possesses sufficient stability and is capable of 

operating without additional regulating devices [4?]. 

A subcritical PAD works with pressures in the combustion chamber 

insignificantly exceeding that necessary for feed pressure. With 

pressure greater than the calculated, the quantity of forming gases 

becomes larger than quantity of outflowing gases, and thus because 

of the difference in these quantities, pressure in the chamber must 
continue to increase [4/]. 

In the combustion chamber of a subcritical PAD a safety 

valve 5 is set (Fig. 15.2b), which opens at a specified pressure P, 

to release into the atmosphere the excess quantity of gases. In the 

presence of such conditions, a subcritical PAD works with continual 

discharge of excess gases and its operating conditions become stable. 

In spite of the great simplicity of construction and operational 

reliability of a supercritical PAD in the fuel supply systems of 

liquid propellant rocket engines, basically the subcritical PAD 

are used since they are considerably lighter, thanks to smaller 

design pressure. The supercritical PAD'S are found useful as 

starters in liquid gas generators of a turbopump assembly. They 

heve a charge calculated for a working time of O.05-O.2 seconds. 

During this time, gases fill the corresponding main lines and the gas 

generator and ensure ignition of fuel components supplied to the gas 

For ignition of the charge of a PAD an igniter is used, including 

a weighed portion of rapid acting, course grained powder and an 

electric detonator. 

In individual cases, when the gas generator of a turbopump 

assembly works on the basis spontaneously combustible components and 

when during starting it is not required to be filled with gases from 

the PAD, the solid propellant generator is used as a starter supplying 

gas to the turbine of the turbopump assembly for its overspeeding. 
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An example of the construction of cartridge starter is shown in 

Fig. 15.3. The starter has a cylindrical chamber 5 with a head in 

which there are set two igniter charges 11, igniter 10 and a pressure 

capsule 12. The igniters and the pressure capsule are enclosed by 

breakthrough membranes 3. To the combustion chamber by bolts 14 

through lining 4 there is fastened rear bottom 1 with nozzle 2, 

also enclosed by the breaking membrane. In the chamber there is a 

telescopic charge consisting of three tubular charges 6, 7 and 8. 

At the ends, the charges are covered by armoring 9. 

Fig. 15.3. Cartridge starter 
I — rear bottom; 2 — nozzle; 
3 — breakthrough membranes; 
4 — lining; 5 — chamber; 
6, 7, 8 — tubular charges; 
9 ~ armoring; 10 - igniter; 
II — igniter charges; 
12 — pressure capsule; 
13 - elastic ring; 14 - bolt. 

The PAD housings are made of heat-resistant steels. The bottoms 

of the PAD are usually made removable to simplify the installation 

of the igniter and the main charge. Thicknesses of walls of the PAD 

are determined according to formulas givfn in § 15.1 with values of 

«•. corresponding to the design temperature of the wall. It is 

taken as equal to maximum temperature of the wall at the end of 

operation. In calculating the temperature of the wall there is 

considered the effect of the heat-protective covering (if any) or 

the fuel dome in case of fastening of charge to the housing. 

15.3. Gas Generators 

Gas generators are made mono, bi-, and tri-component. 

Monocomponent gas generators work on monopropellants, for 

example^ hydrogen peroxide, hydrazine (parameters of its decomposition: 

T ■ 365°K; k = 3.37; R - 67*10^), isopropyl nitrate, and others. 
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The most widely used are monocomponent gas generators working on 

hydrogen peroxides, usually called steam-gas generators (PGG). The 

parameters of decomposition products of hydrogen peroxide depend 

on its concentration (Fig. 15.4). 

T*K JtT-Hr'k’-m/k’ 

Fig. 15.4. Parameters of 
decomposition products of 
hydrogen peroxide. 

The basic element of a PGG is the reactor, in which in presence 

of catalyst decomposition of hydrogen peroxide occurs. An advantage 

of the PGG is the simplicity of the feed control of steam gas. At 

a constant temperature and constant concentration of hydrogen peroxide, 

the temperature of the steam gas is constant, and the quantity of 

steam gas evolved depends only on the quantity of peroxide passed 

into the reactor. Thus, for example, for maintaining the assigned 

operating conditions of a turbopump assembly, the turbine of which 

works on steam gas, it is necessary to have before the reactor only 

a regulator for constancy of supply of hydrogen peroxide. The 

temperature of the steam gas rises with an increase in concentration 

of hydrogen peroxide, which makes the use of concentrated solutions 

more beneficial. 

Solutions of hydrogen peroxide of high concentration are unstable 

and have a high freezing point, which creates operational inconve¬ 

niences, therefore in practice, solutions with concentration of more 

than 90-95# are rarely used. Maximum temperature of steam gas with 

such a concentration reaches near 700-800°C. Higher temperature of 

steam gas can be obtained by introducing into solution hydrogen 

peroxide additives which burn in gaseous oxygen: phenol, methanol, 

glycerine. These solutions did not find wide use in view of the 

insufficient mastery of their operational properties. 
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The design of the reactor basically is determined by type of 

catalyst used. There are PGG's with solid and with liquid catalyst 

[47]. 

The expenditure of liquid catalyst does not exceed 7-10$ of 

the expenditure of hydrogen peroxide. An advantage of such a reactor 

is the possibility of prolonged operation, a disadvantage — the 

necessity of having a control system for the supply of liquid catalyst; 

furthermore, addition of a liquid catalyst lowers the hydrogen peroxide 

concentration. 

These deficiencies do not apply to PGG with a solid catalyst, 

consisting of grains of solid porous base-carriers (gypsum, cement, 

fire clay, etc.), impregnated by catalytically active salts, for 

example, permanganates, chromates, and others. 

A disadvantage in a PGG with solid catalyst in the form of 

grains is the possible removal of particles of the catalyst with 

steam gas. Besides decreasing the activity of the catalyst this 

leads to wear of the turbine blades, since, for example, potassium 

permanganate is decomposed with separation of solid particles of 

manganese peroxide. In order to decr4ase the carrying out of solid 

particles from the reactor, in the examined design there is a filter, 

and outlet pipe 5 is located on the slpe of the reactor and has a 

baffle. 

More nearly ideal is the design of a reactor with catalyst in 

the form of a metallic grid (Fig. 15.5). The hydrogen peroxide, 

through plate 1 with holes, passes into the chamber of the reactor, 

in which are located two packs of metallic grids. Pack 2 consists 

of grids covered with the catalyst, while lower pack 4 - of grids 

without coating. The grids of pack 2 are made of silver and are 

coated with samarium oxide. Grids made of brass with silver plating 

are also used. Silver or silvered grids are a very active catalysts, 

but their cost is high. Pack 4 has nickel or Monel-Metal grids. 

These materials are considerably cheaper but less active. A second 
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pack is intended for decomposition of that part of the hydrogen 

peroxide which remained undecomposed after flowing through the first 

pack, and also for retaining those particles of silver removed by 

the steam gas. To avoid a flow of hydrogen peroxide in the clearance 

between the pecks and the housing there are press fitted rings 3. 

Fig. 15.5. PGG with catalyst 
in the form of grid: 1 — plate; 
2, 4 — packs of metallic grids; 
3 - rings; 5 - outlet pipe; 
6 - reactor housing; 7 - housing 
cover; 8 — scattering device; 
9 - cavity above the plate. 

The grids of the catalyst are pressed under high pressure and 

have 100-400 holes for 1 cm^. The holes in plate 1 are located in 

such a way that they ensure uniform expenditure of the hydrogen 

peroxide over all the area of cross section of the packs. The area 

of the holes amounts to 20-25# of the plate area; their diameters 

are 0.8-3.2 mm. The total area of peripheral holes is considerably 

larger than the area of the holes in the central zone of the plate. 

The volume of cavity 9 above the packs of catalyst will be 
selected by experiment. It should be as small as possible for quick 

starting of the PGG, but at the same time sufficient for equal 

distribution of hydrogen peroxide over the surface of the plate. 

In individual constructions use is made of packs carried out 

from alternate silver covered steel grids and grids made of stainless 

steel. The total number of grids may exceed 70. The diameter of 

the reactor chamber depends on the expenditure of steam gas. In a 

number of constructions, reactors of spherical form are used. 
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Calculation of the strength of reactors Is produced by the same method 

s calculation of PAD chambers and gas pressure generators. The 

chambers of the reactors are made of stainless steel. 

In a bi-component gas generator the working substance usually 

is obtained by means of combustion of an oxidizer and combustible, 

utilized in the basic chamber of the engine. Such gee generators are 

equently called liquid-gas generators (ZhOO). They consist of a 

special combustion chamber, the process In which has Its own 

characteristics. 

In particu?&r, the turbine operating conditions require that 

temperature of gases ahead of it should be not higher then 1200-1500¾ 

Such a low temperature can be obtained only with a considerable 

surplus of one of the components. 

In this case, besides the products of oxidation, there may be 

0 ained a vapor of one of components. If the excess component has 

a complex structure, then, furthermore, products of It. decomposition 

, • • Thus, In using petroleum and certain other combustibles 

In case of surplus combustible, there enter Into the composition of 

the products of reaction hydrocarbons, for example, 0%, c,H,, and 
free solid carbon, with small values of excess oxidant ratio 

formation of coke and soot Is observed, -Jhlch during prolonges and 

epeated operation can lead to considerable contamination of the 
working substance duct. 

Various circumstances have an effect on selection of excess 

component Thus, It Is undesirable to have the oxidizing medium 

' > when the 8“ washes parts which are made of materials 

r.bnd*°k ‘a rdSMOn- “ 13 n*CeM8ry 8180 t0 con*W" parameters 
nd k of the working substance, so that at a given temperature it 

s possible to obtain the greatest possible operation of the turbine. 

In Fig. 15.6 there are calculated dependences of parameters of 

products of combustion on excess oxidant ratio for two fuels. From 

e graph it is clear that a temperature of less than 1500°K can be 

obtained with a < 0.25-0.35 end with a > 4.5, 
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Fig. 15.6. Design temperature 
of combustion of two fuels 
depending upon a: 1 — oxygen- 
kerosene; 2 — nitric acid- 
kerosene. 

It is necessary, however, to consider that with very rich 

mixtures, the calculated values of temperature, in a number of 

cases, turn out to be 100-200°C higher than the experimental. This 

is explained by the complex chemical composition of products of 

reaction for certain fuels, which cannot always be considered in 

calculation, and also by the fact that due to slow reaction speeds 

thermodynamic equilibrium^does not succeed in being established, 

whereas in calculation there are determined equilibrium composition 

and temperature of the combustion products. For exact calculations, 

one should be oriented on experimental data recording the composition 

and temperature of the working substance of the turbine. 

There are different possible diagrams for the organisation of 

the process in a bicomponent ZhGd: with fuel supply only from the 

side of head, and with two-stage mixing. Since for bicomponent 

gas generators it is characteristic to have fuel combustion with 

very small or great excess oxidant ratios, and consequently, at 

low gas temperatures, then the use of such a diagram is feasible 

for readily evaporating or readily inflammable fuels. With 

two-stage mixing the fuel components move from the side of head 

with a relatively high excess oxidant ratio (a - 0.5-0.7). 
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hie remaining part of the exceaa component (in this case the 

combustible) moves a certain distance from the head. In this case, 
combustion of the main part of fuel occurs at high temperatures 

(2000-3500 K), and therefore the process differs in high speed and 

stability. The excess component, proceeding a certain distance from 
the head, is subjected to the action of hot gases and, evaporating, 

cools them to the required temperature. Such a diagram of a gas 

generator is expedient for low-activity high-boiling substances. 

Liquid-gas generators, working on bicomponent or tricomponent 
fuel, usually consist of the same elements as the chamber of a liquid 

propellant rocket engine and is similar to it in constructive shaping - 
they have a combustion chamber, head, and outlet duct. 

Combustion chambers, in most cases, are cylindrical, double- 
walled, with regenerative cooling. Fuel is used more frequently 
as a cooler since ZhOO with an excess oxidant ratio of a ■ 0.1-0.5. 
Since gas loads on the wall of a ZhOO combustion chamber are relatively 
small and their thermal balance favorable, it is possible to use a 
construction with widely-spaced Joints between the walls or with 
unconnected walls. As widely-spaced Joints, for example, point 
stampings can be used. j 

With the composition of a mixed fuel, differing sharply from 

stoichiometrical, it is possible to have considerable irregularity 

in the field of temperatures of the gss, which is impermissible for 
the turbine blades. For the purpose of creating more favorable 

conditions for leveling off of field of outlet temperatures from 

the ZhOO, the combustion chambers are made with greater volume-to- 
throat area than is used with those same components for the basic 

chambers of a liquid-propellant rocket engine. Relatively greater 
volume-to-throat areas are found in Zi¿3G chambers with two-zonal 
feed of components. 

With cylindrical combustion chambers and pressure Jet atomizers 
the chamber heads are made flat with three walls. The external 
wall, as also in the basic chambers of a liquid propellant rocket 

engine, has a form close to spherical. The attachment of the pressure 
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Jet atomizers Is analogous to that used In the basic chambers. To 

decrease carbon. It Is more profitable to use a honeycomb location 

of Injectors, ensuring more uniform mixture of components. In 

view of the relatively low temperature of gas In the chamber Internal 

cooling by creation of a boundary layer of liquid Is not used. 

A higher pressure drop at the Injectors Is selected than In the 

basic chambers (12-16 kgf/crn ). 

With two-stage mixing of components, the injector of the second 

belt can be made as a Jet, in the form of openings in the internal 

combustion chamber. More complex is the design with injectors 

passing the component toward the current of gases or in the same 

direction. Such injectors can be set on special grid located in 

the combustion chamber^ or on bracket, the role of which can 

be fulfilled by the combustible supply line; in the latter case, 

the reliability of operation of the ZhOG is impaired due to possible 

n a tricomponent ZhGG, lowering of the temperature of products 

of combustion is. attained by supplying the oxldiser and combustible 
with high a (0.5-0.3) .vUh the addition of a third inert component 

(for these purposes it is possible to use water). 

A diagram of a tricomponent genarator with spherical head 

and cooling of the walls of the combustion chamber with water is 

shown in Fig. 15.7. in the center of the head an igniter device 2 

s placed. The combustible and oxidizer are supplied respectively 

y injectors 1 and 3, water is supplied to the Jacket by connecting 

P pe , and proceeds into the combustion chamber through injectors 5. 

The outlet duct of the gas generator is not cooled. 

Fig. IS.?. Tricomponent ZhGG: 
1 - combustible injector; 2 - 
igniting device; 3 - oxidizer 
injector; 4 — pipe connection 
for supply of water; 5 - water 
injectors; 6 - outlet duct; 7 - 
external wall of chamber; 
0 — Internal wall of chamber; 
9 - head. 
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The diagram of a gas generator with lateral extraction of 

gases, shown in Fig. 15.8 promotes good mixing of the products 

of combustion and a certain decrease in soot falling into the 

turbine. On the spherical unccoled injector head 5, along the 

periphery, the combustible injectors 6 are located in concentric 
rows, and in the center - atomizer 7 injectors injecting the 

oxidizer in a radial direction. Two cartridge igniters 4 are 

placed for ignition of the fuel. Gases from the head are fed into 

an internal cylindrical monowall chamber 3. In center of this 

chamber at a certain distance from the head, there is set vortex 

combustible injector 8. Through it to the chamber nearly 8-10$ 

of the fuel is fed. Bleeding of gases from the cylindrical chamber 

is produced by holes C, and the gas proceeds to the turbine 

through the duct on the spherical uncooled housing of gas generator 9. 
The gas generator has removable heads 5 and 1. For sealing, 

soft linings are inserted in the joints. The weight of a similar 

ZhOG, due to the use of an uncooled chamber and cylindrical chamber 3, 

decreasing the heat withdrawal in the wall can be decreased as 

compared to the usual direct-flow chambers. 

Pig. 15.8. Spherical ZhGO: 
1 — head of cylindrical chamber; 
2 - window; 3 - cylindrical chamber; 
4 - igniters; 5 - injector head of 
the chamber; 6 - combustible injector; 
7 - oxidizer atomizer; 8 - swirl com¬ 
bustible injector; 9 - spherical housing 
of the ZhGO. 
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strength calculation of the ZhGG are produced according to 
the above-stated methods, taking into account the temperature of 
the walls. In restartable engines, due to the relatively low 
thermal stress, the life of the ZhGG can be greater than the life 
of the basic combustion chamber.

15.^. Valvea of Fuel Supply Systems

fonti-oJ of fluid flow in fuel supply systems of a liquid 
propellant rocket engine is effected by valves. According to the 
;• d of a tiia ; 'or , valves are subdivided into uncontrolled and 

i’. lled. ’r T tro -' ea vt Ives do not have a servomotor for 
opening or shutlleg the valve. An uncontrolled valve is opened 
by the difference in forces of liquid or gas pressure on the valve. 
Controlled valves have servomotors, actuated by gas or liquid 
pressure and als‘.' bf ;•! ec ■ roiragnnts .

Valves are normally closed or normally open; the former 
under a supply of pressure or electrical current are opened, the 
second — are cl. ,;ec. The main parts of each valve are the valve 
itielf (uiss.) (. I’g. 15.9 and 15.10) and the valve seat against which 
the valve is pressed. In the valve seat or in the actual plate 
is a sealing insert. The insert, depending upon the properties 
of the liquid and amount of pressure is made of rubber, plastic, 
or soft metal or material. In those cases, when the aggressiveness 
of the liquid or gas does not permit us'ng nonmetallic materials, 
the valve and ,a -e seat are made of .sr.-.lnless steel. Such a 
valve is ground to the valve seat and is reset.

m
-4...

Fig. 15.9. Diagram of 
^an uncontrolled valve;
1 — spring; 2 — valve 
(disks); 3 — valve seat,
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Vif.. 15.10. Valve witi; a 
servomotor: 1 - spring;
2 — valve; 5 — valve seat;
4 — packing; 5 — packing of 
the servopiston; o, 7 — 
sef/o.i.ot.ir cavities.

A valve must satisfy two basic requirements; ensure airtightress 
in the closed state and to pass the prescribed amount of flow 
with a specific pressure drop in open states.

Airtightness of a valve depends on pressure drop on the valve, 
the properties of the material in the place of contact, ai.d the 
contact area of valve with the valve seat. It is considered that 
the area of contact has no gaps in its circumference. The effort 
which is necessary to apply to the valve in closed state to ensure 
airtightness is found by the formula

Pt^ktPiFt, (15.1)

where *r - margin of airtightness; Pt - minimum required pressure 
of airtightness; Ft — area of contact between valve and valve seat.

Usually kt>2 is used. The minimum required pressure of 
airtightness Pr is determined by the properties of the materials 
used for sealing, and the difference in inlet and outlet pressure 
of the valve. For flat disks,, the value Pt is determined by embirical
dependences;
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for hard materials 

Ptmû(pM—pnn)*', 

for soft materials 

# 
where fo - inlet pressure; — outlet pressure; a, b, c — constant 

coefficients, the values of which for the most widely used materials 

for sealing are given in Table 15.1. 

Table 15.1. Characteristics of packing 
materials. 

Calculation of an uncontrolled valve is reduced to determination 

of the characteristics of the sprint to ensure the required force 

of pressure of valve to valve seat for airtightness in the closed 

state with a prescribed pressure drop on the valve, and also the 

maximum valve lift for obtaining the calculated amount of flow. 

Three forces act on a valve in open and closed state: force 

of the spring /»*. force of liquid pressure P* directed in the direction 

of closing the valve, and force of pressure directed in the 

direction of opening of valve. With the valve closed there should 

be ensured a condition of airtightness (see Pig. 15.9) 

Pf ■■ P* •+Pr—Pif» (15.2) 
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where 

Here 1,, - coefficient of elasticity of the springj A, - preliminary 

compression of the spring; * - pressures, acting to open and 

close the valve, respectively; - areas of the valve in the 
direction of pressures Aw and A* 

In open state, when the valve is lifted from the valve 

seat by value h, flow 0 through it is determined by the equation 

Q-AdJ*t 

where 

- diameter of the valve; fe a. - pressures of liquid on inlet: 

and outlet; u - diacharge coefficient of the valve, usually taken 
aa equal to O.65-O.75. 

By the equation of expenditure there is determined the 

required value of valve lift h. In the open po.ition, the valve 
is in equilibrium with the condition 

(15.3) 

where 

Solving tquation« (15.2) and (15.3), on« can determine the 
rigidity of the aprlng and amount of deformation of the aprlng 
during preliminary compression h0: 

â«»"-J-Kfe-Aw)^w-(fe-A.) /»—/,); 
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They are also used as controlling elements in pneumatic systems, 
passing the working substance to the valves with pneumatic 
servomotors. A diagram of a similar valve — an electropneumatic 
valve — is shown in Fig. 15.11.

Fig. 15.11. Diagram of an electro­

pneumatic valve: 1 - piston-valve;
2 — valve spring; 3, 3 - channels;
4 — control valve; 5 — connecting 
openings; 6 — electromagnet; 7 — 
control valve spring; 9 — supply duct.

The core of electromagnet 6, through a rod is connected with 
control valve 4. When switched on, electromagnet va:.ve 4, over­

coming the force of spring is seated in the valve seat, closing 
channel 8. Gas under high pressure arrives via channel 9 and, 
compressing spring 2, opens valve 1. During de-energlzlng of the 
electromagnet, spring ^ opens the valve and air from channel 3 
through channel 3 gets into the cavity under piston 1. Since 
the air pressure on both sides of the valve is equal, spring 2 
puts the valve in the valve seat. Wltli the valve closed, the 
cavity above piston 1 through channel 3 and opening 5 is connected 
with the environment.

For control of the valves explosive cartridges can be used. 
The merit of the explosive cartridges lies in the fact that they 
ensure high speed operation of the valves, are light, and do not 
require long piping. They are used in fuel supply systems of 
nonrestartable liquid propellant rocket engines.
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The design of a normally open valve with electromagnetic 
drive is shown in Fig. 15.12. With the electromagnet 3 de-energized 
valve 2 is opened by spring 1. When the electromagnet is switched 
on, core ^ moves downwards and closes the valve.

Fig. 15.12. Electromagnetic 
valve* 1 - spring; 2 - valve; 
5 — electromagnet; 4 — core.

In the calculation of con-crolled valves the forces required 
for creation of airtightness and lift and retention of valve in 
the assigned open state are determined.

A normally closed valve (see Fig. 15-10) is under the impact 
of spring force Poft. force acting in the direction of opening, 
and force P„ nctir,r in the direction of closing. The condition 
of airtigiitness of U.e valve is recorded by formula (15.2).

For example, if tl;e valve is opened in the direction of 
entrance of liquid, the movement of which is shov.n in Fig. 15-10 
by solid arrows, then taking into account entered dimensions and 
conditions ga=P»i, Pot=P»u* we have
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A controlled value is equipped with a servomotor, which 

develops the required force for opening or closing the valve and 

for retaining it in open state. 

A valve with a pneumatic or hydraulic servomotor is shown 

in Pig. 15.10. Valve 2 is connected by a rod with the piston of 

the servomotor which has a sealing collar 5. Wie servomotor moves 

the working substance into cavity 6. In cavity 7, connected with 

the atmosphere, is spring 1. For sealing the movable parts of the 

valve leather or rubber collars 4 are used. The valve can be normally 

closed or open. In normally closed state the working substance is 

not moved to the servomotor and the valve is pressed against the 

valve seat by the force of the spring. To open the valve it is 

necessary to create pressure in cavity 6 of the servomotor, which 

should overcome the force of the spring and in working state hold 

the valve in a position to ensure the prescribed amount of flow. 

A normally open valve has servomotor which is under the impact of 

the pressure of the working substance. In order to close the 

valve, it is necessary to remove pressure from cavity 6. Structurally, 

the valve can be carried out so that the working substance moves 

into cavity 7 of the servomotor while the spring is located in 

cavity 6. Then, in normally closed state, the valve is subject 

to pressure, but in normally open state - to the spring. 

If valve must be opened after starting the engine, then the 

latter variant is more feasible from the point of view of reliability 

in operation: during the pre-start check, presence of pressure 

in cavity 7 of the servomotor testifies to the good condition 
of the system and its readiness for starting. Such a state is easily 

controlled. To bring the valve to operating state it is necessary 

only to remove pressure from the servomotor and not to supply pressure 

to the servomotor, as with the design shown in Fig, 15.IO. 

Valves with a pneumatic and hydraulic servomotor are usually 

used when great shifting forces are required - in the main lines 

with great volume of flow and under high pressures. In pipelines 

with small volume of flew valves with an electromagnet can be used. 
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With movement of the liquid in the direction shown in Fig. 15.lu 
by dotted arrows, fo-fo and ß»mßt»u ; 
then 

From equation (15.2) there can*be obtained the force of 
preliminary compression of the spring required to ensure airtightness 
of valve, taking into account values corresponding to direction 
of movement of liquid P, and P.,: 

P**" Pr—P»+P»»* 

For opening a hormally closed valve the force of a servomotor 
is required 

P»»it 

!•« 

where - sum of all the forces of friction acting on * friction 

surfaces of the sealing or collar of the piston. 

Frictional force is determined by the formula 

P*H"f»» ip * 

where /*i — coefficient of friction of i-th pairs; p - pressure 
in cavity of collars or sealing; — diameter and height of 
cylindrical friction surface of collars and sealing. 

The coefficient of friction depends on the sealing material. 
For soft leather working in a low-viscosity liquid, /»» ■ O.03-O.07: 
for hard leather in * 0.10-0.13; for leather working without 
lubrication, /* ■ 0.2. The force of rest static friction can be 
3-4 times greater than the frictional force of friction of motion. 
For exclusion of frictional force, the sealing can be carried out 
by means of bellows. 



For retention of valve in open state, with known value of 

valve lift h, the force of the servomotor is determined by the 
formula 

where 

The servomotor is calculated on that force or P\ (taking 

into account the margin of force kc ), whichever is the greater 

or 

e, 

where Ptj — calculated force of the servomotor. 

The margin of force A« is taken, depending upon type of 

sealing, within limit» of 1.2-2. 

r 

WKn a normally open valve, the force of the servomotor holding 

the valve in closed state (see Fig. 15.12) is determined by the 
formula 

P'-Pp+Pw-K+F«. 

where 

A» - deformation of spring with the valve closed. 
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Values of forces P* and P* are determined taking Into account 

the direction of movement of the liquid. 

According to known force P«, in the case of a hydraulic or 
pneumatic servomotor there can be determined the required pressure 

in the cavity of the servomotor or with known pressure of the 

working substance - area of the piston. With large values of 

shifting force, in order to avoid increasing the dimensions of 

piston or in order not to excessively increase the pressure in the 

control system, hydraulic servomotors can operate from boosters 

(pig. 15.13). With a supply of pressure to cavity 9 differential 

piston 4, 8 shifts in the direction of cavity 6, compressing liquid 

into channel 7. The pressure in channel 7 will be as many times 

greater than the pressure in channel 2, as many times the area 

of piston 8 is greater than the area of piston 4. 

Fig. 15.13. Diagram of a 
booster: 1 - tank; 2, 3» 7 - 
ducts; 4,8- differential 
piston; 5» 9 - «ir cavities; .OUUUf V 
- liquid cavity 

15.5. Pressure Reduction Valves 

Pressure reduction valves are Intended for lowering and maintain¬ 

ing at a prescribed level the pressure of gas or liquid on exit 

from the reduction valve. Thus, the reduction valve constitutes 

the simplest automatic pressure regulator. In view of absence 
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of 8 servomotor, it can be referred to as a direct action regulator. 
Adjustment of a reduction gear for the most part, remains cons^ar.t 
and Is not changed during operation of the engine. Use is also 
made of adjustable reduction gears, in which a gi'’en value of 
pressure, depending upon external conditions can, before starting, 
be changed in accordance with technical conditions. If, for 
adjustment of the engine it is required to change the pressure 
after the reduction gear in process of operation. It is made with 
variable adjustment.

Diagrams of reduction valves with constant adjustment are 
shown in Fig. 15.14. The reduction valve consists of a regulating 
element — valve 7 and sensing device — diaphragm 4. The amount 
of valve lift from valve seat determines the area of cross section 
of the valve, and consequently also its throttling action. 
Diaphragm 4, together with springs 2 and 8, serves for creation 
of the force necessary to lift valve 7, with which it is connected 
by rod 6. The adjusting element of the reduction valve is screw 5, 
by which it is possible to change the tension of spring 2. The 
working substance enters the reduction valve via duct 1 with a 
pressure P.i and, passing the valve, reaches cavity 5, where the 
prescribed pressure Ptux is set. In the reduction valve shown in 
Fig. 15.14a, high pressure promotes opening of the valve. Such 
reduction valves are called direct acting; in a reduction valve 
of reverse action (Fig. 15.l4b), hxgh pressure promotes pressing 
the valve to the valve seat. A bellows or piston can be used 
as a sensing device Instead of a diaphragm.

Fig. 15.1^. Diagrams of 
reduction gears: a) direct
action; b) reverse action;
1 — inlet channe.; 2 — spring; 
3 — regulating screw; 4 — 
diaphragm; 5 — cutlet cavity 
of the reduction gear; 6 — 
valve rod: ^ — valve;
8 — locking spring.
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The operating principle of a reduction valve is reduced to the 
following. Spring 2 strives to open valve 7. From channel 
through the valve into cavity 5 the working substance proce Js, 
but on diaphragm 4 there appears a force striving to close the valve. 
As a result, equilibrium of forces is established, with which the 
valve will be lifted a certain height corresponding to a given 
pressure in cavity 5.

In the fuel supply systems of a liquid oropellant rocket 
engine basically reverse action reduction valves are used. Their 
advantage over direct action reduction valves lies in the fact 
that in case of a breakdown of locking spring 6 there is no danger 
of a sharp increase in outlet pressure from the reduction valve.
In a direct action reduction valve for removal of this deficiency 
in lieu of a locking spring, there is used a method of connecting 
the valve rigidly with a rod, or placing under the valve a piston 
on which the gas pressure acts.

Examples of design of reduction valves with sensing devices, 
carried out in the form of a diaphragm, a bellows and a piston, 
are shown in Figs. 15.15-15.17.

Fig. 15.15. Reverse action 
reduction valve with membrane:
1 — nut; 2 - spring; 5 — lock 
nut; 4 — diaphragm; 5 — valve;
6 — locking spring; 7 — lining; 
8 - valve seat; 9 — valve rod.

Inlet



Fig. 15.If. Direct action 
reduction valve with a piston 
sensing device: 1 — regulating
screw; 2 — spring; J — valve 
rod; 4 — Inlet cavity; 5 - 
Inlet duct; 6 — piston-valve;
7 - outlet cavity; 8 - duct;
9 — sensing device piston;
10 — rod; 11 - duct; 1? — 
unloading cavity: l3 — outlet 
duct.

Fig. 15.17. Reduction valve 
with variable adjustment and 
bellows sensing device:
1 - valve; 2 - bellows; 3 - 
spring; 4 — pipe connection 
for supply of command pressure; 
5 — bellow chamber.

The effective area of diaphragm. In designs wl:h disks (see 
Fig. 15.1^) equals

(15.4)



where Du — diameter of diaphragm; • — correction factor, considering 
the effect of the disks. 

The correction factor a can be calculated by the formula 

where Du — diameter of disk. 

The diaphragm sensing device ensures a relatively small shift 
of the center of the diaphragm, and consequently also the movement 
of the valve. In those cases when large movement of the valve is 
required, it is more expedient to use bellows or piston sensing 
devices 

In calculating the force having an effect on tne bellows, 
the effective area of the bellows can be taken as equal to 

where D* - average diameter of bellows corrugations. 

A reduction valve with piston sensing device (see Pig. 15.16) - 
direct action. Gas is supplied to the reduction valve through 
inlet duct 5 and enters cavity 4, promoting the opening of valve 6. 
Piston 9 of the sensing device is under the impact of the pressure 
of exhaust gas supplied by channel 11. Spring 2 of the sensing 
device is linked with piston 9 by rod 3 and through valve 6 by rod 10. 
For unloading the valve from forces of gas pressure on inlet ^here 
is a device in the form of a piston made as a single unit with 
valve 6. Under piston-valve 6 via duct 8 gas pressure moves to 
the inlet in the reduction valve. In view of the greater effective 
area of the piston-valve on the side of cavity 12 force of pressure 
of inlet gas will act in the direction of closing the valve, as in 
a reverse action reduction valve.. 



Beside* the reduction valves with constant adjustment 

considered above, in control systems use is made of reduction valves 

with variable adjustment, playing the role of flow-rate regulators. 

A schematic diagram of such a reduction valve is shown in Fig. 1^.1^. 

In it, instead of a spring having constant adjustment, on the side 

of cavity 6 on membrane acts the force of air pressure acts on 
the diaphragm. This pressure Pm is called command pressure. With 

variable command pressure there can be obtained the pressure or 

expenditure of working substance needed for the engine process on 

outlet from the reduction valve. The merits of a reduction valve 

with command pressure are flexibility of control system by outlet 

pressure and reduction of the residual inequality of adjustment. 

The engine control system is simplifiedf since one command pressure 

reduction valve can control work of ’eral reduction valves 

regulating the expenditure of compon s. In the presence of 

command pressure, additionally for lowering the maximum amount of 

command gas pressure, in the chamber above the diaphragm there is 

set a constant adjustment reduction valve spring. 

Fig. 15.18. Diagram of a 
reduction valve with variable 
adjustment: 1 •—diaphragm; 
2 - rod; 5 - valve; 4 - locking 
spring; 5 - valve seat; 6 - 
reduction valve chamber. 

A diagram of a reduction valve with a bellows sensing device 

and reduction valve spring with supply of command pressure 

inside bellows is shown in Fig. 15.17. Into the chamber of bellows 

5 via a drilling in the rod of valve 1 pressure fan is fed. Command 

pressure Pm moves via pipe connection 4. Spring J> works on extension 

and fulfills role of a locking spring, ensuring the airtightness 

of the jVfilve. 
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The equation of equilibrium of forces having effect on the 

velve, taking Into account unloading It from the action of Inlet 

pressure will be as follows* 

ßMa(P*+t»a) +W« •"®’ (15aS) 

where F* - effective area of bellows; km* - rigidity coefficient 

of spring together with the the bellows; fc - deformation of spring 

during preliminary compression. 

From equation (lb.5) we find 

s.+zm 
(15.6) 

As can be seen from formula (15.6). outlet pressure depends 

not only on command pressure, but also on the height of valve lift, 

l.e., on expenditure of component. Thus, this regulator possesses 

statlsm, which Is Increased with growth of the spring force of the 

spring. 

The reduction valve housings are made of aluminum alloys 

or steel. The diaphragms and bellows are made from materials, used 

for analogous components in other elements of the fuel supply 

system. The valve*, in the majority of cases, are made of steel, 

especially, if they do not have special sealing linings and are 

set on their comical tips in the valve seat. With soft material 

for the valve, in such cases cold hardening and disturbance of 

airtightness is possible. The method of calculating the 

characteristics of reduction valves and recommendations in respect 

to selection of dimensions of their elements are expounded in detail 

in [4?]. 

15.6. Fuel Lines. 
of Liqu 

In fuel supply systems of liquid propellant rocket engines 

flexible and rigid fuel lines are used. Flexible lines are 

insensitive to misalignments, are vibration proof, and are convenient 

476 



to Install. However, they are used less frequently than rigid 

lines made from stainless steel or aluminum alloys, in view of 

lower cost and light weight of the latter. 

Fuel lines must have the smallest possible diameter, especially 

with high component pressures, which are limited by permissible 

velocity of the liquid. In fuel lines supplying a fuel component 

to the pumps, the rate of liquid, to avoid cavitation, should not 

exceed 5-12 m/s. Feeder fuel lines, if there are no special reasons, 

are made short and avoid, as far as possible, sharp turns and 

changes in areas of section. In pressurized fuel lines rates of 

liquid up to 15-18 m/s are allowed. 

Flexible fuel lines are made from rubber. They are also made 

of plastic reinforced with stainless steel wire or mesh. 

To ensure operational reliability of fuel supply systems high 

requirements are imposed for airtightness and strength of flanged, 

nipple, and bellows couplings of fuel lines. 

Nipple connection with expansion of the lines or soldering 

of nipple are used in joining fuel lines with diameters up to 25-40 mm 

With greater diameters of fuel lines along with nipple connections 

flanged joints are used (Fig. 15.19ö). A flanged Joint can, if 

necessary, include throttle washer or burster disk 1, pressed 

between the flanges. Sealing with nipple and flanged joints is 

achieved by installing washers 2 or rings made of soft metals, 

rubber, or plastic. A bellows coupling (Fig. 15.19b) makes it 

possible, with high eirsightness to easily compensate for inaccuracy 

in manufacture or installation, and also for temperature deformations 

of fuel lines and other subassemblies of the propulsion system. 

A bellows coupling can be made with internal bushing, which 

significantly decreases pressure loss and the possibility of 

formation of eddies of the liquid, which is especially impermissible 

before entrance into the pumps. 
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Fig. 15.19. Joints of 
fuel lines: a) flanged; 
b) bellows. 1 — burster 
disk; 2 - sealing; 
3 — bellows. 

As shut-off attachments in fuel supply systems, besides 

valves, burster disks can be used, but only in a nonrestartable 

engine. According to the method of bursting the disk they are 

subdivided into those bursting directly by pressure of liquid or 

gas and those bursting by a servomotor. Disks burst by servomotor 

are used when n strictly fixed instant of burst is required. In 

construction, shut-off attachments are complicated, and in respect 

to cost, size and weight are equivalent to valves. 

Disks which burst under flow pressure are used chiefly in 

a pressure feed system. They are usually made of aluminum. In 

order to facilitate bursting of the disk, in a specified spot on 

it there is a weakening in the form of annular or cross-shaped 

tficisions (Fig. 15.20). Thickness of a disk is usually selected 

by experimental means. Without calculating the incision, thickness 

of the disk òm can be determined preliminarily by the formula 

K—*»—* ■ * á*. 
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where D - inside diameter of the disk; ft - pressure at which 

disk should burst; t, — rupture stress of the cut of the material 

*t - guarantee reserveselected within limits of 1.1-1.2. 

Fig. 15.20. Burster disks: 
a] with annular incision; 
b) with cross-shaped incision. 

For annealed aluminum t« 

worked r, * 9OO-950 kgf/cm2. 

600 kgf/cm 
2 

and for cold 
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CHAPTER XVI 

MA.Hi’ INFORMATION ON SYSTEMS OP AUTOMATIC CONTROL 
AND ADJUSTMENT OP LIQUID PROPELLANT 

ROCKET ENGINES 

•1 for Automatic Control 
«nd Adjustment of Liquid Propellant 

KocRet Engines 

A system of Automatic control and adjustment of liquid 

propellant rocket engines is an element In the general control 

system of a rocket, from which it obtains controlling signals for 

the purpose of guaranteeing specified flight conditions of the 

rocket. Control system by rocket in this work is not examined. 

Control of a liquid propellant rocket engine has as a basic 

purpose, starting the engine, bringing it to assigned conditions, 

changing the operating conditions, and consequently, thrust in 

flight and shut-down of the engine. Depending upon the mission 

of the flight vehicle it either pursuec a defined program of change 

of thrust in time, or control of thrust is carried out from the 

flight control system of the flight vehicle. The simplest program 

is maiAtaining the constancy of any parameter which well characterizes 
thrust. 

In conformity with its mission, a system of automatic control 

of a liquid propellant rocket engine includes a device for starting 

and thrust buildup, a device for maintaining operating conditions 
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of the engine and a device to shut down the engine. Since control 

of a liquid propellant rocket engine is carried out by means of 

changing the supply of fuel components to the basic chamber and 
to the gas generator, then an automatic control and adjustment 
system of a liquid propellant rocket engine in a constructive 
respect is closely linked with the fuel supply system. 

A schematic diagram of a control and adjustment system, in 

conciderable measure, depends on the diagram and design features 
of the fuel supply system of the engine and is determined by the 
type and mission of the flight vehicle. 

As the liquid propellant rocket engine develops and the 

effectiveness of the flight vehicles which are supplied with these 
engines improve, there takes place a certain complication of the 
fuel supply systems, the requirements are Increased for accuracy 
in maintaining adjustable values and for stability of engine 

operation there is an increase in the quantity of adjustable 
values for the entire propulsion system on the whole, and there 
is an expanded range of operating conditions of the engine. All 
these circumstances impoee.an essential imprint on the structure 
of the system of automatic adjustment and control and on the 
construction of elements of these systems. It is possible to 

formulate only the most general requirements which are characteristic 
for a majority of systems: 

1) the system should ensure, in accordance with the accepted 
program, control of the engine by maintaining constancy of any 

parameter which well characterizes thrust with the required degree 
of accuracy or change of thrust according to a given law; 

2) the ratio between consumption of combustible and oxidizer 
must be kept constant or must be changed according to a specific 
law; 

3) the schematic diagram of the automatic control system and 
the parameters of the system must ensure stability of system and 

necessary quality of transition processes; 
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4) the starting of the engine and control of the engine on 
pilotless flight vehicles must be fully automated; on piloted 
vehicles the engine control must be carried out by means of one 
control lever? 

5) on ballistic missiles, the automatic devices for switching 
on the engine during achievement by rocket of a predetermined 
speed, must possess high speed of operation and must ensure 
minimum amount and high stability of "after-effect impulse." 

6) the construction of the elements of the automatic control 
system should guarantee a high degree of reliability; units and 
subassemblies with relatively low reliability should, as far as 
possible, be duplicated. 

On the automatic control systems of a liquid propellant rocket 
engine there are imposed very stringent requirements with respect 
to accuracy. 

For surface-to-air guided missiles, maximum permissible errors 
tentatively compose for thrust not more than *2#, for mixture ratio 
in the basic chamber ±2.5-3.0#, in the gas generator ±3.0#, and in 
tank pressurizing not more than ±3.5-4.0#. For ballistic missiles, 
these requirements are more rigid. Maximum permissible errors 
tentatively compose, for thrust ±2#, for mixture ratio in the basic 
chamber ±1.5## and in gas generator ±2.0#, and in tank pressurizing 
*3.0# [58]. 

On flight vehicles and accordingly on the fuel supply system 
and the automatic adjustment of the engine in flight considerable 
overloads act. Especially great are the overloads for surface-to-air 
guided missile* which accomplish maneuvers in the process of 
approach to the target. 

Axial overload of the flight vehicle is the basic external 
disturbing effect of a liquid propellant rocket engine. On the 
axial overload depend pressure on inlets to the combustible and 
oxidizer pumps, and pressure behind the pumps and flow rates of 
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the components. The automatic control system of the engine 

during considerable changes of overloading of the flight vehicle 

should quickly restore the assigned operating conditions of the 

liquid propellant rocket engine. 

As adjustable values for a liquid propellant rocket engine 

there is taken any parameter well characterizing engine thrust, 

for example, fuel component ratio for the basic chamber and the 

fuel component ratio for the gas generator in the case, of a 

bicomponent gas generator. 

Action controls are flow rates of the fuel components 

passing into the basic chamber and the gas generator. 

Direct measurement of engine thrust in flight is impossible, 

therefore the sensing element of the thrust regulator usually 

carries out measurement of any parameter of conditions which 

sufficiently well characterize thrust. Such a parameter can be 

the gas pressure * in the basic chamber of the engine. 

Sensing elements of ratio controllers of fuel components are 

flowmeters or levelmeters, measuring actual consumption of 

components. As values characterizing the flow rates of fuel 

components, there can also be used the pressures of fuel components 
before the injectors. 

In th. simplest liquid propellsnt rocket engine control systems 

hsvlng one sdjusteble vslue. It Is ususlly some persmeter which 

well characterizes engine thrust. 

The mixture ratio in the basic chamber renders an effect on 

the effectiveness of the engine and the flight vehicle. Maximum 

value of specific impulse corresponds to a defined optimum ratio 

cf components. Adjustment of the mixture ratio is necessary also 

to ensure uniform output of components from the tanks. A considerable 
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surplus of a 1X161 component remaining In one of the tanks toward 

the end of the flight, as was shown earlier, impairs the effectiveness 

of the flight vehicle. 

In the case of a bicomponent gas generator, it is expedient 

to regulate the mixture ratio proceeding into the gas generator, 

so that the temperature of the gas ahead of the turbine Is within 

permissible limits. This circumstance especially must be taken 

into account for an engines having a comparatively long life. 

As was shown above, the structural diagram of the engine 

and type of flight vehicle for which the engine is Intended have 

considerable effect on the automatic control system of a liquid 

propellant rocket engine. 

In Pigs. 1.3-1,7 different schematic diagrams were given for 

systems of fuel supply and adjustment of liquid propellant rocket 

engines with pressure feed of fuel components to the basic chamber. 

In the diagram in Pig. 1.3» pressure A. determining the 

flow rate of components and thrust of the engine, is supplied by 

means of adjusting regulator 2. Control signal h, passed to the 

regulator, and the longitudinal overload of flight vehicle *« 

determine engine thrust. 

Mixture ratio in diagram mentioned is not regulated. For 

this, a special regulator with regulating element on one of the 

main lines is necessary» feeding basic chamber with fuel components. 

In those constructions where fuel components are displaced 

from the tank not by compressed gas from containers» but by gas 

proceeding from the gas generator, the engine thrust depends on 

burning rate of the charge in the gas generator. In the case of 

a liquid gas generator, engine thrust depends on quantity and 

mixture ratio, proceeding into the gas generator. 



The schematic diagram of the system of fuel supply and autoratic 

admustment of a liquid propellant rocket engine with a turbopuirm 

feed of fuel components and a monocomponent gas generator (see 

Fig. 1.4) has one variable value — engine thrust. In similar 

systems hydrogen peroxide is usually used as fuel for the gas 

generator. 

The gas pressure displacing hydrogen peroxide in the gas 

generator, is designated gas pressure in the gas generator is 

designated gw- Gas pressure * is supplied by adjusting regulator ?. 
The adjusting signal of the regulator is designated h. On the 

value of pressure * depends the flow rate of hydrogen peroxide 

Cm. 8*8 pressure Pn, and the number of revolutions of the rotor 
of the turbopump assembly. Operating conditions of the turbopump 

assembly determines the flow rates of fuel components into the 

basic chamber and the thrust of the engine. 

Thus the adjustment signal of the regulator h is a controlling 

signal for engine thrust. External disturbance for thrust is 

longitudinal overload nM. 

The mixture ratio in this diagram is not regulated, and is 

set for normal rating by selection of flow frictions of the main 

lines. 

A schematic diagram of an automatic control system of a liquid 

propellant rocket engine with turbopump feeding of fuel components 

and a bicomponent gas generator (see Fig. 1.5) includes one 
engine thrust regulator. 

Flow rates of combustible and oxidizer to the gas generator 

are designated 0,* and 0**. respectively. 

Control of engine thrust is effected by means of shift 

regulating element 2, apportioning the admission of combustible 

to the gas generator. With a change in the position of the control 

element gas pressure in the gas generator changes, and also the 

number of revolutions of the rotor of the turbopump assembly and 
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the flow rates of fuel components Into the basic chamber and the 

thrust of the engine. Regulating element 2 la brought Into 

action from the thrust regulator. Sensing device of the thrust 

regulator measures gas pressure In the basic chamber P* With 

deviation of pressure hi from rated value, the regulating element 

receives a shift, directed towards removal of the pressure 

deviation being caused in the system. Value of pressure A, and 

accordingly, engine thrust under defined conditions Is supplied 

by means of adjusting the thrust regulator. Thrust developed by 

the engine depends on the controlling adjustment signal h and 

external disturbance a» 

Analogously to diagrams given earlier, the mixture ratio In 

this system Is not regulated. 

It is possible to regulate the mixture ratio entering the basic 

chamber by means of a component ratio regulator set in one of the 

main lines feeding the chamber. 

A schematic diagram of an automatic control system of fuel 

supply, thrust, and mixture ratio for the basic chamber is shown 

In Pig. 1.6. 

The signal for adjusting the thrust regulator is designated V 

the signal for adjusting the mixture ratio regulator — *». 

Engine thrust adjustment and control of thrust are carried 

out in the examined system just as in the preceding system 

(see Fig. 1.5)* 

The mixture ratio regulator compares their actual ratio with 

rated value. With deviation the regulator restores the assigned 

ratio of components by shifting regulating element 7 (see Fig. 1.6) 

located on the fuel supply line of the chamber of the engine. 
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The adjustment signal of the mixture ratio regulator A„ maker, 
it possible to change as necessary the ratio of components, ir 
case of constant mixture ratio assigned for all conditions then 
will not be a change of adjustment signal A„ . 

The engine being considered has two controlling actions: 
•hiff cf thrust regulating controls 2 and mixture ratio control /. 
The mixture ratio entering into a bicomponent gas generator in 
this system is not regulated. 

In Fig. 1.7 there is a simplified schematic diagram of system 
of fuel supply and automatic control of a liquid propellant 
rocket engine with a bicomponent gas generator for a case of 
three adjustable values: engine thrust, mixture ratio for the 
basic chamber, and mixture ratio for the gas generator. 

thrust control of the engine and control of the mixture ratio 
entering the basic chamber are carried out just as in the system, 
the diagram of which is in Fig. 1.6. 

The regulator of the mixture ratio for the gas generator 
compares the actual ratio of components with rated value and with 
the appearance of deviation restores the ratio of components 
by shifting control element 7. * 

The engine, as the object of control, has three controlling 
actions - shift of thrust regulating controls 2, the control of 
ratio of fuel components for the basic chamber 11 and control of 
the mixture ratio for the gas generator 7. 

Likewise there can be constructed s schematic diagram of 
automatic control for engines with generator gas afterburning. 



16.2. A Liquid Propellant Rocket Engine as an Object 
of Automatic control 

Formulation of the Problem 

A atudy of the static and dynamic properties of a liquid 

propellant rocket engine as an object of automatic adjustment 

and control is a necessary prerequisite to the creation of 

automatic control systems. 

e 

First of all, it is necessary to establish, how the variable 

values determining the operating conditions of the engine will 

be changed, with change of controlling actions and external 

disturbances applied to the engine. Static properties of the 

object of control are reflected by dependence of values characterizing 

the smooth performance of the engine on control actions on those 

established conditions. Dynamic properties of the engine are 

sufficiently well described by transfer functions and frequency- 

response curve of the object. 

For a liquid propellant rocket engine a great number of 

dynamic sections connected to each other by numerous cross connections 

is a characteristic. These include the chamber of the engine, the 

liquid gas generator, the turbopump assembly, fuel manifolds, 

regulating elements, and others. The number of these sections 

and their Interconnection are determined by the schematic diagram , 

of the engine. 

One pf the first problems in the investigation of an object 

of control is a rational separation of it into dynamic sections 

and discovery of the connection between them. 

Each section of the object is described according to its 

differential or algebraic equation connecting outlet and inlet 

coordinates of the link and reflecting the basic features of the 

physical processes occurring in the section. Outlet and inlet ¡ 

coordinates of a section are values characterizing processes in 
» 

the engine. 
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In the composition of equations of sections of a liquid 

propellant rocket engine an assumption is made on smallness of 

deviations of coordinates from their absolute values. This 

assumption enables linearization of equations of the sections. 

After composing such a system of equations it is necessary to 

compose the transfer functions and to calculate the frequency- 

response curves of the object of control. 

In view of the large number of sections and multiplicity 

of connections between them, to record the transfer functions of 

object of control in visual form is very difficult, tedious and 

inexpedient. 

For appraisal of dynamic properties of a complex object of 

control, the best of all Is to use frequency responses, which without 

special difficulties can be calculated with help of electronic 

digital or analog computers, and then estimated from the point 

of view of requirements imposed on the automatic control systems 

Of a liquid propellant rocket engine. 

It is necessary to estimate also the influence of separate 

sections and characteristic dynamic parameters on the frequency- 

response curves of the object of control as a whole. For appraisal 

of the dynamic properties of the control system at lowered conditions 

it is desirable to show the effect of throttling the engine on 

its dynamic properties. 

Controllers of thrust and mixture ratios are connected to 

each other through the object of control. It is necessary to 

investigate the mutual influence of the control channels. The 

connection between them is estimated with help of frequency-response 

curves of the object for pressure in the basic chamber according 

to shift of the control elements and for ratio of components - 

according to shift of the chrust control element. 



« 

It Is very important to compare the dynamic properties of 

engines of different thrust, but close in their diagram and 

structural fulfillment to the one being investigated, which 

:;r:hr ^0Sfble t0 «duce the work on investigation 
of the object of control. 

For appraisal of accuracy of automatic control systems it is 

es rabie to reveal the scattering of static and frequency-response 

curves of engines for different specimens of the same model. 

Block Diagrams of Liquid Propellant Rocket Engines 

On schematic diagrams of engines (see Figs. 1.3-1.9) there 

are shown the structural elements in which there take place 

defined physical processes, and the communication of liquids and 
gases. 

The block diagram of an engine is determined by the schematic 

un tsrM,th T*0'8 the COmieCtl0n b6tWeen lts elementary dynamic 
units, the number of which, however, is equal to the number of 

elements of the schematic diagram. 

J** basic chamber of the engine is a structural element and 

;0 8 r :S 0ne^lnk ln the block the Object Of control. 

H! l . r !nate 0f the b88lC Chamber - gas b«83“« 1" the 

, wo lnlet coordinates are flow rate of the combustible 
<hM reaching the chamber through the injectors, and flow rate of 

the oxidizer Co.«. 

In this way in a block diagram a bicomponent liquid gas 

generator is represented. 

The turbopump assembly, consisting of a turbine and two 

pumps, can be expediently represented on e block diagram of the 
Jec. of control in the form of a totality of three sections! 

the turbine rotor, combustible pump, and oxidizer pump. For the 
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rotor the outlet coordinate Is the number of revolutions per minute n, 

the inlet coordinates — total consumption of combustible Q,i, total 

expenditure of oxidizer Ooi, and the gas pressure before the nozzle 

box of the turbine Pn- Each of the pumps has as outlet coordina ,e 

the pressure of the fuel component after the pump. Inlet coordinates 

of the pump are the pressure of the fuel component on inlet to 

the pump, the number of revolutions of the impeller and the flow 

rate of the component through the pump. 
i 

The block diagram of the control system of the engine, the 

schematic diagram of which is given in Fig. 1.3, is shown in 

Fig. 16.1. 

Fig. 16.1. Block diagram of the automatic 
control system of a liquid propellant 
rocket engine with pressure feed of fuel 
components: 1 — gas pressure regulator; 
2, 3 - fuel and oxidizer tanks; 4,6- main 
lines for supply of combustible and oxidizer 
to the engine chamber; 5 — engine chamber. 

The flow rate of the combustible Cm« depends on inlet coordinates 

of main combustible line: pressure in the combustible tank P** and 

pressure in the basic chamber P*- Analogously, flow rate of 

oxidizer depends on the pressure in the oxidizer tank P*.o and 

pressure P* . Pressure in each of the tanks is determined by 

pressure of pressurized gas P» and flow rate of the respective 

fuel component from the tank. 

The basic chamber of the engine, the main lines and the tanks 

compose, in this case, the object of control. The system of 
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automatic control consists of the object of control and the pressure 

regulator of the pressurized gas. For the object of control 

the Inlet coordinate Is the pressure of pressurized gas a* and 

the outlet coordinate — pressure In the basic chamber of engine Pu, 

In accordance with the block diagram a system of differential 

equations Is composed, describing the dynamics of the object of 

automatic control. 

A block diagram of a control system of a liquid propellant 

rocket engine with monocomponent gas generator, working on hydrogen 

peroxide, and turbopump feeding of hydrogen peroxide to the gas 

generator reactor (see Fig. 1.4) is shown in Fig. 16.2. 

Fig. 16.2. Block diagram of a liquid 
propellant rocket engine with turbopump 
assembly and monocomponent gas generator: 
1 — reactor of the gas generator; 2 - main 
line and injector for supply of hydrogen 
peroxide to the reactor; j - turbopump 
assembly; 4,8— pumps of oxidizer and 
combustible; 5» 7 - main line for supply of 
of oxidizer and combustible to the engine 
chamber; 6 — engine chamber. 

The basic values characterizing the performance of an engine 

and representing inlet and outlet coordinates of sections are 

designated Just as in Fig. 1.4 and in addition there is taken: 

inlet pressure to the combustible pump- — Pu ; inlet pressure 
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to the oxidizer pump — Ai ; the number of revolutions of the 

rotor of the turbopump assembly - n, pressure after the combustible 

pump hu, pressure after the oxidizer pump - a«. For the object 

of control as a whole, the inlet controlling action is gas pressure 

to, displacing hydrogen peroxide from the tank. 

Transfer functions of the object of control are composed 

for different values characterizing the operating conditions of 

the engine. Of greatest interest is the transfer function for 

variable value - for the gas pressure in the chamber of the 
engine. 

Consideration of the block diagram shows that along with the 

direct connections between elementary sections in system there are 

a number of internal feedbacks. Between each main Une and 

corresponding pump there is feedback from expenditure of fuel 

component. If the characteristics of the pump expressing dependence 

of pressure on flow rate with a constant number of revolutions 

has a maximum, then during operation on the left branch, the 

characteristic feedback will be positive, and during operation 

on the right branch - negative. 

The chain of sections, consisting of the turbopump assembly 

rotor, the combustible pump and main combustible line is enveloped 

by negative feedback from the expended fuel. The idea of feedback 

consists in the fact that with a constant pressure of gas in the 

reactor of the gas generator, an increase in combustible flow rate 

leads to growth of torque of the pump and reduction in the number 

of revolutions of the turbine rotor. The oxidizer flow rate is 

analagous. 

Internal negative feedbacks play a stabilizing role. They 

increase the stability of the object of control. 

A block diagram of the control system of a liquid propellant 

rocket engine with bicomponent gas ge orator working on basic 

fuel components (see Fig. 1.6), in the presence of two controlling 

actions for the engine is shown in Fig. 16.3. 
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Pig. 16.3. Block diagram of a liquid 
propellant rocket engine with blcomponent 

' ga# generator and two controlling actions: 
1,3- main line and Injector for supply 
of oxidizer and combustible to the gas fenerator; 2 - gas generator reactor; 
— regulating element on main line 3; 

5 - turbopump assembly; 6, 7 - combustible 
and oxidizer pumps; 8, 10 - main lines for 
supply of oxidizer and combustible to the 
engine chamber; 9 — engine chamber; 11 — regu¬ 
lating element on main line 10. 

For additional coordinates as compared to Pig. 16,2 there 

are taken the following designations: A* — pressure after the 

regulating element on line for supply of fuel to the basic chamber; 

** ~ pressure after the regulating element on the gas generator 

fuel feed line; 0„ - combustible flow rate through the gas 

generator Injectors; 0M - oxidizer flow rate through the Injector 

of the gas generator; shift of regulating element 11, 

shift of control element 4. 

In the system there exist Internal negative feedbacks between 

sections, analogous to the connections noted on the diagram in 

Fig. 16.2. Besides them, the object includes two internal positive 

feedbacks: one involves combustible pump 6, the fuel supply line 

of gas generator 3, gas generator chamber 2 and the rotor of the 
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turbopump assembly; the second - oxidizer pump 7, oxidizer feed 

line of gas generator 1, gas generator chamber 2 and the rotor of 

the turbopump assembly. These positive feedbacks are destabilizing, 

since they impair the stability of the object of control. 

A block diagram of the control system of a liquid propellant 

rocket engine with a bicomponent gas generator (Pig. 1.7) in the 

presence of three controlling actions for the engine is shown in 

Pig. 16.4. V * 

Pig. 16.4. Block diagram of a liquid 
propellant rocket engine with bicomponent 
gas generator and three controlling actions: 
1, 3 — main line and injectors for supply of 
oxidizer and combustible to the gas generator; 
2 - reactor of the gas generator; 4,5- regu¬ 
lating elements on main lines 3 and 1; 6 - 
turbopump assembly; 7, 8 - combustible and 
oxidizer pumps; 9, 11 - main lines for supply 
of oxidizer and combustible to the engine 
chamber; 10 - engine chamber; 12 - regulating 
element on main line 11. 

To the block diagram of Fig. 16.4 as compared to the diagram 

of Fig. 16.3 there is added one section - regulating element 5 for 

feeding oxidizer to the gas generator. The shift of this regulating 

element is designated — *•+ Accordingly, on the diagram there is 

shown one additional coordinate - pressure of the oxidizer after 

regulating element A* 
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Internal positive and negative feedback for the object 

represented in the diagram of Fig. 16.4 are the same as for the 

object of control according to the diagram in Fig. 16.3. 

Dynamic Properties of the Basic Chamber 
of the Engine and Gas Generator 

Dynamic properties of the chamber, in considerable measure, 

•re determined by two capacities — working substance and thermal. 

To the variable operating conditions of an engine in the chamber 

there can be added working substance and heat. On the dynamics 

of the chamber, furthermore, an essential effect is rendered by 

the character of the conversion process the liquid fuel components 

into gaseous products of combustion entering the chamber. 

In general, during deviation from steady state there can be 

changed both the quantity of entering fuel components, and also 

the pressure and temperature in the chamber. Examining the dynamics 

in this case, it is necessary to take into account both capacities 

of the chamber. If however, only the quantity of fuel admitted 

to the chamber is charged and the ratio of components remains 

constant, then for small deviations, the temperature in the 

chamber can be considered as constant; only the pressure in the 

chamber is changed. In so doing it is possible not to take into 

account the thermal capacity of the chamber, and to consider the 

chamber as a single capacity link. 

At present in solution of the many problems of the dynamics 

of liquid propellant rocket engines the process of conversion of 

liquid fuel components into gaseous products of combustion are treated 

as instantly taking place with a certain constant time of delay 

with respect to the moment of Introduction of the fuel components 

into the chamber [27], [58]. In examining the processes taking 

place in an automatic control and adjustment system of an engine, 

such an assumption appears to be fully founded, since time 

constants of many sections of the system exceed by tens of times 

the time of conversion of liquid components to gaseous products 

of combustion. 
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Everything that has been seid .bout the basic chamber of the 
nglne equally applies to the blcomponent llqulu ras renerator. 

conat^Í U! COn8l<ler the Oyn«»!« Of an angine chamber with a 
constant mixture ratio. 

w.. wi:rqu;tlrfor th# ,iow r*te ^ «*■ ^ th. ch.mb„ was written in form of (2.48). 

wor„,airln! deVlatl0n fr0m StMdy ‘h. stabilised balance of 
working aub.tance In th. chamber 1. di.turbad. The procea. of 
ecumuiatlon of g.aeou, product. In th. clamber can be de.crlbed 

by a differential equation 

‘'.ÍJ-íOma-.-.o, (16.1) 

where V. - volume of the chamberí * - average weight density of 
ga ou. product. In th. chamber, a* - deviation of total L 

per second of fuel component.; 40- deviation of flow rat. 

“ i" gM fr0n the Cha"beri ’• - tln‘ cor.varalon*of 
q 1 COmporlent8 lnt0 6»*»oua product, of combustion. 

indas characterize, tha circumstance where th. liquid 

LTV” tUrned lnt° gMe0US combu.tlL .fU time i, after entering the chamber. 

From equation (2.1,8) It follows that with constant fuel 
mixture ratio, deviation of the gas flow rate depends only on 
deviation of pressure In the chamber, 

(16.2) 

The sign of deceleration « • > with pressure 

we will subsequently omit In order to reduce the 
end temperature 

recording. 
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Value of partial derivative in formula (16.2) is taken with 

pressure and flow rate of a steady state, which is noted by the 

index "0\ 

Prom the equation of state, the derivative of weight density 

of products of combustion according to time with constant fuel 

mixture ratio is equal to 

Ûùl.J_ÎA 
« KTm it (16.3) 

Let us substitute expressions (16.3) and (16.2) in the funda¬ 

mental equation (16.1); after conversion and transition to 

dimensionless relative deviations we will obtain an equation of 

the dynamics of the basic chambas of the engine: 

(16.4) 

where 

r,— 
1 *r.o, 

- time constant of the basic chamber; 

(16.5) 

jc.-au-gL 
Am 0« 

(16.6) 

~ amplification factor of the chamber according to total expenditure 

of fuel components; 

0.-Ä 
Am G«m 

- relative deviations of pressure and flow rate; Am and Ou» - 

base values of pressure and flow rate in steady state. 

Deviation of total consumption of fuel components is composed 

of deviations of consumption of oxidizer and combustible 

àO|-AO„+AOr>. (16.7) 
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Taking into account two inlet effects (16.7), the equation 

of dynamics of the chamber takes the following form: 

(16.8) 

where Kit — amplification factor of the chamber according to 

expenditure of oxidizer; Kia — amplification factor of chamber 

according to expenditure of combustible. 

With identical base values of flow rates of combustible 

and oxidizer ' ' 

-fr-“*»- 
Mm * (16.9) 

The value of pressure, flow rate of components and temperature 

in formulas (16.5)» (16.6), and (16.9) are taken for an initial 

steady state. 

Time constant of the chamber ^ coincides with parameter t,. 

called the average time of stay of gas in the chamber (see formula 

4.10). 

Since 

where ß - pressure pulse in the chamber, and the ratio 

that time constant (16.5) is expressed through pressure pulse in 

the chamber and characteristic length: 

(16.10) 
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For engines with identical fuel components and identical 

pressures in the chamber the complex of parameters 

^-~const. 
m« 

The time constant of the chamber (16.10) in this case is 

proportional to the characteristic length of tho chamber. 

An Increase in pressure in the chamber with those same fuel 

components is accompanied by a rise in temperature of the gas in 

the chamber and, consequently, leads to certain lowering of the 

time constant. 

The effect of the mixture ratio on the time constant of the 

chamber for a fuel consisting of kerosene and nitric acid is 

shown in Fig. 16.5. The complex of parameters PIRTM, and consequently 
also the time constant (where i«* const) have a minimum with an 

excess oxidant ratio a - O.7-O.8. With deviation from the mentioned 

ratio the time constant of the chamber increases. A more intensive 

growth of the time constant of the chamber takes place with 

enrichment of mixture with the combustible. 

/ 
Fig. I6.5. Dependence of complex 
of parameters f/nr. on excess 
oxidant ratio. 

A change of mixture ratio during the transition process leads 

to a change in temperature of the gas in the chamber, which, in 

turn, affects the value of pressure in the chamber and the flow 

rate per second of gas from the chamber. 
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The process of accumulation of gas in the chamber with deviation 

from steady state in case of a variable mixture ratio is described 

by the same differential equation (16.1), however in the equation 

for flow rate per second of gas as variables it is necessary to 

examine not only pressure pM , but also temperature h, gas constant R 

and value of y. 

Gas constant R and value of x depend on the mixture ratio. 

Deviation of flow rate per second of the gas with variables 

P* and Th in the chamber will be obtained from the equation 

(£),^+(¾ «• <16ai> 

Mixture ratio is characterized by the coefficient 

Or* * 

the deviation of which is equal to 

i0'- (16.12) 

Deviation of the gas constant and value of x depend on 

deviation x: 

(16.13) 

(16.14) 

With differentiation of the equation of state it is necessary 

to take into account change of gas constant and temperature of 

products of combustion 

¿Y« _ J_ iPi _ P* dR _ _£?_ 
éi RT, di dt RTl dt ’ (16.15) 
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In equation (lo.l), the Increase of flow rate of gas and 

derivative of weight density are substituted according to expressions 

(lo.ll) and (1Ó.15) taking Into account relationships (16.12-16.14). 

After transition to dimensionless values, the equation of 

the dynamics of the basic chamber in respect to pressure for a 

case of variable mixture ratio will be obtained in the following 
form: 

r'^r+?.*0+if .,0,+ 

«•« (16.16) 

In equation (16.16), the time constant of the chamber T has 

the same value as for a case of constant mixture ratio (16.5); 

amplification factors respectively are equal to 

\2Ä 4» X fc/oOrJ* 

I*, /±**__L!?L\ 0^1. 
/•olÖT X &K }0 Gj J ‘ 

fu» dfWi orJt ’ 

Piti Og/prt vdft/o Gfj! ’ 

PU, 2T« • 

Kummhsl 
Pu* OjÄrJ 

(16.17) 

(16.18) 

(16.19) 

(16.20) 

(16.21) 

(16.22) 

The process of accumulation of energy in the chamber of a 

liquid propellent rocket engine during small deviations from 

steady state is described by a linear differential equation 

(ViI<‘*7'ï)==CiaQ| — __ 

- <*/«AG - - GT^C,, (16.23) 

where c( and c, - head capacity of products of combustion in the 

chamber; Qx - quantity of heat, given off during combustion of 
1 kg of fuel: 
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Qi-c,7VC (16.24) 

— enthalpy of products of combustion coming out of the chamber 

through the nozzle in a unit of time. 

The quantity of heat given off during combustion 1 kg of fuel 

equal to working calorific value h, with a given x: 

Qi-A.. 

At steady states 

Qi-A. 

Deviation of the evolved heat depends on change of fuel 

mixture ratio 

A«. (16.25) 

We will substitute in equation (16.25) the deviation of flow 

rate of gas (16.11) and deviation of evolved heat (16.25)} after 

conversion and transition to dimensionless values we will obtain 

an equation of dynamics of the chamber according to temperature 

of products of combustion for a case of variable mixture ratio: 

■* KnP*+K11 ««-«,) + 1,) + 

(16i26) 

In deriving equation (16.26) we use the substitution 

Amplification factors in equation (16.26) are determined 

according to the following calculation formulas: 
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where 

Ir;,- 

. Jbi ?jl. 
a' 

— £h* -¾ 

r*»« 10. XU A A â íí ÍÃj,õrJ; 

r- ' ■ '•' * « ^ * * •» *).<£+ 

iri.Siu^n m_j.*,>_!_ 
rfc, ob, \m ff i»JloM * 

Kn- - ÍÍ.J.ÍiX Oj. 
»Sh. *V Uo A ‘ 

(1^.27) 

(16.28) 

(16.29) 

(16.350) 

(16.51) 

(16.52' 

»mu?r»tLPr0TlM °f th* ba8lC Charaber in CaM of 8 varlabl. 

(16.16) .na (iS“ by 8 8y5íem COnSiStlng °f two equstlon 

«n Jh!v,!q“atí°n °f dyna"lcs °f the ch™b«r «eordlng to pressure 
eaustl * n* ’ eXClUding devl,tlon of temperature from these 
equations, end the equation of dynamics according to temperature - 
y excluding deviation of pressure. 

Of on081!?1'“0'13 Sh0W that f0r 8 Uqulu ProPell^t rocket engine 
th Pff lagra31 ,,lth0ut efterburning of gas after the turbine, 
the effet of verlabl. mixture ratio on thydynamlc. of the basic 
chamber and gas generator Is comparatively alight. 

Dynamic Properties of a Turbopump Assembly 

As was shown above. In considering the dynamics of a liquid 

LTth™?' “i U aXPadlent t0 a8P8rate tha turt°P“P asaembly 
Into three dynamic sections, which arc the pumps and the rotor of 
the turbopump assembly. 

The characteristic curve of a centrifugal pump showa the 

dependence of head, or preasure after the pump, on the number of 

revolutions of the Impeller and flow rate of liquid through the 
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Pump with » specific suction pressure. Thet Is 

Om, ft). 

<*■ - flow rathe PUmPî ^ " Buctlon pressure; 

of revolutions of the Impeller^ ^1,0^ PUmPî " “ nUmber 

in rig. lb,i 

PU.P is Shown schematically. On characterÍ»'^' 

•/ •-«.« « “„.TC 

of the column of liquid inside th • Calculation of the inertnesi 

of the pump is 2.; ora r Cr ^riT* ^ ^ 

une, and the basic chamb,r oTth. en . Tnr,t*n“ °f th# 
to consider the centrlfueal mime * ' Thl‘ "ak®* 14 po,,ib1' centrifugal pump as an Inertial... unh. 

Pig. 16.6. Characteristic 

S? 0f a centrlfu««l fuel 

For small deviations from steady state in n* 
we will obtain an increase of 7 * 1 11 apProxiin«tion 

increase of pressure after pump 

the characteristics of the pump (see Pi! Í !, >CC0raln8 ‘o 
of analytic dependences. If any. 8‘ 16‘6 °r by lllff«r«ntiati 
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After conversion to relotive dimensionless deviations we will 
obtain an equation of the pump in the following f< rm: 

(16.32) 

where U«.- amplification factor of the pump according to number 
of revolutions of the rotor; K.«- amplification factor of the pump 
according to expenditure of fuel component; 

A 
Â“£:î-ô* 

ia, 
A-* 

Amplification factors of pump equal 

In the case when the characteristic curve of the pump is 
unknown beforehand, it is possible to construct a section of 
characteristic curve in proximity to the operating point by 
following one of the theoretical methods expounded in handbooks 
on centrifugal pumps [28], [37], and further to determine the 
values of partial derivatives of pressure according to the number 
of revolutions and expenditure. 

The rotor of the turbopump assembly consists of a capacity 
of kinetic energy, the accumulation or expenditure of which takes 
place under unsteady operating conditions. 

On steady state, torque developed by the turbine, is 
equal to the sum of the moments of the oxidiser pump and 
combustible pump 
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On unsteady conditions, the dynamics of the rotor of the 

turbopump assembly is described by the following differential 

equation: 

(16.33) 

where J - mass moment of inertia of the rotor with respect to the 

axis of rotation. 

For an engine with supercritical pressure drop on turbine 

and with constant mixture ratio in the gas generator, the torque 

developed by the turbine depends only on the pressure of gas before 

the nozzle box and on t^e number of revolutions of the rotor: 

Pr)- 

Torque on the pump shaft depends on the number of revolutions 

of the impeller, the flow rate of component through the pump, and 

pressure after the pump. Pressure after pump, in turn, depends 

on flow rate and number of revolutions. Thus takes place the 

dependence 

#■•*■(* On). 

Deviations in linear approximation are equal to 

(16.JM 

(16.35) 

Substituting expressions (16.34) and (16.35) in equation 

(16.33) and going over to relative deviations, we obtain an equation 

of dynamics of the rotor of a turbopump assembly: 

(16.56) 

where f. - time constant of the rotor; K.» - amplification factor 

according to pressure of gas before the nozzle box; 1C.. - amplification 
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factor according to expenditJ ~e of oxidizer; K.» - amp] ification 

factor according to expenditure of combustible; 

n»t Pi,, aUt 

Time constant of rotor *nd amplification factors equal 

r. 

f 

I in + * “ 

K» Shi 

Km—2*3. 
s.* 

(16.37) 

(16.38) 

(16.39) 

(16.40) 

Calculation formulas for determination of values of partial 

derivatives of torques we obtain, differentiadí.ng equations of 

torque. 

Torque on the pump shaft 

.. ao/fo. .... 
«M * (16.41) 

where 0, - flow rate of component through the pump; H - total head 
developed by the pump; * — number of revolutions of the impeller; 

%— efficiency of the pump. 

Let us differentiate the ratio (16.41) according to number of 

revolutions and expenditure of component, taking into account the 

dependence of pressure and efficiency on the number of revolutions 

and expenditure: 
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Torque developed by the turbine is expressed through effective 

work of 1 kg of gas, flow rate of gas o, and angular velocity of the 
rotor u>. 

(16.112) 

Effective work Is connected with work on circumference of a 

wheel Lu. 

where %» - efficiency, considering friction loss in bearings and 

friction loss of the wheel against the gas. 

Work of 1 kg of gas on the circumference of a wheel of an active 

single-stage turbine [21] is equal to 

+*) (í! cose, -a). 
(16.43) 

where u - peripheral velocity on average radius of the turbine; 

c1 - velocity of gas on exit from the nozzle box of the turbine; 

s, - exit angle of gas from the nozzle box; Ÿ - coefficient, consid¬ 
ering loss of relative velocity during motion of the gas between 

rotor blades of the turbine. 

Substituting expression (16.43) in formula (16.42) and 

expressing peripheral velocity through average radius of the blade 

rim of turbine and number of revolutions of the rotor, we obtain: 

(16.44) 
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by means of direct differentiation of dependence (16.44) 
tHaln partial derivative of torque of the turbine according 
number of revolutions; ^ 

we 
♦■o 

»*. M^(l + i)Or 

*• " “ *rhr 

Of „S1tHe th! t0rt!Ue °f the tUrMne llr‘early dei>eni8 0" «te of gas through the turbine, and the flow rate of gas, In turn, 
nearly depends on the pressure of the gas before the nozzle box. 

Calculation formulas are used In the calculation of the time 

ampiificition factors °f the rot°r °f the 

m thA Varlvab1' ^61 mlXtUre r8tl° ln the 888 aerator means that 
the chamber of the gas generator the temperature of gas r 

gas constant *„ and adiabatic index of products of combustJn 
*r do not remain constant. 

»ill depend^r^th* T ^ fl°W r8te °f g8S throU8h ^e turbine HI depend on the change of pressure In gas generator, temperature 
•r, and gas constant and k. 

harp f‘it1^81°°1^ °f the 888 from hoszle box of the turbine 
nere is also a variable value 

Ä* A*). 

for the rôt P be lnClUded 88 “ addltlon81 inlet coordinate 
r the rotor of a turbopump assembly. In so doing It Is required 

nstruct a differential equation of heat accumulation In the 

LsTlhleT gaS generat°r anal°g0Ua t0 e,Uatl°n (16-2Î> f°r th8 
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Deviations of gas constant R, and value * depend on the 

coefficient of fuel mixture ratio in the chamber of the gas generator 

This means chat flow rates of fuel components through the 

injector of the gas generator must also be considered as additional 

inlet coordinates for the rotor of the turbopump assembly. 

In the presence of a subcritical drop on the nozzle box of the 

turbine, the additional inlet coordinate for the rotor of the 

turbopump assembly will be the pressure of gas in the gas duct after 

the turbine, since torque on the turbine depends on pressure drop. 

Dynamic Properties of Main Lines 
and Regulating Elements 

Change in pressure after the pump or after the regulating 

element on the feed line of the chamber of the engine by a fuel 

component leads to a change in the supply of the component to the 

chamber. The characteristic of the main line expresses the dependence 

of flow rate on pressure drop: 

OumOit(Pa—Pu), 

where 0« — flow rate of fuel component; H — pressure on the pump or 

after the regulating element; A» — pressure of gas in the chamber. 

The characteristic of the main line is determined by flow 

friction of lines and injectors, and in the case of cooling the basic 

chamber by the oxidizer — again by the flow friction of the cooling ' 

cavity. 

With small deviations from steady state in linear approximation 

we obtain: 

à(Pu-Pt) 
(16.45) 
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Dependence (16.45) is valid ror static deviations. During 

transition processes, a change in flow rate does not fellow 

instantly after a change in pressure drop in view of inertness of 

the column of liquid. Part of the pressure drop is expended on 

surmounting the forces of inertia of the column of liquid. Let 

us designate this part of drop as áp¡ and for a cylindrical column 

of liquid we obtain 

where f - area of cross section of the line; / — length of the 

line; y - weight density of the liquid; v - velocity of the liquid. 

Let us replace the velocity by the mass flow rate of the liquid: 

In the case of a line consisting of a n cylindrical sections 

it is necessary to produce summation. Then 

(16.46) 

y 
Taking into account expressions (16.45) and (16.46) after 

transition to dimensionless values, the equation of the main line 

will be recorded in the following way: 

(16.47) 

where 

(16.48) 

time constant of the main line; 

(16.49) 

amplification factor of the main line. 
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In formula (16.48) summation extends to sections of the main 

line from the tank to the basic chamber, including cavity cooling 

the chamber by fuel component. 

In long fuel main lines under unsteady conditions wave processes 

take place. The interaction of wave processes in the main lines 

with the process of gas formation in the chamber can lead to 

self-oscillation conditions [47], 

Frequency of natural oscillations are rather great and 

lie usually beyond the borders of the passband of the automatic 

control system. 

The flow rate of fuel component through the regulating element 

located on feed line of the basic chamber or gas generator depends 

on pressure drop on the regulating element and position of the 

regulating element: 

/ 

c.-o.lO».-*).'«!. 

where />« — pressure after the pump; p» — pressure after the regulating 

element; m - shift of the regulating element. 

With small deviations from steady state deviations in flow rate 

equal 

(1.6.50) 

Values of partial derivatives and are determined 

for given conditions according to flow characteristic of the regulating 

element. 

The force of inertia ha/ing effect on the column of liquid in 

cavity of the regulating element, in view of its weakness compared 

with the force of inertia of the column of liquid in the main line 

we will disregard. 
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After conversion of equation (ló.^O) and transition to dimension¬ 
less parameters, we obtain the equation of the regulating element 
in the following form: 

(16,51) 

The amplification factors entering into equation (16,51) 
respectively are equal to 

*0 

K. 

Values of amplification factors K<¡ and Rm depend on pressure 
drop on the regulating element and on the profiling of the regulating 
element. 

Dynamic Properties of a Liquid Propellant 
Rocket Engine as an Object 

of Automatic Control 

It was indicated above that for appraisal of dynamic properties 
of a liquid propellant rocket engine as arf^object of automatic 
control it is convenient to use frequency responses, which can 
easily be calculated with help of digital or analog electronic 
computers. 

For each link in the object of automatic control there is a 

corresponding differential or algebraic equation. Derivation of the 
equations of separate sections was given above. In.Laplace 

transformations the system of equations of dynamic sections of 
the object will be recorded in general form in the following way: 
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« 

• • • +^i<r*»+ 

+7| i* i+^i jÄ*j+/i*mj+fi/Ä,t; 

(7*«#+l)*^*Jf«“/f|h*i+ • • • +/(1(^-1)^,..( + 

+7.1^1+(^+/^11+/^/1,. 

(16.52) 

In equations (16,5?). the coordinate of sections are designated 

as *<, time constants Tt, amplification factors /((/. time lag *<. 

amplification factors for controlling actions /<* amplification 

factors for external disturbance /</, and Laplace transformations for 

controlling actions m(. 

The object of control has n dynamic sections and a corresponding 
number of coordinates. The number of controlling actions equals 

three. External disturbaiíBe for all sections is the same. Inertialess 

sections have time constants equal to zero. Sections without lag 

have by parameters «< equal to zero. Coefficients /« are not equal 

to zero only in equations of regulating elements. External 

disturbance «« is an inlet coordinate only in the equations of fuel 

pumps. Recording the systems of equations in most general form 

(I6.52), is necessary for development of a general algorithm by 

calculation of frequency-response curves of the object of control. 

The system of equation (16.52) can be recorded [32] in matrix 

form 

AMx-Lm+Lfitj,, (16.53) 

where A{p) — characteristic matrix of the object of control; 

L — matrix of amplification factors during controlling actions; 

Li — column of amplification factors during disturbance; * — column 

of coordinates of the object; m— column of controlling actions. 
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Matrices entering into equation (16.53) respectively equal 

Air) 

XTiP+DrKt,. 

From the matrix of the equation of dynamics of the object of 

control (16.53) we obtain the equation for transfer functions of 

object of control for controlling actions — 

A{ß)¥(p)-L (16.54) 

and the equation for transfer functions of object of control for 

external disturbance — 

A(p)Wtip)-Lt, (16.55) 

where W(p) - matrix of transfer functions of the object of control 

for controlling actions, having n rows and three columns; Wt{p)— 

column of transfer functions of the object of control for external 

disturbance, having n elements. 

Matrix W(p) is obtained with solution of equation (16.54): 

W(p)-A-'{p)L (16.56) 

and column W/ip) - with solution of equation (16.55): 

¥,{r)-A-'(p)Lt. 

where - matrix, reverse to characteristic matrix of the object 

of control. 
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Analysis of the stability of the object of control by the usual 

methods used In the theory of automatic control Is produced by 

examining the characteristic equation of the object, which we 

obtain, equating with zero to determine the characteristic matrix 

of the object M(*)| - 0. 

In the case of the accepted form of recording the characteristic 

equation, a very effective method of analysis of stability is the 

D-partition method [2], [36]. 

The matrices of transfer functions (I6.56) and (16.57) 

correspond to matrices of frequency-response curves of the object 

of control*. 

r 
WfiM-A-'Um)!.,. 

The matrix of frequency-response curves of the object for 

controlling actions is obtained as the product of the reverse 

frequency characteristic matrix A-'(/®) and the matrix of amplification 

factors of sections for controlling actions L. 

The column of frequency-response curves of the object for 

external disturbance consists of the product of matrix /H(/w) and 

column Lf. 

Inversion of the frequency characteristic matrix can easily 

be carried out with the help of an electronic digital computer. 

Direct matrix inversion, consisting of complex elements, cannot be 

carried out on a digital computer. It is necessary to change to 

matrices composed of real elements. 

Matrix A(/W) can be represented in the form of the sum of real 

and imaginary matrices: 

A (.M ■* («•)+jqa („,) 
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Analogously the Inverse matrix can be represented 

A-i(/.)«Ci/-)-A>cW+>QcH 

The product of direct and inverse matrices is equal to a unit 

matrix on the order of «: 

AU*)C(b)-B, (16.58) 

Performing multiplication of matrices and separating in equality 

(16.58) the real and imaginary part, we obtain: 

/V^cW-^WQcH-*.: (16.59) 
Qa (••) pc (•)+pa WQc W “°- (16.60) 

A system from two matrix equations (16.59) and (16.60) can be 

recorded in the form of one matrix equation 

f („)#(•)-$, (16.61) 

where for matrices composed of cells, the following designations 

are accepted: 

r Pam 

[¢4(-)]>•(")]; 

Solution of equation (16.6I) gives matrix RM, composed of 
real and imaginary frequency-response curves of the object of control: 

F-'HS. 

Thus, for obtaining real and imaginary frequency-response 

curves PcM and QcM it is necessary that several values of 
frequency œ fulfill matrix inversion F(w), composed of real elements, 
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and produce multiplication of matrices and S. These operations 

are easily performed with help of a digital computer. 

The full characteristic of dynamic properties of an engine as 

an object of automatic control is given by the totality of frequency 

response curves for all outlet coordinates of sections according to 

shifts of each of the regulating elements and according to external 

disturbance. 

For the engine, the block diagram of which is represented in 

Fig. 16.5, the frequency matrix of the object of control has eleven 

rows and two columns: 
V 

WU*)- 
‘»'ni» 

.VinO) J (16.62) 

The frequency matrix of this same engine according to external 

disturbance constitutes a column consisting of eleven elements: 

An engine with three controlling actions, the block diagram of 

which is represented in Fig. 16.4, has a frequency matrix according 

to shifts of regulating elements including twelve rows and three 

columns: 

rt»- 
’WiiiH 

w'.i.U") WiuU») »WM 
(16.63) 

The column of frequency-response curves according to external 

disturbance for this engine numbers twelve elements. 
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In many cases there is no necessity to compose a full matrix 

of frequency-response curves of the object of control. It is expedient 

to include in the matrix the frequency-response curves only for 

those coordinates, the change of which during the transition process 

essentially characterizes the operating conditions of the engine. 

Such coordinates include pressure in the basic camera and gas 

generator, the number of revolutions of the rotor of the turbopump 

assembly and flow rates fuel components in a unit of time. 

Investigation of the dynamics of closed automatic control 

systems requires the composition of a matrix of frequency-response 

curves of the object of control for variable values. Such a matrix 

is square, since the number of variable values. Such a matrix is 

square, since the number of variable values of the object equals 

the number of controlling actions. 

In reference to the engine with two controlling actions, the 

block diagram of which is represented in Pig. 16.3, the matrix of 

frequency-response curves of the object of control has the form 

in» Puí» 
kní» 

w'.ií»! 
tn,(»l’ (16.64) 

where •'uO») — frequency-response curve f^r pressure in the basic 

chamber according to shift of the regulating element controlling 

thrust; — frequency-response curve for pressure in the basic 

chamber according to shift of the regulating element, controlling 

fuel mixture ratio; Vai(/«)- frequency-response curve for the fuel 

mixture ratio according to shift of the regulating element controlling 

thrust; - frequency-response curve for the fuel mixture ratio 

according to shift of the regulating element controlling the 

ratio of components. 

The matrix of frequency-response curves of the object for 

variable values according to external disturbance in the given case 

constitutes a column consisting of two elements. 
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An engine with three variable values, the block diagram of 

which is shown in Pig. 16.4, has a matrix of frequency-response 

curves of the object for variable values, including three rows, and 

three columns: 

r(M 
(/-) W'.a(/-) ^,,(/-)1 

»'ni/-) ^21(/-) ^22(/-) 

^1.(/-) ^,2(/-) ^,,(/-). 
(16.65) 

The object of control, as was shown above, has internal 

cross coupling. These connections are reflected in the matrix of 

frequency-response curves of the object. 

V 
On main diagonals of the matrices (16.64) and (16.65) there 

are located the frequency-response curves of the basic channels of 

control of the object. Nondiagonal elements of these matrices 

characterize mutual cross coupling between control channels in the 

object. 

The equation of dynamics of the object of control in Laplace 

transformations in matrix form is recorded in the following way: 

xmW(p)m+Wi(p)nx. (16.66) 

where * - column of variable values; m- column of shifts of control 

elements; n, - scalar quantity of external disturbing actions; 

- square transfer matrix of the object for adjustable values; 

r,(p) - column of transfer functions of the object according to 

external disturbance. 

This equation of the object (16.66) is examined jointly with 

equations of the regulators during investigation of the dynamics of 

an automatic control system. 

For specific engines, in the beginning there are calculated 

dynamic parameters of sections, comprising the object of control, 

and after that there are calculated frequency-response curves of 

the object of control entering into the matrices (16.64) or (16.65). 
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With the necessity to investigate in the dynamics, the 

change oj? values which are n t directly variable, it is necessary 

to calculate frequency-respo.se curves entering into matrices 

(16.64) or (16.63). 

y 
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CHAPTER XVII 

AUTOMATIC CONTROL SYSTEMS OP LIQUID 
PROPELLANT ROCKET ENGINES 

17.1. Automatic Control Liquid Propellant RookAt. 
Engines with Pressure System of Component FeicT" 

A block diagram of control system being considered was shown 

in Pig. 16.1. The pressure regulator of the pressurized gas consists 

of a pressure reducing valve with variable adjustment and usually 

possesses very high speed operation. 

Let us consider in the beginning the dynamic properties of the 

object of control on the assumption that pressure regulator of the 

pressurized gas is ideal, that is, it maintains during each adjust¬ 

ment value h a strictly constant pressure of the pressurized gas in 

the tanks, equal to pressure alter the regulator P* which here 

represents an inlet coordinate for the object of control. 

The dynamic properties of the object of control are described 

in Laplace transformations by a system consisting of three differential 

equations, into which enter the equation of the basic chamber 

A.,**,#,,: (17.1) 

the equation of the main line and oxidizer injectors 

ns..+ k^,, (17.2) 
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and the equation of the main line and combustible injectors 

(17 *5) 

This system of equations is generalized by matrix equation 

(16.55), where the characteristic matrix of the object and the 

matrix of amplification factors of sections respectively equal 

A(p) 
[[Ttp+l)**' 

*u (TVH-n o 
o (7>+n. 

(17.4) 

(17.5) 

(17.6) 

Amplification factors of the main lines in respect to 

longitudinal overload of the flight vehicle Kn and Kn depend on the 

heights of the columns of liquids in tanks and main lines and on 

the configuration of the main lines. 

The characteristic polynomial of the object of control, equal 

to the determinant of the characteristic matrix (17.4), is recorded 

in the following way: 

+*r.A,(r^+i)+ir,/r„(r^+i). (17.7) 

For estimating the stability of the object of control there is 

used the characteristic equation 

0<rt-a 
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Consideration of char-icteristic equation (17.8) shows that the 

object of control, neglecting lag in the basic chamber ti is 

structurally stable, i.e., it is stable with any value of time 

constants and amplification factors of sections. 

With sufficiently great lag ti, the object of control 

can become unstable. Critical value of delay ti*. with which the 

object of control loses stability can be determined by a D-partition 

equation [2], 

The comparatively low order of the system of equations permits 

obtaining in evident form the transfer functions of the object of 

control: 

J*H< 0(/) (17.9) 

- transfer function for pressure of gas in the basic chamber according 

to displacement pressure; 

WuiP) 
^4(^1/+1)(^3/+1)^1 

Dip) (17.10) 

- transfer function for flow rate of oxidizer according to displace 

ment pressure; 

^4(71/ + 1)(73/ + 1)4-1 

Dip) 
(17.11) 

- transfer function for flow rate of combustible according to 

displacement pressure; 

(*/3*1 ft + */3*1 aT}) / + (X/jX, 3+*/3*i «) 

Dip) 
(17.12) 

- transfer function for pressure of gas in the basic chamber accord¬ 

ing to external disturbance. 

These formulas can be used for calculation of frequency-response 

curves of the object of control and for calculation of transition 

processes with specific controlling signals and external disturbances. 
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In that case when the elapsed time of the transition process 
in the system "regulator of pressure of displaced gas - fuel tanks" 
is commensurable with the elapsed time of transition processes in 
the main lines and basic chamber, the gas pressure regulator cannot 
be considered as ideal. Pressures of the displaced gas in the 
tanks, in contrast to the case examined earlier, will lag behind 
controlling signal passed to adjust the regulator. 

It is necessary to consider the inertness of the fuel tanks 
and to examine the dynamics of the tank in respect to pressure of 
the displaced air. 

Under unsteady conditions, the process of accumulation of gas 
in the gas ullage of the tank is described by a differential equation 

Vv ( 17.13 ) 

Vt - volume of ullage at the instant under consideration; v**- 

weight density of gas in the tank; G„ - flow rate of displaced gas 
into the tank; G„ - quantity of gas pajrfng in the volume liberated 
from the fuel component. 

The quantity of gas 0M can be expressed as the flow rate of fuel 
component Or* and density ratio of gaa and fuel component Yr 

Tf 

Deviation in flow rate equals 

(17.14) 

+0MAY«.r). (17.15) 

The process in the tank takes place rather rapidly. Disregarding 
heat exchange of the gas with the fuel and walls of the tank, the 
process in the tank can be considered os adiabatic: 

ft-""1 (17.16) 
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Taking into account expression (17.16), deviation of weight 

density Ayt* is expressed as a deviation of pressure: 

‘’•"“(■Sir).**" (17.17) 

Substituting equations (17.15) and (17.17) in initial equation 

(17.13), after conversion and transition to dimensionless values, 

wa obtain the equation of dynamics of fuel tank according to gas 
pressure: 

r* - Klßt.v (17.18) 

The time constant and amplification factors entering into 

equation (17.18) respectively are equal to 

(17.19) 

(17.20) 

(17.21) 

The flow rate of gas through throttling value of the regulator 

depends on pressure of gas on inlet to the regulator a», counter¬ 
pressure in the tank H» and value lift m: 

At. ")• (17.22) 

Linearisation of the equation of flow rate (17.22) for small 
deviations gives 

(17.25) 

Amplification factors are determined according to the following 
formulas : 

Kt 

(17.24) 

(17.25) 

(17.26) 
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The lift of the throttling valve of the regulator depends on 

pressure of gas in the tank and compression force of the spring, 

which is determined by the position of the regulator adjusting 

screw H: 

*-*(*.». A). (17.27) 

After linearization of equation (17.27) we obtain 

*—' (17.28) 

where amplification factors respectively are equal to 

*'“5? (£)/ (17.29) 

Values of partial derivatives entering into the formulas for 

amplification factors in flow rate equation (17.23) and in the 

regulator equation (17.28) are determined according to the static 

characteristics of the regulator (17.22) and (17.27). 

In examining the control system as a whole, it is necessary to 

consider that the flow of gas passing through the regulator branches 

for pressurization of the combustible tajk^nd the oxidizer tank 

(17.31) 

For lnva.tlg.tlon of th< control system, taking Into account 
« 

the inertness of the fuel tanks, it is necessary along with equations 

of the basic chamber and fuel main lines (17.1), (17.2), (17.3) to 

construct an equation of dynamics of the fuel and oxidizer tanks, 

an equation of flow rate of displaced gas (17.23), equation of the 

regulator (17.28) and equation of branching of the gas flow (17.31). 
/ 

Transfer functions and formulas for frequency-response curves 

of the system can be obtained in explicit form, but it is more 

convenient to accomplish the calculation of frequency-response 
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curves and transition processes, and also analysis of stability of 

the automatic control system with help of electronic computers. 

17.2. Automatic Control of Liquid Propellant Rocket 
Engines with Turbopump Feeding of Fuel Components 

and a Monocomponent Gas öenerator 

A block diagram of an engine as an object of automatic control 

is provided in Fig. 16.2. Besides the elements shown in the block 

diagram of an object of control, the control system includes a 

container with high pressure gas, a tank with hydrogen peroxide, 

and a pressure regulator for the displaced gas. 

The dynamics of the automatic control system is described by 

eleven equations: basic chamber (16.8), main lines of oxidirer and 
fuel (16.47), pumps of oxidizer and fuel (I6.32), rotor of the 

turbopump assembly (16.36), gas generator, main line of the hydrogen 

peroxide, tank of hydrogen peroxide (17.18), flow rate of the 

regulator (17.23) and the equation of pressure regulator for the 

displaced gas (17.28). 

The equation of dynamics of the gas generator is analogous in 

form to the equation of the basic chamber according to pressure: 

rM V. (17.32 ) 

where rM - time constant; JC*r — amplification factor of the gas 

generator; tl - time of conversion hydrogen peroxide into steam gas. 

Calculation formulas for rM and lfMare the same as in the case 

of the basic chamber of the engine. 

Frequency-response curves of the automatic control system and 

transition processes in the system are calculated with help of 

electronic digital or analog computers. 

» 
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An automatic control system can be divided into two successively 

connected circuits. The first circuit is made up of the pressure 

regulator of the displaced gas, the hydrogen peroxide tank, the 

main hydrogen peroxide line and the gas generator. The second 

circuit includes the turbopump assembly rotor, the pumps and main 

feed line of the basic chamber and the basic chamber of the 

engine. Between the first and second circuit there are no feedbacks, 

therefore the transfer functions and frequency- response curves of 

each of the circuits can be obtained independently of the other. 

The transfer function and frequency-response curve of the whole 

control system according to the controlling action which is the 

adjustment signal of regulator are obtained as the product of 

transfer functions or frequency-response curves of the first and 

second circuits. This simplifies and accelerates calculations on 

dynamics of the automatic control system under examination. 

The time constant of the turbopump assembly rotor essentially 

exceeds in value the time constants and time lags of the other 

•actions. This makes it possible for an approximate analysis of 

dynamics of a system to consider all links, besides the turbopump 

assembly, as inertialess. 

17.3, Automatic Control of ThruaL cf an Emrln« 
with a 3icomponent üas generator'-6- 

The block diagram was shown In Pig. 16.3. The method of 

calculation of frequency-response curves of an object of control is 

expounded in § 2.16. 

In Fig. 17.1 there is shown one of possible schematic diagrams 

of a thrust regulator with hydraulic static servomotor. For feeding 

the servomotor pressure is supplied with a piussure *. 

Shift jf of the controlling element of servomotor 5, connected 

with the diaphragm of sensing device 3, depends on pressure in 

chamber A. and signal of adjusting regulator *: 

f-f (A* A). (17.33) 
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Fig. 17.1. Schematic diagram of a 
thrust regulator with hydraulic 
static servomotor: 1 — regulator 
adjusting screw; 2 — sensing device 
spring; 3 — sensing device diaphragm; 
4 — gas feed cavity with pressure *; 
5 - servomotor controlling element; 
6 — servia&ctor piston; 7 — servomotor 
spring; if'— regulating element. 

Linearizing equation (17.33) for smell deviations from steady 

state and going over to relative deviations, we obtain: 

(17.34) 

where 

K, Aij'iL) 
(17.35) 

- amplification factor of the sensing device according to gas 

pressure; 

(17.36) 

- amplification factor of the sensing device according to controlling 

adjustment signal. 



Shift of the regulating element 8 connected with the piston 
of servomotor 6 depends on the shift of the servomotor controllinKt 

m-m(jr). Í \ 

Linearization of equal,Ion (\f.-\f) for 
case of a static hydra 1111(1 iicfviHiiol or rîvo:: Un: 

of this servomotor in the fuliowlnr form (:^1: 

.‘•'id;/ <:ofid i 1.1 or.:; if, 

• 'quation of dynar:. ]<;,•; 

( I /. ï' ) 

where T, and Kt - time constant and amplification factor of w,e 
servomotor. 

Designating the amplification factor of regulator as 

we record the transfer function of regulator as 

(17.39) 

S57T y (17.110) 

The equation of the dynamics of the regulator has the following 

form in Laplace transformations: 

pm\i ( 17.41 ) 

with Kk -KJK, designating the coefficient during the controlling 
signal. 

The equation of dynamics of the object of control in Laplace 

transformations will be recorded in the following way: 

?.-'Ti.w5+rwW;<i (17.48) 
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pressure*! T'ti? T tranafer functlon of the “‘Jeet of control for 
pressure in the basic chamber for shift of the regulating element- 

the ! ~ fer fUnCtl0n of the of control for pressure În 
the basic chamber for external disturbance. 

regumí™ !?! 'T eqUatl0nS (17-41) and i17-^ ‘h* «hlft of the 

cÎld automatl T °btaln the aqU8tl0n °f the ^1« of a closed automatic control system: 

(17.43) 

eauatlna °^ra°terl8tl<! equetlon °f a closed system we obtain, 
equating the characteristic polynomial to zero: 

i+r„(y)A! (a).o. (17.M) 

With 2? aqUatl0n iS Uaa<i ln an,ly2ln« ‘h» eteblllty of the syste 
With h ip 0f D-partltlon It 1. pos.lble, with a Known fr.qu.n y 

response curve of the Object of control, to Investigate the effect 

syetem °f tha ragUl*t0r 0» ‘h* .‘.blllty of the 

Solution of equation (17.43) 
gives : in respect to variable value 

where 

(17.45) 

• l-F-*>*»<*>*«*) 
(17.46) 

- transfer function of a 

to controlling signal A; 
closed loop control system for Ai according 

♦i/Ú» r i/(/) 

^ + ^11(/)^(/) (17.47) 
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- transfer function of closed loop control system for * according 

to external disturbance. 

Transfer functions (17.46) and (17.47) correspond to frequency- 

response curves 

* , *JTti</»>*(/"> 
•“‘'“’-I+ *„(/-)*(>.)• 

*l/P) 

(17.48) 

(17.49) 

The real part of frequency-response curve (17.48) is used in 

construction of the transfer process in a closed automatic control 

system, appearing in case of supply to the adjustment of the regulator 

for controlling signal A. and in analyzing the effect of dynamic 

parameters of the regulators on the character of the transition 

process. 

Frequency-response curve (17.49) is used in investigating the 

effect of external disturbance on the control. In the case of 

defined external disturbing effect with help of frequency-response 

curve (17.49) there is constructed a transition process in a closed 

system, and during accidental external perturbing Influence, 

frequency-response curve (17.49) serves for determination of disper¬ 

sion and correlation functior jf the variable value [42]. 

Probabilistic characteristics of the external accidental disturbing 

effect here must be known. J x* 

17.4. Control Systems of Thrust and Mixture Ratio 
for a Liquid Propellant Kocxet Engine 

The block diagram of a liquid propellant rocket engine with 

thrust and mixture ratio control for the basic chamber was shown 

in Fig. 16.3. In Fig. 16.4 there was provided a block diagram of a 
liquid propellant rocket engine with thrust and mixture ratio control 

both for the basic chamber and also for the gas generator. One 

possible schematic diagram of a thrust regulator was shown in 

Fig. 17.1. 
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A possible diagram of a mixture ratio regulator is shown in 
Pig. 17.2. The regulator consists of a diaphragm sensing device 

and a static hydraulic servomotor. 

Fig, 17.2, Schematic diagram of a mixture 
ratio regulator: 1 — diaphragm of the 
sensing device; 2 - springe of the sensing 
element; 3 - fuel feed cavity; 4 - controlling 
elements of the hydraulic servomotor; 5 — 
servomotor piston; 6 - servomotor spring; 
7 - regulating element; 8 - oxidizer feed 
cavity. 

As values, characterizing the flow rates of fuel components 

there are used pressure of the combustible after the regulating 

element and the pressure of the oxidizer after the pump. On 

diaphragm 1 of the sensing device these pressures are compared. 

If the mixture ratio corresponds to rated value, then the diaphragm 

of the sensing device is in equilibrium position. With deviation 

the diaphragm is deflected, the hydraulic servomotor is set in action 

and regulating element 7 changes the flow rate of the combustible 

in the direction of restoring the assigned mixture ratio. 

The value characterizing the deviation of the mixture ratio 

from rated value is the difference in pressures of combustible 

and oxidizer acting on the diaphragm of the sensing element: 

(17.50) 
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•haft^of nfleCti0n f0r the dlsphra®n °f the sensing device and the 
ari l , /!rVOm0t0r 0OntrOlUng elem*nts attached to It 
are equal and depend on the difference of pressure /».: 

*-»(». )• 
(17.Si) 

. .lft" lln®a''lzatl°n of «Quation (17.5l') and transition to 
relative deviations we obtain the equation of the sensing element: 

»--K,*, (17.52) 

where 

*,-Al 
Mai 0¾ (17.55) 

reguletol*tl0n faCt°r ^ 8<m8lng d*'rlCe °f th® mlxture ra‘l0 

to .,ullon,¡í7!38)!l,U#MOn °f th* h5,',rauUc aervomotor analogously 

„.„il? Z li °f the re8Ulat0r ln tha aPeelal case 
examined has the same form (17.40) as for the thrust regulator 

The amilification factor of the regulator conaists of the product 

lt.?(“X*UOn f,Ct0rS °f tn# ,en8lng a8VlC8 - - a®”:- 

For the regulator schematically represented in Pig 17 2 

ZT;i:i2-rrr an e°níiitiona- ^,^17, Untromn, 
L.m1. t l 8<,Ua " °f dynamloa of regiilator in the 
Laplace transformation, will be recorded in the following way: 

(17.54) 

Block diagram, of the automatic control ayatem. show the 

interconnection of th. object of control and the regulators. 
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A block diagram of the control system of a liquid propellant 

rocket engine with two variable values is shown in Fig. 17.3, and 

a block diagram with three variable values in Fig. 17.4. 

Fig. 17.3. Block diagram of 
an automatic control system 
of a liquid propellant rocket 
engine with two variable 
values: 1 — liquid propellant 
rocket engine; ? - thrust 
regulator; 3 — regulator of 
fuel mixture ratio for chamber 
of the engine. 

Fig. 17.4. Block diagram of 
an automatic control system of 
a liquid propellant rocket 
engine with three variable 
values: 1 — liquid propellant 
rocket engine; 2 — thrust 
regulator; 3» 4 — regulators 
of fuel mixture ratio for 
chamber of the engine and 
the gas generator. 

Variable values characterizing thrust and ratio of fuel 

components in the basic chamber and gas generator are designated as 

and *» respectively. Shifts of regulating elements controlling 

thrust and ratios of fuel components are designated as «1. «t end «a 

respectively. The controlling signal, giving the necessary value 

of engine thrust, constitutes a change of adjustment of the thrust 

regulator and is designated as Ht. Controlling signals of the ratic 

of fuel components — A» and Aa. In the case of maintaining constant 

mixture ratios under ail operating conditions of the engine, 

controlling signals h2 and h^ are absent. 

External disturbances for all variable values are the same: 

longitudinal overloads of the flight vehicle nt. 
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Knowing the dynamic properties of the object of automatic 

control and of the regulators, it is necessary to find transfer 

functions and frequency-response curves of closed systems of 

automatic control, which are necessary for estimating the dynamic 

properties of systems and solution of problems of synthesis of 

regulators and analysis of the accuracy of systems. 

As was shown above, in view of the complexity of the object 

of control, the transfer functions are expediently recorded only 

in general form and from general expressions of transfer functions 

we pass to calculation of frequency—response curves. 

Systems with two and three variable values are multidimensional 

systems. Essential simplification of conversion with finding of 

transfer functions and frequency-response curves in the case of 

multidimensional systems is attained by means of application of a 

matrix form of recording the equations [24]^ [56], which also 

facilitates preparation of problems for solution with help of 

electronic digital computers. 

Let us consider transfer function in the most general 

case — for the control system of a liquid propellant rocket engine 

with three variable values. 

The equation of dynamics of the object of control in matrix form 

was recorded as follows: 

x-V(ß)m+W,(p)nM. 

The equations of dynamics of the three regulators in the absence 

of cross coupling between regulators and without Joint control of 

the regulators will be recorded in the following way: 

XJ; 

»Ä* - *)], 
(17.55) 
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where Nit(ß), Nnip) - transfer functions of the regulators; 

Kuu Km - amplification factors during controlling actions. 

The three equations '17.55) are generalized by one matrix 

equation 

*1, 
(17.56) 

where * - column of variable values; m - column of shifts of regulating 

elements; 

A- 

N 

- column of controlling signals; 

INn(P) 0 0 1 
# Nttip) 0 I (17.57) 
0 0 N„(p)i 

*1 

Jh . 

- matrix of transfer functions of regulators without cross coupling; 

0 0 1 
K*t 0 0 *u» J (17.58) 

- matrix of amplification factors during controlling actions in the 

case of absence of Joint control of the regulators. 

In the presence of Joint control of the regulators, the matrix 

(17.58) contains along with diagonal elements also nondiagonal. 

If the regulators of ratio of fuel components for the basic 

chamber and for the gas generator have constant adjustment, and only 

the thrust regulator has variable adjustment, then the matrix (17.58) 
contains only one nonzero element Km; all other elements — zero. 
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Excluding from equations (16.66) and (17.56) the column of 

shifts of regulating elements m, we obtain an equation of dynamics 

of a closed loop control system: 

*',<*>*- (17.59) 

where - unit matrix of the third ordef*. 

Matrix ff(p) constitutes a characteristic matrix of the system 

##<,)-£,+r<#)Ar<jt, (17.60) 

which in the case being examined has the following form: 

i+r„(,).vn(,) r„(,)Ar„(,). (17.61) 

The determinant of a characteristic matrix is a characteristic 

polynomial of closed loop control system 

0(,)H*,+7(,)001. (17.62) 

Equating the characteristic polynomial to zero, we obtain the 

characteristic equation of the control system: 

0(,)-0. (17.63) 

which is used in the analysis of the stability of the system. 

Solution of equation (17.59) with respect to the column of 

variable values « with a nonsingular characteristic matrix 

gives 

x-K*1 (,)(7(,)0(,)01 A+7/(,) a«) (17.6*1) 
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I 

or 

(17.65) 

where H - matrix, reverse to the characteristic matrix of the 
system; 

(17.66) 

- transfer matrix according to controlling actions for a closed 

automatic control system; 

*/(#)» 
(17.67) 

- transfer matrix according to external perturbing effects for 

closed loop control system. 
a 

The transfer matrix according to controlling actions generally 

consists of a square matrix, composed of transfer functions according 
to controlling actions: 

♦.ul#) ♦,»<#)] 
♦»»(*) ♦,,*(#> I. 

♦iiiW •»»W J (17.68) 

where - transfer function for the first variable value accord¬ 

ing to the first controlling signal¡ «.»(a) - transfer function for 

the second variable value according to the second controlling signal 
etc. ' 

In the presence of one controlling signal h., the transfer 

matrix (17.68) degenerates into a column 

(17.69) 
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The transfer matrix according to external disturbance is 

identical for all variable values, constitutes the column 

♦/(#)= 
♦./<#> ‘ 
♦»/(#) • 

(17.70) 

where •„(». <MP> and <Mp> ~ transfer functions for first, second, 

and third variable values according to external disturbance. 

To the transfer functions entering into matrices (17.68) and 

(17.70) there correspond frequency-response curves, which can most 

expediently be calculated with help of digital electronic computers. 

The program of these calculations corresponds to the sequence matrix 

operations recorded in formulas (17.66) and (17.67). The program 

of calculating the coefficients of the characteristic polynomial 

is composed according to formula (17*62). 

The basic computing operations during calculation of frequency- 

response curves are inversion of matrices and multiplication of 

matrices. On many machines, there are standard programs for the 

production of these operations. 

17.5. Partial Derivatives cf Transfer Functions 
and Frequency-Response Curves of a Control 

System According to Dynamic Pátometers 
-of the Regulators 

During the analysis and synthesis of automatic control systems 

it is necessary to qualitatively and quantitatively estimate the 

effect of change of dynamic parameters of the regulators on the 

transmission of controlling signals through the system and on 

filtration of external disturbances by the system [42]. 

For such an estimate there can be used partial derivatives of 

transfer functions and frequency-response curves of the control 

system according to dynamic parameters of the regulators which 

characterize the sensitivity of the control system to change of 
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dynamic parameters. These partial derivatives may also be used 

very effectively in the selection of optimum values of dynamic 

parameters of regulators. 

Let us consider finding partial derivatives of transfer functions 

and frequency-response curves of a closed automatic control system 

according to dynamic parameters of the regulators with known transfer 

functions or frequency-response curves of the object of control 
and the regulators. 

Direct differentiation with respect to dynamic parameters of 

matrix ratios (17.66) and (17.67) is practically inexpedient, since 

differentiation of Inverse matrix is connected with very cumbersome 
conversions. 

In order to avoid differentiation of an Inverse matrix, we will 

copy ratios (17.66) and (17.67) in the following form: 

\ßi+W(ß)NWM-W(ß)N(ß)K* (17.71) 
(£,+»» AT (,)1 #,(,)-^(,). (17.72) 

Differentiating ratio (17.71) according to the dynamic parameter 

o one of regulators considering that the transfer matrix of the 

object of control *(,) and the matrix of coefficients during controllinc; 

actions K\ do not depend on parametfr Kt¡ in this case 

Ä+owwi -äjia-+rWÄiA*,„)_ 

mi 
(17.73) 

Solving equation (17.73) with 

derivatives of transfer functions 

we obtain 

respect to the matrix of partial 

according to the dynamic parameter 9 

(£,+w (,) r (,) ♦,(,)). 
(17.7M 
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Formula (17.7^) shows ln general form the sequence of matrix 

operations which It Is necessary to perform for production of 

matrix àQh{p)ldKi. 

Let us differentiate according to dynamic parameter Kt equation 

(17.72) - 

|e,+rWvWli^+rw^,/W.0. (n>75) 

The expression for the matrix of partial derivatives of 

transfer functions dO,(p)ldKi we obtain in general form, solving equation 

(17.75): 

■ “ -1£*+w wr* w' (p) ~~ */(pi (17.76) 

In the differentiation of equations (17.71) and (17.72) as 

a necessary condition it is taken that traflsfer function and 

¢/ (?) and frequence-response curves correspaiding to them are continuous 

functions of parameter Kt in the proximity'of its nominal value. 

To matrices (17.7*0 and (17.76) correspond the matrices of 

derivatives of frequency-response curves of the system according to 

dynamic parameters of the regulators 

L 

*1 

»/(/») 

*t 

1¾+^ </•> at (/.)1-1 r </.t -iîjjâ-i#; - (17.77) 

(17.78) 

Formulas (17.77) and (17.78) show sequence of the matrix operations 

in which it is necessary to calculate derivatives of frequency- 

response curves. 

The derivative of the frequency-response curve according to the 

dynamic parameter is composed of derivatives of actual and imaginary 

frequency-response curves: 

t / • 

5*1 
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According to the form of the frequency-response curves, it is 

possible to estimate the transition process in an automatic control 
system [2]. 

The effect of the dynamic parameters of regulators on the 

transmission of a controlling signal through the automatic control 
system is estimated according to the values and signs of the partial 

derivatives of actual frequency-response curves of a closed loop 
control system. 

Thus, for example, when , in the passband of 

frequencies the increase in the value of dynamic parameter Kt 
accelerates the transition j^ocess according to pressure in the basic 

chamber of the engine appearing during supply of the controlling 

signal to the thrust regulator. In the case where i^u»(«)/dlC()<0 , in 
the passband of frequencies the increase of value Ki retards the 
transition process. 

The signal controlling thrust of the engine should render 

minimum effect on the mixture ratio, therefore in the passband of 

frequencies it is desirable to obtain a minimum value of the modulus 

of frequency-response curve |<bii»(/(*>)| for the fuel mixture ratio 
according to the thrust change controlling signal. 

t 

With a change of values of dynamic parameters of the thrust 
regulator it is desirable to ensure 

The effect of change of dynamic parameters of regulators on 

filtration of external disturbance by the system is estimated 

according to the character of change in the passband of the frequencies 
of partial derivatives 

¿-••vOHl and 
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Improvement of the filtration of external perturbing effect 

with an increase in value of parameter Kt takes place in the case 

mi 

and 

Analogously to this, as partial derivatives of frequency-response 

curves of control system are calculated according to dynamic parameters 

of the regulators, tnere can be calculated partial derivatives of 

frequency-response curves of the control system according to dynamic 

parameters of the object of control and also partial derivatives 

according to design parameters of the object of control and of the 

regulators. 

These partial derivatives show the effect of change of design 

parameters of the object of control and of the regulators on 

frequency-response curv'* of the control system. 

17.6. Selection of Dynamic Parameters of Regulators 
with Prescribed Technical Conditions 

for an Automatic Òontrol^iiystem 

In the selection of dynamic parameters of regulators it is 

necessary to ensure fulfillment of a number of requirements imposed 

upon the system. These requirements, in considerable measure, 

depend upon the mission and conditions of combat employment of the 

flight vehicle, and are formulated in technical conditions on the 

automatic control system of the engine. 

One of the important requirements imposed upon the control system 

is obtaining the required quality of the transition process according 

to the basic variable values of the engine during feed of the control 

controlling signal .to the inlet of the system. On the change of 

certain variable values during the transition process there can 

be put limitations. 
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The automatic control system of a liquid propellant rocket 

engine can include several regulators mutually connected among 

themselves through the object of control. This connection is 

reflected in the transfer matrix of the object of control. 

In the strict formulation of the problem of synthesis of automatic 

control system there is included selection of optimum structure and 

optimum parameters of all regulators, taking into account their mutual 

effect. The solution of this problem is connected with considerable 

fundamental and computational difficulties. Realization of an optimum 

system found by theoretical means can be connected with technical 

difficulties and in many cases can be inexpedient. 

Certain authors recommend a practical means of solving the 

problem of synthesis occurring in the selection of a number of tech¬ 

nically expedient structures of the system and determination of the 

dynamic parameters of each of the structures according to the criterion 

of optimality correspo*Jing to the mission and operating conditions 

of the system. A comparison of variants makes it possible to select 

from among them the one which in best degree satisfies the totality 

of requirements imposed upon the systems. This method leads to 

considerable reduction of computational work and rapidly provides a 

practically acceptable solution. In this study such a means of 

solution is taken as basic. 

Solution of the problem of synthesis of an automatic control 

system can be expediently performed in two stages. 

In the first stage, on the basis of analysis of dynamic properties 

of a concrete object of control there are performed a number of 

simplifying assumptions essentially facilitating the solution of the ' 

problem. In so doing, values of dynamic parameters of regulators 

are determined in first approximation. 

Investigation of a liquid propellant rocket engine of open 

circuits without afterburning of gas after the turbine shows that 

the time constant of the turbopump assembly essentially exceeds in 
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value the time constants of other dynamic sections and the time lag 

in the basic chamber and gas generator. As a simplifying assumption 

in the first stage of solution of the problem of synthesis it is 

possible to disregard inertness of all sections, except the turbopump 

assembly, and the lags in the basic chamber and gas generator. The 

object of control, on the whole, will thus constitute a link of 

the first order. 

For a liquid propellant rocket engine without afterburning, having 

regulating control of thrust on the feed lip by the fuel component 

of the gas generator, shifting of this regulating element renders a 

weak influence on the fuel mixture ratio in comparison with the 

shift of the element regulating t*)is r$tio. This is connected with 

the special selection of charaçteristics of pumps’ and hydraulic 

main lines in the designing of the engine. In first approximation, 

effect of shift of the regulating element of the thrust regulator 

on mixture ratio can be disregarded and to consider the operation 

of the mixture ratio regulator independently from the operation of the 

thrust regulator. 

With the assumptions mentioned the autot^tic control system of 

a liquid propellant rocket engine is broken down into several 

independent systems, each of which consists of an object of control 

of the first order and one regulator. Selection of dynamic parameters 

of regulators for first approximation in this cas*/ constitutes a very 
simple problem. k 

y 

In the second stage of solution of problem, the simplifying 

assumptions mentioned above are not made, and the values of dynamic 

parameters of the regulators are defined more accurately during Joint 

consideration of the whole control system, taking into account the 

mutual effect of the regulators. 

Such a solution of the problem of synthesis of the system in 

two stages leads to a considerable reduction in computational work. 

In the transition from the first stage of solution of problem to the 

second, changes of parameters of regulators are small compared with 

their absolute values, and the transfer function of control system 
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on second stage of solution of problem can be represented in the form 

of linearized dependences on increase of the dynamic parameters of 

the regulators. This makes it possible to easily find these increases 

which must be added to values of parameters found in the first stage 

of solution for optimization of the automatic control system in 

conformity with the accepted criteria. 

To estimate the quality of transition processes appearing 

in a control system during supply to the input of the system of 

controlling signals in the form of a single step function, wide use 

is made [24] of integral estimates 

(17.80) 

(17.81) 

and certain other integral estimates. 

In formulas (17.80) and (17.81) dependence x(t) constitutes a 

transition component of error: 

*(/)—A(oo)—A(0» 

where A(<x) - value of variable magnitude after termination, of the 

transition process; h(t) - transfer function of the system. 

A minimum of integral estimates JQ or ^ under the condition of 

limitation of a number of values characterizing engine operating 

mode during the transition process is frequently used as a criterion 

in the synthesis of an automatic control system. 

The transition component of error and its time derivative are 

expressed as an actual frequency-response curve of a closed-loop 

control system in the form of integral ratios: 

(17.82) 

(17.83) 

¿i 
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where /».«(•) - actual frequency-response curve of a closed system 

for variable value *i(0 according to controlling signal Ai ; #11(0) - 

static amplification factor of a closed-loop system. 

Integral estimates of the quality of transition process can be 

expressed as frequency-response curves of the system by means of 

Lyapunov-Parseval formulas [8]: 

? j-([ ]»*; (17.84) 

~~V.i([*"W~/"Wr+,|P,lW|,)i*' (17.85) 

The transfer function of a closed-loop control system in a 

wide range of values of dynamic parameters of the regulators, as a 

rule, is a continuous function of these parameters and allows differ¬ 

entiation by it 

ê 

\ 
where 2,...1) - dynamic parameters of regulators. 

Integral estimates of the quality of transition process here 

also constitute continuous functions of dynamic parameters of the 

regulators. 

For small increases of dynamic parameters 6Kt, the increase of 

integral estimate Ô/® can be represented in the form of a linearized 

dependence 

(17.86) 

here ” the value of the partial derivative of integral estimate 

according to dynamic parameter iC* with initial values of dynamic 

parameters. 
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Analogously, an increace of integral estimate can be recorded 

0/| • 

Differentiating equality (17.84) according to dynamic parameter 

#f0 we obtain 

"l.-L f ».><•» 
«C, « I Kf, ¿ -* 

I (17.87) 

It is easy to prove that both integrals in the right part of 

equality (17.87) are convergent. 

Partial derivatives of frequency-response curves according to 
dynamic parameters of regulators are determined by the method 

expounded in § 5.17. 

Integral estimates and ^ in the case examined are functions 

of dynamic parameters /«(K«) and S|(jf<) • Approximation to minimum 

of functions /*(#(<) and /i(Äi) with the employment of linearized 
dependences (17.86) can be very effectively carried out, using the 

method of steepest descent [42]. 

The relationship between increases AJf« in each approximation here 

are taken so that vector dTT, the components of which are òKt.òKt» 
etc., coincides in direction with the vector cf gradient of function 

/•(Ki) or /i(lfi). 

For first approximation there are calculated by formula (17.87) 

values of partial derivatives [dJJdKiU with initial values of dynamic 
parameters of the regulators (#C<)* obtained in the first stage of 

solution of the problem of synthesis of the system. 

In certain cases, during synthesis of a system of automatic 
regulating there occurs a given specific transition process, which 

is considered optimum, and there is raised the problem of creating 

a regulator ensuring realization of this process'. Such a problem 

can be solved by linearization of the integral estimate of the 
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transition process relative to small variations in the dynamic 

parameters of the regulators. 

In the first stage of solution, analogously to the problem 

examined above, with very simplifying assumptions, we find the valuer 

of dynamic parameters of the regulators of first approximation. In 

the second stage of solution, values of the dynamic parameters are 

defined more accurately. 

In the graph in Pig. 17.5» the given optimum transition process 

is designated as t(l). The transition process obtained with certain 

values of dynamic parameters of the regulators is designated as *(/)• 

Approximation to optimum transition process is carried out by minimi¬ 

zation of integral error of the transition process. 

Transition component of error of the optimum process is designated 

as 

(17.88) 

transition component of error of the process s(f) is designated as 

•#(0»*(oo)—*(<). (17.89) 

Relative error of approximation to optimum transition process 

Is equal to 

•W 
s(0 «»<0 
f(m) Jt(m) * (17.90) 
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The frequency-response curve of optimum system •, (/») corresponds 

to optimum process. 

Transition component of error of optimum system can be expressed 

as a real frequency-response curve of optimum system: 

MO- a, "i-ém, (17.91) 

and the transition component of error ««(O - as real frequency- 

response curve of a synthesized system *.<«), realizing transition 

process x(0: 

«,(/)-thiwt-än. (17.92) 

Taking into account equations (17.90), (17.91)- and (17.92), 

we record integral relationship for relative error of approximation 

to optimum transition process: 

.(0-2. f fog--'»?»* 
■Jl *<•) ■■(••) J • (17.93) 

For the controlling signal of the unit step function type 

and, consequently: 

where there is designated 

(17.9¾) 

• « 

Integral estimate of relative error of approximation to optimum 

transition process equals 

A-Jl«<0P*. 
(17.95) 
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Applying in conformity with relative error of approximation 

(17.9¾) the Lyapunov-Parsevai formula, we obtain the expression of 

integral estimate as real frequency-response curves: 

(17.96) 

Along with the frequency responses of a system, integral estimate 

/• for a stable system is a continuous function of dynamic parameters 

of the regulators in the environment of their nominal values and 

allows differentiation with respect to these parameters. 

where 

AKi M jpW-TOl-SH-*. (17.97) 

Mi 
1 M.M 

V,« Mi Mi * 
(17.98) 

Variation of integral estimate 6A with small deviations of 

dynamic parameters of the regulators can btf represented in the form 

of linearized dependence on variations of parameters 

tl7-99) 

Values of partial derivatives of integral estimate according to . 

dynamic parameters of regulators are calculated by formula (17.97-). 

Approximation to minimum of integral estimate /• (Ki) is 

expediently carried out with help of dependence (17.99) according to 

method of steepest descent [42]. In so doing, between increases of 

dynamic parameters of the regulators of first approximation there 

must be following relationship: 

If&h.-jSÈ--. .. --gto—*,. (17.100) 

£). 
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As was shown above, the initial values of dynamic parameters of 

the regulators, from which is conducted approximation to optimum 

values, we obtain fulfilling approximate calculation with essential 

simplifications. To the initial values cf dynamic parameters (If«)# 

there corresponds the initial value of integral estimate calculated 

by formula (17.96). 

Variations of dynamic parameters of first approximation are 

expediently taken in such a way that the variation of integral 

estimate of relative error, in highest possible measure, will 

compensate its Initial Integral estimate. The condition of full 

compensation of initial integral appraisal will be recorded in the 

following way: 

(17.101) 

Solving Jointly equations (17.99), (17.100), and (17.101) 

we find the value of the coefficient needed for realization of 

compensation 

(17.102) 

and according to the relationship (17.100), we determine variation 

of dynamic parameters of regulators for first approximation. 

17.7. Calculating the Accuracy of Automatic 
Control Systems 

Very stringent requirements with respect to accuracy are imposed 

on automatic control systems of a liquid propellant rocket engine. 

One of the important factors affecting accuracy of these systems is 

accuracy in the manufacture of elements of construction of the engine 

and the regulators, and also accuracy in adjustment of separate 

units of the engine to assigned characteristics. 
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Elerentr, of construction are manufactured with defined 

technolorlcol tolerances. By virtue of this, static and dynamic 

characteristics of the elementary sections of the system and character 
latlcs of the system on the „hole constitute random functions, the 

and at "f C'f po''‘''lble rea! lent Ion of which depends on technological 
and adjustment toleívances. 

In the investigation of static accuracy of automatic control 

: here 13 —O — - Of determining mat,mum poss.Mo 
errors of controlling values on steady state of operation of w 

system, depending upon errors In constructional parameters at.. 

character of the connection between elements of the system. 

to detâ ?dyln* the dïnaralC accupaclr of a W'-'™ It 1= necessary 

ran lTLr* r“1“* err°rS °f ponse curves and 

pilé:: dependine up°n errora °f th°aa—— 

examine 0f 3 ^ U ls to 
an rror nTt, h" °f -‘let coordinate 
LntrT t characteristic of the section of the automatic 
control system. 

In Pig. 17.6 there Is shown the static characteristic of link 
one Inlet and one outlet coordinate. The standard static 

rrrri1:ia d:8i?nated as ^ p0s.ihie re.iimions or static characteristic as ^(x,) . 

Ej-ít. 17.6. Static character¬ 
istic of a link In an automatic 
control system with random 
parameters. 
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Nominal values of inlet and outlet coordinates are designated 

«i* and *»• respectively, errors of inlet and outlet coordinates on 

steady state — and At* Initial error of static characterist! ,* 

with nominal value of inlet coordinate designated (Axt)» 

As a basic assumption it is accepted that errors of inlet and 

outlet coordinates are small as compared to their nominal values, 

but the derivative of error of coordinate according to inlet 

coordinate constitutes value of higher order of smallness as compared 

to the value of derivative of nominal static characteristic at point 

«««*..! »*«*»! ^r-<ïr- 
«i M| 

We will record the equation of connection between errors of 

coordinates and initial error of static characteristic: 

(17.103) 

where (Wxa/rfxt)» characterizes the slope of static characteristic at 

point B. 

Taking into account that 

(17.1011) 

and disregarding values of higher order of smallness, we obtain: 

**-<**&+*•!**!, (17.105) 

where K$t amplification factor of the link. 

For a link with several coordinates of system on inlet and with 

several controlling actions ht the equation of connection of 
errors takes the following form: 
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(17.106) +^i ■«♦D trl+, + . . . +^áA*«+^/|/*f/. 

Equations of connections of errors of coordinates and control!1 

actions for a control system, having n lines, are recorded in the 
form of one matrix equation 

(17.107) 

where X- matrix composed of amplification factors of the links; 

L - matrix of coefficients during controlling actions; «x and - 

columns of errors of coordinates and error of controlling actions; 

(•*)•- column of initial errors of static characteristics of links. 

Matrices K and L have the following form: 

With small errors of design parameters of the engine and 

regulators, initial error of static characteristic of each link 

can be represented in the form of a linearised dependence on errors 

of design parameters: 

(17.108) 

The basic design parameters affecting static characteristics 

of links for the chamber of a liquid propellant rocket engine are 

the areas of critical and outlet section of the nozzle, for the 

centrifugal pump - external diameter of the impeller, width of 

blade on inlet and outlet, etc. 



Let us introduce the designations 

(17.109) 

and record for column (0*)i matrix ratio 

(17.110) 

Here S rectangular matrix, having n rows and r columns; 
0/ - column of errors of design parameters. 

Solution of equation (17.107) gives the column of errors of 

coordinates of the control system on steady state: 

Xx-K-'Shl+K-'Lly. 
(17.111) 

If equation (17.107) describes the object of control, then 

solution (17.111) can be expediently presented in the following 
form: 

where 

(17.112) 

(IT.113) 

- column of initial errors of static characteristics of the object 

of control; 

A+-K-'S (17.1110 

- matrix of coefficients of influence of errors of design parameters 

on errors of static characteristics; 

Kt-K-'L (17.115) 

— matrix of amplification factors of the object of control. 
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The equation of the object of control must be examined jointly 

with equations of the regulators. 

Prom matrix relationship (17.112) we' separate those equations 

which refer to coordinates which are inlets for regulators: 

(17.116) 

where ôxf - column of coordinates of the object, which are inlets for 

regulators i (Axot)« ~ column of initial errors of static characteristics 

for coordinates 

The shortened matrix of coefficients of effect we will designate 

as and, consequently: 

(17.117) 

The equations of connections of errors for regulators are 

generalized by one matrix relationship 

(17.118) 

where (6y)$ - column of initial errors of ^itic characteristics of 

regulators; K, - matrix of amplification' factors of regulators. 

■/CÇ,. . • fCfm 

Dependence of the column of initial errors of static characteris¬ 

tics of regulators on column of errors of design and adjustment 

parameters of the regulators is determined by the matrix of coeffi¬ 

cients of effect dp., containing m rows and s columns: 

(IftmAjl,. (17.119) 
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Por estimating the error of coordinates of a closed-loop control 

system, we exclude from equations (17.116) and (17.118) column 

(17.120) 

We solve equation (17.120) relative to the column of errors of 

coordinates on steady state: 

(17.121) 

Taking into account equations (17.117) and (17.119), the solution 

(17.121) we record in the following form: 

(17.122) 

In solution (17.122) matrices B* and Bp are composed of 
coefficients of effect of errors of design parameters of the 

of control and regulators on error of coordinates **,. where 
object 

»„-le+Ar/y-ufc 
(17.123) 

(17.124) 

All initial design parameters 4* and /, usually consist of 

mutually independent random quantities, mathematical expectations of 

which equal nominal values of the parameters. 

Probabilistic characteristics of these random variables are 

determined by technology and also by operating conditions. 

With known dispersions of design and adjustment parameters, 

relationship (17.122) can be used for calculating the dispersions 

of errors of coordinates of the control system on steady state of 

operation. Elements of matrices B* and Bp. characterize the influence 
of errors of design and adjustment parameters on errors of coordinater 

of the control system. For concrete cases in examining matrices 

«•and Bp, recommendations can be made in regard to change of 
tolerances. 
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Amplification factors of the regulators render an essential 

effect on static errors of adjustable values. For estimating the 

effect of change of amplification factors of regulators on errors of 
coordinates of the system there can be used partial derivatives of 

coefficients of effect of components of matrix (17.123) and (17.124) 

according to amplification factorof the regulators. 

Differentiation of relationships (17.123) and (17.124) 

according to a certain amplification factor K/ gives matrices of 

partial derivatives of coefficients of effect in respect to Kn 

-1£+ a* (17.125) 

(17.126 

According to relationship (17.122), error of the i-th coordinate 
of system Is equal to 

« 
(17.127) 

Dispersion of error is determined by the formula 

(17.128) 

where - dispersion of design parameters and adjustment parameters 
determined in conformity with tolerances. 

Differentiating expression (17.128) by the amplification factor 
of any of the regulators K/. we obtain 

ml+ 

■’■’jlMS?).011''1},- (17.129) 
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In formula (17.129) (àBJdKiU represents elements of 1-th 

rows of matrices (17.125) and (17.126). Coefficients A„ characterize 

the effect of change of amplification factors of regulators on the 

dispersion of adjustable value *«. Por a decrease of dispersion of 

adjustable value, It Is expedient to change. In the first place, those 

amplification facotrs with which coefficients of effect Ay are large. 

Change of dispersion of adjustable value with a change of 

amplification factors of regulators AA/ can be approximately 

estimated by the formula 

(17.130) 

where h - total number of variable amplification factors. 

Calculations for estimating the static accuracy of automatic 

control systems include, as basic calculation operations, inversion 

of matrices and multiplication of matrices. These operations are 

easily accomplished with help of electronic digital computers on 

standard programs. 

As was shown above, In the study of dynamic accuracy of automatic 

control systems the problem arises of estimating the dispersions of 

frequency-response curves and transition processes depending upon 

dispersions of design and adjustment parameters of the object of 

control and of the regulators. 

, ; Each frequency-response curve of the system or object of automatic 

control can be represented in the form of the sum of the nominal 

frequency-response curve and its random component, caused by scattering 

of values of design and adjustment parameters: 

r (»-r,(y«)+ir (>«). (17.131) 

The random component of frequency-response curve 0W(Jm) depends 

on the scattering of values of dynamic parameters of the links. 

Por the object of automatic control, it is necessary to consider 

scattering of all dynamic parameters entering into equations (16.52). 
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If the errors of dynamic parameters are small as compared to 
their nominal values, then the random component of the frequency- 
response curve can be represented in the form of a linearised 
dependence on errors of parameters : 

ir (/•).¥! JEítí. 
JA «/ ' (17.132) 

In formula (17.132) there are designated as Krall the 
dynamic parameters of the system, i.e., amplification factors, 
time constants, and time lags. 

For production of partial derivatives 9W(¡m)/dK,i for object of 
control, we will differentiate matrix equation (16.5¾) by the dynamic 
parameter found on the i-th row and in the j-th column of the matrix 

MwJaB.+ejBro*-* 
(17.133) 

In differentiation we assume that the frequency-response curves 
In the vicinity of nominal value of parameter K„ are continuous 
functions of this parameter. Solving equation (17.133), we obtain a 
matrix of partial derivatives: 

-ja.— 
(17.13¾) 

Matrix M(p)/Mru in the case of differentiation with respect to 
the amplification factor has only one nonzero element, equal to unity 
on the i-th row in the J-th column: 

MCH- 
*i/ 

V e e e • • • 0" 

# e # e e 

0 e • !|f . , # 0 

VeeeeeeO 

(17.135) 



In case of differentiation of a characteristic matrix according 
to time constant and time lag of the i-th link respectively we obtain 

ro.o 

wt 0 • • l|/ (1(0} 

0. 

TO 

O#« 1|/ ( ( ( 0 

o/.W/.i a « 

(17.136) 

(17.137) 

s 
The matrix, inverse to the characteristic matrix of the system, 

is designated 

Ci »(/■) • 

.C-O). 

.Chon 
• Cani/*) J 

Performing matrix conversions according to equation (17.13M. 
we obtain a matrix of partial derivatives in expanded form: [CwOOrnO). . . CuUm)W*<Jm) 1 

CiiO)*7ilM. • • CwOJO'ibO) j. (17.139) 

¿*ù*)*hù»)- ' 'cVu^vLù*) J 
From consideration of matrix (17.139) it follows that the 

derivative of the frequency-response curve found in matrix V(/») on 
the p-th row and in the t-th column in respect to amplification 

factor Ku «qual to 

(17.1^0) 
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Derivative frequency-response curves according to time constant 

and time lag of the i-th link respectively are equal, taking into 

account equalities (17.136) and (17.137), to 

Mhi CtU")VuU*)\ (17.141) 

{Ttfr+\)CMU") Wu (Jm\. (17.142) 

As can be seen by formulas (17.140), (17.141), and (17.142) 

ell derivatives are obtained by the simple operation of multiplication 

of frequency-response curves. 

The random component of the frequency-response curve (17.13?) 

is composed of random components of real and Imaginary frequency- 

response curves: 

Resolutions of random functions (17.143), (17.144), and 

(17.145) are not canonical [42?, since random variables 

depend on initial design and adjustmert parameters, can be inter¬ 

dependent. To use these resolutions for direct calculation of 

dispersions of frequency-response curves is not feasible. 

Transition to canonical resolutions of frequency-response curves 

will be carried out by replacement of random variables by a 

system of mutually independent random quantities •<. consisting of 

errors of design parameters and errors of adjustment. Dispersions 

of random variables êi are determined by technological tolerances 

in the manufacture of parts and tolerances in adjustment of objects 

of control and regulators. 

(17.143) 

(17.144) 

(17.145) 
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Dynar.ic parameters of the links depend on design parameters It'- 

Ki-KM.a (17.146) 

A small error of dynamic parameter by means of linearization 

of equation (17.146) can be represented depending upon small errors 

of design parameters and cn errors of adjustment: 

(17-147) 

We will designate the coefficients of effect of errors of 

design parameters as 

(Sft-* 
and we will record totality of equations of form (17.14?) by one 

matrix equation 

(17.148) 

» 

where I4T — column of errors of dynamic parameters of links; 

•/ - column of errors of design parameters and errors of adjustment; 

[*.i. . 

tf*. .A^J 

— rectangular matrix of coefficients of effect. 

(17.149) 

Relationship (17.148) we will use for transition from resolution 

(17.144) and (17.14¾) to canonical resolutions of errors of frequency 

response curves. 

Substituting linearized dependence (17.147) in resolutions 

(17.144) and (17.145) and changing the order of summation, we 

obtain 
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(1T.1‘;0) 

•QW-g^Wr (1M51) 

For calculation of nonrandom coordinate functions entering into 

canonical resolutions (17.150) and (17.151). we will obtain the 

formulas 

(17.152) 

and 

(17.15?) 

where — elements of the q-th column of matrix H. 

Using canonical resolutions (17.150) and (17.151). it is 

possible to calculate dispersion of frequency-response curves and to 

estimate the field in which there will be disposed possible realiza¬ 

tions of frequency-response curves for different models of the system 

or object of control. 

If errors of design parameters are diVtrlbuted according to the 

normal law, then for estimation of the possible field of realization 

of frequency-response curves, a band will serve near the nominal 

frequency-response curve with a width of six root-mean-square 

deviations of frequency-response curve error. 

On the graph in Fig. \l,f there ia shown schematically a real 

frequency-response curve of a control system, the dynamic parameters 

of which are random variables. The nominal frequency-response curve, 

constituting a mathematical expectation of random function, is 

designated as the root-mean-square deviation is designated 

as The possible band of realization of the frequency-response 

curve on the graph is shaded. 
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Fig. 17.7. Bend of possible 
realization of a real frequency- 
response curve of an automatic 
control system.

In that case when there are separately assigned canonical 
resolutions of frequency-response curves of an object of control and 
of the regulators it is easy to obtain canonical resolutions of 
frequency-response curves^f a closed-loop system.

The matrix of transfer functions of a closed-loop control system 
is expressed throiagh m.atrix (17.66) of transfer functions of the 
object of control and of the regulators

+«^ 0»)1- tt"(P) -V ip)K^.

The m.atrix of small errors of transfer functions of closed-loop 
system, obtained with variation of matrix (17.66) equals

8®*(p)=[£+W'o(p)A^o(P)r'|W"o(p)£-V(p)-!-

(17.15M

After substitution in formula (17.16^) of matrices of 
canonical resolutions of errors of transfer functions of the object 
of control

^r(p)=J Ljpw,
(1^.155)

and of the regulators

(17.166)



we obtain a matrix of canonical resolution of errors of transfer 

functions of a closed-loop control system: 

0f (p)U,. ( 17.157 ) 
•-« «-i 

In canonical resolution (17.157) the matrix of nonrandom 

coordinate functions are equal respectively to 

o,W-|e+r,wAr,(rt|-> "¿¿Lnme- ( 17,158} 

^.W-ie+r,(17.159) 

From the canonical resolutions of transfer functions it is 

easy to proceed to canonical resolutions of frequency-response 

curves. 

The effect of change of amplification factors of the regulators 

on error of frequency-response curves can be estimated by means of 

partial derivatives of coordinate functions according to amplifica¬ 

tion factors Kr. 

dO'U*) 
and 

*/%(» 
»K, 

which are obtained with differentiation matrices (I7.158) and 
(17.159). 

Analogously to that which was done for frequency-response curves 

canonical resolutions of transfer function for the i-th coordinate 

of the system can be obtained: 

(17.160) 

Knowing the coordinate functions for errors of actual frequency- 

response curves dPi(a)ldU, and using the known integral relationship 

It J m sin nit'd»>. 
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we obtain the coordinate functions for canonical resolution (17.160): 

(17.161) 
dXj (/) f dP¡ (u) mnw< j 

According to equality (I7.I6O), the dispersion of transfer 

function is equal to 

[^]5D (/,) (17.162) 

After calculation of dispersion by formula (17.162) and 

determination of the root^mean-square deviation 

it is possible to construct a field of possible realizations of 

transfer function of the system. 

For a case of normal distribution of errors of initial design 

parameters, the maximum possible deviation of transfer function from 

nominal value can be taken as ±34*<(/)]. 

On the graph in Fig. 17.8, nominal transfer function of the 

control system is designated as *«*/), root-mean-square deviation 

of error of transfer function — o[x<(/)]. If realizations of transfer 

function can fall outside the limits set by technical conditions, 

then it is necessary to reconsider the tolerances on design parameters 

or to change certain amplification factors of the regulators. 

Fig. 17.8. Band of possible 
realizations of transfer 
function of an automatic 
control system. 
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CHAPTER XVIII 4 

CONSTRUCTION, STRENGTH OF ELEMENTS, AND CONTROL 
OF SOLID PROPELLANT ROCKET ENGINES 

Solid-propellant rocket engines (RDTT) are used as propulsion 
systems of flight vehicles of different types, and their construction, 
to a considerable degree, is determined by the specific purpose of 
the propulsion system. 

Boosters are intended for the creation of supplementary thrust 
during takeoff of the flight vehicle with a basic propulsion system 

of another type, for example, an aircraft with turbojet engines or 
a winged missile with a turbojet engine or ramjet engine, and also 
for lift off of rockets with a liquid propellant rocket engine. 

The basic construction requirements of a booster are simplicity 
and high chamber strength, which in the process of operation does 
not have to be subjected to permanent deformations and does not 

have to suffer damages of the walls from overheating. 

For boosters, a characteristic is short operating time, on 
the order of a few seconds with relatively great thrust. As a rule, 
boosters are not equipped with auxiliary devices for thrust control 

or change of its direction in flight and cutoff at a given ’instant. 

Basic, or sustainer, engines operating on solid fuel are used 
in ballistic and surface-to-air rockets, and also in guided and 

unguided missiles. The engines of objects of mass assignment 



(surface-to-air rocket and missiles) also usually must be very 

simple structurally. Engines of ballistic missiles and space flight 

vehicles are distinguished by their large dimensions and the presence 

of several auxiliary devices. Such devices are the control elements 

and attachments for cutoff of the engine, i.e., shutting it off at 

a prescribed instant. Sustainers operate for a prolonged time. 

The RDTT are used also as auxiliary engines. They are used 

both as steering engine of powerful rockets and as engines for 

stabilization and trajectory control of space flight vehicles, as 

braking and recovery engines of spaceships and as engines for soft 

landing of spaceships. The features of such engines are necessity 

for high reliability of switching or. and cutoff, and capability 

of thrust control and restart. 

The construction of the charge is determined by its basic 

method of manufacture and form. The basic elements of the fuel 

charge are the fuel proper and, in a number of cases, the shielding 

intended to protect individual surfaces of charge from burning so 

that in process of operation the burning of charge will be changed 

in accordance with a prescribed law. 

In certain RDTT designs heat shielding coverings are used 

which are located between the lateral surface of the charge and the 

walls of the combustion chamber. Heat shielding coverings can be 

applied to the front and rear faces of the engine and also on the 

internal surface of the nozzle. 

Weight efficiency of an RDTT is estimated by relative weight 

of the construction CumGJ(On+G,)t where GK— weight of the 

construction and Ot — propellant weight. For the modern RDTT, 

0. = 0.05-0.2. 

18.1. Structure of Elements of RDTT Chambers 

The structural diagram of RDTT and the structure of its basic 

‘ elements is determined by the purpose, form, construction, and 
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method of manufacturing the fuel charge, the method of control and 
cutoff of engine thrust, and duration of operation. 

One of the most important factors affecting the operating 
» • 

conditions of the chamber and its construction is the method of 
accomodating the charge. There are two basic types of charges: 
inserted and applied. Pace charges occupy an intermediate position. 

The inserted charge (Fig. 18.1) is placed in the chamber in such 
a way that between its external surface and the case of the combus¬ 
tion chamber there is clearance, in which hot gases flow along 

the wall of the combustion chamber. If the external surface of the 
charge is not armored, then in the clearance mentioned there also 
occurs combustion of the fuel. In structures where the external 
surface of the charge is armored, a relatively small quantity of 

gases flow via the clearance. Consequently, in structures with an 
inserted charge, if sealing is not placed at the ends, during all 

the time the engine is operating, the walls of the combustion chamber 
will be directly washed by hot gases and heat shielding covering 
will be required. To retain the charge inside the combustion 
chamber, it is necessary to place a diaphragm or other supporting 
device. 

Pig. 18.1. Diagram of an RDTT with 
inserted charge: 1 — armoring; 
2 — combustion chamber case; 3 — 
charge. 

An applied charge (Fig. 18.2) is characterised by the fact that 
between the charge and the chamber case there is no clearance. 
The charge can be either poured directly into the combustion chamber, 
or be densely set in it. Combustion of the charge occurs along 
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the surface of a central channel. The hot gases make contact with 

the walls of only the front and rear faces as the charge burns out. 

If the applied charge does not occupy volume of the chamber fully, 

then hot gases during operation of the engine make contact with the 

walls of front and rear faces. Structures with closed charges, 

to a considerable degree, are protected from the action of hot 

gases by the fuel Itself, and there is required a relatively thin 

heat-insulating covering. With solid filling of the chamber by 

the fuel the setting of diaphragms is not required. 

Fig. 18.2. Diagram of an RDTT 
with applied charge: 1 - 
igniter; 2 - charge; 3 - adhesive 
layer; 4 - chamber case. 

In an engine with a face charge (Fig. 18.3), as the fuel bums 

out. the surface of the walls of the chamber, washed by hot gases, 

is increased. Therefore, in spite of the fact that in the initial 

moment of operation of the engine the walls of the combustion chamber 

are protected by the charge, it is necessary to use heat shielding 

coverings over the entire surface of the chamber of the engine. 

For fixation of charge in the chamber, fastening it to the forward 

diaphragm is employed. 

Fig. 18.3. Diagram of an engine with face 
charge: 1 — case; 2 — thermal insulation; 
3 - aluminum tape; 4 - armoring; 5, 6 - 
sustainer and starting charges; r - igniter 
socket; 8 — extension pipe; 9 — nosrle; 
10 - forward diaphragm; 11 — front face; 
12 - lining. 
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The basic supporting member of the chamber Is the case of the 

combustion chamber. Cases are cast, stamped, machined, welded, and 
wound. As materials for the cases of combustion chambers use Is 

made of low-carbon or low-alloy easily welded steels, cold-rolled 
•teals with controlled location of fibers, light aluminum or magnesium 

alloys, and fiberglass. 

Cast cases are usually made thick-walled and as a unit with the 

front face or part of it. Their advantage over other case construc¬ 

tions is simplicity in manufacture; the basic disadvantage - great 

weight. They are used more frequently for restartable boosters. 
Por protection from overheating and to permit repeated use, cast 

cases are supplied with reliable heat shielding devices. 

Cast casings made of light alloys are used in low-thrust engines 

(for missiles) or in auxiliary engines. After casting subsequent 
machining of the internal surface is possible, especially with tight 

pitting of the charge in the casing. 

Thin-walled casings of combustion chambers made of steel with 
small diameters can be prepared simultaneously with the end by deep 

stamping (drawing). Thin-walled lases o¿ large diameter are made 
by stamping into separate sections with subsequent welding. After 
welding, in order to decrease wall thickness variation and to obtain 

the prescribed internal diameter there is performed additional 
machining, more frequently rolling. In so doing the material of the 
walls and welded seam is strengthened. For such constructions 
* ■ 150-170 kgf/mm , whereas for cast chambers •• » 50-60 kgf/mm . 
As a rule, thin-walled stamped and welded bodies are used with closed 

charges, while open charges have heat shielding. 

Wound cases are made from steel tape or fiberglass. The strength 

of steel cold-rolled tape with controlled location of fibers is 
2-4 times greater than the strength of sheet steel. The tape used 
is from 0.1-0.3 mm thick with width up to 0.5 m. The tape is wound 

on a special frame in layers at an angle of 45° to the generating 

line in forward and reverse directions. The number of layers can 
attain 20 and more. Individual layers are spot welded to each other. 
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The fiberglass ones are made on e base of epoxy or phenolic 
resin and work only on tension. Winding is produced for separate 
filaments or tapes of fibre with the direction of the fibers at an 
angle to the generating line. After winding on the frame, the material 
is impregnated with resin and goes through polymerisation under 
pressure and at high temperature. Fiberglass has •• « 140-175 kgf/mm2 

(up to 500 kgf/mm2 with quarts fibers of 0.01 mm diameter) At a 
temperature of 250°C, fiberglass has H » 40-60 kgf/mm2 (up to 
100 kgf/mm - fiberglass made of quarts fibers). Fiberglass cases 
basically are used with applied charges. 

In the majority of designs the front faces are made separate 
from the combustion chamber. The feces have spherical form with 
external convexity. In individual designs for reduction of engine 
length, the face can be internally concave (see Fig. 18.3). 
Machined faces for ease of manufacture sometimes have conical form. 
Flat faces, due to low rigidity are used only on engines with small 
diameter of chamber. In the case of using a chamber made of fiber¬ 
glass, the face can also pe made of multilayer fiberglass by stamping. 
In this way the weight of the face as compared to steel can be 
decreased 30-40$. 

On the front face, usually in central opening, an igniting 
device is located. Around the periphery of the front fact, if the 
engine has a cutoff system, there are located the reverse thrust 
norties. To the front face there can be fastened the following stage 
of the rocket, the nose cone, or fairing. The lugs for mounting 
the engine to the flight vehicle are also located on the front face. 
To increase the rigidity of the forward face loaded with great gas 
forces, it is possible to have reinforcing ribs on the front surface. 

The rear face and notzle usually constitute a single subassembly 
(see Fig. 18.1). On the rear face one or several basic norrias ca 
can be located, and also auxiliary norrias and windows for thrust 
and sharp reduction of pressure at the time of cutoff. With high 
gas pressures in the combustion chamber several basic nortles are 
used. In this case, the longitudinal dimensions of engine are made 
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shorter than in the case of one central basic norrle. with pressures 

in the combustion chamber on the order of 50 kgf/cm2 and lower, it 

is more expedient to use one central basic notzle. 

Nozzles are made fixed and swiveling. The latter are used for 

vector control of engine thrust. Fixed nozzles In most cases hav* 

axes parallel to the axis of the engine. In certain designs of 

boosters, for creation of thrust component in the direction of lift 

of winged flight vehicles the nozzle is set at a certain angle to 

the axis of the engine. 

F1X.Í nóteles can be adjueteble and nonadjnetable. Adjustable 

nettles are distinguished from nonadjustable by the fact that they 

have a device tc change the area of critical section. Adjustable 

nettles are subdivided Into preadjuetable and continuously adjustable, 

continuously adjustable nettles are supplied with automatically 

working devices to changs the area of critical section. In 

preadjusted nettles, the device for change of throat area Is set in 

its assigned position before the start and remains constant during 

the entire time of operation of the engine. 

Nozzles are made by machining, can be welded, and compound. 

Machined nottles (Fig. 19.4.) ,r8 usually used on engine, of 
low thrust. They ere rather massive and can operate for a short 

time without thermal Insulation. For preventing an Increase of 

throat area due to erosion of material, the critical section 

Is made In the form of cylindrical section, length of which Is 

not less than 3-5 mm. This cylindrical surface Is finished with 

high accuracy. Machined notsles are screwed into openings on the 
rear fscs. 

The simplest in construction ere the welded conical nozzles 

shown in Fig. 18.4b and c. The thin-walled outlet part of the 

nozzle can be welded to the machined massive central part which is 

screwed into the rear face of the chamber. After welding, the 

internal part of the nozzle undergoes machining. A conical nozzle 
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welded from several sections can be screwed into a special duct, welded 

into the rear face of the chamber. In the design shown in Fig. 18.4c, 

the notile is set at a certain angle to the axis of the chamber. 

The use of a threaded Joint is convenient because of the fact that 

the engine can be fitted with a set of interchangeable noseles with 

different critical throat diameters. Interchangeable nossles, as 

will be shown below, are used for adjustment of the engine. 

Fig. 18.4. Nosties of RDTT: a) machined} 
b) welded conical axisymmetrical; c) welded, 
set at an angle to the axis of the chamber. 

/ 

Examples of the designs of shaped welded nossles are shown in 

Fig. 18.5. With a relatively small diameter of the combustion 

chamber, the nossle can be made as a unit with the rear face of the 

chamber (Fig. 18.5b). Such a construction is convenient in the case 

of installation of charge from the noszle side and in the presence 

of one central nozzle. In multinozzle engines and engines with 

large diameter of the combustion chamber it is more expedient to 

have a nozzle with the inlet part welded or attached by a screw 

thread in the rear massive face (Fig. 18.5a). The most heat stressed 

part of the nozzle, at the critical section, can be made from heat- 

resistant and refractory material (see Fig. 18.5b) or can have 

insertable insert, for example, one made of graphite (see Fig. 18.5a) 

or a multilayer one. 
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Fig. 18.5. Profiled welded nozzles: 
a) screwed Into the rear face; 
b) made as a unit with the rear face; 
1 - Insert of refractory material; 
2 - graphite insert; 3 - plug. 

Compound nozzles (Fig. I8.6) are used in those cases when It 

is necessary for adjusting the engine to replacable inserts 1 in 

the throat of the nozzle. In engines w*th low thrust and with 

small expansion area ratio (Fig. 18-:611), the insert will form the 

divergent section of the nozzle. In the design shown in Fig. 18.6b, 
the insert is set in a hollow of narrowing part of nozzle and is 

bead pressed on the flange of the divergent section of the nozzle. 

In the throat of the nozzle there can be located a special inset with 

the insert, which it is possible to replace separately, leaving 

with different diameters of insert the same outlet part of the 

nozzle (Fig. 18.6c). In all the constructions shown, the nozzle 

does not need to have a special heat shielding coating. An 

example of the design of a compound nozzle with thick heat-insulating 

covering and inset with the insert is shown in Fig. l8.6d. 



Fig. 18.6. Compound nozzles: a) with insert 
carried out as a unit with the divergent section 
of the nozzle; b) with removable insert; c, d) 
with inset; 1 - insert carried out as a unit with 
the divergent part (for normal temperature of 
charge); 1', 1" - the same for a charge with 
high temperature ("summer") and low temperature 
("winter") respectively; 2 — removable insert; 
3 — inset; 4 — heat-insulating covering. 

The swiveling nozzles (Fig. 18.7) are usually compound. The 

construction of swiveling nozzles make it possible to deflect 

nozzle in any direction (Fig. 13.7a, b, c) or only in one plane 

(Fig. l8.fd). The capability of turning the nozzle is attained 

by placing a joint in the throat of the nozzle. The articulated 

joint should ensure free turning under conditions of variable 

heating of the joined parts in the process of operation and 

reliable sealing against breakthrough of gases. The simplest articu' 

lated joint shown in Fig. 18.7a, has a disadvantage in that its 

friction surfaces transmit considerable axial forces. To lessen 

friction the joint is covered graphite lubricant. With nonuniform 

heating of separate parts of the articulated joint and relatively 

small clearance wedging of the joint is possible. A more successful 

design is the one with a universal joint (Fig. lS.7b, c). The 

universal joint formed by ring 4, joined by pins 5 with the central 

joint and the case is a supporting member. Friction surfaces of 



the central joint are unloaded and the probability of their wedging 

is less. The size of the clearances in the central joint can be 

Increased, and the layer of lubricant can be thicker. The need for 

lubrication of the central joint becomes superfluous if, as in the 

design shown in Fig. iS./'c, both parts of the central joint 2 and 3 

are made from graphite. A deficiency in the articulated joints 

examined in their poor airtightness. Reliable sealing of the articu¬ 

lated joint is attained by the use of bellows (Fig. l8.7d), one 

end of which is fastened to the movable part of the nozzle, while 

the other — to the case of the combustion chamber. The bellows is 

subjected from within to the action of high pressure. In order to 

prevent distention of the bellows, steel rings 7 are set in its 

cavities. A convenience in the use of a bellows seal also lies in 

the fact that friction occurs in parts which are relatively slightly 

heated. 

Fig, 18.7. Swiveling nozzles: a) with central joint; b, c) with 
universal joint; d) with bellows; 1 - base of nozzle; 2 - spherical 
tip of the nozzle; 3 — insert; 4 - universal joint ring; 5 — axis- ~ 
pin; 6 — bellows; J — protective ring of the bellows; 7 — angle 
of nozzle rotation. 
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The throat area is usually regulated by shift along the axis 

of nozzle of central profiled body. For an adjustable nozzle 

(Fig. 18.8a), before starting the central body can be shifted along 

bushing 1, by rolling on screw 3. On screw marks inscribed, determining 

value of throat area. 

Fig. 18.8. Variable-area nozzles: a) 
a) preadjustedj b) self-adjustingj 
1 - bushing; 2 - central body; 3 - 
screw; i» — mushroom; 5 ~ spring. 

The central body can be moved automatically; in such a nozzle 

(Fig. 18.8b) mushroom 4, on the one hand, is under the impact of 

gas pressure forces, and on the other - the force of spring 5. 

The spring is calibrated in such a way that with an increase in the 

pressure in the combustion chamber greater than prescribed, the 

mushroom moves bae*c, increasing the throat area, which leads to reduc¬ 

tion of pressure. A deficiency in the self-adjusting nozzle is low 

accuracy in maintaining assigned pressure of gases in the combustion 

chamber. Shift of the mushroom can be carried out compulsorily with 

the help of a special servomotor controlled by a regulator. In 

this case, throat area can be changed in accordance with any accepted 

law of control. 

V 
—,— r j 
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Por protection of the fuel charge from moisture and for creation 

of increased pressure at the time of ignition, in the nozzle exit- 

section plug 3 is set (Pig. 18.5b). The plug can be fastened by a 

bolt or be soldered to the wall of the nozzle. With an increase in 

pressure of gases in the process of starting, the plug is driven from 

the nozzle. 

In order to cut off an RDTT it is necessary either to extinguish 

the charge or to create counter thrust. Extinguishing is achieved by 

rapid discharge of pressure in the chamber by increasing the throat 

area or even by separation of the rear face. During a sharp drop in 

pressure, in the combustion chamber there appears shock wave of 

rarefaction, extinguishing the charge. 

In nozzles with central body, cutoff can be produced instanta¬ 

neously by separation of the central body by a special explosive 

mechanism. Such method is unreliable in view of possible failure 

of the mechanism located in a zone with high temperature; separation 

is more reliable with an explosive mechanism of the whole nozzle or 

rear face of the chamber. The gases filling the combustion chamber 

and in the first momaiit of having pressure close to operating, 

with opening of the rear face flow out, creating thrust equal t the 

product of pressure on the area of cross section of the chamber. Here 

a short-term augmentation of engine thrust by a few times is possible. 

For elimination of this pulse Instantly, the TJindows located on the 

lateral surface of the engine open with help of the explosive mechanism. 

Creation of counter thrust is achieved at the time of cutoff by 

opening the counter thrust nozzles located on the front or rear face 

in such a manner that their thrust is directed against the nozzle 

thrust. It Is most convenient to pla^e the counter thrust nozzles 

on the front face of the engine. With the opening of the counter 

thrust nozzles there is a simultaneous effect of pressure drop in 

combustion chamber, leading to the extinguishing of the charge. 



Counter thrust nozzles (Fig. 18.9) are fitted with plugs. At 

the time of engine cutoff the plug must be ejected. Ejection of the 

plug can be carried out by destruct of the retaining bolt. For 

heat shielding of the counter thrust nozzle, the plug and the bolt, the 

internal cavity of the nozzle from the side of the combustion chamber 

can be filled with a clastic heat-insulating substance. 

Fig. 18.9. Counter thrust nozzle: 
1 - plug; 2 - explosive bolt. 

The diaphragms holding the charge, are made by casting or are 

welded. The rear diaphragm, loaded by considerable forces, should 

be massive and rigid. Rear diaphragms (Fig. 18.10) for single-grain 

charges are simple in construction. With a multigrain charge the 

diaphragm has frequently spaced crosspieces. Fastened charges of 

lateral combustion are usually bonded to the case of the chamber, 

but sometimes also are supported by diaphragms, partially absorbing 

axial forces having an effect on the charge in flight. 

Fig. 18.10. Rear diaphragms. 
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Heat shielding coatings are of great importance in ensur<np 

efficiency of combustion chambers and faces of the engine. They 

are divided into sprayed on, smeared on and sheet and enamel. 

Sprayed on coatings have relatively small thickness (0.1-0.5 mm). 

The coating material used is aluminum oxide or zirconium dioxide. 

Spraying is performed by flame or plasma methods. For best bonding 

with the surface of the walls the coatings are applied on an underlayer 

of chromium or nickel up to 0.1 mm in thickness. Ceramic coating of 

aluminum oxide can be used at temperatures on the order of 1800-2000°C 

and tolerates prolonged operation of the engine (up to 10 min). 

Zirconium dioxide tolerates temperature up to 2300-2500°C. For 

short-term operation, both types of coatings tolerate temperatures 

up to 3000-3500 C. A disadvantage of ceramic coatings is cracking and 

crumbling with considerable deformations of the parts to which they 

are applied. It has been determined that coatings are preserved 

during deformations of parts, corresponding to yield point of the 
coating materials. 

Heat-insulating coatings of the smeared on type are applied to 

the parts to be protected in thick layers (up to 10-15 mm thick). 

The composition of the coating includes asbestos, powdered mica, 

or oxides of metals and a gluing substance. As heat-resistant metal 

oxides there are used oxides of aluminum, zirconium, and chromium. 

For a binder there are used soluble glass or resins (phenol, epoxy, 

siliconorganic, and others). When applying the coating directly 

to the wall of the chamber, it will durably hold as long as temperature 

of the wall is lower than the temperature ofvdestruction of the 

binder. For example, a coating on a bakelite binder does not crumble 

up to a wall temperature of 500-600°C. With the necessity of ensuring 

stability of the coating at higher temperatures, it is applied to a 

metallic grid, preliminarily fastened to the walls of the chamber. 

The simplest are the sheet coverings made of glass laminate, 

asbestos phenol plastic, glass-phenol-silicon plastic and other 

heat-resistant plastics glued onto the surface of the walls. 
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With a thickness of coating of 6 mm, the temperature of the wall 

does not rise higher than 60-90°C after 5 seconds of operation of the 

engine and not higher than 300°C after 6-8 minutes «1th a thickness 
Of coating of about 15 nun. 

In restartable engines, thermal insulation is maintained and 

protected by casings made of thin sheet steel. 

Heat-resistant enamels are used for protecting the surface of 

the wall from oxidation; the heat shielding properties of enamels are 
relatively low. 

Por lowering thermaWress of parts of nóteles, they are made 

0 materials with high thermal conductivity, and at high temperatures 

LzImT "/r0m materlals havlng a hlgh siting point - molybdenum, 
graphite, heat-resistant alloys based on molybdenum, tungsten, and 

copper. Application of the materlals mentioned does not exclude 

the necessity for protective coverings. 

Graphite parts of the nozzle are protected by a layer of 

Silicon carbide (silicon Impregnated graphite) or are made entirely 

rom silicon Impregnated graphite. Graphite nozzles are covered 

y a layer of tungsten applied by plasma spraying (Pig. 18.11a) 

innn°r T'' ^ UP t0 ga3 ^«atures of not over 
which h °rf3ertS they U5e Pyrolytic graphite (pyrographite) 

of Its T'"1 3truotural orientation determining the anlsotroplsm 
of Its properties. Por example, In the construction shown In 

g; í :'la- ln8ert 7 made of Pyrographite serves as a heat conductor 
radial direction, and Inserts 2 - as heat Insulators. 

Nozzles of plastic can be used with coatings (Pig. 18.lib) 

and without coating. The possibility of using plastic nozzles without 

-pec al heat-lnsulatlng coatings Is explained by the formation of 

a eat shielding film In process of operation of the engine. In the 

first seconds of operation of the engine, certain materlals, for 

example, glass laminate, bum Intensively, and then burning out Is 

inhibited and becomes quite Insignificant. The carbonized surface of 

the plastic prevents burning out, protecting subsequent layers of 
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the material from destruction. Certain plastics during heating 

begin to evaporate without fusion giving off a large quantity of 

gases. In so doing there will be formed a porous residue with poor 

thermal conduction. Such plastics, forming a heat-resistant porous 

deposit, are promising materials for use in the form of nozzle insets. 

Pig. 18.11. Combined thermal insulation 
of nozzles: 1 - tungsten coating; 2 - insert 
made of pyrographite; 3 - steel shell; 4 - 
thermal insulation coatings; 5» 6 - graphite 
inserts; 7 - ring made of pyrographite ; 
8 - glass laminate shell; 9 - direction of 
layers of coating. 

Separate elements of the chamber, the front and rear face and 

the section of the case of the combustion chamber are Joined by 

threading, flanges, collars, and expanding. Threaded connections are 

used usually with cast or welded thick-walled constructions in 

engines with relatively small dimensions. ^Flanged joints on bolts 

(Pig. 18.12a) are used for Joining separate sections of combustion 

chambers and faces with combustion chambers in the manufacture of these 

parts from both metallic and also nonmetallic materials. In the latter 

case, the flanges are made of steel or heat-resistant alloys, and 

the nonmetallic bodies, in turn, are fastened to the flanges or 

are wound in grooves on the shelf of the flanges. Such Joints are 

called combined flanged Joints. In Pip-. 18.12b, c, there are shown 

combined flanged Joints with the use of collars and radial pins. 

In certain constructions use is made of a Joint with shaped locking 

rods, entering the grooves of a shaped lock (Pig. I8.12d). An 

example of a rolled in connection of the face with the case of the 

combustion chamber is shown in Fig. l8.12e. Securing the face in an 
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Tr h“d 11 cirriM out ^ • -‘op ln rlng 9, 

. ronTZ ITT,Z rrlm 0h4mb,r’ “d ln th' »«>•*• - in 
18 Inserted for elrtlghtn.s. ^* '°”bustlon «hamber. A sesUng ring 

ior airtightness of the connection. 

subassemblies of*RDTT f 
b) oçnnsetlon by 

I1- collar1*!? 1 ¿?ÎÏÎnf r?líí •) rouan ln¡ 
^ - fiín»r.*.2j. el?8s lan>inate bodies; - JÄ^r ÄLÄ.’ln*‘ 
coUsî* iS eldln8 seating; *9 _ ?írust 
chamber; ^11 - the ««"■»ustión 

i) VSeAeiiXllg» 

In many constructions It Is necessary to carry out t 

Of ceramic parts with metallic or plastic oarta r 4 

different coefficients of Uma P In VleW of the 

joint should be elastic. Types "of TímlT” “Í th° 
in Pig. 18.13. y of similar elastic Joints are shown 
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Fig. 18.13. Types of elastic 
Joints between ceramic parts 
and metals and plastics: 
a) bolted; b) with grooves; 
c) winding. 1 - ceramic parts; 
2 - bolt; 3 - metallic case; 
4 - tubular spring; 5 - stretched 
metallic sheet; 6 - compressed 
sheet; 7 - winding with wire or 
fiberglass tightening; 8 - 
plastic, set with tightening. 

18.2. Designs of Fuel Charges and Igniters 

Fuel charges are made by monolithic, sectional, block, and 

compound (combined). 

Monolithic charges (Fig. 18.1¾) are cast either directly into the 

chamber of the engine or separately. After casting the charges are 

polymerized and harden. The necessary form of the channel of the 

charge Is obtained by setting profiled rods in the casting mold and 

extracting them after solidification of the charge. The advantages 

of casting separately from the chamber of the engine lie in the 

possibility of accurately maintaining the weight, form, and dimensions 

of the charge. With the use of inset charges, the cast fuel grain 

is placed on packings or is bonded to the case of the combustion 

chamber. Polymeric bonding substances are applied by direct pouring 

into a revolving body or aré sprayed on the wall in liquid form. 

Disadvantages of extrachamber casting consist of difficulties in 

loading the engine and transportation of grains to the place of 

installation. 

For monolithic charges fuel must be used which has great 

plasticity, comparatively high tensile strength, little shrinkage 

during polymerization and solidification, and good adhesion to the 

case. Only separate grades of fuels, to a sufficient degree, 

satisfy all the enumerated requirements. 
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Fig. 18.14. Monolithic fuel charges: 
a) without reinforcements; b) with 
longitudinal reinforcing plates; c) with 
longitudinal and transverse plates. 
1 - support plates; 2 - filler. 

A deficiency in monolithic charges is the possibility of the 

appearance of internal cracks in them. The cracks appear due to 

storage at variable temperatures, and from the action on the charge 

of internal pressure and forces of inertia during operation cf the 

engine. Due to the causes mentioned in the mass of the fuel there 

appear internal stresses. Concentration of stresses in separate 

places in charges with a complex form of internal channel (for example, 

in star shaped charges) leads to the appearance of cracks. Cracks 

can also be formed in process cf manufacture of grains from fuels 

with low plasticity. For preventing the possibility of appearance 

of abnormal combustion or explosion of a charge with cracks, after 

manufacture, and whenever possible before starting, the charge 

undergoes control (by X-ray, ultrasonics, and so forth). In 

monolithic charges, in order to decrease settling due to the action 

of its own weight, use is made of reinforcing longitudinal and trans¬ 

verse support plates 1 (Fig. 18.14b, c). The plates are made of 

reinforced rubber, plastic, and other similar materials which burn 

together with the charge. 
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To eliminate or decrease the weight of unburned residue 

(and consequently the weight of the engine) the nonburning particles 2 

(Pig. 18.14) of Internal combustion charges are replaced by phenoplast 

or other light materials. 

For excluding a concentration of stresses in acute angles of 

charges, which are inevitable with monolithic construction, there 

is a conversion to sectional charges (Pig. 18.15). In this case, 

before casting partitions are placed in the case, dividing the charge 

into separate sections. The clearances between the partitions, allow¬ 

ing sections to be freely deformed, can be filled with a rubber-like 

mass. In order that there would be no need in rounding the acute 

angles in the channels, the partitions are placed in the apexes of 

the channels. In so doing, as one may see from Pig. 18.15, the 

nonburning residue of fuel is reduced or eliminated. 

Pig. 18.15. Sectional fuel 
charges: a) five-sectional; 
b) ten-sectional; c) five- 
sectional with longitudinal 
and transverse support plates; 
1 - support plates. 

Further simplification in the construction and technology of 

manufacture of charges is provided by the transition to compound 

(combined) charges. These charges (Pig. 18.16) are made up of several 

elements which are poured or milled each one separately. The shape 

of the eldmènts can be selected so that from different combinations 

of elements charges of different dimension and different shape are 

assembled. These standardized elements are called moduli. Besides 

the evident advantages of modulated elements, compound charges are 

more easily transportable than monolithic and block, they can be 

manufactured with high accuracy, with good control, and few rejects. 
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e) f) 

Pig. 18.16. Compound (combined) fuel 
charges: a) with seven tubular grains: 
b) with nine cylindrical grains; c) 
mixed tubular-cylindrical; d) four- 
grain cruciform; e) from five modulir 
f) from thirteen moduli; 1 - fixing ' 
rods; 2 - partition. 

Moduli of compound charges are bonded to the wall of the case 

or are attached by special elements. In most cases they are cast 

with the necessary supporting fittings, rods, plates, etc. 

The simplest modular charges include multigrain tubular or 

cylMdrical charges, freely inserted in the combustion chamber. 

For compound charges, fuels can be used with somewhat poorer 

mechanical properties than for monolibhic and block charges. 

Deficiencies of compound charges include a certain loading of the 

structure by the fastening fittings. Bonding of compound charges 

is not always possible. 

For armoring the surfaces of the charge on which combustion should 

not occur, there is used acetate or ethylcellulose with charges made 

of double-base fuels, and with mixed fuels on a polysulfide 

combustible - synthetic rubber in a mixture with gas black, plasticizers 

and vulcanizing additives. This mixture is rolled into sheets which 

are vulcanized under pressure together with the fuel charge at a 

temperature near 90°C. 
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Igniters, as was shown, are necessary for RDTT for the purpose 

of ensuring the combustion process of the basic fuel. The quantity 

of heat given off by the igniters after the short starting period 

should be sufficient to increase the surface» temperature of the fuel 

to a value with which there begins a stable process of decomposition, 

gasification of fuel, and ignition of products of gasification with 

formation of a zone of combustion. It is necessary to consider also 

in the initial period the increased thermal losses due to cold 

surfaces. The quantity of gases forming from the charge of the 

igniter should be sufficient to increase pressure in the chamber to 

the minimum value with which process of combustion of the basic fuel 

can be stable. The thermal power of the igniter, as location, and 

structural shape depend on form of the combustion surface of the basic 

fuel and the construction of the engine, and also on the altitude 

at which it is proposed to start the RDTT. For an RDTT, started at 

high altitudes, it is necessary to see to it that pressure in the 

chamber is raised more easily and rapidly; for this purpose are 

fitted in the nozzles the special diaphragms mentioned earlier. 

For double-base fuels and relatively small dimensions of fuel 

charges (grains), the weight of powder igniter is less than 0.01 the 

weight of the basic fuel. 

As fuels for igniters, they use black powder, double-base fuels, 

compound fuels based on ammonium perchlorate and other oxidizers, 

compound fuels with addition of aluminum, and others. Frequently 

two fuels are used: black powder for the initial explosion and some 

other fuel as the basic source of heat for ignition of charge in the 

engine. 

* Ignition of the igniter fuels is produced by means of an 
electric current. The ignition time delay of the basic fuel of an 

* RDTT amounts to 0.01-0.35 seconds, and in a large engine - somewhat 

longer. Combustion time of the igniter charge and its gas temperature 

play a large role in the reliability of starting an RDTT. 
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Igniters are placed on the front face, in the nozzle, and in the 

channel of the charge. With a low power of the igniter, its installa¬ 

tion on the front face or in the nozzle does not make it possible to 

obtain reliable and fast starting of the engine, especially with a 

relatively long channel in the charge. Very effective in such cases 

are igniters which are powerful and long working or placed directly 

in the channel of the charge of the engine. The most profitable are 

the igniters passing hot gases directly onto the whole burning surface 

of the charge or onto a considerable part of it, which is possible 

when the igniter is located in the channel of the RDTT charge. 

In a number of cases, to increase the reliability of starting the 

engine, it is expedient to use several igniters working in parallel, 

having separate electric systems for switching on. 

According to their structure, igniters are divided into igniter 

charges, igniter chambers, gas generators, tubular, rolled, and 

corded igniters. 

Igniter charges consist of a pyrotechnic charge enclosed in a 

readily burning or permeable sealing, and a device for ignition. The 

simplest such device is cartridge igniter (Pig. 18.17). Main part 

is cartridge 6, having a portion of inflammable powder pulp 7 

used for ignition of the pyrocharge. In the powder pulp there is 

inserted an incandescent filament 8, connected with current-conducting 

electrodes H. At ignition of the charge of the cartridge igniter 

membrane 10 breaks through and gases ignite the pyrotechnic charge 

of the igniter. The pyrotechnic charge can be enclosed in a plastic 

container (Pig. 18.17c). Wire frame is filled with plastic. The 

igniter charges are usually used for starting engines of relatively 

low thrust. The igniter charges are placed on the front face of the 

chamber, and in the case of installing several charges, some of them 

can be placed on the rear face. 

Igniter chambers and gas generators possess greater power than 

ignite charges. 
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b) 

Fig. 18.17* Igniter charges: a) cartridge 
Igniter; b) powder charge; c) basket Igniter; 
1 - pyrotechnic charge; 2 - wire basket; 
3 - cartridge igniter; ^ - current-conducting 
electrodes; 5 - insulators; 6 - cartridge in 
holder; 7 ~ powder pulp; 8 - incandescent 
filament; 9 - pyrocharge of cartridge; 
10 - membrane. 

Igniter chambers consist of a little solid-propellant motor with 

a noszle (Fig. I8.l8b) or perforated nozzle cap (Fig. 18.18a). 

The igniter chamber has a basic charge of high-calorie fuel and its 

own Igniter, separated by a bum-through diaphragm. Igniter 

chambers are placed on the front face or in the nozzle of the engine. 

The location of the igniter chamber in the nozzle of the basic engine 

permits rapid raising of pressure in the basic chamber, which is 

promoted by plastic plug 5* 

Fig. 18.18. Igniter 
chambers: a) set on front 
face; b) sot in the nozzle; 
1 - igniter; 2 - basic 
charge of the igniter 
chamber; 3 - perforated 
nozzle caps; 4 - diaphragm; 
5 - plastic plug. 
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The gas generator igniter (fig. 18.19) has the fuel charge 

placed in a wire frame and a starting igniter with fuse and a portion 

of black powder. The reliability of operation of an igniter of such 

diagram is promoted by the installation of charge 3 which consists 

of inflammable fuel burning at the initial moment of ignition. Basic 

charge 2 burns for a more prolonged time and ensures the necessary 

parameters in the process of ignition of the basic marge of the engine. 

The gas generator igniter is lighter and structurally simpler than an 

igniter chamber. It can be made the length of the chamber and 

furnish gas to a large part of the surface of the main charge of the 

engine. 

Pig. 18.19. Gas generator igniter: 
1 - wire frame; 2 - basic igniter 
charge; 3 - inflammable charge; 
^ - portion of black powder. 

Tubular Igniters (Fig. 18.20) are made rather long, sometimes 
as long as the charge, and are placed in the channel of the charge. 

Main part of this igniter is a performated tube made of plastic or 

pressed paper. Inside the tube there can be placed a pyrotechnic 

compound (Pig. 18.20a), and simultaneously it can serve as a mandrel 

on which is wound the base layer with the pyrotechnic compound 

(Pig. 18.20b). The tube can be wound wiuh plastic tape for protection 

of the pyrotechnic compound. 
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Pig. 18.20. Tubular igniters: a) coarse 
grained filler, b) with filler and base 
layer; 1 - perforated tube; 2 - plastic 
winding of the tube; 3 ~ rubber stops; 
4 - pyrotechnic compound; 5 - base layer 
with pyrotechnic compound. 

Roll igniters consist of sheets of pyrotechnic compound, which 

are reeled either on the perforated tube, or on the mandrel 6 

(Pig. 18.21). In the latter case, an electric detonator is placed 

inside the mandrel. 

b) . 

Pig. 18.21. Roll igniters: a) with 
perforated tube; b) with mandrel; 1 - 
rubber stops; 2 - electric detonators; 
3 - perforated tube; 4 -*l?lug; 5 - sheet 
of pyrotechnic compound; 6 - central 
mandrel; 7 - roll sheet with pyrotechnic 
compound. 

j 
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A corded igniter has detonating or quick-turning pyrotechnic 

cord or explosive wire (Pig. 18.22a). which is wound on a plastic 

IgnlterTt ^ Channel °f 0hange- Por s»1‘»''lng on the - 
gnlter low energy detonator Is used 3. In the case of using a ■» 

ItZTl 3eVeral l0ngltudlnal fennels, for reliability of Ignition 

. d?“"'! l8nlter- PaSSed ln the or loop holes and channels of similar charges (Pig. 18.22b). 

Pig. 18.22. Corded Igniters: 
a; made of explosive wire: 
D) made of pyrotechnic cord; 

tu, eî 2 “ detonating 
cord; 3 - low energy detonator; 
** - pyrotechnic cord. 

18-3. Strength of RDTT Chamhut.,, 

vehlc?1"8 IT 0Perati°n °f the RDTT Acceleration of the flight 

o V n ? ?"' beSldea gaS f°r«a* there «ot consider 

a« f the e 8 the C°ntalned fUel Charga- »long th 
axis o. the engine. In curvilinear flight there also act fori r 

inertia perpendicular to the axis of th. engine but they usual 

Are small and we will disregard them. they usually 

The force of Inertia acting along the axis of the fuel charge, 

P,-2t/-0.a.-p|x. 
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where G* — weight of the whole charge; i longitudinal acceleration 

of the flight vehicle; «■ - longitudinal overload; 0A - total weight 

of the flight vehicle; P - thrust of the engine. 

The force of inertia of fuel charge is maximum at the beginning 

of operation of the engine when the weight of the charge is equal to 

the total weight of fuel, and decreases as the fuel burns out. The 

force of inertia is directed backward and strives to shift the charge 

in the direction of the nozzle. For absorption of this force, the 

charge must be fastened to the case of the engine or it must 

be neutralized by the forces of pressure of gases on the face of the 

fuel charge. 

Gas forces act on the charge and elements of the chamber. Let 

us consider the load of a lateral burning charge, freely inserted in 

the combustion chamber and resting on the rear diaphragm, and the 

diagram of distribution of pressure of gases along the length of the 

charge (Fig. 18.23a). Pressure at the rear end of the charge »>* 

due to losses in channel is less than pressure P* for the front end. 

If one were to not consider more comprehensively the compression of 

the charge, then in section II, the fuel charge is compressed by 

axial force P, due to pressure drop 

Ptm (Pi-PùF* 

where F« - end area of the charge. 

t 

Fig. ’S.??, "oad of lateral burning charges: 
a) freeiy inserted; o) ponded. 
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Force Pf acts on the rear diaphragm of the engine; it is maximum 

at the beginning of combustion of the charge when pressure drop and 

end area of charge are maximum. 

Thus, the rear diaphragm absorbs force A*,, compressing the charge 

in section II and equal to the sum of the gas and inertial forces: 
t 

«A 

» This force is maximum at the beginning of combustion and 

decreases to zero at the conclusion of operation of engine. 

The total action of axial and lateral compression of charge 

/ leads to buckling of the fuel in the channel. Maximum buckling of 

charge is at its rear end. Rubber-like mixture fuels have small 

elastic modulus, and for such fuels buckling can lead to considerable 

reduction in area of cross section of channel, especially at the 

moment of start. In so doing, pressure increases in the combustion 

chamber as compared to that calculated. With very great deformation 

of the charge, the Initial increase of pressure in the combustion 

chamber leads to an Increase ir the combustion rate of fuel, Increase 

of gas generation, and due to this - to further increase in pressure 

in the combustion chamber. In individual cases this process of 

Increase in pressure can lead to destruction of the combustion chamber 

or explosion of the engine. 

The possibility of narrowing of channel due to compression of the 

charge and increase of pressure in the combustion chamber must be 

• considered during calculation on the strength of the charge and the 

combustion chamber. Measures to contend with bucklings of the charge 

are reinforcing of the charges or making the charges from separate 

lengthwise sections separated by rigid partitions attacned to the case. 

When the fuel charge is bonded to the walls of the combustion 

chamber and rests against the front face (Fig. 18.23b), then the force 

of gas pressure acts onl,/ on the rear face of the charge, pressing it 
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to the front face, and counteracts the force of inertia directed 

backward. The value of this force 

With identical end area compression of a charge of similar 

construction is greater than in the case of a freely inserted charge. 

It is possible to decrease the force compressing the charge, by 

using a construction in which the charge is poured into the combustion 

chamber so that it tightly adjoins both front and also rear faces. 

A characteristic of load on the walls of HDTT chambers is the 

fact that during operation of the engine, part of load is absorbed and 

transmitted by the fuel charge. During burnout, the role of charge 

in transmission of forces gradually decreases. At the end of operation 

of the engine, the RDTT combustion chamber is loaded by forces of 

evenly distributed gas pressure, Just as the chamber of a liquid 

propellant rocket engine. Determination of circumferential and axial 

linear loads in this case is produced by the formulas given in 

Chapter XIII. 

The combustion chamber of an RDTT with inset charge is loaded 

varying along the length of the chamber and according to time of 

operation by gas pressure and axial force acting on the rear 

diaphragm. The calculation case for a combustion chamber with a 

bonded lateral burning charge is the end of operation of the engine 

when the case is loaded with pressure of gases in the combustion 

chamber. 

In Pig. 18.2¾ diagrams are given of axial forces X, having 

effect on the wall of the chamber when using inset and bonded charges. 

Dot-dash lines show the diagrams of axial forces at the initial 

foment of operation of the engine under flight conditions; besides the 

gas forces, the force of inertia of the fuel charge is acting. 

Solid lines show the diagrams of axial forces appearing during oper¬ 

ation on the test stand due to the action of the forces of gas pressure. 
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The dotted line» correspond to the loading of the engine at the end 

of combustion of the charge «hen the force of Inertia of charge is 

ê 

9- 

ÍÍ8¿«íí!*2iL DíaSram® axial forces: 
a; with open charge; b) with bonded 
charge. 

Since all the mass of the fuel Is enclosed Inside the engine, 

a e time of its switch on and beginning of motion of the flight 

vehicle the thrust Is balanced by forces of Inertia of the fuel 

and ‘he mass of the actual engine, and the mounting lugs of engine 

are loaded by the difference of these forces 

end tî Ï , 0Ut th* f0r<!M °f lntrtU of th* '»arge decrease, 
and the loads transmitted to the mounting lus» are Increased. At the 

end of combustion a force acts on the mounting lugs equal to the 

difference between thrust and the force of Inertia of mass of the 

actual engine. During operation on the ten stand, the mounting lugs 

are loaded by the full thrust of the RDTT 

n the front face of the chamber of the engine axial force 

»-P. act, where Pi - pressure of gases at the face, P - area of 

cross section of the chamber. This force causes extension of the 

walls of the chamber on a section from the face to the mounting lug 
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of the engine. The right mounting lugs (see Fig. 18.24a) of the wall 

of the chamber are loaded by axial force Pj-piFi—(P—Pd- 

The part of the wall lying by the right rear end of the charge is 

loaded by axial force appearing due to pressure of gases on the inlet 

and outlet part of the nozzle. Force Pã causes additional extension 

of the walls of the case of the chamber, constant for an RDTT with 

open charge. 

The approximate character of the loading of the walls and face 

of an engine with bonded charge is shown in Fig. 18.24b. The force 

of gas pressure on the rear face and the force of inertia of the charge 

being transmitted to the walls of the chamber through the adhesive 

Joint evenly load the wall from a section corresponding to the rear 

of the charge to the front face. In the calculation case of loading 

of walls one should consider the end of combustion; the diagram of 

axial forces for this case is shown by a dotted line. 

Maximum design pressure of gases in the combustion chamber can 

differ from that accepted in the thermodynamic calculation of pressure 

Pn. In the calculation on strength one should consider the possible 

Increase of pressure in combustion chamber as compared to that 

calculated due to a number of factors. The number of such basic 

factors includes: 

» 

- deviation of temperature of the charge from the calculated, 

assumed, or measured initial temperature; 

- deviation of actual throat area section of the nozzle from that 

calculated for obtaining a prescribed pressure in the chamber: 

- deviation of form and dimensions of the charge from the 

calculated; 

- deviation of the physical chemistry properties of fuel of 

different batches 
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deviation in characteristics of the igniter from the calculated 

- static and dynamic errors in the automatic control system of 

the engine (if there is one). 

Maximum design pressure in the combustion chamber can be 

determined by the formula 

I ma 

INI**,). (18.1) 
1*1 

where * - design pressure of gases in the combustion chamber; 

n - sign of the product; - coefficient, considering the deviation 

of actual pressure from the calculated, induced by one of the above- 

mentioned factors. 

For an unregulated RDTT, design pressure Pt is taken as equal to 

pressure of gases at highest possible temperature of fuel charge 

under operating conditions. In case of an adjustable RDTT, including 

having only prelaunch adjustment of the throat area, for calculation 

there is taken the nominal value of pressure during the program of 

adjustment, constructed according to the principle of maintaining 

constant pressure in the chamber, or maximum pressure, if program of 

adjustment provides for maintaining constant thrust. 

It must be expected that scattering of pressures in the combustion 

chamber during action of the above-indicated factors will be greater 

for RDTT of Jet missiles and less for aviation and rocket RDTT which 

have rigid tolerances on dimensions of the engine, its charge, 

and fuel combustion rate. For approximate calculations, when the 

effect of separate deflectlona in the properties of fuel, dimensions 

of the engine and charge, etc., on pressure in the combustion 

chamber is unknown, instead of determining design pressure by formula 

(18.1) it is possible to take 14* for RDTT Jet missiles and 

pmax * 1,2 pr for other RDTT. With such pressure there are determined 

circumferential and axial linear stresses Py and and there is 

performed the calculation on strength of the wall of the engine at 

average temperature at the end of heating. Average temperature of 
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the wall at the end of heating Is determined by the method expounded 

in [17]. 

The safety factor for the wall of an RPTT chamber is estimated 

by yield point ♦»•«t/«.’ ',0—1. wnere t*t - yield point of the material 

of the wall at its assigned average temperature; <•« - Intensity of 

stresses characterizing plane stress of the wall is determined by 

formula (I3.IO). 

18Adjustment and Control of RPTT 

Basic problems of control of RDTT emanate from requirements of 

ballistics and control system of the flight vehicle among conditions 

of ensuring optimum conditions of flight there can be selected the 

law of change of thrust according to time of operation of the engine. 

In certain cases, the program of change of thrust can be designated 

and from other conditions, for example: limitation of overload 

and speed of flight, maintenance of prescribed coordinates of 

trajectory, capability of maneuver of a guided missile, surmounting 

the enemy’s defense system, etc. Change of thrust or its direction 

become necessary to ensure stability, stabilization, or orientation 

of the flight vehicle. For these purposes during operation of an 

RDTT there must be ensured: 

— change of thrust in time according to a prescribed program; 

elimination of deviation of thrust from a prescribed value; 

- control of thrust vector in direction. 

Fulfillment of the first protl^n * ^ carried out either only by 

adjusting the engine or by adjustment end subsequent control in the 

process of operation. The second and third problems are solved only 

with the help of control systems. 

The simplest method of ensuring flow of thrust in time according 

to a prescribed program is by adjustment of the engine. Adjustment 

consists o* a wide complex of structural, finishing, technological and 
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operational measures, which In full volume or partially (depending 

upon the special purpose of the engine and tactical technical 

requirements) are performed on each engine. Independently of whether 

the engine has an automatic control system or not, and consists cf 

a single process from the designing of the engine up to Its operation, 

Including storage of the engine and the period directly prior to use. 

Included In the number of basic structural and finishing measures 

undertaken for adjusting the engine are profiling of the charge, 

correction of the shape of the charge, finishing of the Igniter and 

Profiling of the charge Is Included In selection of Its basic 

geometric dimensions ensuring the change of combustion surface according 

o time of operation. In accordance with the accepted law of change 

of thrust In time, l.e., program of control, and the calculation 

assumed as the basis of programs of change of other parameters of the 

engine, for example, pressure 1:, the combustion chamber, throat area 

etc., one can determine change of surface combustion according to 

time and then so to select the form of charge In order to satisfy the 

selected law «w-IWW, where f« - surface area of combustion, 

' ~ tlme of eng1"« operation. To the basis of calculation there are 

also added the assumed characteristics of Igniter, and consequently 

also the defined law of outlet of the engine In operation. 

In process of test stand and f.lght tests, in a number of cases, 

there may be revealed separate deviations from the assumed program of 

thrust by virtue of the action of unforeseen factors. With certain 

forms of charge, the most simple method of dealing with the Indicated 

deviations Is to correct the shape of the charge. In the correction, 

the current combustion surface In specified moments of operation of 

the engine Is Increased or decreased. Therefore, It Is desirable to 

employ such forms of charges as will allow, changing only the Initial 

form of the charge to exert an effect In the needed direction on the 
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law As an example of such form of charge it is possible 

to point out the tubular grain with grooves. Such a charge can have 

the combustion surface on the ends, the sides, and on the outside of 

its slotted part. Changing the depth and width of the grooves and 

the thickness of the combustion arch in separate sections of the 

slotted part, it is possible to very effectively cBange the law of 

combustion without changing the overall pulse and weight of the 

charge. 

In those cases when noticeable deviations from the program of 

control have their causes in uncalculated characteristics of the 

igniter or nozzle, there is performed their finishing. Finishing of 

the igniter can consist in changing the size of the igniter charge, 

its location, and sometimes by transition to another type of igniter. 

Finishing of the igniter permits correcting basically the initial 

section of engine performance. 

During operation of the engine, due to temperature expansion, 

burning out of material or heat-insulating covering of nozzle, and 

in certain cases, due to precipitation of metal oxides on its surface 

(when burning fuels containing metallic additives) the engine perfor¬ 

mance can deviate from the calculation. For adjusting the engine, 

finishing of the nòzzle is required which can consist in selection of 

another initial value of throat area, changing the nozzle material, 

the heat-insulating covering, the form of nozzle, thickness of 

protective coatings, the method of their application, etc. 

In process of finishing, in most cases certain technological 

, requirements^ are revealed. Thare are determined possible fields of 

tolerances on dimensions of the charge, combustion chamber, igniter, 

nozzle, diaphragms, etc. Determination is made of the influence of 

fuel composition and its structure on the combustion rate of the 

charge, amf the mechanical properties of the fuel - on possible 

narrowing of the channel and erosional burning out. As a result of 

investigations technical requirements are produced for accuracy in 

manufacture of different elements of the engine and specifications of 

the fuel. Also standard methods of control of parameters can be 

produced. 
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After termination of these stages it is possible to speak about 

the fact that engine is built according to an assigned program, i.e., 

with specified probability there is maintained in a defined field 

of allowances a designated program, if all dimensions of the engine 

and its charge, and also the physical chemical properties of the 

fuel lie within limits of established probable deviations. 

In period of operating the engine, appropriate measures have to 

be taken so that adjustment of the engine does not change. Such 

measures can be, for example, specified condition of storage and 

transportation. Storage should, in a number of cases, be such that 

the temperature of the charge will remain practically constant, or 

its variation will not exceed specified limits. If no provision is 

made for maintenance of rated temperature, then it is possible to carry 

out an additional adjustment operation before starting - installing 

on the engine a changeable nozzle corresponding to the temperature of 

the charge, or adjustment of the throat area having a central body. 

Transportation of charge in violation of the rules can lead to the 

appearance of cracks in the charge or to other impermissible defects. 

The initial concept of an RDTT as the simplest propulsion system, 

easy to control and adjust, has undergone considerable changes both 

because of expansion of the sphere of application of the RDTT, and 

also because of more rigid requirements for stability of thrust, which 

outstrip the progress in development of solid fuels with minimum 

deviations from the standard law of combustion. Application solely 

of adjustment does not solve for many types of flight vehicles all 

their problems of control. This pertains, in the first place, to 

elimination of probable deviations in thrust, and also to cases when 

the program of change of thrust according to time provides for control 

according to a defined law of some parameter of the engine. Such 

problems can be solved only by the presence of a control system. It 

is obvious that an automatic regulator which is, like the engine, a 

link in the control system, will be subject to adjustment analogous 

to the adjustment of the engine. 
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At present, the problem of automatic control of an RDTT has been 
developed to a considerably lesser degree than the problem of automatic 

control of the liquid-propellant rocket engine. This is explained by 
the relative novelty of the problem and the difficulties of controlling 
combustion of a solid fuel. 

It is possible to distinguish the following basic regions of 

automatic control systems. Automatic control systems, according to 
principle of action, are subdivided into control systems by intra- 
engine parameters and by external conditions. ' 

Control systems by intraengine parameters are autonomous, i.e., 

are not connected directly with the flight vehicle. Their program of 

operation is the initial one for ballistic design. Exact maintenance 

by a control system of an assigned program conditions the accuracy 
(taking into account possible scattering of parameters of aircraft) 
flight trajectory. 

The most studied control systems by intraengine parameters 
are systems of pressure stabilization in the combustion chamber. 

In a system of pressure stabilization, the variable value is 
pressure in the combustion chamber. The regulating factor — 

usually throat area Consequently, the actuating element of the 
control system must exert influence on Pressure in the combustion 
chamber and throat area are connected by a simple dependence: 

increasing F*v leads to a decrease of pressure p*, and conversely. 

The simplest system of controlling pressure in the combustion ¥ 

chamber is ^he above-described self-controlled nozzle. To decrease 
statism, systems of indirect control are used with isodromic feedback. 

S]|ch systems, according to the method of influence on f«* are subdivided 
into mechanical and hydro- or gas-dynamic. A 

Mechanical systems for control of throat area have actuators with 
axial shift or rotation. It is possible to change by means of 

axial shift of the central body or the external shell of the nozzle. 
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Rotating actuators consist of valve devices, varying during rotation 

of section of the holes in a diaphragm located in the narrowing of 

the nozzle. Mechanical control systems have an inherent common 

deficiency - low reliability during operation under conditions of 

high temperatures and gas erosion. 

Hydro- and gas-dynamic systems for control of do not have 

moving parts located in the gas flow in the nozzle. Their principle 

of action is based on introduction into the nozzle near the critical 

section through annular slots or row of holes of certain quantities 

of gas or liquid. In so doing there occurs compression of the basic 

flow of gases, and in the critical section, which is equivalent to 

decreasing its effective area. By changing the quantity of liquid or 

gas being introduced, it is possible to regulate the effective area 

of critical section of the nozzle without changing its geometry. 

It must be noted that with such method of control it is possible to 

reliably protect the critical section of nozzle against burning out. 

Oases for inlet to the critical section can be drawn off directly from 

the combustion chamber, which does not require expenditures of the 

working substance on controllii.g the engine. With hydrodynamic control 

connected with additional consumption of the working substance, it is 

possible to use a chemically active liquid which enters into reaction 

with gases in the divergent rection of the nozzle. 

The basic deficiency of the gas- and hydrodynamic method is the 

limited range of change of aí : *.s conditioner, by the expediency 

of putting in toe nozzle only re .-.ti ;»*]?/ small quantities of working 

substance, on the order of l-¿7, f vv gas consumption. 

Systems of control by external conditions are closed. They 

include the flight vehicle as the object of control and the engine and 

regulator as links in the system. As a variable value for such a 

system there is taken the parameter determining to the greatest degree 

the program of flight of the flight vehicle. Most frequently the 

variable value selected is acceleration of the flight vehicle J. As 

regulating factor then there is used thrust P of the engine. The 

thrust regulator included in the system is adjusted according to a 

prescribed program If* at a certain instant there occurs a 
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deviation from the given value of acceleration, the regulator will 

pass a signal to the actuating mechanism of the engine, which should 

lead to a corresponding change of thrust. The effect of the regulator 

is terminated after elimination of the deviation of acceleration from 

that assigned by tne program. Thus, the engine as a link of control 

system has an inlet coordinate of thrust P. The inlet influence on 

the engine depends on the method accepted for change of thrust, 

connected with process of outflow of gases or with a process of gas 

generation. 

The simplest example of use of influence on the process of 

outflow is control by means of gas-bleeding device (Pig. 18.25). 

The gas-bleeding device consists of a row of holes symmetrically 

located behind the critical section of the nozzle. Area of the drain 

holes can be changed. Closing or opening of the holes is not 

accompanied by change of parameters of the gas in the combustion 

chamber of the engine, but only quantity of gases passing from the 

nozzle in an axial direction is changed. Symmetric tapping of gas 

from the nozzle through holes in a radial direction does not create 

thrust or its lateral component. In such a system there is possible 

asymmetric lateral tap of gases, which will make it possible to 

obtain a lateral component of thrust and to use it for controlling 

the flight vehicle. Questions, connected with the calculation of 

gas-bleeding devices, are expounded in detail in [38]. A deficiency 

of a similar control system is loss of total Impulse. 

Fig. 18.25. Diagram of a 
gas-bleeding device. 

y 
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Systems which have an effect on the process of gas generatlor. are 

somewhat complicated. One such system - with control of pressure 

in the combustion chamber - was examined above. The thrust regulator 

exerts influence on the throat area, there are changes of pressure in 

the combustion chamber, combustion rate of the fuel and, in final 

ana'lysis, thrust of the engine. This system has the above-indicated 

inherent deficiencies of systems with mechanical or hydro- and gas- 

dynamic effect on throat area. 

It is relatively simple to exert influence on the process of 

gas generation in a solid propellant hybrid engine (see Pigs. 5.17, 

5.18 and 18.26). The charge of the engine (Pig. 18.26) consists of 

two grains: of fuel enriched by combustible 1 and of oxidizer 3. 

Each grain is enclosed in its own combustion chamber, between which 

is set regulating valve 2. At starting of the engine at first 

grain 1 ignites. Products of incomplete combustion, enter the 

combustion chamber through valve 2 with the grain from the oxidizer, 

where their combustion occurs. Thrust control is carried out by 

means of valve 2. Closing the valve, for example, leads to an increase 

of pressure in the chamber with the grain enriched by the combustible; 

gas generation is increased and more gas enters the chamber with the 

oxidizer, where there is increased pressure and temperature, the 

flow rate of gases grows, which leads to augmentation of engine thrust; 

it is possible, conversely, io decrease thrust by opening the valve. 

According to some data [33j it is possible to obtain considerable range 

of change of thrust without essential lowering of unit pulse (for 

example, threefold change cf thrust with average unit pulse equal to 

93$ of maximum computed value). 

Pig. 18.26, Diagram of a 
hybrid engine: 1 - grain 
enriched by combustible; 
2 - regulating valve; 
3 - oxidizer. 
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The necessity of having two chambers can he considered a 

deficiency of such a diagram. The reliability of the regulating valve 

is low, but in view of the relatively low temperature of gases going 

through it - not less than for a nozzle with adjustable throat 

section. 

Most widely developed are the methods of controlling thrust 

vector, for which, besides swiveling nozzles described earlier, there 

are used mechanical and gas-dynamic deflection of the Jet and 

creation of artificial trim of thrust .in a multinozzle Installation. 

Mechanical deflection of the Jet is attained by placing laminar 

or annular gas vanes in the gas flow. The laminar vanes are always 

in the flow of gases and cause great drag losses, which leads to an 

essential loss of pulse. The material of the vanes burrs Intensively 

during the flow of gases around them. The erosion of the vanes 

promotes the possible content of solid particles in the products of 

combustion. 

To a considerable degree, annular jet vanes consisting of cylin¬ 

drical caps rotated around a lateral axis are free from these 

deficiencies.- At a signal from the control system, a servomechanism 

turns the vane and introduces it into the flow, deflecting the stream 

of gases emanating from the nozzle. In the absence of a control 

signal, the annular vane is not subjected to the action of hot gases 

and does not cause additional drag. For controlling thrust vector 

in two planes there can be used an annular vane fastened by hinges to 

four symmetrically located rods of servomotors which are controlled 

separately* r 

) 
Oas-dynamlc deflection of the Jet Is possible by means of tapping 

the gas or evaporating liquid In the supersonic part of the nozzle 

(♦ig. 18.27). The Introduced working substance deflects the gas , 

flow by means of formation In the nozzle of an oblique shock wave, 

behind which is disposed a region of Increased pressure encompassing 

a certain sector of the Internal surface of the nozzle [38]. Usually, 
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four feeders evenly located around the circumference are used. In 

so doing this lateral force appears due to the difference of pressure 

on diametrically opposite sections of the internal surface of the 

nozzle. If gas is used as the working substance, it is possible to 

take it from the combustion chamber. As a working fluid it is possible 

to use freon, nitric acid, or liquid nitrogen. The quantity of ' 

working substance passed to each sector of the nozzle can be 

regulated. 

4 

Pig. 18.27. Gas-dynamic 
deflection of the Jet. 

(Graphic not Reproducible) 

Artificial trim of multinozzle propulsion system is created 

by choking of one or a pair of symmetrically located nozzles. For 

choking there are used moving central bodies. Such devices are 

examined in detail in [38]. An advantage of such a system is the 

possibility of doing without additional regulating devices, inasmuch 

as for deflection of thrust vector, the same elements of construction 

are used as for control of the engine. A disadvantage lies in 

the necessity of installation of the nozzles at a certain angle to 

the axis of the engine, which causes constaht losses of thrust. 
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