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U. S. BOARD ON GEOGRAPHIC NAMES TRANSLITERATION SYSTEM 

Block Italic 
A a A a 
B 6 B 6 
B a B • 
P r r $ 
R a R » 
E a E a 
Mm JW mc 
3 a 3 t 
'Ah Hu 
R ft ft a 
K K K K 

J\ n II M 
Mm Mm 
H k H H 

O o O o 
n n n n 

Transliteration 
A; a 
B, b 
V, V 
G, g 
D, d 
Ye, ye; E, e* 
Zh, zh 
Z, z 
I, i 
Y, y 
K, k 
L, 1 
M, m 
N, n 
O, o 
P, P 

Block Italic 
P P P p 
C c C c 
T t T m 
y y y y 
<P 4* 0 ¢) 
X X X 
U u Un 
H h V y 
il] tu W ut 
mu iu ui 
*b ^ 2» » 
b! u bl y 
b a b h 
3 a 3 $ 
10 » /0 » 
91 h B h 

Transliteration 
R, r 
S, s 
T, t 
U, u 
F, f 
Kh, kh 
Ts, ts 
Ch, ch 
Sh, sh 
Shch, shch 
u 

y, y 
t 
E, e 
Yu, yu 
Ya, ya 

* ye initially, after vowels, and after i, t; £ elsewhere. 
wKen written as ë in Russian, transliterate as yë or ë. 
The use of diacritical marks is preferred, but such marks 
may be omitted when expediency dictates. 
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CHAPTER V 

CHAMBERS OF LIQUID PROPELLANT ROCKET ENGINES 

5. 1. Shapes and Examples of Existing Chambers of 
Liquid Propellant Rocket Engines 

The chamber of the engine Is the main unit of a rocket engine 

installation. 

The following basic shapes of combustion chambers of liquid 

propellant rocket engines [LPRE] (Fig. 5.1). 

1. Cylindrical. 

Fig. 5. 1. Shapes of com¬ 
bustion chambers: a) cylin 
drical; b) semithermal 
nozzle; c) spherical; d) 
conical; e, f) annular. 

2. Spherical (or pear-shaped). 

3. Conical. 
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4. Annular. 

Let us consider the special features of each of these forms. 

Cylindrical Combustion Chambers. Average 
and Relative Specific Weight Plow 

Cylindrical combustion chambers are the most widely used at 

present. They are used for chambers of engines of all thrusts. Their 

basic advantage is simplicity of manufacture. The simple shape 

facilitates the application of light stiffened walls with many connec¬ 

tions and tubes. The LPRE with detachable nozzle units and injection 

assemblies usually have cylindrical combustion chamber. The applica¬ 

tion of cylindrical chambers in multichamber propulsion systems facil¬ 

itates arrangement of cluster engines. A deficiency of cylindrical 

chambers as compared to spherical chambers is the poor strength 

properties: another is the large cooling surface. 

As a characteristic of cylindrical combustion chambers it is 

convenient to use the concept of specific weight flow. 

The average .specific weight flow of the combustion chamber over 

the section is 

f-— kg/s cm (5.1) 

where tr — area of combustion chamber cross section. 

Let us express the flow rate G thorough the complex ß (1.9): 

then 

>•-—Wftg/s-cm2 

where * - pressure in combustion chamber in kgf/cm2. 

(5.2) 
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Since the quantity 0 has an approximately constant value for a 

given fuel,' the magnitude of specific weight flow is directly 

proportional to the pressure in the chamber, i. e., 

r*“VA. (5.3) 

where *s specific weight flow referred to the pressure in the 

chamber and is called the relative-specific weight flow. Frequently 

the quantity r, is used in place of t for appraisal of specific weight 

flow. 

In accordance with equation (5.2), 

g/kgf.s. (5.4) 

Thus r, depends only on the type of propellant and the ratio MI» 

and for given signal it is constant, independently of chamber pressure. 

Since for the propellants in use p-170-240 kgf/.s/kg, in accordance 

with equality (5.4) o.t —6 the values of relative specific weight 

flow are within the limits 1-2 g/kg*s. At smaller values of fJM the 

values of r, are correspondingly greater. 

A distinction is made between isobaric and high-speed combustion 

chamber. Combustion chambers in which the pressure is approximately 

constant along the length are sometimes called isobaric chambers. 

These Include chambers in which 

The ratio IJI» is usually called the dimensionless area of the 

^combustion chamber. If the value of IJU<3, then during combustion the 

flow rate considerably increases in the chamber along its length, while 

the pressure drops in accordahce with the equation of the law of 

conservation of energy. Such combustion chambers (with cannot 

be called isobaric; they are called high-speed chambers. In the 

limit /J/1*—I engine chambers carry the name semi thermal noggle- 

[Translator’s note: This term may be equivalent to the U.S. expression 
"thermally choked."] (Fig. 5. lb). 
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High-speed combustion chambers with small ratios »;//», have 
somewhat greater losses In connection with losses o.i thermal drag 
[1]. However, since at large •• these losses are small, It Is 
frequently expedient to use more compact, high-speed chambers [110],

The diameter of the cylindrical part of the combustion chamber 
Is determined by finding either the ratio which Is taken as equal
to 1-1.5, or the value of specific weight flow ■ or (or, which Is 
the same thing, the quantity

The accepted values of relative specific weight flow are 2.

which corresponds to values of In conclusion let us note
that sometimes the diameter of the combustion chamber Is determined 
by the diameter of the Injection assembly necessary for distribution 
of the Injectors.

Upon the appearance of high-frequency oscillations In the 
combustion chamber It Is sometimes possible to stabilize engine opera­

tion by changing the accepted ratio LJ/),, making It larger or smaller.

as
,»»

Fig. 5.2. Engines 
with cylindrical com­

bustion chambers: a) 
ORM-65 (1936); b) 
RD-107 (195'<-1957);
1 - Inner shell of 
chamber; 2 — casing:
3 - Insert; - oxi­

dizer supply connec­

tion; 5 — oxidizer 
Injector; 6 - injec­

tor assembly; 7 — fuel 
Injector; 8 - glow 
filament; 9 - Igniter 
composition; 10 - Ig­

niter grain.

b)^
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Examples of LPRE with cylindrical combustion chambers Include 
the chambers ORM-65 of the engine, described in detail in [25], the 
RD-107 and RD-119 (see section 6.8), and also the can-type chamber of 
the RZ-2 engine (Figs. 5.2 and 5.3).

Pig. 5.3. Can- 
type engine 
chamber; 1 — 
cardan suspension;
2 - liquid O2
supply; 3 - pres­

sure measurement 
connection; ^ - 
flange; 5 - injec­

tor assembly; 6 — 
kerosene inlet 
manifold; 7 — seal­

ing ring; 8 - squib;
9 - [ignition] 
cable; 10 - com­

bustion chamber;
11 - ring for at­

tachment of lever 
for thrust vector 
control; 12 — crit­

ical section; 13 - 
[reinforcing] bands;
Iti - drain connec­

tion; 15 — honeycomb; 
16 - injector assem­

bly cover; 17 - 
starting fuel supply; 
18 - flange; 19 - 
fuel inlet; 20 - 
tubes; 21 - power 
ring in critical sec­

tion; 22 - flange for 
attachment of screen; 
23 - nozzle exit sec­

tion; 2h - fuel mani­

fold; 25 - injector 
assembly housing;
26 - oxygen feed;
27 - starting fuel 
feed; 28 - fuel feed.



Can-Type Engine Chamber 

Figure 5.3 shews the can-type ohtober of the RZ-2 engine, opera¬ 

ting on a liquid oxygen + kerosene propellant. The thrust of the engine 

on the^ground Is Cj r ,.620 kN); the specific thrust Is 245 kgf-s/kg 

(24.10 N-s/kg); ratio 1. e,, the combustion chamber Is high¬ 

speed; nozzle expansion ratio equals 8; pressure In combustion chamber 

Is 38 [atm(abs.)] [3.73 N/m2). 

The chamber shell is made of 312 soldered nickel tubes. To 

increase the strength set of tubes is wrapped with reinforcing rings 

13, which will form a solid conical casing on the combustion chamber 

section. Kerosene, cooling the wall of the chamber, is fed into 

inlet manifold 6 and enters the tubes through holes 19. Cooling is 

produced in "two passes" [regenerative]. The coolant passes along 

one tube into nozzle collector 24 and returns through the neighboring 

tube, after which it enters the injector face of injector assembly 5. 

Liquid oxygen enters the injector assembly through angled pipe 

2. Prom the injection assembly the oxygen and kerosene enter the 

combustion chamber, where the mixture is ignited by pyrotechnic 

igniter 8, which in turn is ignited by an electrical spark. 

Spherical Combustion Chambers 

An advantage of spherical and close-to-spherical pear-shaped 

combustion chambers is the smaller chamber surface for a given volume, 

which that lowers its weight and facilitates cooling. Furthermore, 

the strength properties of a spherical chamber are higher than those 

of a cylindrical chamber. 

The major deficiency of spherical chambers is their complexity 

of nozzles, which means it is sometimes necessary to make precombustion 

chambers in the chamber head; this further complicates the manufactur¬ 

ing process. Furthermore, relatively little room is left in spherical 

chambers for arrangement. 
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The indicated merits and deficiencies of spherical chambers lead 

to their preferential application in LPRE with high thrusts, where 

the dimensions of the combustion chambers are quite great, so that 

the gain in chamber weight becomes perceptible. 

An example of a spherical chamber is the engine chamber of the 

A-i* rocket, operating on oxygen and 75* ethyl alcohol (Pig. 5./1). 

Engine thrust is 25 T (2*15 kN). 

teldlztri 

Pig. 5.**. Chamber of 
engine of A-*/ rocket: 
1 - upper annulus; 2 - 
main fuel valve; 3 — 
lower fuel annulus; 
*< - precombustion 
chamber; 5 - stop for 
transmission of thrust 
to frame; 6 - fuel feed 
nozzle; 7 - manifold; 
8 - lower internal 
cooling band; 9 - 
inner shell of chamber; 
10 - outer shell of 
chamber; 11, 12 - in¬ 
ternal cooling bands; 
13 - additional in¬ 
ternal cooling band; 
1** - upper internal 
cooling band. 

fl K T-—-- B7J.9- J 
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Conical Combustion Chambers 

In conical combustion chambers (see Pig. 5.Id) in essence the 
entire chamber is the inlet part of the nozzle. Their/>„ is reduced 

as compared to other types of chambers and due to this they are not 

used, presenting only historical interest. 

The basic cause of the reduction in />„ is the high speeds of the 

combustion products in the chamber. Due to this the transformation 

of thermal energy into work of expansion is less than complete, i. e., 

large thermal drag losses occur. Furthermore, in conical chambers the 

zone of atomization and evaporation occupies a considerable part of 

the total volume; the zone of combustion is decreased, which leads 

to poor combustion or requires an increase in the total volume of the 
chamber. 

Annular Combustion Chambers 

The application of annular combustion chambers in LPRE stems 

from the use of nozzles with a center body and plates. Diagrams of 

annular combustion chambers with rectangular and round sections are 

shown in Pigs. 5.le and f and in 5.5. 

Pig. 5.5. 
of form of 
combustion 

Selection 
annular 
chamber. 
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It is advisable to use annular chambers with round sections 

during the acceleration of gas in a nozzle with a center body to 

high Mach. In connection with the necessity for a large turn of the 

flow, the angled of the slope of the surface of critical speed is 

reduced, so that application of a chamber with a rectangular section 

would lead to an increase in the dimension u*of the chamber. 

As compared to other types, annular combustion chambers have a 

number of deficiencies. Their surface is considerably greater, which 

leads to an increase in weight and hampers chamber cooling. The 

annular combustion chamber is complicated to manufacture, and to 

ensure its rigidity either special external stiffeners or cooled 

struts, connecting the external contour of chamber with the internal, 

are required. As merits of the annular combustion chamber we can 

point out the possibility of thrust vector adjustment and a decreased 

probability of appearance of vibration burning with division of chamber 

into a series of separate sections along the circumference. 

Figures 2.26 and 2.32 show diagrams of engines with annular 

combustion chambers and center bodies. 

5.2. Determining the Volume of the Combustion Chamber 

It is accepted to consider the volume of the combustion chamber, 

yK to be the volume of the chamber up to the critical section. 

One of the following parameters is used for determination of the 

necessary volume V* . 

1. Conditional time of stay of fuel and combustion products in 

chamber 

2. Reduced (or characteristic) length of combustion chamber/^. 

3. Volumetric thrust p*. 

We will examine the determination of combustion chamber volume by 

each of these parameters. 
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Determining Combustion Chamber Volume 
by Conditional Time of Stay 

The conditional time of stay of fuel and combustion products in 

the chamber is determined by the expression (3.3) 

Substituting the value of vt from the equation of state, we obtain 

from which we obtain the calculation expression 

(5.5) 

V,(5.6) 
A 

For chambers with constant area L* the ratio Oip,. is practically 

constant. Examining equation (5.5) and disregarding influence of 

pressure on we see that for a given fuel in the first approxi¬ 

mation (neglecting the influence of Pi on processes of transformation) 

the quantity **«.■» does not depend on pressure pa (or on fuel consump¬ 

tion). The value of t,** depends on the type of propellant used and 

the quality of carburetion. For different fuels necessary value of 

V* is determined experimentally and is within the limits 

Tw“0,0015-f-0,00f s . 

At large pressures the values of tren are closer to the lower limit. 

During selection of t,,., it is necessary also to consider the circuit 

of the propulsion system. In propulsion systems with a closed circuit 

part of the fuel (or all of it with the circuit "Gas + Gas") is 

atomized and partially burns in gas generator prior to entry into the 

combustion chamber, while afterburning of fuel occurs in the chamber. 

Therefore for the engines of systems with closed circuits it is 

necessary to take t,« as 1.3-1.8 times less than in an engine with an 

open circuit. 
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Determining Combustion Chamber Volume 
by Reduced Length 

The reduced (or characteristic) length of the combustion chamber 

is the name given the quantity 

' /m* (5.7) 

from which the calculation formula has the form 

/«» **■ ( 5.8 ) 

or 

Values of depend on the type of propellant used and are 

determined experimentally. For different fuels propellants the 

quantity 4^ is within limits of 1000 to 5000 mm. Table 5.1 gives 

values of 4> for certain propellants [4], [32]. 

Table 5.1. Values of u for certain propellants 
Lor.,.LPgg._____ 

fual fc, 
MU Fuel 

MM 

Nitric acid • aniline 

Nitric acid • kero acne 

Nitric Mid « UJMH 

fttyfCB ♦ hydrogen 

a 

1000—1300 

1250—1600 

1300 

500-1000 

Oxygen • keroaane 

toy«*» • ethyl alcohol 

Nitre»#thane (cinglo, 
eeaiponont) 
Fluorina * cMionla 

1000-1500 

1.100-21(11) 

3000 

1000-1301) 

It is not difficult to show that the reduced length /„, and the 

conditional time of stay t,e* are proportional parameters. 

Actually, according to equation (1.9) 

f _^ ■»¿SB 0 
f'r Pt K „ 
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Putting tills value ctH-p in formula (5.7), we obtain 

Comparing equations (5.9) and (5.5), we obtain 

(5.9) 

(5.10) 

For a given propellant the product A, I'k-Tt can be considered constant; 

consequently 

¡tf *= Const iyCJ. (5.11) 

It is obvious that like depends little on the pressure in the 

combustion chamber. Knowing we always can determine 

Thus, for example, if for oxygen + kerosene we take mm, 

then considering approximately n^-l lJ, (i. e•,PR2 " ^ kgf^ni/kg * 

X degiBilB J/kg'deg) and fi-âSSl^K, we obtain the value of corresponding 

to the given/„p. 

-. _ - J'25^ =.-0.0018 
AnVWi 1.98/3^ 3560 

Determining Combustion Chamber Volume 
by Volumetric Thrust 

Sometimes chamber volume is determined by proceeding from the 

value of volumetric thrust ^,1. e., the thrust of the LPRE referred 

to one liter of volume of the combustion chamber: 

(or N/1 ) (5.12) 

whence 

The volumetric thrust P„ does not reflect a basic factor determining 

combustion efficiency - the time available for flow of the combustion 
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process. Values of P* depend on the pressure In the chamber and for 

current LPRE engines they vary In wide limits, from 100 to 10,000 

kgf/Ä («1—100 IcN/A). 

In analyzing the above-considered parameters for determining 

combustion chamber volume - Vi. and P„, — the following conclusions 

can be drawn. None of the parameters reflects the Influence of 

chamber shape and the structure of the Injection assembly on VK. 

although such influence undoubtedly exists. The use of volumetric 

thrust as a parameter for determining is possible only in the case 

when recommended values of PÄ at a given pressure in the chamber are 

known. It is most expedient to use conditional time of stay or 

reduced length for determination of v* 

It is necessary to note also that an increase in pressure and 

improvement of the organization of the processes of carburetion and 

combustion lead to a decrease in the necessary time of stay in 

combustion chamber, i. e., to decrease in the necessary t or .‘bj . 

Thus, with development of LPRE and an increase in the chamber pressure 

there is a tendency to decrease the volume of the combustion chamber. 

5.3. Unstable Burning 

In certain cases unstable (vibration) burning appears in LPRE 

chambers. There are oscillations of pressure, accompanied by oscilla¬ 

tions of the temperature, composition, and velocity of the gas in the 

chamber. Oscillations of pressure can occur in wide range of 

amplitudes, from fractions of an atmosphere up to the magnitude of the 

average pressure in the chamber, with oscillation frequencies from 

tens to several thousand cycles per second. 

Under unstable burning we understand not random and immediately 

damped oscillation (bursts) of pressure, but periodic oscillations 

with definite frequencies and amplitudes which, starting from one or 

another cause, áre supported due to appearance of a regular self¬ 

oscillation process. 
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Usually two basic types of oscillations are distinguished: 

i » 
l 

it 
il 

1 

Low-frequency oscillations, having frequencies from tens to 

several hundred cycles per second. 

High-frequency oscillations with frequencies up to 10-12 thousand 

cycles per second. Figure 5.6 shows typical graphs of the change in 

pressure during low-frequency and high-frequency oscillations. The 

boundary between low-frequency and high-frequency oscillations can 

be estaolished by comparing the period of oscillations T and time of 

stay in the combustion chamber r . If the gases in the chamber 

oscillate as a single whole. Such oscillations relate to low-frequen¬ 

cy. Thus, for example, at *=0.002/s, oscillations with a frequency of 

/<500 cps (f>0.002 s) fall in the low-frequency group. If f<T, It is 

possible to trace the propagation of the wave over the chamber. Such 

oscillations are high-frequency. Sometimes oscillations with inter¬ 

mediate frequency are distinguished [107]; they appear due to oscilla¬ 

tions of mixture ratio fed into the chamber. 

«Cf s 

Fig. 5.6. Oscillations of pressure in cham 
ber: a) b) low-frequency instability; c) 
high-frequency instability; d) superposi¬ 
tion of low-frequency and high-frequency 
oscillations . 

The appearance of combustion instability in LPRE is extremely 

undesirable. During low-frequency instability there can occur 

oscillations of pressure with amplitudes leading to destruction of the 

chamber, strong vibrations of the entire propulsion system, and a 

decrease in specific thrust. A basic consequence of high-frequency 

oscillations Is intensification of heat exchange due to destruction 

(washout) of the boundary layer, leading to burnout of the chamber. 
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The processes occurring during unstable burning have as yet been 

Insufficiently studied and are a subject for thorough theoretical and 

experimental Investigation. Although a number of works exist In 

which a broad analysis Is conducted of phenomena during unstable burn¬ 

ing [105], [IO9], [^], [66], no general theory of unstable burning In 
LPRE has as yet been published. 

Let us consider the basic phenomena during unstable burning. 

Low-Frequency Instability 

A characteristic criterion of low-frequency oscillations is an 

oscillation period which exceeds the time of stay, 1. e., oscillations 

of pressure proceed Immediately in the entire chamber volume. The 

causes of the appearance and maintaining of low-frequency oscillations 

are connected in the first place with presence of an ignition delay 

time and also with the dynamic characteristics of the elements of 

supply system. Thus, It is possible to present the mechanism of the 

appearance of instability as follows (Fig. 5.7). 

Fig. 5.?. Mecha¬ 
nism of appearance 
of low-frequency 
instability. 

Let us assume that for some reason a random oscillation of 

pressure (curve 1) occurs in the combustion chamber. In the Initial 
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moment with the increase in chamber pressure the drop /V»* on the 

injectors is correspondingly decreased (curve 2). However, the flow 

rate of the supplied components does not change immediately, since the 

supply system cannot react instantly to the change in W. This requires 

a certain time t„o», during which fuel consumption will decrease in 

accordance with the decrease in Ap*. in other words, the change in 

supply with a change in pressure pi will occur with a delay for the 

time cnM (curve 3). Ignition of the propellant will lag additionally 

with respect to supply for the ignition delay time t, (curve U). But 

since the combustion chamber has a definite capacity, the change in the 

quantity of burning fuel will be reflected as a change of pressure 

in chamber not at once, but with a delay by a certain time w (curve 

Thus, change in pressure n in the chamber at some moment after 

time t„oa+T3+T,:1M will appear in the form of an influence on pressure 

due to the change in the quantity of burning fuel. If the sum 

13 equal to the half-period of the pressure oscillation, the 
influence of the decrease in the quantity of burning fuel on p* will 

appear at exactly the moment when this pressure is least. This will 

lead to a new decrease in pressure, in consequence of which oscilla¬ 

tions of pressure, once they appear, will be supported without damp¬ 
ing . 

Analogously, with a decrease in pressure the influence of an 

increase in the flow rate of components will be manifested at the 

greatest pressure In the chamber. Thus, due to the phase shift the 

pressure change and the Influence of this change on pressure self- 

excitation of oscillations occurs in the chamber. 

Oscillations of pressure in the chamber lead to oscillations of 

the feed and, consequently, also of propellant pressure in the supply 

system. That Is, during low-frequency oscillations there will be 

oscillations in the entire propellant supply system. 
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In certain caaes It Is possible to have excitation of low- 

frequency oscillations only Inside the chamber, with preservation of 

constant fuel feed. This Is the so-called intrachamber low-frequency 

instability, appearing independently of the characteristics of the 

supply system. The cause of its appearance is oscillation of ignition 

delay time t. due to oscillation of the values of the parameters 

(pressure, temperature, etc.) of gas in the chamber. 

A theoretical analysis of low-frequency Instability for different 

cases of its appearance is given in [105] and [4]. The experimental 

data given in these works agree quite well with theory and make it 

possible to establish the influence of certain parameters of LPRE 

operation on low-frequency instability. 

The frequency and amplitude of oscillations depend first of all 

on the pressure in the chamber and on the type of propellant. An 

increase in pressure leads to an increase in oscillation frequency 

and to a decrease in amplitude. A considerable reduction of pressure 

can lead to a dangerous increase in amplitude. Hypergol!c fuels are 

characterized by an increase of frequencies and a decrease in the 

amplitude of oscillations; increasing the chamber volume leads to 

decreases in both frequency and amplitude of oscillations; an increase 

in the pressure drop on the injectors leads to a rise in frequency. 

The component ratio + has little effect on the frequency of 

oscillations. However, burning stability strongly depends on the 

value of t>. Figure 5.8 gives the results of experimental investigation 

of stability of operation of LPRE on HNo3 + furfuryl alcohol with a 

change of the excess oxidant ratio a and chamber pressure pt 

Fig. 5.8. Influx 
ence of a and 
pressure on sta¬ 
bility of burn¬ 
ing. 
HOM - nominal 



High-Frequency Instability 

Besides low-frequency oscillations, it is also possible to see 

in the chamber of an LPRE the appearance of high-frequency oscillations 

with frequencies of order of several thousand Hz (in certain cases 

to 10-12 thousand Hz). Here the period of the oscillations is less 

than time of stay of combustion products in the chamber, so that it 

is possible to trace the propagation of the pressure wave over the 

chamber. Thus in contrast to low-frequency instability, during 

high-frequency instability oscillations of pressure appear locally 

and but not at once in the entire volume; this leads to heterogeneity 

of pressure (and other parameters) over the chamber volume at a given 

moment. High-frequency oscillations in the chamber have practically 

no effect on feed pressure and the flow rate of the components. 

Depending upon conditions in the combustion chamber of an LPRE 

and on its geometry, excitation of two basic types of oscillations 

is possible: longitudinal and transverse. In turn, lateral oscilla¬ 

tions are divided into tangential and radial. 

During longitudinal oscillations the parameters of the gases in 

the chamber (pressure, temperature, etc.^ vary along the axis of the 

chamber. Moreover, in section of the chamber perpendicular to the 

axis the parameters of the gas have identical values. 

During lateral oscillations (tangential or radial) the change 

of the parameters occurs in a plane perpendicular the chamber axis; 

the parameters of the gas along every line parallel to the chamber 

axis remain constant. 

Tangential oscillations can exist in two forms: in form of a 

standing wave, with which node surfaces are stationary, and in form 

°i* a rotating wave, in which the nodal surfaces rotate. Figure 5.9 

gives diagrams of the different forms (modes) of oscillations [109]. 

The dotted lines show the line of equal values of pressures; the 

arrows indicate the direction of the pulsatlonal motion of gas masses. 

On the left is shown the moment when the masses move to the right, 
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and on the right, after a half period. During longitudinal oscilla¬ 

tions (see Pig. 5.9a) the gases move along the chamber axis, so that 

pulsational components are added with average speed. During 

tangential oscillations (see Pig. 5.9b), because the cross section of 

the chamber is a circle, the lines of equal pressures cease to be 

straight lines. During radial oscillations (see Fi|i;. 5.9c) the axis 

of symmetry is the axis of the combustion chamber. 

Pig. 5.9. Forms 
(modes) of high- 
frequency oscilla¬ 
tions in LPRE cham¬ 
ber: a) longitudi¬ 
nal; b) tangential; 
c) radial;-line 
of equal pressures. 

In the chamber of an LPRE oscillations are not always excited in 

the form of "pure" longitudinal or lateral oscillations. Frequently 

mixed (combined) oscillations occur; they constitute a combination of 

longitudinal and lateral oscillations or a combination of different 

forms (modes) of lateral oscillations. Furthermore, for every form 

(mode) of oscillations the appearance of first, second, etc., modes 

of oscillations is possible. Figure 5.10 shows different forms of 

lateral oscillations. 

The theoretical analysis cf high-frequency instability is very 

complicated. Although there are tens of works dedicated to analysis 

of the individual forms of high-frequency oscillations, in particular 

works [105], [109], [106], [107], and [IO8], the study of the mecha¬ 

nism of the appearance and maintaining of high-frequency oscillations 

is, at present, .far from complete. 

Experimental data show that high-frequency Instability in LPRE 

chambers is affected by system of fuel injection systems, chamber 
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geometry, and the process of exnansinn in 4-1,0 , 
H UI exPansion In the nozzle. Different 

prenants possess different inclinations to the appearance of hlgh- 

re!oZndatTlllatl0nS' 4 nUml>er °f emplrlcally obtained 
ecomnendations on the struggle with high-frequency instability 

arrangement of various kinds of partitions in combustion chamber 
U12J, etc.). 

Pig. 5.10, Forms 
of lateral oscilla¬ 
tions: a) purely 
tangential modes; 
b) purely radial 
modes; c) mixed 
modes. 

Start and shutdown of an engine are the most critical stages of 

i s operation. The main requirement faced by systems for start and 

shutdown is reliability. To this, depending upon the Intended functl, 

of the engine, there are added other requirements connected with the 

character and duration of start and shutdown processes. 
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Engine Start 

teed i«î^1Utr 0f Lm Start I'eqUlreS- ln the first place, guaran¬ 
teed Ignition of propellant with the minimum possible time of approact 

ooeratime* tTI'a’;3lat0,"S note: T1"e ^red to achieve the nominal 
operating regime]. Reduction of the time of approach to regime 

permits decreasing the necessary reserve of fuel and consequently 

ÎndTlÎ^r6 lnlMal Kelght: thlS 13 esP«lally important for space 
and ballistic rockets. 

In certain cases, furthermore, there must be assurance of the 

poss llity of multiple starting and starting of the engine In hlgh- 

altltude conditions or under conditions of space flight. Specific 

ZV,TTS t0r Start 0rganlzatlon arise starting of chambers 
or nigh-thrust engines. 

Depending upon the charact 

possible to distinguish smoothT 

starts. 

er of the approach to regime it is 

stop» and "bang" [extremely rapid] 

In a smooth start Ignition occurs with small fuel consumption 

and with subsequent comparatively smooth accretion of fuel consumption 

Smooth starting Is characteristic for small and average-thrust LPRE 

with turbopump supply systems. The smoothness of accretion of 

propellant consumption is ensured due to the Inertia of the turtopump 

assembly [TNA]. The duration of start Is determined basically by the 

time required for the turtopump assembly to reach the nominal regime 
( spin-up of turbopump assembly"). 

g.iep start Is characterised by the Introduction of an intermedlat 

(or preliminary) stage of LPRE operation and Is sometimes advisable 

for starting high-thrust engines. The need to Introduce an Inter¬ 

mediate stage Is caused by the fact that with growth of thrust and, 

consequently, also of the power of the turbopump assembly, the tlm¡ 

expended on spln-up of the turbopump assembly (Inertness of turbopump 

assembly) decreases. As a result the Influence of turbopump assembly 

Inertia on the pressure rise rate becomes Insignificant, so that 
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starting must be cushion** by the introduction of an Intermediate 
regime . 

During starting of LPRE operating on nonhypergolic components, 

the introduction of a preliminary stage ensures heating of chamber 

and formation of a reliable flame. 

"Bang," starting is a mode in which a full flow of propellant is 

supplied immediately. Bang starting is not applied in pure form, 

since it would cause very great overpressure in the chamber; therefore 

the supply system or the engine injection assembly are always equipped 

with devices which cushion the start. Starts close to the bang type 

are possible with the use of displacement supply systems. 

Methods of Ignition 

Depending upon the propellant, the type of engine, and the oper¬ 

ating conditions, methods of ignition can be divided into categories: 

- chemical; - pyrotechnic; - electrical. 

Chemical ignltlojn is self-ignition of appropriately selected 

propellant components. Such ignition always occurs in engine opera¬ 

tion on hypergolic components. Multiple starting of the engine is 
possible. 

Chemical ignition is also applied in engines operating on 

nonhypergolic components. In this case hypergolic components are 

first fed into the combustion chamber for starting; the basic 

components are introduced only after formation in the chamber of a 

powerful flame. 

To ensure starting are when using nonhypergolic components, 

various additives to one of the components are also used; they lead 

to the formation of a hypergolic mixture (for example, addition to 

the fuel of triethyl aluminum, which ignites with oxygen). 
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Pyrotechnic Ignition Is Ignition with the help of a special 

cartridge, which burns for several seconds and gives a high-temperature 

flame. The cartridge Is either mounted in the head (as, for example, 

in the LPRE ORM-65 and in the engine RZ-3) or is introduced from the 
side of nozzle on a special holder. After ignition of the cartridge 

the liquid propellant is fed in, first at a small flow rate; then the 

propellant feed is increased to the nominal flow rate. The cartridges 

are usually ignited with help of an electrical glow filament. 

Pyrotechnic ignition can be used in chambers of all thrusts for 

single-use and reusable single-start engines. In reusable LPRE (for 

example, aircraft LPRE) pyrotechnic ignition is unacceptable. 

Electrical ignition is produced with help of electrical spark or 

flame plug and finds application in oxygen-hydrogen engines (for 

example, the RL-10), in aviation LPRE, in low-thrust engines and In 

experimental engines intended for bench tests. 

A deficiency of this method is the comparatively small thermal 

power of the electrical spark plug. Therefore with application of 

electrical ignition the propellant is frequently ignited with a spark 

plug at a low flow rate in a precombustion chamber, creating a duty 

flame which ignites propellants at the basic flow rate. Furthermore, 

electrical ignition requires a source of electrical energy, which is 

not always available on the vehicle. Electrical Ignition is conve- 

ient for use in reusable and multiple-start chambers. 

For ignition of certain propellants (for example, hydrogen 

peroxide) it is possible to use catalytic surfaces, which promote the 

appearance of a reaction. 

Pressure change in combustion 
chamber during starting 

Important characteristics of starting are the rate of pressure 

buildup in the chamber during starting (4/*) and the magnitude of 

pressure excess (or peak), i. e., the value of the ratio of the 

greatest pressure in the chamber during starting to the nominal 

pressure . 
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The rate of pressure buildup and the pressure excess characterize 

e severity of starting. The greater are these values, the more 

severe Is the start. On Fig. 5.11 gives typical graphs of the 
pressure change in the combustion chamber during starting. The 

starting proceeding In accordance with curve 3 Is obviously the most 

Fig. 5.11. Change of 
pressure in chamber 
during starting: 1 - 
smooth start; 2 - step 
start; 3 — severe 
start; - ignition 

delay time. 

At high values or dpfdx and large overpressures there is danger of 
disruption and even explosion of the chamber, both due to Its loss 

of strength and as a result of the appearance of detonation burning 
of the propellant. 

The basic influence on severity of starting Is rendered by the 

propellant ignition delay time, . Obviously, the greater the value 

Of to, the more propellant will be accumulated prior to the beginning 

of ignition and the greater will be the overpressure. 

We will evaluate approximately the value of maximum overpressure 

during starting. 

The quantity of propellant entering the combustion chamber from 

the beginning of supply to the beginning of ignition equals 

/c(T)rfT“c^«T„ (5.13) 

where - certain average starting flow rate; 

». - ignition delay time. 
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If we assume that combustion occurs instantaneously at the moment 

of ignition, then in accordance with equation of state the maximum 

overpressure will be 

Pmiu ^ G«jre«T, > (5.1*0 

whore rand R - temperature of combustion and gas constant of combus¬ 

tion products during starting. 

According to equation (5.5) during steady-state operation the 

pressure in the combustion chamber is 

A (5.15) 

Comparing equation (5.1*0 and (5.15) and considering the values 

of R and T during starting to be equal to the values Rj and T7 in the 

steady-state regime, we obtain 

Fmti _ 

Pi OlyU (5.16) 

This expression permits rough estimation of the highest possible excess 

pressure during starting. 

In reality, since combustion is not instantaneous and, further¬ 

more, the value of RT during starting is less than that of RtT» 

Pm** 

Pi 
(5.17) 

During starts which are close to "bang" during a 

smooth start £„,««' G; Ignition delay time t* is usually a few times 

larger than Trfa.f Therefore it is r, which renders a decisive influence 

on the value of the maximum overpressure during starting. 

For hypergolic propellants applied in LPRE f# is equal to the 

delay time of self-igniting and lies within the limits 0.01-0.03 s. 

For nonhypergolic propellants *» basically depends on the kind of 

propellant and the power of the igniting device- and is approximately 



on order smaller than for hypergolic fuels. In the general case the 

value of ^ and, consequently, the severity of starting are essen¬ 

tially affected also by a number of factors determined by the 

conditions of carrying out starting and by the construction of the 
LPRE. 

Influence of conditions of engine starting 

lilltia3-■ teinPerature of propellant. A change In the Initial 

temperature leads to a change In the chemical activity and also of 

the physical properties of the propellant (viscosity, surface tension), 

affecting its mixing during injection with a decrease In Initial 

temperature, T. Is Increased. Thus, for example, for a propellant 

consisting of nitric acid and a mixture of furfuryl alcohol with 

aniline, with a decrease in temperature from -10 to -30°c ignition 

delay time is increased from 0.015 to 0.0^0 s, 1. e., more than 

doubled . 

b) Initial pressure In combustion chamber. The question of the 

influence of initial pressure in the chamber on ignition is very 

important during organization of engine starting in high-altitude 

conditions. Lowering of the pressure leads to an increase in t, and, 

as a result to an increase in overpressure during starting. With a 

large decrease in pressure can, in general, certain hypergolic fuels 

lose the ability of self-ignition. Such conditions can, in particular, 

appear during starting of an engine in space, where the ambient 

pressure is equal to zero. Fortunately in such cases the propellant, 

upon entering a chamber with a pressure to close to zero, turns out 

to be in overheated state. Very rapid sublimation of the propellant 

occurs and the pressure in the combustion chamber is increased by the 

vapors . 

Ç-9mPosltlon-of Propellant. The value of t, is influenced both 

by a change in the propellant component ratio and by presence of 

various diluents or additives — sometimes unavoidable (for example, 

water) and sometimes specially introduced. 
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The least value of xs of a number of propellants does not corre¬ 

spond to the stoichiometric ratio. 

Thus, for example, for nitric acid + 50% xylldine and 50% furfuryl 

alcohol a change ln t» occurs with a change in a as la shown on 

Pig. 5.12a, and the minimum value of i, corresponds to a ■ 1.1 [9]. 

Fig. 5-12. Influence 
of propellant composi¬ 
tion (a) and early 
injection on u (b). 

Analogous graphs can be obtained for other propellants. In every 

case a particular a will correspond to the least value of 1,. 

Various additives in the propellant can increase or decrease n . 

Thus, for example, an increase in the content of water in nitric acid 

leads to a growth in r, . 

d) Premature supply of one component. In LPRE it is difficult 

to ensure simultaneous supply of oxidizer and fuel; a delay of one of 

them can lead to an increase (and sometimes +o a decrease) in t3 . 

Thus, from the graph of the change in t* as a function of early supply 

t for nitric acid + furfuryl alcohol (Pig. 5.12b) it is clear that 

for this propellant early feeding of the oxidizer reduces t,, i. e., 

improves starting. The magnitude of rational advance in supplying 

one or the other component depends on the composition of the propellant 

and also on the structure of the injection assembly, so that for 

every propellant and injection assembly construction there is one 

most expedient order of supplying the components. 
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Sometimes during selection of the advance of supplying fuel or 

oxidizer the fact that a powerful flame is formed behind the engine 

nozzle during afterburning of fuel which was not burned in the 
chamber. 

Qther influences . Besides the indicated basic factors t, and 

engine starting are affected also by the physical properties of the 

propellant, the pressure drop on inJectorsAp* (increase in A»* usually 

decreases ,,) the form and volume of the chamber, the quantity of 

component supplied (an increase in the quantity of propellant supplied 

frequently leads to a decrease in t.), the number of restarts, etc. 

Engine Shutdown 

The requirements for LPRE shutdown sequence are determined by the 

engine's function. Shutdown is provided either by complete exhaustion 

components from the tanks or by shutting the propellant cutoff 

valves at a given moment (forced shutdown). 

Engine operation to exhaustion of components is used on guided 

AA missiles, torpedoes, and (in certain cases) on the first stages 

of multistage rockets. 

Forced shutdown of the engine is necessary on ballistic or space 

rockets, when the engine must cease operation at an assigned moment - 

for example, when the rocket achieves a certain speed. Frequently the 

engine is first shifted to a smaller thrust regime and then is 

completely .shutoff. Cessation of propellant feed is accomplished 

with pneumatic hydraulic or pyrotechnic cutoff valves. An important 

criterion of the quality of forced engine shutdown is the value of 

the so-called aftereffect Impulse. 

5.5. Aftereffect Impulse 

§Ctereff!gPt—lmPulse j, is the value of engine impulse from the 

moment of arrival of the valve shutoff command to full cessation of 

engine operation, i. e. 

329 



(5.18) 

where P- engine thrust; 

t- time from moment of arrival of cutoff valve cut command to 

full cessation of engine operation. 

The presence of the aftereffect impulse strongly affects the 

accuracy of insertion of a spaceship into orbit or that of the flight 

of a rocket to the assigned target. 

Total absence of the aftereffect impulse (/„-0) would be ideal. 

In real conditions, however, a definite aftereffect impulse Is 

inevitable; its value depends on a whole series of structural and 

operational parameters and yields reluctantly to exact calculation. 

We will examine the basic factors on which the value of the 

aftereffect Impulse depends. 

Expressing thrust as thrust in vacuum, from expression (5.18) 

we obtain 

t t 

J /j^i/T. (5.19) 

Since engine shutdown is normally produced at high altitude, where 

pressure p„ Is close to zero, the second components can be disregarded 

and we can consider that 

Change in propellant consumption b during the time x is determined, 

first, by law of covering of the cutoff valves and after they are 

shut, by the conditions of outflow of liquid and evaporated components 

from the cavities of the engine chamber and adjacent pipeline sections 

to the cutoff valve. 
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In the same time t the specific thrust in vacuum is changed by 

impairment of 0, both due to the drop in the quality of the combustion 

process with a decrease in the pressure in the combustion chamber 

and the change in the ratio of components v. It is necessary to 

emphasize that at constant 0 the pressure is also unchanged with 

a decrease in the flow rate c, since in vacuum specific thrust does 

not depend on propellant consumption. 

Schematically the change of thrust in vacuum,-/Vu.« G during 

timer can be represented in the form of the graph shown in Pig. 5.13. 

.... Here the period of time r , in accordance with essence of the- 

processes determining thrust, can be simply presented in the form of ' 
the sum 

* = T|+ll+Ta + T4. (5.21) 

Accordingly, the aftereffect impulse is also presented in the 
form of a sum 

A 22) 

We will examine the components of time T and estimate the corre¬ 

sponding components of the aftereffect impulse. 

. The TCT1?3 --gh&nfter inertia'time. During this time combustion.. 

chamber is still operating, due to the transformation of the liquid 

fuel available in the chamber at the moment of sending the command 

to close the valves. This fact is that at any moment engine operation 
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there is in the combustion a reserve of propellant equal to the 

product of the flow rate per second and the time of transformation i 

(see section 3.1). Independently of whether or not shutting of the 

cutoff valves is started at this instant, the thrust of the engine 

during the further transformation of this reserve of propellant 

remains constant. Due to this, for a certain time ti after the 

command to close the values engine thrust Pn remains constant and equal 

to the engine thrust prior to the moment when engine shutdown began. 

Time ti can be considered equal to the time of transformation, i. e., 

ii - 0.003-0.008 s. 

The value of the aftereffect impulse during time t| is equal to 

(5.23) 

The quantity will be the smaller, the less the thrust of the 

propuls'on system before engine shutdown. Therefore to decrease 

component and, as we will see below, all remaining components of 

total aftereffect impulse the engine must be shutdown in conditions 

the smallest possible thrust. For this step Engine shutdown is used. 

Sometimes, to decrease the aftereffect impulse the main engine is 

cutoff first and th~! rocket is "brought up" to the assigned speed 

with help of the control engines which, having smaller thrust, have 

accordingly smaller values of aftereffect impulse. 

. r, - cutoff valve closing time. During this time the propel¬ 

lant flow rate drops from nominal to zero. Timen is determined by the 

type of cutoff valve and its construction. For pneumatic valves 

r, = 0.1-0.3 s; for pyrotechnic valves it is considerably less, 

comprising 0.001-0.005 s. 

Although closing of the valve starts from moment of arrival of 

the cutoff signal, time t» should be counted directly after timer,, 

since the change in flow rate during covering of the valves will 

begin to affect ' engine thrust with displacement by the apparent timer, 

of transformation, i. e., with displacement by the time t* is equal 

to 

I 
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(5.24) 

For determination of /„ by formula (5.24) it is necessary to know 

low of change in flow rate G over the time of shutting for the given 

construction of the valve. 

The value of can be considered constant and equal to value 

of Pjmu on the nominal operating regime (a certain change in p„M due 

to of impairment of the combustion process in the chamber is igi.ored). 

During cutoff of propellant feed by a pyrotechnic valve the 

thrust drops considerably faster (dotted line on Fig. 5.13). Accord- 

ingiy, the aftereffect impulse Jn will clearly be less with applica¬ 

tion of pyrotechnic valves. 

The ~ ti-rce chamber operation due to entry of components 

■ •££mair4pg.-In cavities after shutting of valves. After the valves 

are closed propellant components remain in cavities of pipelines and 

in the engine chamber in the sections from the cutoff valves to the 

injectors (chamber manifolds, coolant tract, cavities of injection 

assembly, etc,). Since the external pressure is close to zero, the 

pressure in the cavities also drops to values at which boiling of 

the components begins. As a result in the cavities a pressure is 

established which is equal to the pressure of saturated vapors of 

the component at its temperature. Under the action of the pressure 

of the saturated vapors, and also due to the pressure of the liquid 

column and the action of forces of acceleration, liquid or evaporated 

components (depending'upon location of the component with respect to 

the nozzles) begin to flow into the combustion chamber. Arriving in 

the chamber, the components burn and the outflow of the combustion 

products gives thrust P„j. 

The value af tj depending upon the physical properties of the 

propellant components, their temperature, and the volume of the 

cavities, varies in wide limits - from several to tens of seconds. 

333 



The component of the aftereffect Impulse (Fl„. 
time is 5.14) after that 

(5.25) 

Fig. 5.14. At the 
appearance of 
components of 
aftereffect impulse 
Au 1 - oxidizer 
vapor; 2 - fuel 
vapor; 3 - cutoff 
valve. 

In the first approximation of the insignificant pressure of the 

column of the liquid component and the action of forces of Inertia on 

the flow rate can be disregarded and we can consider that during 

time t, the flow rate through the injectors is determined only by the 

value of the pressure of the saturated vapors. The pressure of the 

saturated vapors depends on the temperature of the components and 

during time t, it can be considered to be constant. Thus and the flow 

rate of components through the injectors will be constant. 

Specific thrust in vacuumdepends on the component ratio and 

the quality of the process in the combustion chamber;' with a constant 

ratio.of flow rates of the components it also can bç considered a 

constant quantity. Then 

/«, M PlKtaPlft =: (5.26) 



The value of 7« can be reduced, first, by decreasing the total 

quantity of fuel remaining In the cavities, 1. e., by decreasing the 

volume of the cavities. For this It is necessary to locate the 

cutoff valves as close as possible to the engine chamber. If for 

some reason (strength, technological, etc.) open volumes are left in 

the injector assembly or coolant passage and their reduction will not 

influence on the quality of flow or'the process, it is desirable to 

reduce these volumes by filling them with some light material. 

To decrease /„ by approximately two times it is possible also to 

use drainage,of cavities; the drainage holes in the cavities are 

opened simultaneously with shutting of the cutoff valves. It is also 

possible to blow out the cavities with a gas which is inert with 

respect to the components. 

The Ji Lj-rce of outflow of the last portion of propellant from 

the, combustion chamber. During this time engine thrust drops from P« 

to zero. Since due to boiling of propellant in the cavities the last 

portion will enter in the gaseous state, timer, can be taken as equal 

to the conditional time of stay TrCa, or 0.0015-0.005 . s . 

The component of aftereffect impulse during timer, is 

tdX' (5.27)’ «• 

Assuming that during the timer, thrust drops on a straight line, 

we obtain approximately 

(5.28) 

Since P« andr, are comparatively small, the value of/B4 is considerably 

less than the remaining components of the aftereffect impulse and 

its calculation during practical calculation of the total aftereffect 

impulse quickly becomes academic. 
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We will present a comparative appraisal of the components of 

the aftereffect impulse. /„ and are small due to small time of 

action of ti and t« . With use of pyrotechnic valves, due to their 

very brief operating time t2 the quality is also insignificant; 

now the main component of the total aftereffect impulse is Ju — the 
aftereffect impulse appearing aue to operation of the engine chamber 

on the components remaining in the cavities after shutting of the 

cutoff valves. 

With pneumatic cutoff valves, due to the comparatively great 

time t* required for them to close the value of Jta becomes comparable 

with that of /*; this leads to an increase in the total aftereffect 

impulse . 

The magnitude of the total aftereffect impulse can be reduced 

by using all the factors which promote a decrease of its components, 

namely : 

1. Turning off the propulsion system in the smallest possible 

thrust regime. This leads to a decrease of all components of the 

aftereffect impulse. 

2. Application of pyrotechnic cutoff valves, which have a small 

closing time t*. 

3. Decreasing the volume of cavities on the section from the 

cutoff valve to the injectors. 

4. Opening drains of cavities after cutoff of the supply of 

components . 

5. Venting out the chamber and the cavities. 

5.6. Engine Chamber Strength Calculation 

An engine chamber can be destroyed by two causes: insufficient 

strength and loss of form. In the first case destruction will occur 

due to appearance in elements of the shell of stresses which exceed 
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the tensile strength of the material; this can occur as the result 

of insufficient total carrying capacity or insufficient strength of 

individual elements of the chamber (fastenings, shells, etc.). In 

second case sagging of shells leads to an increase of the section of 

the coolant passage and disturbance of the cooling regime. As a 

result the conditions of cooling are impaired, [4.1], the temperature 

of the inner shell rises, and this in turn leads to a further increase 

in sag and to impairment of cooling. Finally, the temperature of the 

gas wall is increased to the melting point and the chamber is destroyed 

by burnout of the shell. Practice shows that with few connections 

the chamber usually becomes disabled prior to the appearance of 

destructive forces in elements of shell and burnout due to great sag 

of the shells. Thus the second cause of chamber destruction is 

characteristic for LPRE whose chambers have widely separated fasten¬ 

ings. With frequently [spaced] connections the cause of destruction 

is loss of overall carrying capacity by the chamber or insufficient 

strength of its individual elements. 

Special Features of Operating Conditions and 
Strength Calculation of LPRE Chambers 

The specific character of strength calculations LPRE chambers 

emanates from peculiarities of the structural forms of the engine 

chamber and its operating conditions. 

The first feature consists in the fact that usually the engine 

chamber is a double-walled shell, fastened by connections, and is 

subject to force and temperature influences. 

Schematically the methods of fastening double-walled shells can 

be divided into three basic types (Fig. 5.15): longitudinal, helical, 

and point. The type of fastening is of essential significance during 

calculations of the shell for local sags. During calculations of 

the total carrying capacity it does not play an essential role. 
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Fig. 5.15. Types of fas¬ 
tenings of double-walled 
shells: a) longitudinal; 
b) helical; 0) point. 

During operation of the LPRE the temperatures of the external 

and inner shells are different and vary both along the shell and 

through its thickness. Figure 4.1 shows a typical graph of the 

change in temperature through the thickness of the external and inner 

shells of a chamber, from which it is clear that the inner shell works 

in the most severe temperature conditions. Its average temperature is 

much higher than that of the external shell and, furthermore, the 

temperature varies considerably through its thickness (it varies the 

more, the greater the heat flow?* through the wall and the smaller 

the thermal conductivity of the wall). 

With such operational temperature conditions large temperature 

stresses appear in the walls and the mechanical properties of the 

material are worsened. In view of this during strength calculations 

of an LPRE chamber it is necessary to consider temperature aid its 

nonuniformity through the thickness of the inner shell, as well as 

the change in the mechanical properties of the material with an 

increase in temperature. 

The second feature consists in the fact that the difference Ap 

between the pressure in the coolant passage p«« and the static pressure 

in the chamber Pm, and also the temperature of the internal wall /ep 

vary along the length of the engine chamber (Fig. 5.16). 

From consideration of the change in Ap and it is clear that 

from the point of view of the strength of the inner shell, the follow¬ 

ing of its sections are subject to the most difficult working condi¬ 

tions: in the combustion chamber, where pressure p, is greatest; at 

the nozzle exit section, 'where the pressure difference 4p is greatest; 

and the sections near the critical section, where due to the high 

temperature of the wall the strength properties of the metal are 

poorest. 
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Pig. 5. 16. Distribution 
of pressures and means 
temperature of the Inner 
shell over the length of 
the chamber. 

Due to this the strength calculations of the Inner shell must be 

conducted, at a minimum, for two sections: the section of the greatest 

difference of pressures Ap and the section with the highest tempera¬ 

ture of the inner shell. 

-t-hlrd feature of conditions of operation and strength calcu¬ 

lation of the engine chamber lies in the fact that calculation in 

terms of permissible stresses is not always acceptable. The fact is 

that temperature stresses alone in the walls of the chamber can 

significantly exceed the limit of elasticity, so that the material of 

the engine chamber operates in the region of plastic deformations 

under the simultaneous effect of force and temperature influences. 

In carrying out strength calculations in the plastic region of 

operation for highly plastic materials (such as the materials utilized 

for LPRE chambers). Judging the degree of reliability of operation 

of the structure by the value of the stresses which appear is very 

difficult, since in this region small changes of stresses correspond 

to large deformations, while the actual stresses still do not attain 

ultimate strength. However, as mentioned above, these deformations 

can be sufficient to lead to disturbance of the engine operating 

conditions and, as a result, to its burnout. Therefore as the basic 

criterion of suitability of an LPRE chamber It is advisable to take 
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not the magnitude of appearing stresses, but the magnitude of the 

deformations of both the shell as a whole and of its individual 
elements . 

Finally, the fourth feature Is the fact that strength calcula¬ 

tions of an LPRE chamber have the character of control calculations. 

All the basic dimensions of the shells, the methods of fastening, 

and also load on shell and Its temperature of are determined In the 

first place by the conditions of reliability of the cooling system 

and ensuring the assigned thrust of the engine; only after this are 

conditions of strength determining. 

If some elements of chamber do not satisfy the conditions for 

strength, we cannot change their dimensions without the Introduction 

of essential corrections In the cooling or thermal calculation of the 

chamber. Thus, for example, we cannot Increase the thickness of the 

wall of the Inner shell, since this will cause a sharp change in the 

cooling conditions. 

Sequence of Strength Calculation of LPRE Chamber 

Proceeding from the above-stated peculiarities of the conditions 

of operation and strength calculations of an LPRE chamber, the follow 

ing procedure for carrying out strength calculations of an LPRE 

chamber is presented as the most expedient. 

First to be calculated is the total carrying capacity of the 

fastened shell of the engine chamber. The shell of the chamber Is 

examined as a compound thln-walled vessel subjected to the Influence 

of the pressure in the chamber. 

After this local sags of the inner shell in the combustion 

chamber, in the critical section and at the nozzle exit section are 

determined by calculation. Local sags must not ready a value at 

which the regime of cooling the chamber is disturbed and burnout of 

the wall becomes possible. If the shell fastenings are widely spaced, 
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Instead of calculation for local sags it is necessary to conduct 

calculation of the inner shell for stability. 

Calculation for local sags, like calculation of fastenings, 

should be conducted under two conditions of load: operating condit¬ 

ions, where the high temperature of the walls causes impairment of 

the strength properties of their material, and in conditions of 

hydraulic pressurization used during technological tests. Regimes 

close to that of hydraulic pressurization, when the pressure drop Ap 

is greatest, can appear also during engine operation at the time of 

starting, when pressure in combustion chamber has not yet been raised 

the wall is still cold, and high pressure has a]ready been created 

in the coolant passage. 

With very closely spaced fastenings calculation for local sags 

loses its meaning, since in this case a sag of the inner shell so 

great that it leads to disturbance of the cooling regime is impossible. 

The thickness of the inner shell in this case is small and 

therefore its influence on the general strength properties of the 

chamber is insignificant. The main load is 'carried by the external 

shell and therefore in the first approximation the strength properties 

of the engine chamber shell can be estimated by proceeding from the 

calculation of its external shell alone, it is calculated by the" 

usual methods as a thin-walled shell, taking into account the change 

in the strength properties of the material at raised temperatures, 

which can reach 300-¿J00°C. 

Then strength calculations are carried out for the injector 

assembly, its attachment and bracing to the combustion chamber, 

fastenings, etc. If the injectors are attached by brazing, the face 

Is calculated as a double-walled system with fastenings (Injectors). 

If, however, the Injectors are rolled In, the .goal of the calculation 

is to determine the conditions leading to disturbance of the Imperme- 

ability of the injector attachment. 

The procedure for strength calculations of LPFE Is examined In 

detail in works [111], [104], and [103]. 



5.7. Additional Remarks 

Inasmuch as the LPRE is the engine of a flight vehicle, it must 

ensure the greatest possible specific thrust for a given propellant 

with the smallest possible mass of the engine itself. 

For a satisfactorily designed engine the losses of specific 

thrust in the design operating conditions comprise 3-5¾, which 

corresponds to a specific thrust coefficient ç-0.95—0.97. 

The specific weight (ratio of mass of installation to thrust) 

of a single-action propulsion system without tanks is a quantity on 

the order of 7-10 kg/T. For low-thrust propulsion systems and also 

for units designed to meet special requirements (repeated start and 

stop, profound control, etc.), the specific weight exceeds these 

limits and can reach 30-50 kg/T. For high-thrust propulsion systems 

value of specific weight approaches the lower limits (7-10 kg/T) [24]. 

The specific weight of the engine chamber makes up approximately 

one thJLrd of the specific weight of the installation without tanks. 

High values of the specific thrust coefficient with small 

specific weight are attained by rational design of all elements of the 

engine chamber. Here it is frequently necessary to solve the problem 

of simultaneous satisfaction of incompatible requirements. Thus, for 

example, a shaped nozzle with smallest losses is unable to meet 

requirements with respect to mass and cannot be fitted into the 

allowed'dimensions of the installation; application of a spherical 

chamber having the least cooling surface and mass may cause unjustified 

technological difficulties; and so on. 

It is impossible to give universal recommendations for solution 

of such problems'. In every particular case it is necessary to find 

the optimum solution, depending upon the set of concrete conditions 

with respect to specific thrust, dimensions, mass, unit reliability, 

etc . 
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We will give certain additional considerations concerning the 

selection of materials and also the designing of separate elements. 
Of the engine. 

Selection of material. The material of the engine chamber 

should as durable as possible, light, and should possess good plastic 

proper les. For material of the inner shell a combination of high 

thermal conductivity and satisfactory strength properties at high 

temperatures is desirable; however, as a rule, heat-resistant alloys 

t t ° trmf 00ndUOUVlty- P0r the outer she11 conduc- 
tivlty IS not of great significance and therefore the main require¬ 

ment here for the material Is high strength and the lowest possible 

ensity In certain cases, with highly heat-conducting"fasten 

ings, the temperature of the external shell can attain 300-<.00oc and 

en the material should possess sufficiently good heat resistance. 

Furthermore, depending upon type of construction and the applied 

components, the material should satisfy the conditions of weldability 

and acid-resistance and should be noncatalytic. 

¿¿plication of adapter to nótale. In contemporary engines with 

great maximum-power altitudes of noszle unit adapters are sometimes 

applied. Such adapters Increase the expansion ratio of the nozzle 

which increases specific thrust correspondingly. Thus, for exampú 

in the AJ10-104 engine the application of the adapter Increases the' 

ra o from 20 to Ho. The convenience of the adapter consists In the 

fact that ground tests and finishing of the engine are produced 

without It. Adapters are usually prepared from heat-resistant alloys 

ased on titanium or niobium and do not have special systems of 

regenerative cooling. Ablative or radiation cooling Is often used 
for cooling of adapters. 

The basic difficulties In application of adapters consist, first 

ln their low rigidity. To ensure sufficient rigidity spécial' .•’ 

stiffeners are made on the external surface. There are proposals 

to use as adapters very thin-walled shells, a section of which Is 

shown on Fig, H.26d. The equivalent thickness of'these, materials 
(sometimes called "space" materials) comprises 0.1)-0.5 mm. [33]. 



_ . Definite difficulties in the use of adapters are connected with 

attachment of the adapter to the main chamber, and also with necessity 

of thorough organization of the near-wall layer to avoid the formation 

at the walls of the adapter of high-temperature "tongues" of combustion 

products, which sharply disturb the conditions of cooling it. 

Single-chamber and multichamber [cluster] propulsion systems. 

For the same thrust a single-chamber high-thrust engine requires more 

finishing time than a multichamber cluster engine. There is also an 

increased probability of appearance of high-frequency oscillations. 

Furthermore, the cluster engine has smaller dimensions in terms of 

height and fills the motor section volume better. The mass of the 

Cluster is comparable with the mass of the sing]e-chamber engine. 

However, an increase in the number of chambers leads to an 

increase in the quantity of different units supporting the operation 

of the engine, this lowers the reliability of the system. With 

application of propulsion systems with closed loops (see Chap. VIII), 

an increase in the number of chambers can strongly hamper the supply 

of high-temperature combustion products from the turbine of the 

turbopump assembly to the combustion chamber. 



CHAPTER VI 

PROPULSION SYSTEMS 

The propulsion system consists of the engine chamber and the 

feeding system. In turn, the feeding system can be divided, into 

three main parts. 

1. Unit for creating component feed pressure. 

2. System of units and pipelines to ensure starting, stopping, 

and operation of the engine. In general, such a system will be a 

hydro-, pyro-, pneumatic electrosystem. In each particular case in 

a system the pneumatic, electrical, or pyrotechnic part can be absent. 

3. Tanks. (With a turbopump feed system, the tanks frequently 

are not shown on the diagram of a propulsion system although they 

are a component part of the propulsion system). 

6.1. Feed Systems 

Depending upon its purpose a liquid fuel rocket engine [ZhRD] is 

presented with different requirements in respect 'tõ value of thrust, 

duration and conditions, of operation. This leads to a great variety 

of applied methods of feed of components and propulsion system plans 

on the whole. At present it is possible to cite several tens of types 

of propulsion systems, distinguished in plant circuit, fuel, method 

of its supply, construction of basic units (chamber, nozzle, 

turbopump assembly [TNA]), etc. 
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One of the important elements characterizing the propulsion 

system on the whole is the feed system. 

According to the type of unit creating feed pressure, they are 

classed as turbopump and pressure feed systems. 

The most widely used in a ZhRD are turbopump systems ensuring 

supply of components in a wide range of pressures and flow rates. 

An ëlémèniary diagram of a turbopump feed system is presented in Fig. 

6.1. 

Fig. 6.1. Elementary dia¬ 
gram of a system with a 
turbopump assembly. 1 - 
tanks; 2 - gas generator; 
3 - turbine; 4 — pumps; 5 - 
engine chamber; 6 - exhaust 
duct. 

Components from tanks 1 proceed to pumps ^ and move into combus¬ 

tion chamber 5. The main element of the feed system is the TNA, by 

means of which there is created the necessary feed pressure of 

components and the prescribed flow rate is ensured. 

Depending on the further use of the working substance coming 

from the turbine of the TNA, propulsion systems with a TNA are classed 

as working on open and on closed circuit. In systems working on open 

circuit, the working substance from the. TNA through exhaust ducts 6 

is ejected into the atmosphere. With an enclosed circuit (sometimes 

such circuits are als©' called closed or circuits with afterburning) 

working in a turbine, the working substance enters the combustion 

chamber (afterburning), where it is burned and used to create thrust 

(see. Chap. VIII). 

Recently the possibility has been investigated of using gas Jet 

pumps for feed of components in a ZhRD [13]. 
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Less widely used are pressurized feeding systems, in which the 

components are displaced from the tanks by means of a high-pressure 

gas container. 

Pressurized feeding systems are divided according to type of 

high-pressure gas container into gas-pressure feed systems and 

systems with solid propellant (PAD) pressure accumulator or liquid 

propellant (ZhAD) pressure accumulator (see section 9.6). Elementary 

diagrams of pressurized feeding systems are shown in Pigs. 9.2, 9.23 

and 9.29. 

The basic advantage of turbopump systems consists in the fact 

that the fuel tanks are not under feed pressure of components. This 

permits making large volume fuel tanks with comparatively small mass. 

A disadvantage of turbopump systems consists in the relative complexity 

of the TNA. 

Pressurized feeding systems on the whole are simpler, however 

their main disadvantage consists in the fact that the fuel tanks are 

under feed pressure of components. Due to this the required thickness 

of walls of the tank and their mass grows, which is expressed in 

decisive form on the mass of the whole propulsion system both with 

increase in time of operation of ZhRD (i. e., volume of tanks) and 

also with increase in required feed pressure. Therefore a propulsion 

system with a pressurized feeding system can successfully compete 

with a system having a turbopump system of supply only with small 

general pulse of the system (i. e., with small volume fuel tanks) 

and with low pressures in the chamber (i. e., with low feed pressures). 

In Fig. 6.2 there are shown regions of rational use of turbopump 

and gas-pressurized systems of feeding by cold gas depending upon 

thrust and duration of operation of the engine (analysis of operation 

of propulsion systems with a pressurized feeding system is provided 

in Chap. IX). 
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Pig. 6.2. Regions of use 
of pump and pressurized 
feeding systems. A - Pres-, 
surlzed' feeding. B - TNA 
feeding. 

6,2‘ Propulsion Systems with a 
Turbopump Feeding System- 

Basic Methods of Producing the Working Substance 
for a Turbopump Assembly 

One of the basic criteria determining the distinction In turbo¬ 

pump feed systems Is the method of producing the working substance 

for the drive of the TNA. According to this criterion turbopump feed 

systems can be divided into: 

a) systems with liquid gas generator (ZhGG), in which the working 

substance will be formed as a result of combustion of a fuel and an 
oxidizer• 

b) systems with steam and gas generator (PGG), in which the 

working substance will be formed as a result of decomposition of 

components (hydrogen peroxide, isopropyl nitrate, assymetric 

dimethylhydrazine [NDMG], etc.); 

c) systems with drive of turbine by vapor forming in the coolant 
passage; 

d) systems with drive of turbine by hot gases removed from the 

combustion chamber; 

e) systems with drive of turbine by products of powder combustion. 

The most widely used are systems with ZhGG and PGG. 
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Liquid gas generators usually work on the basic components of 

a ZhRD and therefore their chief merit is the absence of necessity of 

placing a third component on board the rocket. 

The components in a ZhGG are usually fed by the same basic pumps 

which feed the components into the chamber of a ZhRD (Pig. 6.3). 

However in so doing the necessity arises for a special device for 

spin-up of the TNA during starting.*' 

t 2 3* 3 0 7 ë i tO lili 13 I* 1} 

ib 

* 20 2t 22 23 2* 25 26 

7Jó G®ner^111zed diagram of a feed system 
with ZhGG. 1 - fuel tank; 2, H - ZhGG cutoff 
valves; 3 - ZhGG; 5 - regulator of equivalence 
ratio in ZhGG. 6, 18, 20, 26 - cutoff valves; 
7 turbine; 8 - fuel pump; 9, 13, 24, 25 - 
throttles; 10 - ZhGG fuel pressurization tank; 
1> 12 cutoff valves of ZhGG pressurization; 
— regulator of equivalence; 15 — evaporator; 

io — exhaust duct; 17 - combustion chamber; 19 - 
oxidizer tank; 21 - starting PAD; 22 - oxidizer 
pump; 23 -regulator of pressure in the chamber 

liquid, - pressure, ==== gas. 

Systems with PGG (Fig. 6.4) are very reliable in operation. 

Furthermore, in using PGG, working, for example on products of 

decomposition of hydrogen peroxide, the problem of starting the whole 

system is simplified. However, a great disadvantage of such a system 

is the necessity to have on board the rocket a third component for 

feeding the PGG, since, as a rule, the basic components of a ZhRD 

are impracticable to decompose in the PGG. This leads to requirement 

for additonal capacity and a separate system of units and main lines 
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for servicing the capacities and supply of working substance in 

the PGG, which complicates the propulsion system and hampers its 

utilization. Due to this deficiency, steam gas generators are being 

displaced by ZhGG working on the same components as the TNA. 

ZJ H U U 

Pig. 6.4. Generalized diagrams of feed systems 
with PGG. a) pressurized feed of peroxide, b) 
pump feed of peroxide. 1 — air (or gas) pressure 
accumulator; 2 — cutoff valve; 3 — pressurization 
reduction valve; 4 — tank of oxidizer; 5 - tank of 
fuel; 6 - tank of peroxide; 7 - peroxide cutoff 
valve; 8 - regulator of pressure in the chamber; 
9 — PGG; 10, 11, 18, 19 — cutoff valves; 12 — tur¬ 
bine; 13 — fuel pump; 14 - oxidizer pump; 1^ - 
exhaust duct; 16, 21 - throttles; 17 - regulator 
of equivalence; 20 - chamber; 22 - feed reduction 
valve; 23 — relief valve; 24 — gas from ground 
starting system; 25 - joint; 26 - peroxide pump. 

Driving the turbine of the TNA by the vapors of one of the 

components forming in the cooling system, finds application in connec¬ 

tion with the use of hydrogen as the coolant (see Fig. 8.7). As we 

will see below (section 8.2), the disadvantage of such a method of 

driving a TNA is the limited efficiency of the vapor, which limits 

possible magnitude of feed pressure of components, and consequently 

also the pressure in the chamber. However at comparatively low 

pressures in the chamber, on the order of 30-50 [atm(abs.)] 

(«3-4 iWm2), application of this method is fully Justified. 
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Driving the turbine by means of takeoff of gas from the combustion 

chamber did not become widespread because of difficulties arising in 

the takeoff of products of combustion from the chamber of the engine. 

However, according to foreign data work is being conducted on the 

realization of a such a method of driving the TNA. 

Driving the turbine by power combustion products forming in the 

PAD is used only for starting the TNA. 

Basic Elements of a Propulsion System 
with a Turbopump Assembly 

In Pig. 6.3 and 6.4 there are shown generalized model diagrams 

of propulsion systems having a turbopump feed system with a ZhGG or 

PGG• The diagrams shown do not belong to any specific engine and 

are designed to show various methods of feeding the working substance 

in a gas generator and the basic elements of a system ensuring its 

normal operation. 

Depending upon the purpose of the propulsion system, we can drop 

the necessity in certain systems or units and other methods of 

guaranteeing operation of this or that unit of the system can be 

applied, however, in a propulsion system with a TNA, the following 

systems must always be provided for: 

a) starting and stopping; 

b) pressurizing the tanks; 

c) guaranteeing assigned operating conditions; 

d) filling and jettisoning of components. 

Furthermore, in certain cases it is necessary to anticipate 

additional systems to ensure the fulfillment of special problems, for 

example, transition from one operating method to another, operation 

of the system during breakdown of one of the chambers, control by 

direction of thrust vector, decrease of aftereffect, etc. 



The required operating conditions of each of the systems and 

their Joint work is ensured by the control and adjustment system of 

ZhRD. 

Let us consider briefly the fundamentals of the system mentioned. 

Starting and stopping systems 

Systems ensuring starting and stopping of ZhRD in general 

include: a) a system for preparation of the apparatus for starting 

(blowing through, cooling, feeding of starting components, etc.); 

b) system of units to ensure starting and stop (starting systems - 

starters, valves for turning on and cutoff of fuel feed, diaphragms, 

etc.); c) branched network of various locks ensuring prescribed 

sequence of operation of units. 

The arrangement of the s* anting and stopping system is determined 

by the method used for spin-up of the TNA during starting. In 

different installations the following basic methods of spin-up of the 

TNA are used. 

Spin-up of the TNA by means of a starting solid propellant pres¬ 

sure accumulator of the PAD (cartridge starter). 

In this manner, for starting of the TNA cartridges are ignited 

by electrical spark igniting the solid propellant in the starting 

PAD 21 (see Fig. 6.3). The products of combustion of the solid, 

propellant from the PAD reach the bladeà of turbine 7, thanks to 

which spin-up of the TNA occurs. 

The advantage of the method is in the comparative simplicity of 

the starter and in its reliability. The method is convenient in 

single-use starting; with a necessity for multiple starting it is 

practically difficult to use a starting PAD although systems are 

known in which à starting PAD ensures restarting. 
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Spln-up of a TNA from a ground starting system. In this way, 

from ground system 24 (Pig,, 6.4b) a compressed gas or the combustion 

products of a gas generator, is fed which produces spin-up of the 

TNA . 

The advantage of the method is the fact that with it the starting 

system is not a built-in system of the rocket, i. e., does not 

increase the mass of the system, but a disadvantage is in the fact 

that it is useful only during single use. Furthermore, with this 

method there must be ensured automatic disconnection of'the pneumatic 

system of supplying the working substance from the ground installation 

to the turbine. 

For spin-up of the TNA, in certain cases, use is also made of 

sPecial starting gas generators (ZhGG or PGG) having their own pres¬ 

sure system of feeding components. The use of starting gas generators 

is convenient' when there is a requirement for multiple starting of 

the propulsion system. 

To ensure multiple starting there are also used systems with 

special starting tanks. Thus a basic gas generator can serve for 

starting. An example of such system of multiple starting is shown in 

the diagram in Fig. 6.5. 

Fig. 6.5. Diagram of a 
system ensuring multiple 
starting. X ~ oxidizer 
pump; 2 - fuel pump; 3 - 
turbine; 4 - exhaust 
duct; 5 - ZhGG; 6 - 
chamber of the engine; 
7 - relief valves; 8 - 
small starting tank of 
oxidizer; 9 - throttle 
discs; 10 — cutoff valves; 
11 - small starting fuel 
tank; 12 - piston; 13 - 
compressed nitrogen bottle. 

Basic fuel 
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At the command "Start," into the starting tanks 8 and 11 from 

bottles 13 compressed nitrogen moves, which presses on pistons 12 

fitted with springs. The pistons in turn press on flexible diaphragms 

inside the starting tanks, displacing a fuel component. Values 10 

open, the components enter the ZhOG 5 and from there the.products of 

combustion reach 3 of the TNA. The turbine rotates the pumps of 

TNA 1 and 2, which feed the basic components to engine 6 and into 

the ZfrQG. Thus a part of the components is directed into starting 

tanks 11 and is forced into them until the flexible diaphragms and 

pistons occupy their initial position. After that, the starting tanks 

are ready for the next start of, the engine. All the enumerated 

operations after receipt of the command to start are accomplished 

automatically. 

Stopping of the engine is produced by shutting off valves 10. 

If there is compressed gas on board the rocket then spin-up of 

the TNA by compressed gas is possible. In so doing, the compressed 

gas (for example, helium) is fed from the pressure accumulator to the 

blades of the turbine. 

In propulsion systems of ballistic missiles, spin-up of the TNA 

can also be produced by means of pressure of a column of liquid in 

the tanks and inlet pipeline. 

A system of forced stopping of the engine should ensure an 

expedient order of shutting the valves, for the given components and 

also measures to reduce the aftereffect pulse (see section 5.5). In 

certain propulsion systems (for example, a ZhRD for antiaircraft 

guided missiles or certain meteorological rockets) a special shut-off 

system can not be provided for, so that the engine works until 

complete depletion of components from the tanks. 

Tank Pressurization Systems 

Pressurization of tanks Is used for safeguard operation of pumps 

without cavitation and also to provide the necessary stability of the 
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tank shells. The amount of tank boost pressure Is determined by 

condition of cavitationless operation of the pump, 1. e., production 

of the necessary Inlet pressure in pump o— 

^ essure of liquid at entrance Into the pumppit (or head on 

entrance ff„-pBI/Y) Is composed of pressure of a column of liquid Pet 

and absolute pressure in the tank above free surface of liquid p#. 

Considering losses of pressure Ap„ in the pipelines and fittings 

located on the way from the tank to the pump, we will obtain 

P«*P«+PeT-Ap«; ^ ^ 

For a motionless rocket pn-yHo, where H0 ~ initial height of 

column of liquid in meters. 

For rocket engines such a mutual location of tanks and pumps is 

characteristic (Fig. 6.6), when the tanks of fuel components are 

located higher than the engine. For aircraft ZhRD the tanks can be 

located lower than the 

negative . 

pump. In this case, value of pcr will be 

Fig. 6.6. To deter¬ 
mine pressure of a 
column of liquid on 
entrance to a TNA 
and the necessary 
tank pressurization. 

For different components the value of varies. During flight 

of a rocket with an operational engine, the pressure of the column of 

liquid will be variable. On the one hand, because of depletion of 

components from the tanks the height of column H decreases; on the 

other hand, a rocket during operation of the engine always moves with 
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axial acceleration /. Thus the axis of the rocket can be inclined to 

the horizon at an angle f(Fig. 6.6a). 

Then the total force having effect on the base of a column of 

liquid with height H, 

Substituting e-y/tf, we obtain 

+ sin yj—A/y (*+sin T), ( 6.2 ) 

where the value *-//* bears the name of axial rocket overload. 

During the flight of the rocket valuesand * are changed approxi¬ 

mately as shown in Fig. 6.6b. The law of change of p„ will also be 
affected by change in time of angle of inclination of rocket axis <p. 

Pressure of the column of liquid will be minimum after starting the 

engine, it turns out to be smaller than the pressure at the time of 

rocket launching. For determination of/»ctbui it is necessary to have 

data about the law of motion of a rocket according to trajectory. If, 

during calculation of the pump for cavitation value ¿»„.„oax is determined, 

then the necessary pressure in the tank p« should be such that at 

minimum pressure of the column of liquid there will be ensured neces¬ 

sary pressure p1MWte. i. e., 

A® Pm.»—«* &Pm- ( 6.3 ) 

Increasing boost pressure of the tank, it is possible to increase 

permissible number of turns of the pump. However in so doing there 

is an increase in mass of the tanks and the whole system of pressuri¬ 

zation and mass of gas consumed for this purpose. Therefore, an 

increase in the number of turns of the pump by means of pressure in 

the tanks is possible only within well-known limits. 
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Losses of pressure in the main line from tank to pump ápn are 
determined by the usual formulas of flow friction. Usually, the 

value of boost pressure of tanks is within limits of 2-6 [atm(abs.)] 

(-0.2-0.6 MN/m2). 

The following methods of tank pressurization are used. 

Pressurization by gas from the pressure accumulator (see Pig. 

6.iJ6). Usually for this purpose helium, nitrogen or air are used. 

For decrease of the necessary reserve of gas sometimes it is heated 

before being fed into the tank. 

Pressurization by vapors of components (Pig. 6.3). Such a method 

is rational during operation of an engine on low-boiling components 

(one or both). In this method the component enters evaporator 15 and 

from there to the tank. 

In a number of cases by means of a liquid gas generator pressurl- 

Mtlon is rational (unit 10 in Pig. 6.3). In so doing, for prevention 

of afterburning the ZhGG operates with a surplus of component found 

in the pressurized tank. 

Tanks of a ZhRD of rockets, the active flight of which takes 

place in the atmosphere (for example, antiaircraft guided missiles) 

can be pressurized by means of impact pressure of air. 

With low-boiling components, pressurization of tanks can be 

produced also by vapors of the actual component found in the tank. 

Such systems are called self-generating. 

Systems for Guaranteeing Required Operating 
Conditions of an Engine 

The required operating conditions of an engine are ensured by 

various kinds of regulators. 

One of the basic ones is a regulator of change of thrust (or 

pressure in the combustion chamber) according to assigned conditions 
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of flight of rocket, and another is a regulator (stabilizer) of 

correlation of flow rates of components into the chamber and into the 

ZhGGL The stabilizer of correlation of flow rates of components into 

the combustion chamber serves to maintain the assigned operating 

method of the combustion chamber, and also assigned temperature limits 

of the products of combustion forming in the gas generator. 

Sometimes, for maintaining constant thrust a regulator of pres¬ 

sure constancy is set in the combustion chamber. 

To ensure prescribed flow friction of the different main lines 

of the feed system, and consequently also the prescribed (at a given 

pressure) flow rate of components during flow through the system 

throttle washers (Jets) will be selected (see for example, throttles 

8, 13, 23, 25 in Fig. 6.3). 

6 3 Thrust and Specific Thrust of 
a Propulsion System 

In operating on an open circuit thrust of propulsion system 

is composed of two components: thrust P. created by the chambers of 

the engine and additional thrust aPtha appearing due to outflow from 

nozzles of the TNA of the working substance of the TNA drive, i. e., 

P^-P + aPtha- 
(6.4) 

The value of the addition of thrust created by the nozzles is 

very small and usually composes 0.5-1.5Í of engine thrust. 

Specific thrust of the propulsion system Pf,.a,T is defined as thrust 

of the system divided by full flow rate of components entering the 

combustion chamber G and expended on drive of the TNA AOTba. i. e.. 

»**» 0 +AO, THA 
(6.5) 

Although in certain cases exhaust gases from the TNA are used for 

operating the steering nozzles (Fig. 6.7), specific thrust of a 

propulsion system operating on an open circuit is always smaller than 
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specific thrust of the chambers of the engine, due to less effective 
use bf components expended on drive of the TNA. The fact Is, that 
temperature and pressure of the working substance In the nozzles is 
considerably lower than In the combustion chamber. Accordingly, the 
degree of utilization of working substance (1. e., specific thrust of 
nozzles or steering nozzles) In obtaining of additional thrust AP 
Is much lower' than In the combustion chamber of a ZhRD.

Thus, although the nozzles give a certain additional thrust APtha. 
flow rates In producing this thrust are disproportionately great. 
Moreover, depending on feed pressure and perfection of the TNA, loss 
of specific thrust composes 2-3* of the specific thrust of the engine.

K-

It It

Fig. 6.7. ZhRD RD-119 
"Cosmos." 1 — pitch 
control nozzle; 2, 15 — 
roll control nozzles;
3, 13 - yaw control noz­

zles ; 4, 5, 11 - gas- 
dlstrlbutors with elec­

tric drives; 6 - chamber; 
7 - cylinders for com­

pressed air; 8 - TNA;
9 - PGG; 10 - frame; 12 - 
assembly ring of steering 
system; 1^ — detachable 
plug.
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Limits of Pressure in a Chamber Operating 
on an Open Circuit 

Let us examine how specific thrust of a propulsion system is 

changed with increase of pressure in the combustion chamber (Fig. 6.8). 

If, with fixed pressure per section p» pressure in the combustion 

chlmberp, is increased, then specific thrust of the chamber of the 

engine Pja according to the equation of characteristic (1.28) will 

grow according to curve 1. With growth of „ necessary feed pressure 

will grow in the chamber: correspondingly the necessary power of the 

TNA'and flow rate of the working substance for driving the turbine 

will grow. According to curve 1, with high pressures in the combustion 

chamber, the increase of specific thrust with growth of pressure is 

small. At the same time, flow rate of working substance on the drive 

cf the turbine of the TNA will grow proportionally with pressure in 

the chamber (see equation 8.51, 8.55). Since growth of specific 

thrust of the engine is small, beginning with some pressure^, loss 

of specific thrust of the propulsion system because of flow rate 

of component on the drive of the TNA will be higher than its increase 

because of augmentation of thrust of the engine. It is obvious that 

there is no point in further increasing the pressure in the combustion 

chamber. 

Fig. 6.8. Change of 
of an open circuit pro¬ 
pulsion system with 
growth of pressure in 
the chamber. 

The value of depends on improvement of operation of the TNA 

assembly on the whole, and also on the form of throttle characteristics 

of a given engine. Actual values ofp,,* are within limits of 100-150 

absolute atmospheres («10-15 MN/m2). As the efficiency of pumps and 
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turbine are improved p,ppt is increased, however, even at pressures 

less than strong there is a increase in the advantage of systems 

operating on a closed circuit (see Chap. VIII). Therefore even with 

a greatly improved TNA it is not always expedient to have a propulsion 

system with high pressure in the combustion chamber, operating on an 

open circuit. 

6.4. Fuel Tanks 

Depending upon method of feeding the components two basic types 

of tanks are distinguished. 

Pressure tanks, i. e., tanks which during operation of a ZhRD 

are under high feed pressure of components. Such tanks are used in 

pressurized feed systems. 

Non-pressurlzed tanks, i. e., tanks not under high pressure during 

operation of a ZhRD. Such tanks are used with feed systems with a 

TNA. Pressure in non-pressurized tanks does not exceed 3-6 [atm(abs.)], 

and is determined by conditions of guaranteeing the stability of the 

tanks and cavitationless operation of the pumps. 

Since the tanks compose in their dimensions the biggest part 

of a rocket, they are frequently used as a supporting member of the 

rocket structure, absorbing forces having an effect on it. Such tanks 

are called supporting tanks 

In designing tanks they strive to ensure the following basic 

requirements. 

1. Tanks of any design, have to be as light as possible. With 

a decrease of mass of the tanks the mass of the rocket decreases and 

its technical characteristics are improved (for example, flying range 

for the given dimensions). This requirement is especially important 

to consider in designing a ZhRD with pressure tanks, since their mass 

always amounts to a large part of the structural mass of the whole 

rocket. 
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Construction of tanks is f&ci k 

materials, and also bv selecting \ “ * dUrab1' ,nd Ueht 
y selecting the most rational form for the tanks. 

t h2' ^,8 mU8t P0ssess «»blllty against corrosion. This require- 

ment special Importance In the operation of a ZhRD using aggres- 

oa3e where —a - —■ 

tion. 
3. Tanks must be simple to manufacture and convenient In opera- 

Relative Position and Shape of Tanks 

The re1:»:,18' ^ dlfferent °f tanlt ^rangement, 
he relative position of fuel and oxidizer tanks Is usually determined 

L:r:r :f °enterlng °f the !" ««am cases in the 

rr tankS-there 15 also consldered the requirement for 
creating the necessary Inlet head In the TNA to ensure operation of 
the pumps without cavitation. 

Pig. 6.9. Dia¬ 
grams of tank 
location: a, 
b) - separate; 
c, d) - united ; 
e) - concentric; 
f) - spiral 
tanks. 

The most wldely-used Is the diagram of separate location of fuel 
and oxidizer tanks. In this wav tanka ran h« i a. ^ 
/ b a _ ¿ Q » ^ , way tanks can be located consecutively 

Of t' k-9 ’ f0rB 0f 8 oluster (P1e- 6-9b). Location 
of tanks in the form of a cluster may be expedient In propulsion 
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systems with very great thrust and when using multichamber Installa¬ 

tions . Use Is also made of the united construction of tanks 

(Pig. 90. d) which In certain cases permits decreasing thé overall 

dimensions of the tank part of the rocket. There are known examples 

of concentric location of tanks’ (Pig. 6.9e). An example of Installa¬ 

tions with concentric location of tanks Is that of the ZhRD of the 

antiaircraft guided missile "oerllkon" and the ZhRD of the "Typhoon" 

surface-to-air rocket [25], , Concentric location does not cause a gain 

in mass and In the given Installations It was used due to conditions 

of preserving the position of center of mass. Such a diagram did not 

achieve wide practical application. 

In Fig. 6.9f, there is an example of a diagram of spiral 
position of tanks [25]. 

The most wide-spread shape for tanks is cylindrical. This 

shape for tanks permits obtaining a tank of great volume’with com¬ 

paratively small cross section. From the point of view of least 

surface of tank and its mass, and expedient shape is spherical. Pres¬ 

sure tanks of spherical form possess the best strength properties, 

in consequence of which their use frequently is expedient in smalj. 

thrust systems with a pressure feed system. Spherical tanks also find 

application in engines of great thrust, when gain in mass due to 

shape of tank is essential. Such tanks are convenient also when 

there is necessity of reducing heat exchange. For example, when 

liquid hydrogen is put into them. An example of application of a 

spherical tank is shown in Fig. 9.5. 

Along with tanks of cylindrical and spherical shape, in certain 

cases, according to conditions of arrangement of the whole rocket 

application of lenticular and toroidal tanks is expedient. 

Besides the examined simple shapes of tanks more complicated 

ones are possible. Thus, for the purpose of best use of rocket volume 

use is made of so-called burled designs (see Fig. 9.31), in which the 
chamber of the engine is, as it were, "buried" in the tank volume. 
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Internal Arrangement of Tanks and Diagrams 
of Extracting Devices 

To ensure reliable operation of the propulsion system and 

convenience In exploitation, In the design of tanks a whole series of 

units and devices are provided for as, for example, to ensure filling 

and draining of components for maintaining assigned level of the 

component (when using low-boiling components), for damping oscilla¬ 

tions of the level of components in tanks during maneuver, for funnel 

damping, and others. In a number of cases in the construction of 

tanks special hatches are provided for Inspection and repair of tanks, 

tunnel tubes for distribution of main feed lines of the second com¬ 

ponent, pipelines for tapping of component vapors, and for pressuri¬ 

zing the tanks. Large capacity tanks of ballistic missiles frequently 

have a frame made from stringers and frames or internal ribs to ensure 

sufficient rigidity and strength of construction. In Pig. 6,10 there 

is a schematic representation of the S-2 rocket propulsion system, on 

which is represented a number of elements of internal system of tanks 

of united construction. 

Pig. 6.10. Diagram of an S-2 rocket: 1 - pipelihe 
for tapping of oxidizer vapors; 2 - pipeline för * 
feeding combustible into peripheral engine; 3 - 
fuel tank (liquid hydrogen); 4 - oxidizer tank 
(liquid oxygen); 5 - pipeline for tapping fuel 
vapors; 6 - filler for filling and jettisoning of 
fuel; 7 - pipeline for feeding combustible to the 
central engine; 8 - frame for bracing the central 
engine. 
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The most important element of a tank is the device to ensure 

continuous feeding of fuel components from the tanks to the chamber 

of the engine, since interruption in fuel feed can lead to disturbance 

of the operating system. 

Continuity in feeding components into the chamber of the engine 

can be disrupted, first, due to temporary uncovering of the extracting 

device as a rçsult of the action of inertial forces during maneuver 

of the rocket and secondly, due to information of a funnel on the 

surface of the component at the place of its entrance into the 

extracting device. Causes of formation of a funnel are the increased 

rates of movement of component at the entrance to the extracting 
i' ^ 

device as comparèd to its speeds on the periphery, and also irregu¬ 

larity of speeds of the component along the axis of the tank (due to 

the blocking of the volume of the tank by different fittings), in 

consequence of which the component can rotate around the entrance 

axis, promoting a more intense funnel-shaped formation. Formation of 

funnels on the surface of the component is possible also due to action 

of the stream of entering gas with a pressure feed system or during 

pressurization of the tanks. 

Special requirements for extracting devices are presented during 

operation of a propulsion system under conditions of weightlessness. 

As theoretical and experimental investigations show, under conditions 

of weightlessness the location of liquid in the tank depends mainly 

on the relationship between value of surface tension of the liquid at 

the gas-liquid boundary and the yálue of cohesive forces of the 

liquid with the wall. If the first predominates (as, for example, 

for mercury), the liquid strives to separate from the wall and, taking 

spheric form, to float in the tank. If however, as in case of liquid 

or hydrogen, cohesion with the walls predominates, the liquid strives 

to moisten the entire internal surface of the tank, and a gas phase 

turns out to be in the central part of the tank surrounded by liquid. 

In both cases there can occur uncovering of the extracting device 

and disruption òf the uninterrupted feeding. 

... 
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In Pig. 6.11 there are diagrams of different devices which are 

used to ensure uninterrupted feed of components. 

a) b) c) d) 

Fig. 6.11. Diagrams of extracting devices for 
feeding of components: a) fluctuating extractor; 
b) swiveling extractor; c) piston pressurizing; 
d,' e, f, g) feeding by means of elastic bags or 
diaphragms; h) tank with a screen-type shield; 
i, J) extracting devices with funnel dampers; 
1 - extractor; 2 - bellows; 3 - piston; 4 - ga¡ 
feed; 5 * elastic bag; 6 - diaphragm; 7 - screen- 
type shield; 8 - funnel damper. 

Devices, of the type represented in Pig. 6.11a, b, have 

fluctuating or swiveling extractor, travelling together with the 

volume of components. Ribs on the end of the extractor promote 

entrainment of inducer after the volume of liquid, and also there 

are funnel dampers, disrupting rotation of the liquid. Such extrac¬ 

ting devices are the most rational with operation of a ZhRD under 

conditions of the appearance of lateral or negative inertial forces 

during maneuver of the rocket (for example, guided antiaircraft 

missiles)• 
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The devices represented in diagrams of Fig. 6.11c, d, e, f, g, 

prevent entrance of gas into the feed system by means of an elastic 

or metallic shell separating the liquid component from the gas. Such 

devices can be used in operation of a system with a ZhRD under 

conditions of weightlessness, and also during the apper mee of 

negative or lateral inertial forces. In the operation of a propulsion 

system under conditions assuming no sharp maneuver of the rocket 

(for example, on a ballistic missile), to ensure uninterrupted feeding 

of the component frequently installation of funnel damping devices 

of type of shown in Fig. 6.11h, i, is sufficient. 

Calculation of Tank Volume 

Full free volume of a tank y is composed of the following 

component volumes: 

V-V^+V'.'+V.'i, (6.6) 

where Vpam - calculation volume of the tank; - volume of guaranteed 

reserve of component; V«o« — volume of ullage. 

In determining the geometric dimensions of tank volume it is 

necessary to consider obstruction of tank from within by pipelines, 

extractors, and tunnel tubes. Let us consider determination of the 

components of volume. 

Calculation volume of necessary quantity of component Vp«,. Since 

flow rate per second G»» and time of operation of a ZhRD are known. 

V\~- 
Gnmt (6.7) 

where y - density of component in kg/m3; t - time of operation of the 

engine from moment of breakaway of the rocket from launcher to moment 

of shut down of the engine in s. 

Volume of guaranteed reserve of component y*, . Guaranteed 

reserve includes the quantity of component expended for operation on 

the starting or launching device from the moment of beginning operation 
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up to the moment of take off of the rocket, and the quantity of 

component necessary to ensure reliable operation of a ZhRD in the last 

period of engine operation. 

Combustion duration of a ZhRD on the launcher is determined 

basically the starting system of the engine. With gun starting this 

time is short and composes tenths of a second; with step starting it 

increases to several seconds; therefore during step starting of an 

engine a large reserve is needed. 

Guaranteed reserve is necessary also for compensation of possible 

deviations of actual flow rate per second of component from that 

calculated. 

Taking into account the above—indicated factors, depending upon 

method of starting of the engine and maneuverability of the rocket, 

the value of can be accepted as being within 2-5¾ of tW 

Volume of ullage v«* • Ullage is necessary so that with an 

increase in temperature of the component during the storage of a 

filled rocket excessive increase of pressure in tanks will not occur. 

With a pressure feed system, ullage is also a damper, softening the 

starting process. Moreover, ullage is necessary in order to ensure 

space in case of release of gases dissolved in the component or its 

products of decomposition. 

Volume of ullage is determined proceeding from the condition that 

during the greatest operation temperature assigned by technical 

conditions, rMS pressure in the tanks will not exceed the given 

Value of pressure a«-» is determined by construction of the rocket 

tanks and the characteristics of the hydraulic feed system. With 

pressurized feed the value of p,«* must not exceed bursting pressure 

of the membranes, since otHerwise spontaneous starting can occur. 

With pump feed (unpressurized tanks), value of poms is determined by 

boost pressure of the tanks. Usually, the value paM1 is considered as 

equal to 5-10 [atm(abs.)] (*0.5-1 MN/m ). 
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Knowing p*m** > 

ing considerations. 

value of ullage Vno« is determined from the follow 

In filling of tanks, the equation of state of gases in ullage 

takes the form 

pJ/n-OKT» (6.8) 

where * and r. " pressure and ambient temperature during filling; 

O - mass of gas . 

With increase of temperature up to > pressure in ullage 

increases, volume of ullage thus will decrease to value A|'w by means 

of temperature increase of component volume in the tank l«®**: 

where » - expansion coefficient of component (Table 6.1) 

(6.9) 

Table 6.1. Values of expansion coefficient 

for different liquid at L5 C . 

Liquid P-10« Liquid p-10* 

Nitric Mid 100)( 
Aniline 
Bentlrc 
Ktroacnt 
Hcthyl alcohol 
Hydro (an pcroxlda 

12.4 
2.M 
12.4 
9+10 
12,2 
10.7 

Sulfurlo Mid 
Turfontlna 

100^ ethyl aleehol 

SO# ethyl aleehol 

5 
9.4 
10.4 
7.4 

Equation of state of gases in ullage 

(6.10) 

Substituting in this expression values G and V.« from equations 

(6.8) and {6.9), we obtain * ' 



whence, after reductions and conversion we obtain 

y. mmÏMSal ÍLSÍI - r>> 
, V«.« (6.11) 

P* Ml^O 

6.5. Feed "ystem Equipment 

Equipment of the feed system ensuring normal operation and 

prescribed operating conditons of propulsion system includes cutoff 

and regulating valves of different forms, intake relay, tank filling 

and emptying devices, throttle washers, and pipelines. 

The equipment of each propulsion system has its own character¬ 

istics determined by the purpose of the system and the special require¬ 

ments presented to it. From a wide variety of different constructions 

of units of the equipment we will examine examples of some of them. 

Starting and Shut-Off Valves and Devices 

The purpose of starting and shut-off valves - to control the 

starting and shutting off of the propulsion system. The force, 

necessary for opening or shutting of a valve can be creatèd by means 

of a pneumatic or hydraulic system, an electromagnet, or a cartridge. 

In Fig. 6.12a, there is shown a pneumatic valve. Valve cone 5 

with gasket 6 is pressed against body 4. Valve 7 is pressed against 

the valve cone by spring 3 and pressure of the component. The valve 

is opened with feed on piston 2 of controlling pressure through pipe 

connection 1. Leakage of controlling gas is prevented by packing 10, 

and drainage of gas from the cavity- under the piston occurs through 

an opening in the body. Packing 9 prevents leakage of the component 

into the cavity under the piston. The valve is closed under the 

action of spring 3 during drop in pressure of controlling gas in the 

cavity above piston 2. 

In Fig. 6.12b, there is shown a pyrotechnic shut-off valve. With 

the triggering of a cartridge set in pipe connection 13, powder 

gases break through membrane 12 and press upon the shank of valve 7> 
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Under pressure of gas, pin 11 will be cut, the valve shifts forward 
and Is Jammed In valve seat 5, covering the cross section.

CMpeawit
•utlat

Fig. 6.12. Cutoff valves: a) pneumatic valve; b) 
pyrotechnic valve: 1 ~ plpa connection; 2 — piston; 
3 - spring; 4 - body; 5 - valve cone; 6 - valve 
cone gasket; 7 - valve; 8 - Inlet pipe connection; 
<5, 10 - r-^cklng; 11 - pin; 12 - membrane; 13 - pipe 
connection for cartridge.

In Pig. 6.13 there Is shown a pyrotechnic valve of a high pres­

sure gas feed. With the triggering of the cartridge set In pipe 
connection 10, powder gases press on piston 7. The shoulder of rod 
4, pressed between body 2 and Inlet pipe connection 1, will be cut, 
the rod shifts and Is Jammed In the body, opening the gas access In 
cutlet pipe connection 3.

In the feed systems of a ZhRD there are also encountered dual 
or triple valves. In which one piston opens two or three valves on 
lines of different components or on parallel lines of one component,



1 

Transmission of motion from piston to valves in this case is produced 

by means of rocking levers. 

Pig. 6.13. Pyrotech¬ 
nic valve: 1 - inlet 
pipe connection; 2 - 
body; 3 - output pipe 
connection; 4 - rod; 
5,6- packing; 7 - 
piston; 8 - pin; 9 - 
bucket; 1C - pipe 
connection for car¬ 
tridge . 

In Fig. 6.14 there is shown an example of a cutoff control valve 

with^electromagnetic drive. Such valves are frequently called PKEDD 

(electrical remote action pneumatic valve) or simply EPK (electro¬ 

pneumatic valve). It consists of a body into which is screwed an 

inlet pipe connection 1 supplying the appropriate component to the 

valve. Pressure of the component together with force of spring 2 

lifts lower valve 3 upwards. In so doing, packing belt 4 of the valve 

is seated on the valve seat and blocks the outlet of the component. 

Simultaneously, by means of rod 5 upper valve 7 rises which Joins 

outlet pipe connection 6 and the systems of pipelines beyond it with 

the atmosphere through drainage hole 8. For turning on the supply of 

component, the current flows in the winding of the coil of electro¬ 

magnet 9. Thus armature 10 is attracted to yoke 11, and through rod 

12 force is relayed to upper valve 7, which, being lowered onto its 

seat disconnects the component feed from drainage hole 8. Simul¬ 

taneously, by means of rod 5, lower valve 3 is lowered and opens the 

access of component in the outlet pipe connection, and then in the 

corresponding main line. Turning off of the electromagnet coil 
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returns the valve to its Initial position. Usually such an electro­

magnetic valve with drainage is used as a flow valve of gas for control 
of other valves by servoplstons.

Fig. 6.1^{. Shut­

off valve with 
electromagnetic 
drive: 1 - inlet 
pipe connection:
2 - spring; 3 - 
lower valve; ^ — 
packing belt; 5 — 
rod; 6 — outlet 
pipe connection;
7 - upper valve;
8 - drainage; 9 - 
electromagnet;

10 — armature;
11 - yoke of elec­

tromagnet; 12 — rod.

In single-time propulsion systems various kinds of membrane 
devices are used as shut-off units. In this way, access of component 
to the chamber of the engine is opened after breaking of the membrane. 
Membranes are divided into free and forced breakthrough. Breaking 
of a free breakthrough membrane occurs after achievement of a specified 
pressure in the pipeline.

In Pig. 6.15a there is shown a free breakthrough membrane with 
annular weakening of section in the form of an incision. Under high 
pressures the membrane tears precisely along this Incision, since here 
there is the least membrane resistance. After breaking of the 
membrane along the incision, its lobe bends aside and opens a passage 
for liquid. In Pig. 6.15b,there is shown such membrane with a
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cruciform Incision. Under action of pressure, the membrane tears 

along the Incision and is bent aside in the form of lobes. 

Pig. 6.15. Breaking 
membranes of free break¬ 
through . 

3I: 

A membrane usually will be selected for a required bursting 

pressure since the force, tearing the thin material of the membrane, 

to a considerable measure depends on the allowance for the thickness 

of the incision. In membrane closing devices of the forced break¬ 

through type, breaking of the membrane is produced by means_of a 

special knife arrangement or blasting cartridge. Membrane devices 

of the forced breakthrough type are considerably more complicated 

than free breakthrough both to manufacture and to use. However, their 

great advantage is their operation at the exactly assigned moment. 

In Fig. 6.16 there is an example of a membrane valve for opening 

the access of a component to the engine at the instant that operation 

begins. The valve works on pressure of gases proceeding the rough 

pipe connection 4 into the cavity above diaphragm 5, which, under 

pressure of the gas flexes and forces knife 7 to move. Knife 7 will 



cut pins 6 and will cut through membrane 8 along the designated 

perimeter. Under pressure of the component the membrane bends aside 

and opens access for the component. 

Fig. 6.16. Membrane valve: 
1 - membrane block; 2 — 
body; 3 ~ cover; 4 — connec 
ting pipe; 5 - diaphragm; 
6 — pin; 7 ~ knife; 8 — 
membrane. 

Regulating Valves and Throttle Washers. Relay 

As we noted above, supporting the assigned operating conditions 

of the system is ensured with the help various kinds of throttles and 

regulating valves. 

The essence of action of regulating valves consists in changing 

the value of throttle section between valve and valve seat during 

disturbance of feed conditons of the component or upon the arrival of 

the appropriate command. 

In Fig. 6.17 there is an example of a constant pressure regulator 

for feeding a component. The component enters value via pipe connec¬ 

tion 7, passes through section between valve 9 and valve cone 8, enters 

outlet cavity 11, whence it goes according to designation. Pressure 

of component in cavity 11 is determined by the value of command pres¬ 

sure passed by pipe connection 1 into bellows cavity 4. Pressure of 

component from cavity 11 through drilling 10 is transmitted to cavity 

5. Spring 2, bellows 4, and area of the valve are selected in such 

a way that with an Increase or decrease in pressure of component in 
I 

375 

'.■«***1*#) 



cavity 11 the relationship of forces having an effect on valve 9 

changes. In this way, the throttle section between valve and seat 

8 respectively decreases, and in cavity 11 the assigned pressure is 

established. 

i 

Pig. 6.17. Peed 
pressure regulator 
1 - pipe connection 
for entrance of 
command gas; 2 — 
spring; 3 - bellows 
cavity; 4 - bellows; 
5 - cavity; 6 — 
body; 7 - inlet 
pipe connection; 8 - 
valve seat; 9 - 
valve; 10 - drill¬ 
ing; 11 - outlet 
cavity. 

fn Pig. 6.22c there is an example of a setting of a shift throttle 

washer (Jet), utilized to ensure the assigned flow friction of the 

main line. 

In Pig. 6.18 is a pressure relay. It serves for switching on 

the electric circuits upon attainment of defined pressure in the 

serviced main line or volume, and for reverse switching of the circuit 

upon reduction of pressure to the assigned limit. 
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Pig. 6.18. Pressure 
relay: 1 - electrical 
wire lead; 2 - switch; 3 — 
threaded regulating ring: 
4 - adjustable spring; 5 - 
drainage; 6 - plunger; 7 — 
pressure pipe connection; 
8 — base of pressure of 
receiver; 9 -membrane; 
10 - body . 

Relay pressure consists of a pressure receiver and a high speed 

switch. Membrane 9 serve as sensing devices, and reinforced adjustable 

spring M sensing pressure, pressed along the perimeter by the base 

of pressure receiver 8 to body 10, Under the action of pressure 

proceeding under the membrane (when it reaches a given value) it is 

deflected and by plunger 6 located on it presses on the spring of 

switch 2 which is moved to the upper contact. With reduction of pres¬ 

sure, the membrane releases switch 2 and it drops again to the lower 

contact. Moving of switch 2 leads to the closing of those or other 

electric circuits. Adjustment of instrument to a given value of 

operating pressure is achieved by changing the deflection of spring ^ 

by means of threaded ring 3> In Pig. 6.19 there are examples of 

check valves, filling and discharging plugs. 
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Fig. 6.19. Check 
valves (a); fill­

ing; (b) and dis­

charge; (c) plugs; 
1 — outlet pipe 
connection; 2 - 
openings In the 
thrust flange; 3 - 
body; ^4 - spring;
5 — valve disk;
6 — valve seat; 
Inlet pipe connec­

tion.

Pipelines

For feeding components and for controlling valves of the feed 
systems of pipelines of different dimensions and construction are 
used.

Sections of pipelines for feeding components are selected based 
on the permissible rate of component through the pipes. Usually the 
rate of a liquid Is on the order of 5-30 m/s. At high rates there 
are considerable Increases In hydraulic losses proportional to the 
square of the velocity. At slow speeds losses decrease, but dimensions 
of pipelines increase considerably. Therefore In pipelines for feed 
of components to the TNA, where for prevention of cavitation It is 
important to maintain pressure of components on Inlet to pumps, lesser 
velocities are used.

For feed of components frequently use Is made of flexible hoses, 
the application of which simplifies Installation and also allows shift 
of the unit to which pipelines adjoint. As flexible hoses there can 
be used flexlble-bralded and metallic (stretch) hoses. The base of 
the flexlble-bralded hoses in most cases Is rubber. For aggressive 
components special bases are used (for example, teflon'4. Hoses 
consist of elastic tube, strengthened by woven or metallic braiding.



Depending upon operating pressure single, double, and even triple 
braiding is used.

In Pig. 6.20 there is a metallic flexible hose with a corrugated 
Internal tube (bellows) enclosed in metallic braiding. Bellows and 
braiding are made from stainless steel, and also from carbon steel, 
bronze, nickel, and titanium alloy.

vV
Fig. 6.20. Metallic 
(bellows) hose with 
braiding.

In Fig. 6.21 different methods are shown for coupling flexlble- 
bralded and bellows hoses. In Fig. 6.22a hoses are coupled by means 
of a clamp clip 1 and nipple 2, the shank of which is cone-shaped.
The clamp clip has on its end a screw thread of large pitch H. Hose 
3 is screwed in the clip up to a stop, beyond which there is screwed 
into the clip nipple 2 which packs the connection, by pressing the 
hose by conical shank to clip 2. In Pig. 6.21b packing of the hose 
is ensured by rolling clip 1 into profile nipple 2. In Fig. 6.21c 
there is shown a hose coupling between conical surface of clip 1 and 
nipple 2. In F'g. 6.21d a method for coupling a bellows hose is shown. 
In the tubular shank with windows of pipe connection 7 is set the end 
of the hose with preliminary soldered on section of coupling by 
corrugation and braiding. After that Inserted the set end of the hf^se 
is soldered along the perimeter of the windows.

In Fig. 6.22 there are shown different types of couplings of 
pipelines. With small diameters of pipelines wide use is made of 
nipple couplings of pipelines with expansion (Fig. 6.22a). In Fig. 
6.22b there is shown a nipple (spherical) connection with soldered or 
welded nipples. Airtightness of connection is thus ensured by the 
contact of the spherical surface of the nipple with the conical surface 
of the pipe connection. Couplings by means of bellows (Fig. 6.22d) 
and flanged joint (Fig. 6.22e) are used with large dlanieters
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of pipelines. The use of a bellows coupling or bellows inserts on 

pipelines permits compensating for unfavorable combination of 

tolerances in the measured circuit, and also temperature expansion 

of pipes and parts of the article. 

Fig. 6.21. Methods of cou¬ 
pling flexible-braided and 
bellows flexible hoses: a, 
b, c) flexible-braided hoses 
d) bellows hose; 1 ~ clamp 
clip; 2 - nipple; 3 - hose; 
k - screw thread; 5 - inter¬ 
nal braiding; 6 — sleeve 
nut; 7 - shank of pipe 
connection with windows. 

Fig. 6.22. Methods of coupling pipelines: a) 
nipple coupling with expansion of pipes; b) cou¬ 
pling with soldered or welded nipples; c) coupling 
with installation of a throttle washer; d) cou¬ 
pling by means of bellows; e) flanged coupling. 



6.6. Determination of Feed Pressure and Hydraulic 
Characteristics of the I^eed System 

Necessary feed pressure of components pun is composed of pressure 

In combustion chamber pt and hydraulic losses of pressure in the feed 

system of the component, 1. e., on the way from the pumps of the TNA 

or tanks (In a pressure feed system) to the combustion chamber. In 

general (neglecting the pressure of the column of liquid and the 

action of Inertial forces) 

Pun » ft + A* + -i- -*• Aft, 4 Aft,. ( 6.12 ) 

where Ap*; Apoia; Aftp,«; Aft*; AftP— losses of pressure respectively In 

injectors, coolant passage, pipelines, valves, and throttles. The 

sum (Aft+Apoia+AptpT#+APkji+Aft,) constitutes hydraulic losses of pressure 

of a component In the feed system. Calculation of hydraulic losses 

In the feed system of a ZhRD Is possible only with known or assigned 

dimensions of coolant passage of the chamber, circuit of the feed 

system, dimensions and form of pipelines, and also the type and 

number of valves and other local flow frictions: elbows, branching, 

headers, and so forth. 

Loss of pressure In injectors Aft is known from calculation of the 

Injectors (see Chap. III). Let us consider method of determining the 

remaining component hydraulic losses. 

Losses of Pressure in the Coolant Passage 
of the Engine Chamber 

In the coolant passage two forms of losses take place: 

Loss by friction ApM.,.Tp Appearing as a result of the friction of 

the liquid on the wall of the channel. 

Local losses Ap«uix induced by local resistances to motion of the 

component (fastenings, stampings, turns, inlet and outlet of the 

collector, beginning and termination of ribs, smooth and sudden 



I 

narrowing and expansions of the coolant passage, etc.). Thus, 

+ bPtUM- ( 6.1 3 ) 

In cooling the chamber with a low-boiling component (for example, 

hydrogen) frequently it is necessary to consider also reduction of 

static pressure in the flow by means of acceleration of the cooling 

gas Ap* (sometimes this value is called losses of pressure due to gas 

acceleration). 

Since the dimensions of the coolant passage and temperature of 

the coolant are variable along the length of the chamber, calculation 

of losses due to friction in the coolant passage is usually conducted 

by sections. In selection of sections it is convenient to use the 

division of the chamber already accepted earlier during calculation 

of cooling. For each section all the rated values (geometric dimen¬ 

sions, velocity of coolant, etc.) are averaged. 

Determining loss due to friction on each section A/Wrpi, full 

value of losses due to friction in the coolant passage is found as 

the sum of losses on sections, i. e., Ag0i.rTp"2Apo*j«.Tpi. 

All further computations are given for calculation of one section 

of a system In which all parameters are averaged. 

Losses due to friction are calculated by the formula 

where t - length of section of coolant passage; 4» - equivalent 

(hydraulic) diameter of the coolant duct for a given section; y - 

coolant density; m - coolant velocity; X — dimensionless friction 

loss factor. 

As can be seen, the problem Is reduced to determination of4. 

and coefficient X in formula (6.1^4). 
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Equivalent diameter is defined as relation of quadruplicated 

area of useful cross section to perimeter of section II: 

(6.15) 

Coefficient of friction X depends on character of flow and form 

of the duct. Character of flow is determined by Reynolds number Re, 

and form of duct - form factor w. For Hminar flows, i. e., where 

Re <2320 

X (6.16) 

Thus the form factor „> for round ducts is equal to unity, for annu/Lar 

slot -1.5, and for right angled channels with ratio of sides bla has 

the following values: 

V« 0 0.1 0.2 0.3 0,4 0.5 0.7 1.0 

• 1.80 1.32 1.10 1.03 0.97 0.91 0.90 

For turbulent flows when 2320 < Re < 10^ 

x -0.3164 u 
(6.17) 

When Re > ¿J000, coefficient of friction can also be determined 

by the formula [119] 

(1,81 If Re—1,64)* * (6.18) 

Form factoruduring turbulent flow for round and right angled 

ducts with 0.5 < b/a < 2 is equal to unity, for an annular slot — 1.5. 

Re number is calculated by the formula 

Re-^w/v. (6.19) 

where » - kinetic viscosity in m/s. 
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For a more convenient determination of Re number we will convert 

expression (6.19). Since 

(6.20) 

(6.21) 

then, substituting the expressions (6.15), (6.20) and (6.21) in 

formula (6.19), we will obtain 

Re 
Hfii’ 

where G — flow rate of liquid coolant. 

(6.22) 

For certain forms of coolant passages the formula (6.22) can be 

reduced to a more convenient form. 

For a slot duct, considering dCp»d01JI, we obtain 

Re—Í2-22_. (6.23) 

For a coolant passage with ribbing and can-type chambers we 

consider that the passage constitutes a system of identical ducts 

linked in parallel. Resistance of the whole tract is equal to the 

resistance of one of the ducts. 

Thus, in the case of longitudinal milled ribs and for tubes of 

right angled section 

RCJ11 W, 20, 
nui» (fl + »ouifl*’ 

(6.24) 

where Gf-G/z - flow rate in one of z ducts. At other forms of ribbed 

channel (for example, with corrugations) 

(6.25) 



In case of screw ducts, the coolant passage also Is composed of 

a number of identical ducts linked in parallel, the number of which 

equals the number of turns of the screw thread, and the resistance of 

the whole passage also equals the resistance of one of the ducts. 

The Re value is determined by the same formula (6.24), as in the case 

of a slot duct with longitudinal stiffening ribs. Coefficient of 

frictJon for a screw duct 

(6.26) 

Coefficient of friction X is calculated by the usual formulas, and 

coefficient 

(6-27) 

where - diameter of helix in the calculated section. 

Length of the screw duct on a given section 

/ *L- (6.28) 
*•—T HIY«' 

where Li - length of a given section; Yep - angle of ascent of helix on 

a given section. 

All the above-mentioned expressions do not consider the presence 

of heat exchange in the coolant passage by virtue of which loss due 

to friction during flow of the liquid coolant will be somewhat less. 

Local losses are defined as the sum of losses induced by local 

resistances in the coolant passage: 

A J... APmj.it.it 
where 

(6.29) 

Here $ - coefficient of local resistance, determined for each particular 

case according to manuals of hydraulics [118], [119]. In the presence 
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stumpings and in certain other cases which are specific for a ZhRD, 

for determining { it is possible to use [89], [121]. With complicated 

configurations of the passage, when reference data are lacking the 

most reliable method of determining drag coefficient is by experimental 

pouring through of an element of the passage and determining the 

necessary coefficients by its results. 

Decrease of static pressure in the passage due to acceleration 

of the coolant during cooling by gaseous hydrogen is determined 

by the Bernoulli equation. Disregarding difference of heights and 

pressure losses in the examined section, it is possible to write 

* 3r y» aw * 

whence, considering for the given section 

(6.30) 

Hydraulic Losses in Pipelines and Equipment 

In pipelines, pressure losses are the same as in the coolant 

passage; they are composed of losses due to friction on the wall of 

the pipeline and local losses, i. e.. 

(6.31) 

Losses due to friction in pipelines are determined Just as in 

the coolant passage, by formula (6.14): 

•* 

% 

where the coefficient of friction, depending upon conditions of flow 

is determined by the formulas (6.16)-(6.18). 

Local losses in pipelines are determined as the sum losses of 

pressure due to different causes (bending of the pipe, inlet and 

outlet of the pipe, sudden or smooth expansion or constriction of 
flow, merging and separation of flows, etc.), i. e., ¿pü-ZAfei. 
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The value of local losses In each case Is determined by formula (6.29): 

AJl-lY 
a# ’ 

where |- drag coefficient determined In reference to each case of 

losses. 

Losses In valves and throttles ( ¿Ph!I and np„ ) are calculated also 

by formula (6.29). The problem thus Is reduced to determination of 

loss factor 5. In connection with the great variety of forms of 

valves (or various kinds of regulators) It Is impossible to give a 

universal recommendation for all types. Usually the value of 6 for 
valves of regulating devices and throttles is estimated according to 

results of pour through of similar designs. 

Hydraulic Characteristic of the System 

The Hydraulic characteristic of the feed system we will call the 

dependence of necessary feed pressure (or head) on flow rate of 

components . 

In accordance with equation (6.12) necessary feed pressure 

P—B*- Pt+ 

whereAp|- hydraulic losses in the system due to various causes. 

During a change in flow rate of components, pressure in the 

chamber p, , in first approximation will be changed directly propor¬ 

tionally to the flow rate, and change of sum Ap^+i&p, can be taken as 

proportional to the square of the flow rate. Summing the valuep* 

and Ap*+ZAp< for different flow rates, we will obtain the hydraulic 

characteristic ^-/(C) (Pig. 6.23a). 

n 

*"*«I*M) t4IBja£|flg, 
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Pig. 6.23. Hydraulic 
characteristics of the 
feed system. 

Value of required pre sure, created by the pump of a ZhRD is 

defined as difference feed pressure and pump inlet pressure, i. e., 

HwutilLmmbSi — tS! . 
y y y (6.32) 

According to equation (6.1) 

gg—Per 
V y y y 

t 

whence 

+ (6.33) 

Value (ai/yí+ÍPot/v) does not depend on flow rate of the component. Value 

of pressure losses in the inlet main line Apn/v proportional to the 

square of the flow rate. Summing all the componets of the right side 

of equation (6.33), we obtain the hydraulic characteristic of change 

of required pressure of pumps depending upon flow rate//-/(Q) 

(Fig. 6.23b). 

6.7. Systems of Control and Adjustment of a ZhRD 

General Information 

According to the problems facing a control system, it is possible 

to distinguish two basic groups of systems1. 

1. Systems ensuring starting and shut-off of the propulsion 

system. 
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2. Systems ensuring maintenance of assigned operating conditions 

of the chamber of the engine and the propulsion system. 

Devices of the first group of systems to a considerable degree 

are determined by the method selected for starting and shut-off of 

the propulsion system (see section 5-4). Basic requirements for this 

group of devices - guarantee of reliability of starting and shut-off, 

guarantee of prescribed time of arrival at the method and time of full 

cessation of operation of the system during possible change in tem¬ 

perature of units and operating conditions of the propulsion system. 

Thus, an important characteristic of operation of a system is the 

time of arrival at conditions during starting of the system. For the 

engines of ballistic missiles this time amounts to less than 2-3 

seconds. For engines of guided antiaircraft missiles and antimissile 

missiles time of arrival at conditions should be still shorter. 

Basic requirements for devices of the second group of control 

systems - guarantee of reliable operation of the engine under pre¬ 

scribed conditions, maintenance of constant or assigned conditions of 

thrust and ratio of components. Depending upon the purpose of the 

ZhRD, ridigity of these requirements is different. Tentatively one 

may assume that for engines of ballistic missiles, the control system 

should maintain prescribed thrust to within accuracy of 2%, ratio of 

flow rates of components into the chamber - with an accuracy of 1.5% 

and in a gas generator - up to 2%, boost pressure of tanks - with an 

accuracy of 3*. For engines of guided antiaircraft rockets the 

required accuracy of maintenance of thrust - to 2%, ratio of flow 

rates of components into the combustion chamber and into the gas 

generator — to 2.5-3%) and boost pressure — 3.5-4^. These requirements 

are approximate and in each concrete case can be changed substantially. 

■ 

Let us consider basic methods of thrust control of the engine 

* and certain possible circuits for control of the operation of the whole 

propulsion system. 
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Methods of Thrust Control 

Thrust control of a ZhRD is necessary both for maintaining 

constancy of thrust during change in operating conditions of the 

propulsion system and also for changing thrust for the purpose of 

maintaining prescribed flight conditions of the rocket. 

Possible methods of thrust control can be obtained fpom consid¬ 

eration of thrust equation (1.12) : P^Kf^Pt- 

We see that thrust can be changed effecting AC, fup» or p* ; according 

to equation (1.13) with a given fuel (i. e.,n») it is possible to 

change thrust coefficient AC by only changing the ratio/i//«p. However, 

in practice, to produce a design allowing a change of/i//.¡p is difficult. 

A second possible method of thrust control - changing the area 

of critical throat section/,*,, which is possible, first, placing in the 

critical section a profiled bullet 1 (Fig. 6.24). By shifting the 

bullet along the axis of the chamber, we can increase or decrease/^,. 

In so doing the possibility is ensured of deep adjustment (i. e., a 

large range of change of thrust). The main disadvantage of this 

method - in considerable complication of construction, in the first 

place due to difficulty in providing cooling of the mobile bullet. 

Therefore such method of adjustment of /up up to now has not obtained 

wide use . 

Fig. 6.24. Diagram of 
change of/., by a pro¬ 
filed bullet. 1 — 
bullet; 2 - bullet 
packing. 

It is possible also to change /«p by cutoff of one or several 

chambers of a multichamber ZhRD. Thus preservation of the operating 

characteristic of each chamber is ensured. Such a method permits 

changing thrust in any range. A disadvantage lies in the "stepness 
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of the change of thrust. Furthermore, in this way we lose out in 

mass, since with a decrease of thrust the turned off chamber becomes 
ballast. 

However, due to the possibility of changing the thrust of the 

propulsion system within wide limits, this method finds application 

in a number of cases (for example, in an aircraft ZhRD). 

Basically, the most widely used, method of thrust control is 

change of pressure in chamber Pt by means of changing the flow rate of 

components. This method makes it possible to regulate thrust in a 

wide range of changes by 3-5 times. In Table 6.2 different methods 

are given for thrust control by means of changing the pressure in the 
chamber. 

Table 6.2. Methods of thrust control by changing the 
combustion chamber. pressure in the 

Methods of adjustment Characteristics of the adjustment 
method 

1. Change in number of revolu¬ 
tions of TNA: 

a) change in flow rate of the 
working substance to the turbine 
at constant temperature. 

b) change in temperature of the 
working substance by changing the 
ratio of flow rates of compo¬ 
nents . 

Quick reaction; Impairment of 
operating characteristics of pro¬ 
pulsion system due to operation of 
the TNA at partial load conditions. 
Method, "a" is moï*e acceptable with 
an open circuit; method "b" - with 
a closed circuit. 

2. Throttling of flow rate of 
components into the combustion 
chamber. 

Quick reaction. Possible both 
with pressurized feed and with feed 
from TNA. In the first case, 
superfluous pressure in tanks, i. e, 
superfluous mass. With supply from* 
TNA - unproductive TNA power input. 

3. Cutoff of part of the 
injectors. Analogous to condition 2. Dan¬ 

ger of burnout of head appears. 

4. Change in pressure drop at 
the injectors. 

Analogous to condition 2. 
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Table 6.2. (Cont’d) 

Methods of adjustment Characteristics of the adjustment 
method 

5. Diversion of part of the 
flow of components. 

Quick reaction. Superfluous 
expenditure of power of the TNA 
f'-'r circulation of component. 

6. Change of pressure in tanks 
with pressure feed. 

Very slow process. It is nec¬ 
essary to bleed pressure from the 
tanks. Superfluous safety factor 
of tanks, i. e., superfluous mass. 

7. Change in ratio of flow 
rates of components into the 
combustion chamber. 

Quick reaction. Impairment of 
operating characteristics of the 
combustion chamber. 

With a necessity of changing thrust In a range up to 10-15¾ the 

most widespread method of thrust control is by means of changing the 

number of revolutions of the TNA. As an example, in Fig. 6.25 there 

is shown a typical thrust control circuit of a ballistic missile to 

ensure the prescribed conditions of flight of the rocket. 

Fig. 6.25. Dia¬ 
gram for thrust 
regulation of a 
ZhRD to ensure 
prescribed flight 
conditions of a 
rocket. 1 - 
pressure pickup; 
2 - computer; 3 - 
source of energy; 
^ - drive; 5 — 
throttle regula¬ 
tors; 6 - ZhGG; 
7 - turbine; 8 - 
pumps; 9 - 
chamber. 

« 

The arriving signal is pressure in chamber p, (since thrust is 

proportional to pressure). From pressure pickup 1 the signal enters 

the monitoring computer 2, where actual flight conditions of the 
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rocket are compared with those prescribed. According to t e existing 

mismatch of flight conditions the necessary change of pressure in 

chamber (i. e., thrust) is determined. A signal from device 2 reaches 

the throttle regulating valve (or valves) in the system of feeding 

components to the gas generator. Plow rate (or ratio of expenditures) 

of components into the ZhGG 6 is changed, change accordingly is made 

in feed working substance to turbine 7 of the TNA, there is a change 

in number of revolutions of pumps 8 and in fuel feed to combustion 

chamber 9. In conformity with change of fuel feed pressure is 

changed in chamber and of thrust of a ZhRD. 

Besides the methods examined a small change of thrust can also 

be effected by choking or diverting part of the fuel consumption 

(Table 6.2, para. 2 and 5). 

Possibility of changing thrust in a wide range is hampered in 

the first place by the fact that during change of flow rate of 

components pressure drop on injectors is sharply changed, proportional 

to the square of the flow rate. Due to this, on systems of greatest 

thrust a considerable increase of feed pressure is necessary. For 

maintenance of constant feed pressure, in certain cases, part of the 

injectors are disconnected (para. 3). 

Furthermore, difficulties with guaranteeing cooling of engine in 

conditions of least thrust appear, since, with a decrease of fuel 

consumption and slow rate of coolant decreases accordingly. 

Due to the causes mentioned, with a necessity of change of thrust 

in wide limits, frequently it is more expedient to use a multichamber 

installation. 

Possible Circuits for Maintaining Assigned 
Operating Conditions of a System 

To ensure assigned operating conditions of a propulsion system 

and to achieve the required law of change of speed of a rocket accord¬ 

ing to time of flight it is necessary to regulate, besides thrust of 

the system, still a whole series of parameters (oxidant-fuel ratio, 
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entering the chamber, and in ZhGG, pressurization of tanks, operation 

of steering motons, etc.)> 

In the propulsion systems of ballistic missiles, one of the basic 

systems is a control system by oxidant-fuel ratio. Its purpose - to 

maintain the flow ratio within set limits and to ensure simultaneous 

output of tanks of both components. The fact is, that due to the 

action of acceleration on the feed system and, connected with this, 

the pressure differences on entrance to the pump, and also due to 

the change in density of components during change in their temperature 

and possible instability of the characteristics of the pumps, actual 

flow rates of components differ from nominal (calculation). This can 

lead to a deviation of the oxidant-fuel ratio from that calculated, 

and to nonsimultaneous emptying of tanks, i. e., to incomplete use of 

components . 

These systems are usually founded either on measurement of levels 

of components in tanks, or on measurement of flow rate per second 

(Pig. 6.26a, b). 

Fig. 6.26. Diagrams 
of systems for 
control by oxidant- 
fuel ratio, a) sys¬ 
tem with measurement 
of levels of compon¬ 
ents in tanks, b) 
system with flowmeters. 
1 - chamber; 2 - 
throttle regulators; 
3 - source of energy; 
4 - computer; 5 - 
transducer of level 
of fuel in tanks; 6 - 
flowmeters . 

In Fig. 6.26a there is an example of a system of emptying tanks 

(SOB) based on measurement of levels of components in the tanks. 

Transducers of fuel level in tanks 5 give a signal regarding the 

output of the component to the computer system 4. From the system 

signals reach the throttle regulators 2, which, throttling the flow 
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rate of one or another component, ensure the prescribed ratio of 

expenditures of components and simultaneous emptying of the tanks. 

To ensure simultaneous emptying of tanks it is usually more 

expedient to have the throttle expenditure regulator system only on 

the feed line of one of the components as is shown in the diagram of 

Pig. 6.26b. In this way expenditure of one of the components by 

means of throttle regulator 2 "is tuned" to the flow rate of the 

second component. 

During operation of the propulsion system, to ensure the 

prescribed operating conditions, simultaneously several parameters 

are regulated (first of all, thrust and oxidant-fuel ratio entering 

the chamber). 

In Fig. 6.27a examples are given of simplified diagrams of control 

of propulsion system operation. In diagram 6.27a there is shown a 

system ensuring the maintenance of prescribed thrust conditions and 

simultaneous emptying of the tanks. In this way, change in flow rate 

of components into the chamber can be ensured both by changing the 

feed of the TNA by means of influencing expenditure of components in 

gas generator 8, and also by direct influence on throttle regulator 

b (shown by the dotted line). For exact maintenance of oxidant-fuel 

ratio sometimes there is set a regulator (stabilizer) of oxident-fuel 

ratio (RSK) 11. In Fig. 6.27b there is ¿hown a system of maintaining 

given thrust values and oxidant-fuel ratio. 

With the ZhRD system on the smaller and more maneuverable rockets, 

in which simultaneous emptying of tanks does not play so great a role 

as in ballistic missiles (for example, guided antiaircraft missiles, 

torpedos, etc.) the necessity for a special system of emptying tanks 

is reduced. In this case, for maintenance of the oxidant-fuel ratio 

it is sufficient to have a system for stabilizing the oxidant-fuel 

ratio . 

With a gas generator operating on basic components, for supporting 

the prescribed oxidant-fuel ratio entering the gas generator, 



sometimes there is also set a stabilizer 12 of the oxidant-fuel ratio 

in the gas generator, throttling flow rate in the ZhGG of one of the 

components in accordance with the flow rate of the second component 

(Pig. 6.27c). 

•ground; 3 — computer; 4 — pressure trans¬ 
ducer; 5 - flow rate throttle regulator; 
6 - tank emptying system; 7 - fuel feed 
control in a ZhGG (or PGG); 8 - ZhGG (or 
PGG) ; 9 - turbine; 10 - throttle regulator; 
11 - * stabilizer of the chamber; 12 - * 
stabilizer of ZhGG; 13 - throttle of the 
ZhGG stabilizer. 

Changing Direction of a Thrust Vector 

In Pig. 6.28 different methods are shown for changing the 

direction of a thrust vector. 

Fig. 6.28. Methods of 
changing the direction 
of a thrust vector, a) 
Jet vanes; b) thrust 
chambers. [Translator's 
note: Russian term 
literally reads: "steer¬ 
ing engines"], c) gas 
from the TNA; d) gimbal 
suspension; e) blowing 
gas. 
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Changing the direction of a thrust vector by means of Jet vanes 

(Fig. 6.28a) was even proposed by D. E. Tsiolkovskiy and was 

successfully used on a number of rockets. A disadvantage of the 

method - in comparatively great thrust losses since the Jet vanes 

are constantly in the Jet stream. 

Use has been found for the following methods of changing the 

direction of a thrust vector shown in Fig. 6.28b, c. d. A disadvantage 

of these methods - in the necessity for a special drive for turning 

the thrust chamber or the actual chamber. Furthermore, use of thrust 

chambers requires a special feed system. 

Control by direction of a thrust vector by means of blowing gas 

into the supercritical part of the nozzle (Fig. 6.28e) is convenient 

in the fact that it does not require a special drive for turning the 

chamber. In the case of using a nozzle with a central body, direction 

of thrust vector can be changed by changing fuel flow rate on separate 

sections of the annular combustion chamber. When using a cluster 

engine, direction of thrust vector can be changed also by means of 

mismatch of thrusts of separate chambers of the cluster engine. 

6.8. Examples of Systems Carried Out 
with Turbopump Feed 

We shall consider some examples of actual. propulsion systems. 

In them there is provided specific presentation about methods and or 

order of starting and shutting off of ZhRD, about methods of driving 

a TNA, pressurizing tanks multiple starting, and also about the 

operation and arrangement of the propulsion system on the whole. 

Propulsion System of the Second Stage 
Carrier Rocket "Cosmos" 

In Fig. 6.7 there is shown the ZhRD RD-119 "Cosmos," the most 

highly developed in respect to specific thrust of any known ZhRD of 

the oxygen class with a high-boiling fuel. (developed in 1958-62 by 

the organization created as a part of GDL [Translators note: possibly 

stands for] [25]. Its data is as follows. 
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Fuel...liquid oxygen f NDMG 
Thrust in a vacuum.11 T (108 kN) 
Specific traction In a vacuum.352 kgf*s/kg 

(3^50 N*s/kg) 
Expansion ratio.a/a-i/ibo 
Pressure In chamber.80 [atm(abs.)] 

Propulsion system - open circuit. Drive of TNA from PGG, working on 

NDMG; spin-up of TNA (starting) from a starting pyrostarter. Engine 

has system of steering nozzles 1, 2, 3> 13, 15. Steering system Is 

designed for the control and orientation of second stage of the 

control and orientation of second stage of the "Cosmos” rocket by 

means of redistribution of products of combustion by means of 

distributors 4, 5, 11. Thrust of the propulsion system is regulated. 

Propulsion System of the First Stage of 
the Space Rocket "Vostok" 

In Fig. 6.29 there is shown the ZhRD RD-107 "Vostok" - the first 

oxygen class engine in the world,; using hydrocarbon fuel (developed 

in 1954-57 in the organization which developed the ZhRD "Cosmos"). 

The ZhRD "Vostok" was used as the power plant on the first stage 

of a number of rockets for sending spacecraft into circumterrestrial 

orbit and to the nearest planets of the solar system (for example, 

spaceship "Vostok-l"). Its data is as follows. 

Fuel.liquid oxygen + hydro¬ 
carbon fuel 

Thrust in a vacuum.kb r (1 MN) 
Specific thrust in a vacuum.314 kgf’s/kg (3070 N * 

* s/kg) 
Expansion ratio. 
Pressure in chamber.60 [atm(abs.)] 

Propulsion system - open circuit. Drive of TNA from PGG, working 

on hydrogen peroxide. TNA has 4 pumps (oxidizer, combustible, 

hydrogen peroxid-e, and liquid nitrogen utilized for pressurizing 

tanks). Gasification of liquid nitrogen is produced in heat exchanger 

8, heated by steam gas from the TNA. Internal cooling of chamber - 

by fuel passed through injectors on the head; ingnition is pyrotechnic 
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r
starting is staged through preliminary stage or thrust; control by 
thrust vector by means of a steering ZhRD 1, Thrust is regulated by 
changing the flow rate of hydrogen peroxide to the TNA.

vK<A./I

k - \

Fig. 6.29. ZhRD RD-107 "Vostok."
I - steering ZhRD; 2 - node of 
pumping and feed of oxidizer; 3 — 
pipelines of oxidizer of steering 
ZhRD; ^ - mock-up brackets; 5 - 
basic chambers of the engine 
pieces); 6 - power frame; 7 - PGG;
8 — body of heat exchanger on the 
turbine; 9 — Inlet duct of oxidizer 
pump; 10 — Inlet duct of fuel pump;
II - transducer of pressure In the 
chamber; 12 - main oxidizer valve; 
13 - oxidizer pipelines; 1^4 - main 
fuel valve; 15 — fuel pipelines.
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Propulsion System of the First Stage 
of a Three-Stage Rocket 

In Fig. 6,30 a diagram shows the feed system and a view of the 

RZ-2 propulsion system, consisting of a two-chamber engine. Its basic 

data is as follows. 

Fuel.liquid oxygen + ker¬ 
osene 

Thrust of the propulsion system... .»134 r (1-31 MN) 
Thrust of one chamber P: . . . ^ 
— at sea level.62.145 ^ (0.6 MN) 
- at the end of boost phase<tf-7S «). 76.2 r (0.75* MN) 
Specific thrust , , , _ 
— at sea level....245 kgf*s/kg (2403 N * 

X s/kg) 
- at the end of boost phase(ff-7S **)• 289 kgf*s/kg 

(^2835 N-s/kg) 
Oxidant-fuel ratio v: 
— at sea level...2.16 
- at the end of boost phase2.2.45 
Pressure in combustion chamber.3^,25 [atm(abs.)j 

(3.75 MN/m2) 
..turbopump 

Drive of TNA. 

Feed pressure: 
oxygen. 

Kerosene. 

Combustion duration of ZhRD 

from restoring ZhGG, 
working on basic com' 
ponents with a ratio 
*-0.351 

52.94 [atm(abs.)] 
(5.19 MN/m2) 
55.38 [atm(abs.)] 
(5.43 MN/m2) 
160 s I 

Certain parameters characterizing operation of the chamber of 

the engine and TNA are given in section 5.1 and 7.4. 

To ensure strict starting sequence there is an electropneumatic 

system with blockings allowing switching on of the next unit only 

after the entering of the impulse indicating that the preceding unit 

has fulfilled its functions. The pneumatic part of the system is 

assembled on the engine, and the electric part consists of ground 

relay block, connected with box relay on the engine. The working 

substance of the pneumatic system (gaseous nitrogen at a pressure of 

52.2 [atm(abs. )] (5.12 MN/m2) is kept in six bottles mounted on the 
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rocket. Before beginning the starting, the rocket engines are 
connected to priming fuel tanks (see Fig. 6.30) located on the ground 
unit. After pushing the ‘'start" button the ground and on board 
systems of automation goes Into action and starting of the propulsion 
system Is conducted In the following order.

a
Pig. 6.30. Feed system and view of ZhRD of the 
RZ-? rocket. 1 — pumps; 2 - drainage; 3 — tur­

bine; - lubrication feed; 5 - check valve; 6 —
Igniter: 7 - drainage; 8 - valve ZhGG; 9 - ZhGG;
10 - throttle (Jet); 11 - check valve; 12 - high 
pressure nitrogen from on-board system; 13 - dis­

tributor of nitrogen feed; l^l - liquid oxygen 
filling and check valves; 15 - feed valve of 
starting fuel: I6 - kerosene filling and check 
valves; 17 - main oxygen valve; I8 - feed of ni­

trogen from ground system; 19 - igniter; 20 - 
main kerose.ne valve; 21 - ground tanks of fuel 
and oxidizer; 22 - chamber; 23 - wire contact.

From the ground system via tubes 18 nitrogen is supplied for 
blowing starting tanks 21 and the tanks with lubrication for the 
reducing valve. In the combustion chamber pyrotechnic Igniter 19 
ignites and after burnout the electrical contact In It by means of a 
electropneumatic connection the main oxygen valve 17 and flow valve
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for starting fuel 15 are opened. Oxygen under pressure of static 

pressure in tank of the propulsion system and kerosene under boost 

pressure in starting tank 21 enter the combustion chamber where they 

ignite from igniter 19. The resulting flame destroys wire indicator 

of ignition 23 set an outlet from the chamber. Thereupon, ZhGG 

igniter 6 closes; the contact in the igniter burns out and the command 

is given to open the main kerosene cutoff valve 20. ZhGG valve 8 is 

opened, the components enter the ZhGG, and the products of combustion 

- from the ZhGG to turbine 3. As a result, spin-up of the TNA occurs, 

and the pumps begin to pass the component througn the main valves 

into the combustion chamber. 

When outlet pressure from the pumps exceeds feed pressure from 

the starting tanks, check valves 5 and 11 are opened and into t^e 

ZhGG the component from the on board feed system begins to move. 

Thereupon the valves of the ground starting system 1^ and 16 will be 

closed. 

Time of reaching conditions of full thrust from moment of beginn¬ 

ing starting amounts to 4 s. 

The engine will be disconnected from the control system by the 

flight of the rocket. In this way ZhGG valve 8 and main oxygen 

valve 17 are closed, and after 0.2 s kerosene valve 20 is closed. 

Propulsion System of an Intercontinental 
Long-Range Ballistic Missile [3RDD] 

In Pig. 6.31 there is an assembly diagram of the propulsion 

system of an intercontinental BRDD. It consists of five ZhRD with 

thrust (on the ground) of 68 T (0.6? MN), a sustainer with thrust of 

27.2 T (0.267 MN) and two steering engines with thrust of 450 kgf 

(4415 N). During the start all five engines work. The starting 

ZhRD'works 145 s, after which the block of boosters is dropped 

together with the five tanks and further motion of the rocket is 

carried out by the sustainer and the steering ZhRD. Time of operation 

of the sustainer is 300 s. A rocket of this type is sometimes called 

one-and-a half stage, since the boosters of the first stage and the 
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sustainer begin to operate simultaneously. All five ZhRD have a 

gimbal thrust pad. The steering engines after exact adjustment of 

velocity vector and turning off of the justainer ZhRD ensure roll 

control. 

Tanks of the propulsion system - supporting. Their ridigity is 

ensured by a set of frames and stringers, and also pressurization of 

the tanks with helium. Capacity of the upper tank of oxygen is 

71 m , capacity of the lower, kerosene, tank-Mm^. Location of units 

of propulsion system is shown in Fig. 6.30. 

Propulsion System of a First Stage Carrier Rocket 

In Fig. 6.32 and 6.33 there are shown assembly diagrams of the 

propulsion system of first stage carrier rocket ,:Saturn," consisting 

of a cluster of eight H-l engines. Basic data on the system is as 

follows . 

Fuel.liquid oxygen + ker¬ 
osene 

Thrust of propulsion system.68O r (6.67 MN) 
Thrust of one chamber at sea level.85 r(0.83 MN) 
Specific thrust at sea level.255 kgf»s/kg 

„ , (2500 N-s/kg) 
Expansion ratio of nozzle. 
Combustion duration.IIO-150 s 

Drive of the TNA - from the reducing ZhGG operating on basic 

components. The four internal engines are fixed at an angle of 3° 

to the axis of the rocket. The four external (rotatable) engines 

are secured in a gimbal thrust pad at an angle of 6° to the axis of 

the rocket and can be deflected to an angle of 7° for change in 

direction of thrust vector of the system. Each engine has its own 

TNA rigidly joined with the chamber of the engine. With such an 

installation of the TNA on a turning chamber the flexible section of 

the main lines of components is the section between the tanks and 

the TNA. This facilitates turning chamber, since pressure of a 

component on a given section always remains comparatively small. 
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Fig. 6,32. Assembly diagram of the propulsion system 
of first stage of the carrier rocket "Saturn." a) gen­

eral outline of the rocket; b) assembly diagram of 
first, booster stage of the rocket; 1 - central tank 
with oxidizer; 2 - external tanks with oxidizer; 3 - 
tanks for fuel; - bottles with helium; 5 - mounting 
lugs of the second stage; 6 - lower part of frame under 
first and second stage; 7 - fuel filler neck; 8 - oxi­

dizer filler neck; 9 — pipelines for supplying oxidizer; 
10 - oxidizer pump; 11 - turbine of TNA; 12 - fuel pump; 
13 - exhaust of turbine of TNA; 1^4 — powder pressure 
accumulator for starting the turbine of the TNA; 15 - 
heat exchanger; I6 - tank with lubrication for TNA; 17 - 
hydraulic drives for rotating combustion chambers; I8 - 
rotating combustion chambers; 19 - internal fixed combus­

tion chambers; 20 - retrorockets of the return system.
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Pig. 6.33. Diagram of feed system and mock- 
up of the N-1 engine of a "Saturn" rocket." 
1 - turbine; 2 - exhaust duct; 3 - ZhGG; ^4 - 
gimbal thrust pad of the engine; 5 - main 
fuel valve; 6 - chamber; 7 - main oxidizer 
valve-, 8 - starting PAD; 9 - fuel feed; 10 - 
oxidizer feed; 11 - TNA;

On the outboard engines are set heat exchangers 15, In which 
oxygen Is heated which Is utilized for pressurizing the tank oxidizer. 
For pressurizing the tanks of fuel helium Is used which Is passed 
from bottle 4. Propulsion system Is started from one command which 
Is given Immediately after termination of filling. To avoid a 
one-sided load or strong blow during simultaneous switching on of 
all eight chambers engine they are switched on In symmetric pairs at 
Intervals of 0.25-0.^ s.

Starting of an Individual engine takes place In the following 
order (Pig. 6.33 and 6.3^0. At the "Start" signal the charge of the 
starting PAD (starter) 8 Ignites, hot products of combustion of the 
PAD reach the turbine wheel of the TNA and begin Its spln-up. After 
achieving the necessary outlet pressure from the TNA main oxygen 
valve 7 Is opened, and there also begins supply of starting fuel to 
the combustion chamber through a special belt of Injectors which 
will form an Ignition flame with the liquid oxygen. After the start­

ing combustible the basic fuel - kerosene reaches the chamber. After 
opening of main valves 5 and 7 by feed pressure, part of the fuel 
from the basic main lines enters ZhGG 3 and further operation of the 
TNA occurs from the ZhGG working on basic components. Fuel feed to 
the ZhGG Is regulated by two plate valves compressed by springs.
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Pig. 6.3Í». Diagram of starting and 
shut-off of an N-l ZhRD of a '’Saturn.” 
1 - signal to start; 2 - main oxygen 
va1ve is opened; 3 - injection of 
igniter fuel; 4 - solid fuel start¬ 
ing gas generator operates; 5 - main 
fuel flow valve is opened; 6 - main 
gas generator of the engine oper¬ 
ates; 7 - signal for shutting off the 
engine; 8 — main oxygen valve is 
closed; 9 ~ main fuel flow valve is 
closed. 

Total outlet time of the engine per schedule is 1.5 s. Character 

of thrust buildup during starting is shown in Pig. 6.34. 

To shut off the engine, a signal reaches the pyrocharge, after 

the explosion of which the oxygen valve is closed, supply of components 

to the ZhGG ceases, the TNA ceases to pass fuel and all remaining 

valves are closed under action of springs due to drop in pressure. 

In the propulsion system provision is made for the possibility of 

operational refusal of two engines out of eight (one of them controll¬ 

ing). Refusal of one engine is permissible immediately after start, 

a second one, after 60 s. In this way, the fuel system automatically 

switches supply from the non-operating engine to the working one. 

Aircraft Liquid Fuel Rocket Engine 

In Pig. 6.35 there is a diagram of the feed system of a liquid 

rocket engine, XRL-99 which is the sustainer of the X-15 aircraft and 
having the following basic data. 

407 



Engine multiple starting with 
controllable thrust in 
a range of 100-30¾ 

Puel.liquid oxygen + liquid 
ammonia; oxidant-fuel 
component ratio v-1.25 

Thrust : 
- on the ground.22.7 r (0.22 MN) 
- at an altitude of 30 km.25.8 r (0.25 MN) 

Specific thrust at an altitude of 
3° .276 kgf-s/kg (27^0 N x 

X s/kg) 
Pressure in chamber.. ., ..l|2 [atm(abs.)] 

(4.12 MN/m2) 
Drive of TNA.from the PGG working 

on 90¾ 

Combustion duration of engine for 
one flight (determined by capac¬ 
ity of tanks ).120 s 
Lifetime of the engine.1 h 

Pig. 6.35. Peed system of an aircraft ZhRD. 
1 - fuel pump; 2 - flow-through valves; 3 - 
main cutoff valves; 4 - oxidizer pump; 5 - 
cutoff valves of starting chamber 11; 6 — evap¬ 
orator; 7 - turbine; 8 - cutoff valves of start¬ 
ing chamber; 9 - starting chamber of first stage 
stage; 10 — relay; 11 — starting chamber of 
second stage; 12 - engine chamber; 13 - coolant 
passage; 14 — PGG; 15 — hydraulic drive power 
supply; 16 - speed regulator; 17 - spark ignit¬ 
er plug; 18 - servodrive; 19 - peroxide cutoff 
valves; 20 - peroxide feed adjuster; 21 - relay; 
22 — Venturi tube; 23 — 90¾ hydrogen peroxide 
unit; 24 -- heat exchanger of the hydraulic sys¬ 
tem. 



To ensure increased requirements for reliability and safety of 

operation of a ZhRD provided by the propulsion system of the engine 

on piloted aircraft a two-stage system of starting with help of 

starting chambers of first and second steps (9 and 11) is provided. 

Components in the starting chamber of the first stage ignite from 

spark plug 17, and in the starting chamber of the second stage and in 

the main chamber 12 — from the flame proceeding respectively from 

chambers 9 and 11. Starting launching and stopping of the propulsion 

system are produced in the following order. 

Before the beginning of starting, by means of valves 2 there are 

produced pour-through of the TNA and basic main lines of fuel feed 

for the purpose of guaranteeing the operating temperature conditions 

of the metallic parts of the TNA, the main lines, and the valves. 

Then, there is switched on the blowing of the combustion chamber with 

helium. Starting of the engine is carried out by opening the hydrogen 

peroxide regulating and cutoff valves 19 and 20 entering the BGG 14 

where, passing through the assembly of catalyzing grids (35 grids, 

covered with silver, located alternately between 36 grids made of 

stainless steel), it is decomposed. The steam gas mixture reaches 

turbine 7 and sets in rotating the pumps of fuel 1 and oxidizer 4 

located on the same shaft with the turbine. The pumps feed fuel into 

the main line to shut-off valves 3 and 5 which are still closed for 

supply of components, but open for pouring through. 

Shut-off valves 8 are opened and the components enter the starting 

chamber of the first stage 9. In so doing, the oxidizer passes 

through evaporator 6, as a consequence of which it enters chamber 9 

in a gaseous state. This ensures great reliability during first 

ignition, since it prevents accumulation of a large quantity of fuel. 

After ignition in the starting chamber 9, on a signal from relay 21 

there are opened the cutoff valves 5 of the starting chamber of the 

second stage 11. After the beginning of operation of the starting 

chamber on a signal from relay 10 the main valves of the components 

3 are opened. The components enter the engine chamber 12 where they 

ignite from the constant flame jet coming out of the starting chamber. 
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Shut off of the engine is produced upon receipt of a command to 

shut off the main valves. Fuel feed ceases and blowing of chamber 12 

by helium is turned on. Starting chambers still operate 0.5-1 s to 

promote the burning of residual components of fuel displaced by the 

helium from the main lines into the chamber. After cessation of 

burning in chamber 12 the valves of the starting system are closed 

and their blowing with helium is switched on. After blowing of the 

engine with helium and its complete purification from remainders of 

fuel, the engine is ready for a new start. The number of possible 

repeated starts is limited by the supply of helium for blowing (usually 

k-5). The sequence of operations of switching on and shutting off of 

the engine is ensured by an automatic device, controlling the function¬ 

ing of each stage and after that switching on the next operation. 

Thrust is regulated by changing the flow rate of hydrogen peroxide 

to the TNA by means of regulating (throttle) valve 20. 

Comparison of the Systems Presented 

Comparison of first systems with systems of later development 

shows that requirements both for a ZhRD and as to the power plant of 

aircraft have sharply increased. This is in connection with the 

accuracy of observance of parameters of the propulsion system, its 

economy, and reliability. Improved fuels are being used, which sharply 

Increase the thrusts, created by the separate chambers and the 

propulsion system on the whole. In spite of this, there Is a tendency 

to simplification of propulsion systems and their elements. 

Simplification of propulsion systems occurs both by the applica¬ 

tion of simpler and more rational circuits, and also by means of 

improvement in the designs of the separate units. 

It is possible to note several basic trends in simplification of 

elements of the propulsion system, first of all pertaining to starting 

the system. The complicated electropneumatic systems (for example, 

in the A-lJ propulsion system which was examined in detail in [25] have 

been replaced by simpler and more reliable system. Improvement in the 

¿J1C 
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design) of fuel valves permits simplifying their control system. For 

example, in the N-l propulsion system, valves are opened in a defined 

sequence automatically, without a special electropneumatic control 

system. Starting of the propulsion system is also simplified for 

application of a powder pressure accumulator or head in the fuel 

tanks for spin-up of the TNA. 

The various kinds regulating servosystems have been simplified 

by unification of several functions into one servosystem. 

In a number of cases, much simplification has been attained by 

means of using the basic components to drive the TNA. This permits 

saving the installation of a third component (for example, hydrogen 

peroxide), with all the systems to ensure its storage and supply. 

Furthermore, toward simplification of elements of the structure 

of the propulsion system a more rational diagram for location of 

pipelines and valves, application of flexible hoses, soldered nodes 

improved methods of bracing the engine and methods of ignition in 

the combustion chamber of a ZhRD have been performed. 

Footnotes 

-7,-nrN â detailed analysis of questions of automatic adjustment of 
ZhRD see L125J. 

2Increase of v at the end of booster phase occurs, first, due to 
unequal change of level of liquid in tanks and, secondly, from 
increase of acceleration from 1 g at start to 10 g at the end of boost 
phase (H = 75 km). 
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CHAPTER VII 

TURBOPUMP U:iITS 

Basic unit of the system of pump feed of components is the 

tiirbopump assembly (TIJA), Main elements of the turbopunp assembly 

are pumps, feeding components at prescribed pressure; turbine, 

driving the pumps, and gas generator (liquid-gas generator [ZhQQ]) 

or steam-gas generator [PGG]), in which the working substance of 

the turbine is obtained. 

Designing the turbopunp assembly involves designing these 

elements, and also auxiliary devices (discharges, ducts, etc}, 

their general arrangement and determination of characteristics of 

Joint operation. 

The procedure of designing the pumps and turbines of the 

turbopump assembly does not differ in principle from conventional 

methods of designing centrifugal pumps and aviation turbines, but 

should consider peculiarities of operating conditions and arrangement 

of the propulsion system of liquid-fuel rocket engines [ZhRD]. 

Questions of theory and designing of the units and subassemblies 

of the THA are discussed in detail in [132], [134], [136], [137], 

[138], [139], therefore we will examine only the basic questions 

and specific peculiarities of the selection of basic parameters 

when designing separate units and the TIJA on the whole, and also 

certain characteristics of the TMA. 

\ 
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7*1* Pumps for Feedlnr, Components to ZhRD 

Pumps are divided into the followinc fundamentally different 

types: displacement, vane and Jet. 

Displacement pumps supply liquid, displacing it with some 

other solid, as for example, plunger, piston, gear and revolving 

pumps. 

In vane pumps the energy necessary for increase of liquid 

pressure is imparted by vanes of the revolving wheel. Vane pumps 

include centrifugal and axial pumps. 

Diagram of a ¿et (injector) pump is shown on Fig. 7.1. Here 

the conponent enters head 2. From nozzle 1 emanates gas (or liquid) 

of high energy, which attracts the component and pumps it through 

the head to the cavity of increased pressure. Increase of pressure 

is determined by energy of the stream emanating from the central 

nozzle. Advantage of Jet pumps is in their structural simplicity 

and the absence of revolving parts. However, the efficiency of 

these pumps is low and to provide feed they require driving a 

greater quantity of gas than the TIÍÁ. Jet pumps have not yet found 

application in ZhRL> as basic pumps, although recently the possibility 

of their use has been considered [13]. 

Fig. 7.1. Diagram of Jet pump: 
1 - nozzle; 2 - head. 

In the TNA of ZhRD centrifugal pumps are usually applied as 

basic. In certain cases for preventing cavitation in the TNA there 

are installed additional axial (screw) or .let prepur.ps. With high 

volumetric flow rates the application of axial pumps as basic is 

possible. 
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Basic advantages, determin*ne the preferential use of these 

types of pumps in ZhRD, are: 

- provision of high .feed pressures and productivity at small 

overall dimensions and mass; 

- possibility of operating on aggressive and low-boiling 

componentsi 

- possibility of operating with high r/nin and convenience of 

use of a turbine for their drive. 

Diagrams of Centrifugal Pumps 

Figure 7-2 shows a diagram of a single-stage centrifugal pump. 

Liquid is fed to revolving w^eel 2 through inlet duct 1. In the 

wheel of the pump liquid moves along a channel formed by walls of 

the wheel and vanes 3- Force exerted from the wheel vanes on the 

liquid causes it to move so that the reserve of energy per unit 

of mass of liquid is Increased. In this case there occurs increase 

of both potential energy (static pressure) and kinetic energy of 

the liquid (its absolute velocity). Upon exiting the wheel the 

liquid enters diffuser br where its absolute velocity decreases 

and pressure additionally increases. The simplest diffuser consists 

of smooth disks, making up its walls and is called vaneless. 

Vaned diffuser has stator blades 5 (shown on Fig. 7.¾ by dotted 

line), which promote faster suppression of the flow velocity. 

Passing the diffuser, the liquid enters spiral channel (volute) 6, 

the purpose of which is to collect the liquid exiting the wheel, 

and also to reduce Its velocity. Liquid Is fed to the network 

through the delivery duct. 

In order to decrease overflow of liquid from the high-pressure 

cavity vdlffuser, volute) to the low pressure region. In the pump 

there are made seals 7« 



Fig. 7.2. Diagram of centrifugal 
pump: 1 - inlet duct; 2 - pump wheeli 
3 - vanes; 4 - diffuser; 5 - diffuser 
vanes; 6 — collector or volute; 7 - 
front seal; 8 - shaft bearing; 9 - 
bearing seal. 

Centrifugal pumps are made with axial, spiral and double inlet, 

and are made single- and multistage. The selection of axial or 

spiral inlet (Fig. 7.3a, b) is determined primarily by conditions 

of arrangement of the T!IA and propulsion system. Double inlet 

(Fig. 7.3c) is made with high flow rates for deceleration at the 

inlet and thereby for improvement of anticavitation properties of 

the pump. Multistage pumps (Fig. 7.3d) are applied with the 

necessity of obtaining especially great pressure heads. 

a) b) c) d) 

FiE* 7.3. Diagrams of centrifugal 
pumps: a) with axial inlet; b) 
with spiral inlet; c) with two- 
sided inlet; d) multistage pump. 
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Basic Values Characterizinc Punp Operation 

For calculation of a pump and appraisal of its basic properties 

following; values are the most important. 

1. Volumetric flow rate of linuid through the purnr 0. It 

is determined fron the flow rate of component ( Gr or Q ) found 
0 

in thermal calculation by relationship 

Q- 

where y - density of component. 

(7.1) 

2* Pressure head of nuno. Pressure head, created by the pump, 

is determined by the necessary feed pressure a»* by formula 

(6.12). From this pressure it is necessary to subtract liquid 

pressure at the pump inlet. Thus, pressure drop, created by the 

pump. 

“ F«#« - A»- 
(7.2) 

Pressure head of pump K is usually expressed in meters of column 

of fed liquid: 

T (7.3) 

3. Pump efficiency. Losses in the pump and its total efficiency 

% are characterized by three efficiencies — volumetric n , hydraulic 

% and mechanical fi*. 

Volumetric efficiency no determines the quantity of liquid 

overflowing from the high-pressure cavity back to the low-pressure 

cavity, and leakages of liquid from the high-pressure cavity through 

seals. Thus 

(7.4) 
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where Q0 - volumetric flow rate of liquid through the puno wheel. 

Value of n0 depends on the pump construction and feed pressures. 
For pumps of ZhRD n0 ■ 0.9-0.95. 

Hydraulic efficiency i),. characterises the amount of hydraulic 

losses in the pump. These losses are composed of losses connected 

with separation and impact of flow at the inlet to the wheel, 

diffuser, volute and outlet duct aa„, and losses on friction of 

liquid against walls of channelj Ahtp, i.e.. 

^-a*,.+av (7.5) 

hydraulic efficiency i), is the ratio of real pressure I!, created 

by the pump, to theoretical pressure fft, i.e.. 

(7.6) 

For pumps of ZhRD ijr-0,7--0,9. Product of Is called 

internal efficiency. 

Mechanical efficiency characterizes power losses on friction 

in bearings, seals, and also losses on friction appearing with 

rotation of the pump wheel in liquid (disk friction). The amount 

of mechanical losses strongly differs depending upon the pump 

design. For pumps of ZhRD »,*«0,85—0.98. 

Total efficiency of pump 

(7.7) 

Total efficiency determines the portion of useful expenditures of 

power AT*, i.e., 

(7.8) 
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Por pumps of ZhRD n«~0,5—0,85. 

Effective pov/er 

iVaM^ñ3L jup 
(7.9) 

Required power, expended for driving the pump at,, will be greater 

than effective pov/er because of losses and in accordance with formula 

(7.8) is equal to 

(7.10) 

P 
(pressures p„t and p„ in kgf/m 

5. Specific speed of pur.p n - number of revolutions of a 
** w 

standard pump, geometrically similar to a natural pump, with the same 

hydraulic and volumetric efficiency, but with pressure head 1 n 

and effective power 1 horsepower. In general 

(7.11) 

If the standard pump operates on water 

*,>-3.65» 

Value of ng characterizes the shape of the pump wheel (Fig. 

7-^) • Actually, at given r/min n the value of n corresponds to 

high flow rates Q and lower pressure heads K. Increase of 0 and 

decrease of II leads to increase of the flow cross-section area of 

the wheel channel (width) and to decrease of the outlet diameter 

of the wheel D2. Thus, at high values of n_ the v/heel channel will 
c. g 

be short and wide. With decrease of n the channel narrows, and 
s * 

ratio ls increased. 

Pumps of ZhRD, as a rule, have relatively low flow rates Q 

and high pressure heads K, i.e., small value of ns (usually less 

than 100). 
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i 
%g*»-eo n^iso-M' 

b), c ), 

/ 
wheel, b) norr»al wheel; c) hich 
rpeed wheel. 

PiC* 7*^. Shape of pump wheel 
depending upon n : a) low-speed 

3 

Velocity Plan at ’/heel Inlet and 
Arrangement of Vanes 

Component enters the inlet part of the wheel at a speed of 

it«-*» • < 

where DQ and d„ - external diameter of inlet and hub diameter 

of pump wheel (see Fie* 7.5)* 

• ' 

Fig. 7*5. Inlet part of the pump 
wheel: a) edge is parallel to 
the pump axis; b) vane edge of 
double camber; c) edge is inclined 
at angle o. 

A* A# 

During calculations it Is usually considered that Cq Is 

directed along the axis of the pump, not considering a possible 

twist of flow (for example, in a screw prepump). 

Meridian velocity component, at which the liquid enters the 

vanes, in general 

(7.13) 
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where F, - area of flow cross-section, area which is the surface 

of revolution generatrix of which is normal to the meridian velocity 

component (see Fie. 7*12). 

Taking Into account obstruction (constraint) of flow cross- 

section area by vanes 

where D, - average diameter of vane edge inlet; b1 - width of inlet 

(Fig. 7.5)'; *i<l - coefficient of constraint of flov; of cross- 

sectional area by vanes. 

According to the diagram on Fig. 7.6 

** t XDt til ?U 
(7.15) 

where - vane thickness; z - number of vanes; t - pitch between 

vanes; ßu — inlet vane angle. 

Value of #1 depends to a great degree on dimensions of the 

pump. For big pumps of ZhRD ^ * 0.85-0.9* 

Vane edge can be parallel to the axis of the wheel or located 

at certain angle a. It is simpler to made vanes, the edges of which 

are parallel to the pump axis and the vanes start where the turn 

of liquid is basically already completed. In this case the diameter 

of the vane inlet edge D1 is frequently made equal to the inlet 

diameter of she wheel Dq (see Fig. 7*5)• 

However, with such arrangement of edges the inlet part of the 

wheel is not used for imparting energy of the liquid. Sometimes 

the vanes are made longer and made in the inlet part of the wheel. 

A wheel with such vanes possesses the best anticavitation qualities. 

To provide smooth entry of liquid over the entire edge, the vane 

should have an Intricate-shaped surface of double camber. 
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Entering the wheel, the liquid obtains a certain velocity 

with respect to the wheel which is called relative velocity w. 

At any point of the wheel it is composed of the meridian velocity 

of liquid cm and peripheral velocity of a given point of the 

wheel, taken with the opposite sign, i.e., -u. It is necessary 

to take peripheral velocity with the ’’minus" sign, since if one 

were to represent the wheel as motionless, then to the liquid 

flowing to the wheel it is necessary to impart angular velocity, 

equal to the angular velocity of rotation of the wheel. Consequently 

each point of the liquid in relative motion obtains peripheral 

velocity -u. Thus, for example, at. the vane inlet the liquid in 

relation to the wheel will obtain velocity 

The value of relative inlet velocity can be calculated by 

equation 

«i(7.17) 

Its direction is determined by the value of angle which 

Is computed from negative direction of peripheral velocity. 



On Pig. 7.6 there is represented the velocity plan at the vane 

inlet. It is represented in thr form of velocity triangle Oab 

and therefore is often called the velocity triangle. 

So that the flow would enter the wheel without shock, i.e., ' 

with minimum losses, there is necessary conformity of the relative 

flow rate an- '.nape of the channel, formed by wheel vanes. As 

operational experience of pumps has shown the wheel works better 

If the inlet vane an^le pu Is somewhat larger than angle s, . 
1 

Thus, at the wheel inlet the vane is turned opposite the direction 

of rotation at angle p,a in such a manner that the angle of attack 

of the inlet edges of the vane Aß* is positive: ! 

where value a?, » 5-15°. If the inlet edge has a large slope, 

different points of this edge have different peripheral velocity 

u, and accordingly angle pu will be different. The pressure drop 

during flow around the inlet edge of the wheel is proportional to 

the square of relative velocity w,. For prevention of cavitation 
■L i f 

It is desirable that w^ be as small as possible. 

According to expression (7.17), w^^ depends on the value of * 

clm and ul* In turn» according to equalities (7.13) and (7.16), 
with increase of the diameter of wheel inlet DQ, and consequently 

D1, meridian velocity cljn is decreased and peripheral velocity 

conversely, is Increased (Fig. 7.7). Obviously there can be 

found the most advantageous inlet diameter DfT, at which velocity w 

will be the least. 

Investigation of conditions at which the pressure drop during 

entry on blades will be minimum gives an expression for determination 
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of the equivalent inlet diameter, known as the 1-st formula of 

S. S. Rudnev: 

Oh-Vio* (7.19) 

where DU=V 

*,-5—6. 

Fig. 7.7. Change of 
velocity v/^ depending 

upon the v;heel inlet 
diameter. 

Velocity Plan at the V'heel Outlet 

Let us examine the velocity plan at the wheel outlet (Fig. 7.8) 

where the liquid flow has a specific speed w2 relative to the wheel 

along the channel formed by vanes. This velocity can be calculated 

by using the equation of flow rate of liquid along the wheel channel 

Axis of the channel, and consequently the axis of flow, if it 

coincides with the channel, relative to the wheel has direction 

determined by the vane angle at the wheel outlet &2» computed 

from the negative direction of peripheral velocity in the direction 

of rotation of the wheel. 
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Pig. 7.8. Velocity plan at 
wheel outlet. 

The cross-sectional area of this channel is equal to the 

product of the wheel width b2 by the second dimension of the section 

of channel, perpendiculai' to the axis of flow and equal to t sin 62* 

For the entire wheel the outlet section comprises sV*(nk> 

but since tz^nDf, then it will be equal to 

Therefore, talcing into account outlet constraint, relative 

velocity 

(7*20) 

where ¢. - coefficient of flow constraint by vanes at the outlet. 
4C 

Thus, Just as for the wheel inlet. 

_h£ 
*Ofe*iaSi * 

(7.21) 

where ög - vane thickness at the wheel outlet. 

The value of coefficient of constraint at outlet ♦g ls 

O.93-O.97. Direction of velocity w2 approximately coincides with 
the direction of the channel axis, i.e., with exit blade angle ßp. 

Besides relative velocity w2, flow at the wheel exit has 

also velocity of following, equal to the peripheral velocity of 

the wheel at exit u2. The flow will keep this velocity by inertia 
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after exiting the wheel. Absolute exit velocity of flovr c2 will 

be equal to the Geometric sun of these tvjo velocities. 

In the calculation of pumps projections of absolute velocity 

c2 on the direction of peripheral velocity, so-called peripheral 

component of absolute velocity c2u and on the direction of radius 

of wheel — meridian component of absolute velocity c2n, play 

an essential role. 

Meridian velocity takinG into account constraint of flow by 

vanes at the exit 

f*.—Wi»toP* (7.22) 

Pump wheels are usually desicned so that velocity c2rn Is 

approximately equal to or somewhat less than velocity clrT 

Peripheral component of absolute velocity c2u can be calculated 

by proceeding from the fact that the projection of resultant velocity 

to some direction is equal to the sum of projections of Its 

components in the same direction. Projection of flow velocity of 

following u2 in the direction of the tangent is equal to its own 

value, and projection of relative velocity 

whence in accordance with vebocity plan on Fig. 7.3 there is obtained 

relationship 

(7.23) 

Theoretical Pressure Head Created by the Pump 

Theoretical pressure head, created by a centirfugal pump, 

can be calculated by Euler equation: 
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(7.2*0 ã 

where - pressure head of column of liquid In m, created by 

the wheel with infinite number of vanes; clu - peripheral component 

of absolute Inlet flov; velocity. 

Since twist of flow at the inlet in the direction of peripheral 

velocity ci.e., velocity clu> will decrease the pressure head 

created by the pun.,, all other conditions be equal, then when 

desienlnc usual wheels we try to provide radial supply of liquid 

to îL wheel in such a manner that clu it equal to zero. Then 

formula (7.21!) will be converted into the basic calculation equa on 

of the pump: 

//,-. 
M 

(7.25) 

This pressure head is composed of Increase of static pressure 

in liquid and increase of dynamic pressure due to increase of its 

absolute velocity. 

Since u2 - nD2n/60, and the value of c2u 

u2, then theoretical pressure head, created by 

depend on the square of peripheral velocity, i 

is proportional to 

the pump, will 

• 6 • j 

(7.26) 

where *.<1 - coefficient deternined by construction of the pump. 

Formula (7.26) shows that at prescribed wheel dimensions 

the pressure head is proportional to the square of r/min, and with 

prescribed r/min the pressure head is proportional to the square 

of the wheel diameter. 
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Usine Euler forir.ula in the fern of (7.2¾) or (7.25), it is 

necessary to place real values of velocity c2u in it, which have 

a stream of liquid exiting the wheel. Accordlne to the \elocity 

plan at the wheel exit let us assume that flow along the wheel 

completely follows the profile of the vanes. However, such a 

position is possible only theoretically, namely, when on the v/heel 

there would be placed an infinitely large number of infinitely 

thin vanes. With a finite number of vanes only streams directly 

adjacent to the leading (according to the travel of the wheel) 

surface of the vane follow the profile of the vane. Streams 

farther away from the vane have wheel exit angle smaller than 

angle ß2> at angle of untwist of stream Aß2 (Fig. 7.9). For this 

reason (see Fig. 7.8) with the same value of w_ velocities c0. 

for these streams become smaller, and the pressure head, calculated 

by formula (7.2*0, is also decreased in remote streams. 

With equalization of pressure head of separate streams the 

overall theoretical pressure head iyt, created by a wheel with finite 

number of vanes, will be smaller than the pressure head which a 

wheel with an infinitely large number of vanes would create. 

The connection among these pressure heads is determined by 

relationship 

*T. 
*+/ (7.27) 

where the value of p considers lowering of pressure head due to 

the finite number of vanes; the great< r ti e lowering >(’ pressure 

head; the higher is p. 



ÄB'.ogsssH nsranrn i». •.» .;¡i!tsr¡ 3r)a,“:Ju:cT7... 

Value of p can be calculated by approximate formula 

(7.28) 

Value of p and consequently, lovrerinc of pressure head will 

be greater, the smaller the number of vanes z and the shorter the 

channel between vanes (the greater the ratio of D^/i^). Value 

of 1> considers the quality of treatment of the wheel and the 

magnitude of vane exit angle; it is computed for wheels of centrifugal 

pumps by relationship 

(0,55—0.68)+0,6 sin (7.29) 

Lowering of pressure head created by the wheel at the expense 

of finite number of vanes, does not cause increase of the necessary 

work or power consumed for rotation of the v/heel. This occurs 

because if the wheel does not completely twist the flow, then 

energy, corresponding to untwisting, is not removed by flow from 

the wheel. Thus, lowering of pressure head due to finite number 

of vanes requires only a change of dimensions of wheel or increase 

of r/min (increase of u2), but does not lead to loss of work and 

does not have to be considered in wheel efficiencies. 

As can be seen from formula (7.25), theoretical pressure head 

of the wheel depends on the type of velocity plan at the pump 

exit, the type of velocity plan is determined to a considerable 

degree by the value of angle ß2‘ 

Cavitation 

Cavitation, or cold boiling, is the appearance of breaks or 

vacuums, filled with liquid vapors, in the liquid flow in the 

zone of minimum pressure. 

In general, according to Bernoulli equation in the absence of 

losses the total head of liquid 
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whence static pressure In the flow 

At high flow velocities the static pressure can become less 

than the pressure of saturated vapors p_ and then the start of 

holline liquid occurs, i.e., cavitation appears. 

In the wheel of a centrifugal pump the most dangerous with 

respect to cavitation Is the Inlet section of the liquid on vanes 

of the wheel, where total pressure of liquid Is minimum (pump 

as yet did not Impart energy to the liquid), and absolute and 

relative flow rates are great. 

High relative velocities at the vane Inlet promote the formation 

of cavities of lowered pressure on the rear of the vane (Fig. 

7.10), i.e., promote the appearance of cavitation. Furthermore, 

nonunifoviA field of absolute velocities during approach to the 

vane causes an additional pressure drop In streams, where the 

velocity will be greater than average. 

Fig. 7»10. Region of 
reduced pressure during 
flow around pump vanes. 
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The least pressure at vane inlet Pmln can be Ciefined as 

the difference of static wheel inlet pressure p„ and the value of 

additional pressure drop A*., da. to the formation of zones of louvered 

pressure and the Irregularity of absolute velocities, i.e., 

¿a»"”#«*" ( 7 • 30 ) 

Condition of cavitationless operation 

> P* 

or 

> S/*M* 
(7.31) 

Value (/u—/.) characterizes the pressure head, which can still be 

used for Increase of the flow rate without the appearance of 

cavitation and is called the cavitation margin. 

Other things being equal, increase of r/min of the pump n 

and flow rate QQ leads to increase of the re. .tve and absolute 

flow velocities [(7.13), (7.1Ó)], and consequently, to Increase 

of the danger of appearance of cavitation. With rise of n and Qq 

cavitation appears on vanes at lower inlet pressures. 

Cavitation disturbs the norual pump operation by two causes. 

First, due to the fact that part of the volume fed by the pump 

turns out to be filled with liquid vapors, there occur a pressure 

drop and decrease of the flow rate of fed liquid. 

Secondly, with impact of liquid, having vapor pockets in its 

mass, in the region of higher pressures the vapor is condensed 

and filling of the volume of vapor pockets by liquid occurs at 

a high rate (up to 1500-1800 m/s), which leads to water hammer 

phenomenon at the moment of filling of volume. The totality of 

directed wfter hammers to the focal point of the hemisphere of 

vapor volumes, located on the surface of vanes, leads to erosion 

destruction of the metal. 



Since cavitation erosion is developed Gradually, in view of 

the small duration of operation of ZhRD pumps it is not dancerous; 

however, cavitation is impermissible in pumps of ZhRD because of 

the pressure drop and decrease of volumetric flow rate. 

Change of pressure head with the appearance of cavitation is 

characterized by so-called cavitation characteristics. 

There are distinguished stalling characteristics (Fig. 7.11a, 

b), i.e., the dependence of the pressure head H on inlet pressure 

Pm (or value of Pm—p. ) t and cavitation characteristics, expressing 

the dependence of ultimate inlet pressure pK.K„, below which cavitation 

starts, on the number of revolutions n and flow rate Q. Stalling 

characteristics are obtaineu by results of testing pumps at a 

prescribed flow rate and number of revolutions. 

a); b) ' c) 

Fig. 7.11. Cavitation characteristics: a, b) 
stalling characteristics; c) cavitation charac¬ 
teristics q,. 

Ultimate inlet pressure below which cavitation starts, 

is defined as pressure at which the pressure head drop is 2-3,1. 

On the basis of a series of conducted tests there are constructed 

cavitation characteristics p,,.,*, - f(n, Q) (Fic. 7.11c). Cavitation 

properties of a pump are reliably established only experimentally. 

During calculation of pumps one of the basic problems is 

determination of the maximum permissible pump revolutions with 

respect to cavitation conditions at a prescribed inlet pressure and 
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flow rate. Proceeding from condition of cavitationless operation 

(7.31) 

and conducting analysis of the value of components Aßmm [1393. 

[25], we will obtain the calculation formula for determining the 

maximum permissible revolutions of the pump (S. C. Rudnev formula): 

a 

(7^32) 

Here % - critical coefficient of cavitation, which is determined 

experimentally and characterized the cavitation qualities of the 

pump, i.e., degree of predisposition of the pump to cavitation with 

lowering of P»* . Coefficient was offered for the first time 

by S. S. Rudnev, therefore it is often called Rudnev coefficient. 

For usual pumps 4, - 300-1100. For wheels with high anticavitation 

properties, having special shapes and vanes of special profile, 

can reach 2000-2200. With the application of axial or screw 

prepumps, which is one of the basic measures of cavitation, value 

of et» is Increased to 30C0-3100. Data Indicate that with the 

help of prepumps it is possible to increase c,* to values 3500-4000 

[139]. Screw prepumps not only increases the pressure of liquid, 

but also creates twist of flow, decreasing the relative inlet 

velocity of the liquid. Screw conveyers are usually double or 

triple; the pressure head of the screw conveyer makes up 3-205 

of the overall pressure head.1 

Cavitation can be prevented also by tank pressurization to 
2 

2-6 [atm(abs.)] (%0.2-0.6 MN/m ) in order to accordingly increase 

the pump inlet pressure. 

Anticavitation properties of pumps depend on structural shapes 

(number and length of vanes, angle of attack, application of double 



inlet, application of oversized wheels), and also on thermodynamic 

properties of the component to be fed [139]* [1^1]. 

7.2. Calculation and Characteristics of ZhRD Pumps 

Order of Calculation 

Initial data for calculation of ZhRD pump are: flow rate of 

component, volumetric — Q mVs or mass - G kg/s; necessary pump 

head H m and pump inlet- pressure pn. Engineering calculation of 

the pump should give its following basic parameters; — basic 

dimensions Dq, D^, b^, Dj, b,; — shape of wheel in meridian 

section, number and profile of vanes, dimensions of volute; — power 

and efficiency; — characteristics. 

The pump can be calculated In the following order. 

1. Let us select the number of revolutions of the pump n 

r/min. It can be assigned; then from calculation for cavitation 

It is necessary to find Inlet pressure Am«, assuring cavitationless 

operation. If the number of revolutions must be determined, then 

It is found from calculation for cavitation by formula (7.32). 

If several pumps are placed on one shaft, then the r/min of the 

shaft is determined by the least calculated number of revolutions. 

2. By formula (7.11) let us determine specific speed ng. 

3. Let us preliminarily assign values of efficiency nQ * 0.9-0.95 

when ng ■ 30-130 (large n0 corresponds to large ng); Hr ■ 0.7-0.9 

and n, ■ 0.85-0.98. Let us preliminarily estimate 

4. In the first approximation let us find required power of 

the pump (7.10): 

¿tu*. 
• 18% 

hp 

4J3 
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5. Torque on shaft 

Af„—71620 & k^f • cm, 
^ * 

we find the shaft diameter from calculation for torsion: 

2 
where rM kef/cn 

If the shaft diameter is obtained unconstructively snail, 

it is increased accordingly. 

6. From structural considerations we find hub diameter 

7. Real volumetric flow rate of component throuch the wheel 

- permissible torsional stress. 

<fc—£■ mVs. 

8. Let us determine dimensions of wheel inlet. Ey formula 

(7.19) we find the equivalent diameter and inlet diameter 

■vio*y /5 

where kQ » 5-6i 

A-VTJFRT- 

Diameter of circumference D^, on which the vane edge is located, 

is taken equal to Dq or somewhat smaller (the latter usually in 

the absence of a prepump ). 

9. Speed of liquid at inlet (7.12) 

* jt 
T 
-A_&_ 
(*-*) fcî. 

m/s. 



10. líe determine the width of the wheel inlet For 

improvement of anticavitation properties the inlet is made widened; 

accordingly we find width b1 from condition 

whence 

*«(0.375-0.625) 
IH * 

11. Knowing D1 and b, we determine peripheral velocity 

and meridian velocity c,.. Accordir.c to equation (7-16) 

In accordance with equations (7.13) and (7.l1*) 

(7.33) 

Let us prescribe coefficient of constraint <1^ (0.85-0.9). After 

determination of z and the value of i|»1 is corrected by 

formula (7.15). 

12. Ve find the Inlet vane ancle from the velocity triancle ( 

(see Fie. 7.6): tgp.-cJ«. Vane ancle Is determined in accordance 

with equality (7.19): fu-fi+Afc«. where Apa-5—15*. At snail angles of 

B we take large values of Afc. since small P.* leads to an unfavorable 

shape of the vane channel (lone narrow channel). Usually 

is within limits of 12-22°. Having determined pUt assigninc the 

vane thickness «1 - 3-5 mm, by formula (7.15) we correct the value 

of ♦ . líe select the number of vanes z preliminarily » by analogy 

with other constructions; we further check the correctness of 

selection by r. -ality (7-35). If the inlet edge of the vane is 

not parallel to the axis of rotation, but has a large angle of 

slope, then various points of the edge have various values of ux 

and It is necessary to determine angle fa for several points. 
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13• We (ieternlne parameters at the wheel exit In two procedures: 

at first approximately, and then the obtained values are refined. 

Por a rough determination of diameter D2 we find the approximate 

value of peripheral velocity by formula (7.26), considering 

where in accordance with equality (7.6) 

Coefficient km during practical calculations can be taken equal 

to 0.5.¿ By the found value of u2 we find the approximate value 

of wheel diameter: 

(7.3*0 

Let us assign the value of exit angle of flow from the wheel, i.e., 

the vane angle For usual pumps ß2 is taken equal to 15-60® 

(for hydrogen pumps up to 90°). Pumps with large values of specific 

speed n, have smaller values of ß0. In separate cases, at very 
•s----“a* 

high pressures and small densities of components, it is possible 

to take the value of ß2 on the order of 40-60°. 

By the found preliminary values of and ß2 we check the 

correctness of the number of blr.des z selected in para. 12: 

65 JSkJt 01. gfajjLLÍA • 
iOl—Oû f (7.35) 

Usually z * 6-12. 

Let us assign c«*. In the first approximation By 

formula (7.22) we find the width of the wheel at b2. In this case 

From structural *2 is determined preliminarily by equation (7.21) 
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considerations the value of is taken not less than ^-5 mm; 

besides there is allowed decrease of cta to value cw"0,5cia. 

Let us refine the obtained preliminary values. For this, by 

formula (7.27) vie determine where we find p by formula 

(7.23). 

V«e determine the refined value of U2* In accordance with Fie. 

7«3 formula (7.23)' is copied in the form 

whence 

(7.36) 

Having determined u2> by formula (7.3¾) we find the refined 

value of D2. If divergence of D2 fron D' is over 52, calculation 

is conducted again, using the value of D2 as initial. 

1¾. l/e profile the wheel in the meridian section. For this 

let us prescribe the form of the center line of the wheel. Usually 

the form of the center line is taken analogous to the center line 

of the wheel of a similiar pump. The form of center line is 

determined to a known degree by the value of specific speed n 

(see Fig. 7.¾). d 

Width of meridian section at inlet and exit is known, since 

b1 and b2 are known. We determine the change of meridian velocity 

¢. along the section of the wheel. In this case we consider along 

the section velocity c„ is changed smoothly (usually along a straight 

line) from velocity C|M to velocity c*«, (Fig. 7.12). 
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Fig. 7.12. Construction of r»»rMru».. 
section of pump wheel. * neridlan 

Width of section b. on arbitrary rarii,,- ■? ^ 
a formula analoCous to axnresslor (7 33) -á¡ 1 dete™1"^ by 
of the «action by vanes): ' ^ lcilsi'aoardln;; constraint 

fl 

Having determined several values nr * 

Profile the lateral walls of the channel ^ US 
with radii bl/2 „1th centers on the cente:-::— Of circumferences 

u« promef’theCevl1es.fr0m of ¢-ftand let 

1«. we select the type of diffuser flf it „ 
“«>^1 Kii it is necessary). 

of the'pump" US deteralne the -d profile the volute 

18. tot us profile the Inlet and exhaust ducts of the pump. 

the exact ^ hïdr!,Ul10 lMSe3 a"d ^^d 

with prescribed „t oote^lTfuriotf^ ^ 
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Characteristics of Pumps 

Operation of the pump in the feed system of ZhRD is characterized 

by head K, flow rate Q, number of revolutions n and efficiency of 

pump iia. With assigned Q and i|a the power and pressure head are 

connected simply by equation (7.10): 

Characteristics in the form of dependencies of pressure, 

efficiency and power on the flow rate received the most propacation 

in practice. 

Let us consider dependence K ■ f(Q), called pressure character¬ 
istic . 

With an infinite number of vanes according to equation (7.25) 

t . 

In accordance with expressions (7.23) and (7.22) and considering 

that with an infinite number of vanes ^ we obtain 

(7.37) 

i.e., equation of straight line. The slope of depends on 

the value of Sg* When K 90° (vanes are bent back) we'obtain 

"incident" characteristic (Fig. 7.13). 

« 
Fig. 7.13. Pressure character¬ 
istics at constant r/min. 

439 



With a finite number of vanes according to formula (7.27) 

Considering that p does not depend on the flow rate, we obtain 

characteristic irfw/(Q) in the form of a straicht line, ordinates 

of which are reduced (1 + p) ternes. 

Por obtaining the real pre-sure characteristic it is necessary 

to subtract hydraulic losses M, fron According to expression 

(7»5) Friction losses increase in proportion to 

the square of flow rate (Fig. 7.1^)- Losses on separation and 

Impact ¿A,, appear due to noncorrespondence of the direction of 

flow to the direction of the channels. With decrease of flow 

rate, and also at very high flov/ rates the value of AA„ increases. 

Minimum of hydraulic losses (usually corresponds to rated conditions) 

does not coincide with minimum aam. 

Fig. 7.1**. Dependence of 
hydraulic losses on the flow 
rate. 

Having determined the difference of (|fT—aa,) at various pressure 

heads, we obtain the real pressure characteristic at prescribed 

number of revolutions H « f(Q) (see Fig. 7.13). 

Let us examine the character of change of (Fig. 7.15a). 

According to design conditions, the highest efficiency occurs under 

rated conditions (point C). With flow rate equal to zero (point 

A), and with pressure head equal to zero (point B), the efficiency 

is obviously equal to zero. From the graph of «■-/(Q) we see that there 
are always two conditions (points a and b), when efficiency is 

identical (at flow rates greater and less than calculated). 
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Pig. 7.15. Characteristics of pumps q-f(Q); 
H-HQ) a) when n - const¿ b) at 

various r/min. 

Dependence Nm-t(Q) at known characteristics II - f(Q) and 

%-f(Q)can be obtained by formula (7.10). When Q ■ 0 considerable 

power is expended on driving the pump. 

The above-examined characteristics are obtained at constant 

r/min. In the practice of application of pumps it is necessary 

to have characteristics at different r/min. 

They are represented by a family of curves (Fig. 7.15b). 

This family of curves is obtained the most reliably by experimental 

means, however, having dependence !i * f(Q) at one r/min, it is possible 

to recalculate it to other r/min on the basis of the similitude 

theory, according to which for conditions with similar velocity 

triangles (similar conditions) 

* const; 
(7.33) 

* -»* (7.39) 

Excluding n from formulas (7.39), for similar conditions at qM-const 

we obtain 

(7.^0) 

In coordinates H-Q the lines of similar conditions are expressed 

by parabolas (Pig. 7.16). By transposing along the line of similar 

lllH 



conditions it is possible by formulas (7*39) to compute the pressure 

characteristic at any r/min. Lines of similar conditions are 

lines of constant Internal efficiency n»*» As experiments show* 

lines of constant total efficiency do not alv/ays coincide vfith 

lines of constant internal efficiency. Because of the presence 

of mechanical losses at low r/min* when a portion of mechanical 

losses grows and, consequently, fin decreases, drop of total efficiency 

il,, occurs faster. This graphically indicates the intersection of 

curves of constant internal efficiency by lines of constant total 

efficiency at small Q and !!. 

Fig. 7.16. Grid of pres¬ 
sure characteristics and 
lines of equal efficiency. 

In the region of large Q and II as a result of lowering of 

efficiency because of the appearance of cavitation phenomena there 

also occurs closure of lines of constant efficiency. As a result, 

lines of constant efficiency 11« have the form of closed curves 

(solid lines on Fig. 7-16). 

In practice for characteristic of pump operation at various 

r/min there is sometimes used not a grid of characteristics, but 

a universal characteristic. 

For similar conditions in accordance with expression (7.39) 

SLtw&wS-«const; const. (7*^1) 
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Dependence H/n2 - f(Q/n) cives the connection between II and 

Q for all r/min and therefore is called universal characteristic 

(Fie. 7.17). 

Fig. 7.17. Universal characteristic. 

Joint Operation of Punp and Feed System of ZhRD 

Operatine point A of pump (Fie- 7.13) is found as the point 

of intersection of pressure characteristic with hydraulic character¬ 

istic of system H = f(Q), determined by equation (6.33). As can 

be seen, at point A there is provided stable pump operation, since 

with random increase of flow rate to Q' the power of the pump will 

be insufficient and, conversely, with random decrease of the flow 

rate to Q” the excess power of the pump will acain ensure increase 

of the flow rate to Qp. 

Fig. 7.I8. Determination of 
operatine point of pump. 

Let us examine the change of pump operation with basic methods 

of flow control: a) choking, b) diversion, c) change of r/min. 
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With decrease of flow rate from Qp to Q' by choklnr (Fig. 

7.19a) the required pressure head is defined as the sun of resistance 

of the system (curve 1) and additional resistance of the throttle 

and the operating point will shift to point A* (curve 2). Intro¬ 

duction of throttle resistance rill require increase of pressure head 

and thereby increase of pump power Nm. Required power is increased 

more because during pump operation at partial load condition 

its efficiency deteriorates. Thus, during choking we have an 

unproductive expenditure of power. 

PIß* 7« 19« óíuft of operating 
point: a) during choking¿ b)\lth 
decrease of r/min. 

Smaller unproductive expenditures occur with chanCe of the 

lo» rate by "diverting" part of the component (Fig. 7.20) In 

this case the operating point remains constant and an np- ductlve 

;™;r 0f PO- — r- «e -pply of unnecL 1 
ioypassed) component. y 

Piß« 7*20. Diagram of 
flow rate by diversion. 

change of the 

r/mlnPOrTKhan£lr,S the n°W rate We °nen use change of ti /mm. The operating point shifts along the character^ 
pump 

of the 
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System. With increase of r/min from to n2 the operatine point 

will shift from point A to point A* (see Fig. 7.19b). Pump head H 

and required power will be increased accordingly. In this case 

there is no unproductive expenditure of power, but a system is 

necessary which provides decrease of r/min of the pump (usually the 

r/min are increased or decreased by corresponding increase or 

decrease of the amount of working substance fed to the turbine). 

Let us determine the relationship of change of required power 

with change of r/nin. It is possible to consider that the character 

istic of system is changed along a parabola, i.e., that K - const-Q2 

Then according to equation (7*39) the operation conditions of the 

pump will be similar with change of the r/min. if we consider 

to «•const, then in accordance with formula (7.33) to-to-to-const. 

3y comparing expressions (7-39) and (7.10) for similar 

conditions, it Is possible to express the dependence of required 

pov/er on r/min In the form 

(7.42) 

where C - constant coefficient. 

Curve of dependence Is shown on Fig. 7.21. 

Fig. 7.21. 
Dependence 
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7.3. TM Turbines 

Classification of Turbines 

One of the basic elements of the TM is the gas turbine. In 

the turbine the potential energy of combustion products from the 

gas generator or vapors of collant will be converted into mechanical 

work of the turbine. Conversion of gas energy occurs in the 

motionless nozzle ring of the turbine and on vanes of the turbine 

wheel. An elementary diagram of the turbine is shown on Pig. 7.22. 

With expansion of gas in the nozz-le ring the gas velocity increases 

from inlet velocity Cq to exit velocity c^. At this velocity c^ 

the gas enters the vanes of the turbine wheel, having peripheral 

velocity 

«sSSZ m/s so (7.43) 

Relative vane inlet velocity is composed of absolute velocity 

and peripheral velocity u at a given point, taken with opposite 

sign. In the vane channel the gas changes its direction and 

emerges at velocity w2. Due to a turn of the Jet and in certain 

cases (reaction turbine) its acceleration there appears force of 

action on vanes P, revolving the turbine. By combining relative 

velocity Wg with peripheral u, we find the absolute exit velocity 

of gas from vanes of the wheel Cg* Peripheral force affecting the 

vanes Pu, can be determined by the theorem of momentum, by projecting 

velocity vectors of flow and c2 and force of action of gas on 

vanes P in circumferential direction: 

■■ ■”■(*!•-¾)- (7.44) 

The amount of available work, i.e., highest possible turbine 

work without losses, is determined by adiabatic lapse rate ht» 

(heat drop) from parameters of gas in retarded state at the turbine 

inlet to outlet pressure pm„ (Fig. 7.23): 

(7.45) 
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Pig. 7*22. Elementary diagram 
and velocity triangles of the 
turbine: a) action; b) reaction. 

Pig. 7.23. Adia¬ 
batic expansion of 
gas in the stage. 
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During analysis of work of turbines there is used the idea 

of adiabatic velocity (Fig. 7«23) 

(7.^6) 

In the action stage disregarding losses cM-c,. Kinetic energy 

ring is equivalent to adiabatic lapse rate in the stage. 

According to different criteria turbines are divided 'into 

action and reaction, axial-flow, radial-flow and tangential-flow, 

single-stage and multistage. Furthermore, we distinguish velocity 

stage turbines and expansion turbines, partial and unpartial, single- 

shaft and two-shaft. 

Separation into active and reaction turbines is produced by 

the method of distribution of pressure drops in the turbine stage. 

In action turbines the whole drop of pressure, arriving at 

the stage, is in the nozzle ring, and on the rotor blades of the 

turbine wheel there is no pressure drop. In the vane channel of 

the wheel the flow is turned and reactive force acts on the blades. 

Thus, part of the energy of gases Is transmitted to the rotor and 

the absolute velocity of gas is reduced. If we disregard losses, 

relative velocity w remains constant, i.e., ■ w2. In reaction 

turbines the overall pressure drop Is divided in the nozzle ring 

and rotor blades. Due to expansion of gas on the rotor blades 

the relative velocity w Increases, I.e., w2 > w^. The ratio 

of adiabatic lapse rate, occurring on rotor blades, to total heat 

drop on the stage Is called the degree of reaction: 

Separation into axial, radial and tangential turbines is 

produced with respect to the direction of gas flow (Fig. 7.24). 
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-: :a) 

Jíf* .Typ68 of turbine: a) axial- 
£a°W* !?« radial-flov/ centripetal; c) 
tangential-riow: 1 - nozzlS rini: 2 - 
blades. 

Axial-flow turbines 

flow in the meridian sect 

to the turbine axis. 

are turbines in which the direction of 

ion is parallel (or almost parallel) 

,e-; turbines in which the direction of flow m the 

meridian section is perpendicular to the turbine axis. Depending 

upon the direction of Sas flow we distinSuish centrlnetm (direction 

flow fror rrlPhery t0 Center) an<i (direction of 
low from center to periphery) turbines. 

zas afceCaUii °f lar6e frlctl0n surfaces and additional turns of 

that r “,C“ the ÄfflClency of a turbine is less than 

the diLan aXlal*fl0W tUrblne* However, in small-sized turbines 

and axialirr í" efflClenCy of a -ntripetal radial-flow turbine 

rerulat d ^ Urbine ls Sna11, Radial-riow turbine can be 
regulated by turning the blades of the nozzle ring. In certain 

cases the application of a radial turbine simplifies th* » 
of the TNA. «orne simplifies the arrangement 

Sê-ngontial turbines are those in which gas moves along the 

rcumference in a plane perpendicular to the turbine axis and 

due to friction drags the turbine blades. # 

According to the number of stages we distingusih sinrle-st» 
and multlstarte turbines (Pig. 7.25). ..^ e-stap;« 



I 

Î }! 

I 
Pig. 7.25. Multistage turbines: 
a) with velocity stages; b) with 
pressure stages; c) with rotation 
of gas. 

In a multistage turbine the gas after exiting the blades of 

the wheel enters the turning apparatus (nozzle ring) and again 

Joins the wheel in the second row of rotor blades. The number of 

stages can be two, three and more. The application of multistage 

turbines permits using a large heat drop, although installation 

of the stages is connected with additional hydraulic losses, as 

a consequence of which the maxinur. value of efficiency of a multi¬ 

stage turbine is less than the efficiency of a single-stage (see 

Pig* 7.30). However as we will see below, with open circuit the 

turbines of the turbopump assembly at small values of a/cM.(therefore, 

in the TNA in a number of cases for Increase of efficiency of 
■orethan two stages gives an Insignificant work gain. 

We distinguish multistage turbines with velocity stages 

and with pressure stages. In the first the pressure drop operates 

in the nozzle ring of the first stage, and the obtained kinetic 

energy is gradually used on other stages. In a turbine with 

pressure stages in each stage there operates a specific pressure 

drop. Velocity stage turbines have lower efficiency, however, with 

450 

« 

iMMUiMiHiaikaiMtt ÉHÉHMÉH 



stases, first of all, there is required a snaller amount of stases 

for use of the prescribed heat drop (at identical peripheral 

velocity)i secondly, durins operation of the entire heat drop 

in the nozzle rins ot the first stase the temperature of gas 
entering subsequent stages is lowered more essentially; thirdly, 

axial forces are less. 

On the whole, velocity stage turbines are simpler and are 

expedient in comparatively small ZhRD. In engines of large thrusts 

with open circuit, when the effectiveness of the TNA plays an 

essential role, the application of expansion turbines is possible. 

• 

A variety of the multistage velocity stage turbine Is a turbine 

with rotation of gas feed (Fig. 7.25c). In these turbines the gas 

enters the turning channel from the rotor blades of the wheel, 

where the direction of flow Is changed, and it is again feed to 

the rotor wheel. Such a turbine has large losses, but then the 

rotor wheel has one rim. There is known the application of a turbine 

with rotation of flow in a "’¿alter" ZhRD [25], 

According to the degree of utilization of the flow cross- 

sectional area of the' nozzle ring we distinguish partial-flow and 

unpartial-flow turbines. Turbines In which the nozzle channels 

are only on part of the circumference are called partial flow. 

The ratio of working arc of the nozzle ring a to the entire 

circumference is called the degree of partiality: 

Partiality causes additional losses. However, at low gas flow 

rates (which frequently occur in ZhRD) the application of partiality 

permits obtaining a turbine of sufficient diameter (to provide u) 

with blades of acceptable length. In the final analysis, in a 

number of cases the improvement, of turbine efficiency due to 

Increase of u and increase of length of blades Is obtained greater 

than its drop due to partiality losses. Furthermore, at a prescribed 
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gas temperature the temperature of the blades of a partial-flow 

turbine Is lower. 

According to the number of shafts we distinguish single-shaft 

and double-shaft turbines. A diagram of a double-shaft turbine 

is shown on Fig. 7.26. The application of a double shaft turbine 

in the TNA of a ZhRD can turn out to be expedient because of the 

considerable difference in maximum allowable r/min of fuel and 

oxidizer pumps (see Table 7.1)* However, the application of 

double-shaft turbines in the TI.TA can lead to complication of 

starting and control of the engine and complicates the construction 

of the THA on the whole. 

Fig. 7.26. Double-shaft turbine 

Basic Parameters of TIJA Turbines 

Calculation of turbines of the TIIA does not differ in principle 

from calculation of aviation gas turbines and is discussed in 

detail in [132], [IS1*], [136]. Let us consider the specific 

character of evaluation and selection of basic parameters of 

turbine operation in reference to the TIIA. 

Required turbine power jy, is determined generally as the sum 

of required pov/ers of pumps of oxidizer iV^fuel and accessories 
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Nk» driven by the turbine: 

In the absence of accessories 

^,-^..+^r 

In accordance v/ith expression (7.10) 

Ntmm-È£&- + j£s£r._ 
Wy*%* TSyrHar 

If we assume and consider 

N - 'pa 
’ Wytih* 

where c—0,+0^ t* - fuel density. 

Required power of turbine per ton of thru**-. 

approximately determined by formula (7.51): 

AP° __Aß__ 
^ l*y,iw/Vi° »YfJU/»,! * 

Figure 7.27 lists the approximate calculation 

tft/P- f(p2). V'e see that for tentative appraisals 
to assume 

W kgf/cm^. 

Turbine power (available) 

(7.^8) 

(7.49) 

(7.50) 

(7.51) 

(7.52) 

ÍV./P can be 

(7.53) 

of relationship 

it is possible 

(7.5¾) 

(7.55) 
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where Ot— flow rate of workinc substance throueh the turbine; 

% “ turbine efficiency. 

Pig. 7*27. Dependence 
1 - C>2 + kerosene; 2 - KIIO^ + 

+ kerosene; -open circuit; 
- closed circuit. 

Expansion ratio of gas In the turbine 

In accordance with equality (7.55) an Increase of expansion ratio. 

Increasing leads to an Increase of available turbine power. 

However, at high values of the growth of L* and N with further 

Increase of «, Is insignifleant. Therefore, with open circuit the 

expansion ratio Is taken within limits of 15-^0. 

In the TNA of systems operating by a closed circuit the gas 

expansion ratio on the turbine is determined by coordinating the 

available turbine power and the required power of the pumps 

(see Chap. VIII). Usually for closed circuits «,1s within limits 
of 1.3-1.8. 

Depending upon' the value of «, the fcu:-blne can operate at both 

subsonic, i.e., at subsonic speeds in ths blading, ard at supersonic 

speeds, I.e., at supersonic speeds In the blading. Supersonic 

turbines are characteristic for the TNA of open circuits. In 

the TNA of closed circuits the turbines are usually subsonic although 
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at maenitudes of pressures in the chamber close to maximum (see 

section 8.1), an increase of pressure ratio />.>.„ to supersonic 
is possible. 

Turbine exit pressure (back pressure) Älf8 at prescribed 

expansion ratio n, determines the turbine inlet pressure and its 

decrease leads to reduction of the mass of the ?N/. Thus, it is 

desirable to always have the smallest possible /w 

In closed-circuit T*'A turbines of Is defined as the sun of 

pressure in the chamber ca and the amount of losses of pressure 

on the section from the turbine’to the combustion chamber cp.,: 

(7,57) 

In open-circuit TNA turbines it is desirable to have the lowest 

possible pressure P.„. However, it is not always expedient to take 

'r e?“al t0 amblent Pressure f. since with chanSe of fliEht altitud- 
the exit pressure will be changed and consequently also the ?f!A 

operating conditions. To ensure constancy of 7ÜA operating condltior 

at the end of the exhaust pipe there is sometimes placed an adapter 

with a supersonic Laval n-ssie. in this case the value of 

is set from the following considerations. If we provide simply 

a supercritical pressure drop, then t.„ should be tlcles 

greater than fci.e., approximately 1.7-1.9 times. However ' if we 

consider that the adapter with Laval nozzle can operate under 

;nrr:\r 0VereXPanSl°n> exit pressures equal 

equal*to ij** PreSSUre ^ Ca" be re<iuced and taken approximately 

Thus, the use of overexpansion in the exhaust adapter permits 

a *0-50; reduction of pressure ,...,. necessary to ensure consuT 

operating conditions of the T.'JA. I„ certain cases for obtaininv 

constant and sufficiently small values of the exhaust gases' 

from the ,JA are directed to the flow at the nozzle section. 
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Temperature of ras entering the turbine TJ, is selected by 

proceedinc from the strength possibilities of the turbine elements. 
Depending upon conditions and time of operation} and also material 

of blades, is taken within limits of 750-1200°K. In certain 

eases during short-duration operation rj* is increased. 

Humber of revolutions of the turbine n is most frequently 

determined by the maximum permissible number of revolutions of 

pump with respect to conditions of cavitation (see section 7.1). 

Moreover, in a single-shaft TilA (see Fig. 7.^0) the turbine r/min 

is limited by the r/min of the oxidizer pump. With a reduction 

gear circuit of the TIIA the selection of turbine r/min is determined 

by conditions of economic operation of the turbine with sufficiently 

small dimensions. 

Efficiency and Selection of «/«•« 
Turbines of the TNA 

Losses of work in the turbine are composed of the following 

types of losses: 

a) hydraulic losses in the nozzle ring Lci 

b) hydraulic losses during flow of gas in the rotor wheel La\ 
» 

c) with exit velocity ¿SHS; 

d) disk friction and windage losses 

e) due to leakages of gas through seals and radial clearances 

of the rotor and nozzle blades (the latter - in multistage turbines) 

If«: 

f) mechanical losses im. 

The amount of hydraulic losses L0 and l, characterizes the degree 

of perfection of the turbine blading and is estimated by adiabatic 
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(blade) efficiency 

■ — ~ 4- LA 
. m • 

(7.58) 

The essence of losses with exit velocity i>lls Involves the fact that 

gas after exiting the rotor blades of the turbine possesses a 

specific terminal velocity c2» and consequently, kinetic energy, 

l.e.. 

i—«á 
^ Û* (7.59) 

By subtracting the sum of hydraulic losses ^La and losses with 
exit velocity from available work we determine v/ork on the blades, 

or circumferential work of the turbine: 

(7.60) 

The ratio of circumferential work to available is called circumfer- 
entlal efficiency: ——— 

(7.61) 

Losses on disk friction (disk losses) are friction of the 

lateral surfaces of the disk. Windage losses appear only in partial- 

flow turbines. At a small degree of partiality (0.2-0.3) the 

amount of losses can be 20-302. These losses are characteristic 

for partial-flow turbines of the TIIA assembly of installations ' 

operating on an open circuit. In the absence of partiality (e » 1) 

there are no windage losses. It is necessary to consider that the 

amount of losses due to partiality essentially depends on the structure 

of the nozzle ring. Use of the nozzle ring, assembled one sector 

(Pig. 7.28a) is more effective than the symmetric location on the 

circumference of the v/heel of several sectors (Fig. 7.28b). 

Pig. 7.28. Location of nozzle ring in 
partial-flow turbine: a) rational: 
b) irrational. 
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Leakage losses primarily depend on the value of radial clearance 

6 between blades and the body« and In multistage turbines — still 

on the clearance between the nozzle blades and disk« With long 

blades the relative value of clearance 6/t (where t — height of 

the blade) is small and losses are also small. With short blades, 

which is characteristically for TIIA turbines, a/l is comparatively 

great and losses become appreciable. 

By subtracting windage and disk losses and also leakage losses 

from circumferential work, ;;e obtain the internal work of the 

turbine: 

(7.62) 

Ratio of internal v/ork to available is called Internal efficiency: 

(7.63) 

By subtracting mechanical friction losses in bearings and seals 

from internal work, we obtain effective work of the turbine Le. 

(7.64) Lj-^-Lr 

Ratio of effective work to internal is called mechanical efficiency: 

(7.65) 

Ratio of effective work to available is called effective efficiency 

or simply efficiency of the turbine i|«: 

(7.66) 

It is obvious that 

(7.67) 
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The value of is usually equal to 0.95-0.99. The value of ^ 

for T;iA turbines of open circuit Is within limits of 0.3-0.7 ' 

(see Table 7.2). For TWA turbines of Installations operatlnc on 

a closed circuit, v. Is Increased due to Increase of . 

Bependence of efficiency on ,/c„ and selection of 

—°clt^- 0f 311 the losses, those with exit velocity are basic 

In accordance with equality (7.59) these losses are less, the lower 

the absolute exit velocity c2. In turn, velocity c. depends on 

peripheral velocity u, worked by heat drop, l.e., velocity v, (or 

In a particular case for action turbine velocity c,), and derree 
of reaction p. 

Investigation of the change of circumferential efficiency o<- 

the turbine nu shows that nu primarily depends on relationship 

e/fc, (or u/Cj for action turbine). Typical fori.-, of dependence 

,.-Wc„) is shown on Fig. 7.29. '.men „*,-0. l.e., with a motionless 

turbine, obviously iiu Is also equal to zero. The value of nu 

grows as ./cu Increases and at some value of the value of n 

reaches maximum, with further Increase of wcta, , decrease, mainly 

because of the growth of losses with rise of exit velocity. Fir. 

7.29 lists coefficients of hydraulic losses In the nozzle ring £ 

and on rotor blades U Value of £0 1, determined only by work of 

the nozzle ring and does not depend on ^Cu . Hydraulic losses 

on blades are increased with decrease of 

Balance of energies 
in the turbine depending upon 



It Is possible to show [134] that relative windacc and 

friction losses ». and losses on leakage proportional (ii/cu)*, 

where n > 1. On Fir,-. 7.9 by a dotted line there are plotted 

relative losses ({•">*?«)* subtracting the relative losses from 

nu we find the value of internal efficiency: 

ni0,+1,,)- (7.68) 

For a multistage turbine the value of corresponding to 

maximum value of efficiency, shifts to the left more, the greater 

the number of stages (Fig. 7.30a). Although maximum value of 

efficiency decreases with this, at small values of (ulen)^t the 

value of efficiency of a multistage turbine is higher. Therefore, 

at small a/*u the application of double-stage turbines is often 

rational. 

Fig. 7.30. Effect of the number of 
stages (a) and degree of reaction (b) 
on efficiency. 

With increase of the degree of reaction of turbine p the value 

of («fon)«*, corresponding to maximum of efficiency is increased 

(Fig. 7.30b) j furthermore, characteristic are more mildly 

sloping, which is sometimes very important. In the TNA of 

installations with closed circuit, having small pressure drop and, 

as a result, small values of i.e., comparatively high values 

of (Hfag). the application of reaction turbines is often rational. 



The value of peripheral velocity u depends on the nunher of 

revolutions of the turbine and diameter of the wheel. The number 

of revolutions of the turbine is often limited by the allowable 

number of revolutions of pumps. Increase of u due to increase of 

the wheel diameter leads to increase of dimensions and mass of the 

TNA. Furthermore, at low flow rates of gas the Increase of diameter 

will entail a decrease of the degree of partiality, i.e., increase 

of losses. Considering the shown considerations and strength 

requirements, the value of peripheral velocities in turbines of the 

TIJA is taken within limits of 250-350 m/s. 

In TMA turbines of installations with open circuit due to a 

large pressure drop on the turbine nT the heat drop (i.e., value 

of ) is very considerable. Thus, for a single-stage action turbine 

the value of C|-9CM reaches 1000-1400 m/s. Due to this, values 

of «/Cmu at which the turbine works are small and within limits of 

0.1-0.3 (see Table 7.2). In turbines of installations with 

closed circuit the pressure drops *t are small and c«, is considerably 

less. Therefore, the values of ulen for them comprise a value on 

the order of 0.4-0.6. 

Types of TNA Turbines 

Specific character of operating conditions of the turbine in 

a TNA and requirements for the TNA, as the most important unit 

of the propulsion syste¿n, determine the types of turbines which it 

is rational to use at different schemes of propulsion systems of 

ZhRD. 

In the TNA of liquid propellant rocket engines there are 

mainly applied axial-flow action turbines. These turbines are 

simpler in construction and are sufficiently reliable in operation. 

For the TNA of liquid-propellant rocket engines, operating on an 

open circuit, the application of partial-flow action turbines is 

characteristic. The point is that with an open circuit for 

decrease of losses of components on driving the TNA we try to 
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decrease the flow rate of working substance to the turbine (this 

Is attained by Increase of pressure drop *,). Due to snail flow 

rates it is expedient to make the turbine partial-flow. The 

presence of partiality is responsible for the application of action 

turbines, since In reaction turbines due to pressure drop on the 

wheel blades there would appear large losses because of overflow 

of gas into the channels not streamlined by flow. Furthermore, at 

small ufctx (which is characteristic for turbines of the THA of 

open circuits) lowering of the degree of reaction leads to increase 

of efficiency. 

In the TNA of open-circuit engines we use both single- and 

double-stage turbines, more often with velocity stages. In the TIJA 

of liquid propellant rocket engines with closed circuit there are 

basically used axial-flow single-stage turbines. The application 

of several stages in this case is inexpedient because of the small 

heat drop. With a closed circuit due to high values of along 

with action turbines there can be used turbines with snail reactance. 

From convenience of arrangement with a closed circuit the application 

of radial-flow turbines is possible. 

If for spin-up of the TNA there are applied special turbines, 

operating from a combustion turbine starter, then they are usually 

made axial-flow single-stage, partial. 

Characteristics of Turbines 

Dependence of the change of some operating parameter of the 

turbine (power, torque, efficiency, etc.) from the turbine operating 

conditions (number of revolutions, gas flow rate, etc.) is called 

the turbine characteristic. 

We distinguish normal characteristics, i.e., relationship 

between absolute operating parameters, and universal. i.e., 

relationship between complexes of operating parameters of the turbine. 

The construction of different characteristics is examined in detail 

In [132], [13¾]. 
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Fig. 7.31. Change of velocity 
triangles with change of r/nin. 

For analysis of the joint operation of turbine and punps let 

us examine the characteristic of change of turbine power depending 

upon the number of revolutions For simplicity let us 

assume that at constant pressure drop «tthe flow rate of gas, degree 

of reaction and gas velocity do not depend on the number of 

revolutions n. Let us examine the change of velocity triangles 

with change of r/min (Fig. 7.31). As initial let us take velocity 

triangles during operation at rated conditions; From Fig. 7.31 
it is clear that if 

««coast; «î—tp,,—const; 

then 

*1,—¿(„'«coast; *. 
(7.69) 

Having placed the value of c2u* obtained in expression (7.69), 

in formula (7.44), we obtain 

p* “fo. »+'* r+», - «). 

Torque of turbine 

(7.70) 

When u ■ 0 we obtain the value of maximum torque MKmu: 

(7.71) 
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Since In expression (7-70) all values, except velocity u, do not 

depend on the number of revolutions, dependence Is expressed 

by a straight line. Consequently, 

±. (7.72) 
% 

Having designated 

we obtain 

(7.73) 

(7.74) 

Turbine pov.-er 

(7.75) 

Having placed equality (7*74) in expression (7.75)* we obtain 

characteristic of change of power respect to the number of revolutions 

at constant gas flow rate 

(7. 

This characteristic is expressed by a parabola and is represented 

on Fig. 7.32. At different gas flow rates we obtain a family 

of characteristics. Equating the first derivative dNJdn, to zero 

we find the number of revolutions n, corresponding to peak power 

N**,* and the value of NtMaM: 

(7.77) 
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Fig. 7#32. Characteristics *t-/(n). 

* • 

7*1*» Joint Operation of Turbine and Punps 

Characteristic of Joint operation of punps and turbine Is 

primarily determined by the method of feeding working substance 

to the turbine - independently cf the TNA or pumps, actuated by the 

The first nethod is usually applied when driving the T!IA 

from a P3G having its own pressurized feed (see, for example, 

rocket A-Ü). In this case the supply of component to PGG does not 

depend on operation of the TIÍA. In the second case components 

are fed to PGG or ZhGG by pumps of the TMA. In this case feed 

already depends on the operating conditions of the TIIA. Let us 

consider the Joint course of characteristics N « f(n) and starting 

of the TI.’A in each of the indicated cases. 

Joint Operation of Turbine and Pumps with 
Independent Feed of Working Substance 

With Independent feed the parameters of working substance 

Pm'Kt c* remain constant and do not depend on TNA operation. 

According to equation (7.76) the characteristic of turbine 

will pass as Is shown on Fig. 7.33. Pumps of the TNA are connected 

with the feed system, having Its own hydraulic characteristic. 

For each of the pumps according to expression (7.42) jv.-Cr* 

Obviously, the dependence of required power of all the pumps can 
be expressed as 

SAf.-C.*» 
(7.78) 

... 

465 



tmm, 7 

of joint 
-PPly Õr^rKI8 Wlth 

Combined graph of characteristic nr .,, 

O" Pl6. 7.33. Point A - operating point^wherV^1"' ^ 

ï^.-Ar,. 

With change of the number of revolution« r 

of TNA) we have an excess of turM t0 "p (spln-uP 
excess of turbine power (shaded region), i.e.. 

(7.79) 

^.-av.+AU 
(7.80) 

at Tullíof operation - - -A 

of the angle between characteristics of Z ^ ^ 

auch a course of characteristics as Is sh ^ tUrbl"e- Vilth 

Point A the operating conOitions of the ^"in b^’ " 

with random probable deviation of th*» k b6 Stable* slnce 
calculated we obtain excess +aV t nmber of revolutions from 

("hen ^ , of avallab^ powt InTth"'<V ’ ^ ^ 

the operating point. Thus, stabû o^ZlTZTlT^ ^ 

dstfm ^ 4N. 

ém ^ ém ’ 
(7.81) 

Stability margin is determined by the value „r . 

from operating conditions 1 e vai e f ^ wlth devlatlon 
characteristics (PiE 7 , , i’ ValUe °f the ^ between 

E' 7'3 ^ At â aman between characteristics 
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(shown on dotted Une) Is snail and there can occur scatterlnE 

of values of N and n of operatlns conditions (floatlnc conditions). 

The greater the angle between characteristics, the stabler the 
conditions. 

Fig. 7.3¾. For appraisal of 
stability of operating condi¬ 
tions. 

opm-up or Tu A with Independent Supply 
of Working Substance 

. let us determine the spln-up time of the TÎIA to wo-fclnn r/nln 

In formula (7.80) power is expended on the flow through of 

components; excess of power AU goes for spln-up of the T1IA, l.e.. 

If J - moment of Inertia of TOA rotor and adjacent masses of Uould 

and . - angular velocity of rotation of the rotor, then 

(7.83) 

By placing the expression for AT, 

we find the spln-up time of the 
i In equality (7.82) and Integrating, 

Uk to arrival at operating conditions 

(7.8¾) 
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We usually determine t, by numerical inteeration. The smaller J 

is and the greater Is Af»*, the faster the spln-up of the TNA occurs. 

Prom this point of view the adjacent masses of liquid must be 

smaller. However, if we produce spin-up of pumps without the 

adjacent masses (i.e., without components) and then switch on the 

supply of components to pumps a severe water hammer will be obtained, 

which can destroy the TNA. Therefore, we frequently start spin-up 

of the TNA and filling of pumps simultaneously, obtaining with this 

some gain in the time of arrival at conditions. 

I*. 

Fig. 7-35. Reduction of time of 
arrival at conditions by Increase 
of the flow rate of working 
substance. 

For decrease of the time of arrival at conditions up to a • 

specific number of revolutions «.(Fig. 7.35) it is possible to feed 
a high flow rate to the turbine, which will ensure a large excess 

of power Hw» during arrival at conditions. Upon achievement of 

number of revolutions n. (point E) the flow rate of working substance 
is decreased to nominal. 

In the TNA of powerful ZhRD, having large revolving masses, 

the time of arrival at conditions t, can reach considerable values. 

However, large values of t, signify superfluous fuel consumption; 

furthermore, for a number of rockets (upper stages of space rockets, 

surface-to-air rockets, etc.) it is desirable to have the smallest 

possible T, . Usually values of rf reach several seconds (for H-l 
engine v«!.2 s). 

Joint Operation of Turbine and Pumps with 
Dependent Supply of V/orking Substance 

With dependent feed to the POO or ZhGG the components enter 

the gas generator from pumps of the TNA. In this case as the 
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number of revolutions of the TIJA increase fron. 0 to n the flow rate 

of components to the gas generator increases from zero to the 

calculated flow rate. Accordingly pressure in the gas generator 

is increased to calculated. If the ratio of components in ZhCG 

remalns constant (or if the gas generator is single-compon¿nt - 

a}' then the temPerature in the gas generator can be considered 
constant. 

As the flow rate of the working substance Increases the 

available turbine power will increase along curve OA (see Fig. 

7.32) to calculated (point A). Under all conditions at numbers 

of revolutions smaller than calculated, characteristic 

will pass below the characteristic at constant flow rate first 

due to decrease of the flow rate, and, secondly, due to a sharp 

increase of losses during operation at partial load conditions 

with decreased flow rates of working substance. 

Characteristics of joint operation of pumps and turbine for 

two possible cases are shown In Fig. 7.36. In the first case 

(Fig. 7.36a) the curve of available power AT,.«., i„ the entire 

range of revolutions from 0 to n will pass above the curve of 

required power ZAr.-r(e). this case does not differ in principle 

from spin-up of the pump with Independent feed of working substance 

However, excess power of turbine .v„ will be considerably less 

(s aded region), as a consequence of which the time of arrival at 

conditions will increase sharply. During operation of TIIA with 

dependent feed the second case can often be encountered, when at 

the beginning of spln-up the available power Is less than the 

required .(Fig. 7.36b) Ar.<Ar., i.e., up to the point for spln-up 
0 the TNA an outside influence from a special starting device 

Is necessary. Characteristic of available power Intersects the 

characteristic of required power twice (at points B and A). At 

point B the conditions are unstable. With displacement to the 

to^b 1 r“1"! B the ™ W1U Ealn reVOlutl°-' ““h displacement 

aceptable! ^ ^ "e: “ r°ln‘ * th* grating conditions 
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Pig* 7ó6* Characteristics of 
Joint operation of turbine and 
pumps with dependent feeding of 
working substance. 

Spin-Up of TÜA with Dependent Feed 
of Uorking Substance 

With dependent feed of working substance the problem of 

snin-up of the TNA is reduced to "bringing” the THA to conditions 

with r/min greater than (point D) with the help of a starting 

device (starter). As we noted earlier (section 6.2), for spin-up 

there can be used starters with solid fuel pressure accumulator 

(PAD), with compressed gas and -ith PGG, having independent feed. 

In certain cases the excess available power during spin-up is created 

due to head in the fuel tanks and pressure head of column of 

components. 

Characteristics of Joint operation of turbine and pumps during 

starting with the aid of a starter are shown on Fig. 7.37* The 

starting device is calculated from the condition of providing 

11^,.-(1.1+1.2)/1^1.. The spin-up tine to 11^,. is determined by a condition 

analogous to condition (7.^): 

(7*85) 
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rin. 7.37. Characteristics of 
TMA during starting by a starting 
device.

The more powerful the. starting device, the smaller Is tmnm, 
and the greater Its mass, which It Is especially necessary to 
consider If the device Is placed on a rocket. Thanks to high 
reliability (%95.8^), starters with PAD received wide nropagatloh. 
On Fig. 7.38 there Is shown the PAD for engine H-1. In the PAP 
are three propellent assembly of Installations with closed circuit, 
during selection of the type of starting device and arrangement 
of the THA one should -onslder that In the case of use of a starter 
with PAD the combustion products of PAD, as a rule, have a negative 
oxygen balance. Therefore, If the ZhOti is oxidizing, then to 
avoid the danger of a sudden temporary rise of temperature during 
burning of combustion products of ZhCG and solid fuel gases a 
starting turbine Is more expedient.

i

Fig. 7.38. rtartlnr 
P.\D of V-l engine:
1 — body; 2 — Igniter;
3 — primer; — pres­

sure pickup; 5 - 
breaking membranes;
6 — propellant charges,



Arrangement of TUA 

The construction and operating characteristics of the T!TA 

are determined to a considerable degree by the accepted diagram 

of its arrangement and also the type of basic units, i.e., pumps 

and turbines. 

According to the layout diagram we distinguish slnrle-shaft 

(without reduction gear), reduction /ear and separate ??!/>. 

The most wide-spread are single-shaft TÎ7A (Fir. 7.39A). They 

are simpler in construction and more reliable in operation. Fovrever, 

a disadvantage of then is the difficulty (and sometimes impossibility) 

of provision of operation of pumps and turbine at parameters 

(efficiency, number of revolutions) close to optimum. 

a) b) c) d) e) 

Fig. 7.39. Diagrams of arrangement of TUA: 
a) single-shaft TUA; b) reduction gear ?!IA; 
c) separate arrangement; 1 - radial-flow 
turbine; 2 - combustion chamber; 3 - workinr 
substance. 

The point is that v/lth single-shaft arrangement the numbers of 

revolutions of the turbine and all the pumps are identical. The 

highest possible number of shaft revolutions is limited to the 

lowest of the maximum permissible revolutions nmax of pumps, placed 



on the shaft. In turn, according to equality (7.32) 

-• 

If for a qualitative appraisal we take values (p„-pt) artd of 

fuel and oxidizer punps approximately equal, then the ratio of 

maximum permissible revolutions of fuel and oxidizer pumps 

(7.S6) 

Data calculated by formula (7.36) for certain fuels are 

represented in Table 7.1, from which it is clear that n of fuel 

and oxidizer punps differ by several times. There is an especially 

great difference of ninax for hydrogen engines. Thus, by determining 

the number of revolutions of a single-shaft TflA depending on n 

of the pump, allowing a lower number of revolutions, we understate 

the revolutions of the turbine, placing it in operating conditions 

that are considerably worse than optimum. It is true that by 

application of special measures, protecting from cavitation 

(pressurization of tanks. Installation of prepunps, etc.), it is 

possible to somewhat Increase the value of nmax, but not so much 

that the turbine of a single-shaft TNA would operate in the most 

advantageous conditions. Moreover, turbines of single-shaft T!!A 

of propulsion systems of open circuits operate under more difficult 

conditions. 

Due to the shown cases under certain conditions the arrangement 

of a TNA with reduction gear or a separate arrangement, can be more 

advantageous. Reduction rear TNA (Pig. 7.39B and 7.'40) have a 

transmission, lowering the revolutions of the pump (one or several) 

as compared to the turbine revolutions. In this case each unit 

(turbine and punps) works at optimum revolutions, which gives a 

definite gain In their efficiency. However, such TNA are considerably 

more complicated and heavier. Frequently they require special 

lubrication and cooling of the reduction gear. 
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Table 7-1

Components • »•
*■'1 r

; Kerosene 
Liquid oxygen

O.M

l.lt

e.R.> I 3..V l.*4

Kerosene 
Nitric acid

O.M

I..M
e.Kv i.M

Liquid hydrogen 
Liquid oxygen

0.07 
1 '« 0.»S 0.0 •l.il

Llquiu o-ygan 
Liquid fluorine

O.OT

I..M
o.« 11.6 S.9i')

^;•]Lil.

?l£. 7-^0. Reduction gear ?!TA 
of ?.Z-2 engine.

Diagrams of separate arrange-ent of the T?!A are presented
on Fig. 7.39c. Here each pump Is driven by its own turbine, which
permits operating the turbine at more favorable conditions and can
be expedient In hydrogen engines, when the difference In n of

max

oxidizer and fuel pumps Is especially great. Furthermore, with 
such an arrangement the problems of fuel feed to the T"A and 
component feed control are solved more easily. A deficiency of 
the separate arrangement Is the fact that two turbines are Installed



with it. Separate arrangement of the 7ÏJA is apparently inevitable 

in closed circuit propulsion systems of the "gas + cas" type (see 

section 8.3). An example of ZhRD with separate arrangement of the 

TNA can be RL-20P propulsion system (see Pig. 3.5). 

In a single-shaft T’iA the turbine can be located between the 

pumps (see Fig. 7.39a, b, c) and overhung (see Figs. 7.39d, e, 

7.42 and 7.43). 

Overhung location of the turbine is expedient in propulsion 

systems with closed circuit, since it facilitates the feed of combustion 

products from the turbine to the chamber of the engine. In installa¬ 

tions with open circuit the place of location of the turbine is 

often determined by the convenience of distribution of units of 

the installation (ZhGG, evaporator, pipeline of components, etc.). 

With a single-shaft T.'JA the overhung location of the turbine 

Imposes raised requirements for seals of the closely located fuel 

and oxidizer pumps (especially with hypergolic components). 

The TWA can have two, three and more pumps. The additional 

pumps are for fuel feed to the ?GG (see Fig. 6.l»b), and also for 

fuel feed to ZhGG In installations of closed circuit of the type 

shown on Fig. 8.3. Sometimes the TNA are also used for driving 

the accessories (electrical generators, regulators, etc.). 

Arrangement of TNA in the Propulsion System 

. .» 

Figure 7.41 lists possible schemes of Joint arrangement of 

the TNA and engine chamber. 

Fig. 7.4i. Diagrams of arrange¬ 
ment of TNA relative to engine 
chambers. 
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Durinc arrancement of the TNA, besides conpactness for the 

purpose of decreasine dinensions and mass of the entire installation, 

it Is necessary to provide as far as possible the strai-htest path 

of fuel from the tanks to pumps (for decrease of pressure losses), 

convenient feed of working substance to the turbine and renoval 

I Eases from it. In engines with closed circuit it is desirable 

j that the eas llne for feeding high-temperature gases from the turbine 

I to the chamber head be as short as possible, and the velocity of 

j gases in ?t do not exceed 150-200 m/s. Furthermore, during operation 

1 of the TiJA one should consider the appearance of torque. Imparted 

j to the rocket, which can require additional compensation, »•'ith 

I a rotating engine chamber It is better to fasten the TIIA to the 

i chamberi in this case flexible hoses for fuel feed are not under 

pressure, that Increases the reliability of the flexible hose and 

I decreases the force necessary for turning the chamber. 

j Basic Parameters and Examples of Completed TMA 

Table 7.2 lists data of completed TNA„ These data permit 

» i Judging the order of values of efficiency of pumps and turbines, 

specific speed of the pumps and revolutions of the pumps and turbines 

' of ZhRD* Prom the table there is also seen the tendency to Increase 

j of efficiency of pumps and, especially, efficiency of turbines. 

|( Construction of the TNA of A-H and "Halter” engines is examined 

j in sufficient detail in [25]. 

On Pig 7.IJ2 there Is shown the TNA of the aircraft ZhRD 

i ZRL-99- (see diagram on Fig. S.25). The TNA feeds the fuel component: 

oxygen ♦ amonia. Basic data of the TNA are given in Table 7.2. 

Drive of the TNA Is independent from the PGG, operating on 90? 

¡ hydrogen peroxide. Turbine 5, action, with two velocity stages, 

is overhung. The oxidizer pump 13 has prepump 15; inlet to the 

pump is axial. Fuel 9 pump is made with double Inlet. Control 

system of the ZhRD permits reducing thrust to 30? of nominal value 

by changing the revolutions of the TNA. In turn, the revolutions 

j of the TMA are regulated by changing the flow rate of hydrogen 
¡I i peroxide from the PGG to the turbine. 
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w
On Flc. there Is shown the TIIA of P.D-107 encine. TMA

feeds fuel to the chanber, and also hydrogen peroxide for the 
gas generator and liquid nitrogen for pressurization of tanks.

I - **iwm m
Fig. 7.^3. Turbopunp assenbly of the RD-107 engine.

7.5. Gas Generators 

Classification and Basic Paraneters

The basic assignment of the gas generator is the obtaining 
of working substance of given temperature and quantity fcr driving 
the TIJA. Furthermore, gas generators can be used as pressure 
accumulators for forced fuel feed (solid-pronellant [PAD] and 
liquid-propellant [ZhAD] hot-gas generators), for pressurization tank, 
and for driving auxiliary systems. Gas generators can work on



F

liquid and solid fuel. Those of solid-fuel type (FAD) are usually 
applied for startlnc the T;IA or as pressure accumulators ^or forced 
fuel feed [9.6]. For drlvlr.3 the TMA liquid fuel £;as generators.

Accordlnc to the number of components utilized for production 
of the workinc substance, v;e distinguish one-, two-, and three- 
component 3as cenerators.

In the one-component gas generator the vforking substance Is 
formed as a result of decomposition of fuel. They are usually 
called steam reneratcrs (P""}).

In two-component gas generators the v;orklng substance Is 
obtained as a result of combustion of fuel and oxidizer. In three- 
component gas generators In order to lower temperature or for 
improvement of values of ?T of the v;orking substance a third 
component Is used. Two- and three-component gas generators are 
usually called liquid gas -er.erators ZhGG (Fig. Gonditicns

of the application of the PGG or ZhGG are examined in section 
6.2. The basic operating parameters of the gas generator are 
temperature of worlilng substance value of P.T and flov/ rate of 
working substance

Fig. 7.^^. External appearance 
of a ZhGG working on K'lO^ +
+ kerosene (1937). 1 - starter
cartridge; 2 - chamber; 3 — 
oxidizer injector; ^ — water 
Injector; 5 - Injector of fuel; 
6 — chamber of additional 
evaporation.
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The temperature of the workinc substance which the cas cenerator 

must provide is determined by t^e maximum permissible blade 

temperature and is 750-1200°K. The value of RT of the working 

substance characterizes its efficiency and depends on the components 

used and their relationship. The flow rate of the working substance 

through the gas generator is determined from the condition of 

providing necessary power of the TIJA. 

In propulsion systems with closed circuit of "gas ♦ liquid" 

type total flow rate of components through the 7,hGQ is determined 
In the end by the temperature of the working substance, since all 

of one of the components in the ZhRD Is fed to the ZhGO and its 

flow rate through the ZhGG Is equal to that the chamber of the 

engine, while the flow rate of the second is so selected that the 

temperature of the working substance Is equal to that assigned. 

With the closed "gas + gas" circuit flow rates of components through 

each ZhGG are determined from condition of providing rated temperature 

of working substance. Calculation of flow rates is given in 

section 8.3. 

In propulsion systems with open circuit the flow rate of 

components through the gas generator Is determined on the basis of 

the condition of providing necessary power of the T!JA. 

Knowing the necessary power of the turbine of the ?:!A to ensure 

fuel feed, we can determine the necessary flow rate of working 

substance produced by the gas generator from formula (7.55): 

* W (7.87) 

Let us examine the operation and arrangement of different types 

of liquid-fuel gas generators. 

Steam Generators (PGG) 

In the PGG the working substance Is formed as a result of 

decomposition of monopropellant. In Table 7.3 are given certain 
fuels for the PGG. 
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Table 7.3. 

Fuel T°K RT 
kgf «m/îcg 

RT 
J/kg 

n 

Hydrogen peroxide, lOOîî 
concentration 

Isopropyl nitrate 

Hydrazine 

Ethylene oxide 

UDMH 

1270 

1260 

867 

1200 

48,000 

64,000 

68,000 

56,000 

471,000 

628,000 

668,000 

55,000 

1.35 

1.15 

1.37 

1.17 

Most widely used In the PGG Is hydrogen peroxide of different 

concent™felons. The decomposition of hydrogen peroxide In the 

POG occufrs under the Influence of a catalyst. As catalyst are used 

both liquids (aqueous solutions of the permanganates üa'înOj,, 

KllnO^) and different types of solid catalysts. As solid catalysts 

are applied grains of some porous substance. In the pores of which 

Is precipitated catalyst (for the most part the same KJ’nO^) or 

catalyzing mats. In Fig. 7«^5 are shown diagrams of PGG Is working 

on hydrogen peroxide and using liquid or solid catalyst. Uide 

use has been made of the PGG with solid catalyst. 

Pig. 7.45. Hydrogen 
peroxide PGG is: a) 
with liquid catalyst; 
b) with solid catalyst; 
1 - peroxide Inlet; 
2 - hydrogen peroxide 
injector; 3 — catalyst 
injector; 4 - catalyst 
inlet; 5 - body; 6 - 
worn; 7 — steam col¬ 
lection and discharge 
pipe; 8 - catalyst. 
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Temperature and composition of steam produced by way of 

decomposition of hydrocen peroxide is determined wholly (if we 

ignore certain incompleteness of decomposition of peroxide and 

thermal losses) by concentration of the peroxide entering the 
reactor. “ 

In calculating the composition of steam we should assume that 

at those low temperatures which prevail in the PGG reactor dissociation 

of products of decomposition is absent and steam consists o'* water 

vapor and free oxygen (we will disregard the catalyst content and 

the products of decomposition). One gran molecule of peroxide (3H g) 

upon decomposition gives 1 gram molecule of water (18 g) and 1/2 

gram molecule of oxygen (16 g). The relative contents of water 

vapor and oxygen depends on the concentration of the peroxide. 

If we designate the concentration of peroxide by o the composition 

of the steam will be the following. 

The quantity of water vapor in 1 kg of the products of 

decomposition of peroxide 

0+jjV'cW)/lcg of steam (7.88) 

oxygen content 

«fc.-^j-î'COb./kg of stearc (7.89) 

(With the use of liquid catalyst the value of a should include 

the quantity of water in the permanganate solution). Knowing the 

composition of the peroxide and the theoretical temperature of the 

steam, we find from the condition of equality of total heat contents 

of peroxide with concentration o0 and products of decomposition: 

/-jM>,-lfH1oy*mo+fo/..o.lT. ( 7.90 ) 

where and /.*. - total heat content of K20 and 0 at assigned 

temperature - are determined fron tables; ^ - total heat content 
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of HjOg. For peroxide with concentration aQ 

^■A-^h.o.+O-O^H.o-+0 ( 7.91 ) 

where *— heat of dissolution of water in 

4/^--11 kMl/Vg HA-4610* JA« HA 

Solving (usually graphically) equation (7.90), we deternine 

temperature. In Fig. 7.1^ are given data on calculation of 

composition and theoretical temperature of steam [5]. The true 

temperature of. steam will be less because of losses of heat connected 

with incomplete decomposition of peroxide and because of cooling 

of steam In the reactor and lines and Is 0.92-0.95 of the theoretical 

value. 

Fig. 7.^6. Composition, theo¬ 
retical temperature, and R? of 
steam obtained through decompo¬ 
sition of hydrogen peroxide of 
different concentrations. 

In determining the dimensions of a PGG reactor‘working on 

liquid catalyst It Is possible to assume that in 1 l of volume at 

a pressure of 20-30 kg/cm2 (%2-3 r!N/m2) it Is possible with good 

degree of fullness to decompose in 1 s 1 ks of 30f peroxide. The 

flow rate of liquid catalyst is 7-0rî of that of peroxide. 



Calculation of dimensions of the reactor usine solid catalyst 

is based on determination of mass and dimensions of the catalyst 

packet. For this calculation two quantities are used. The first 

is allowed specific corsunntlon of peroxide, in ke/s, which 1 k- 

°f solid catalyst can decompose. This quantity we will desimete 

, J«f* Hi° 
M* k*t. * 

i.he second quantity is the total resource of catalyst f !•:<* 

h202 per 1 kc of catalyst, fcy which is understood the total quantity 

of peroxide, in kr;, v.'hich can be decor.posed by 1 kr of catalyst 

for the entire tine of its v/erk. 

Usine these values, we can easily determine the mass of the 

catalyst packet 

0.,-¾¾ kt. 
(7.92) 

The found mass is checked for total resource in the following 

way. Total consumption of peroxide in the entire time of operation 

of an encine t should be less than the total resource of the riven 

quantity of catalyst: 

t ■ (7.93) 

Values of s and f depend on the applied catalyst. 

With smaller resources S the value of s can be increased 

considerably. This is explained by the fact th?t with increase 

of specific consumption of peroxide due to hi-h speeds of notion 

of peroxide and steam through the catalyst packet depletion o'* the 

catalyst is increased. 

The volume of the catalyst jacket is found from the bulk 

density of the catalyst ym*: 

(7.9*0 
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Liquid Gas Generators (ZhGG) 

The advantace of the ZhGG as compared to the PGG consists in 

the possibility of use for operatinc the ZhOQ of the hasic components 

on which the ZhED operates. The ZhGG makes it possible to control 

the total consumption of workinc substance and relationship of 

flow rates of oxidizer and fuel (i.e., temperature of working 

substance). In a propulsion system v;ith closed circuit in the 

ZhGG a considerable part of the processes of conversion of the 

engine's fuel to products of combustion takes place. Tn most 

practical cases the ZhGG works on the basic components of t^e Zh^D 

(Fig. 7.47). 

Fig. 7.47. ZhGG for the RZ-2 
engine: 1 - packing; 2 - fuel 
feed (a.10?); 3 — drain cock; 
4 - swirler; 5 - pipe connec¬ 
tion for measurements; 6 - 
head; 7 - fuel injectors; 3 - 
oxidizer injectors; 9 - igni¬ 
tion hole; 10 - packing. 

Chief characteristic and distinction of the ZhGG from a 

conbustlon chamber consista In the fact that the JhOO ,-orbs with 

"displaced'' a, l.e., with a coefficient of excess oxidant . » 1 

or with . « 1. in both cases the relationship between cor.nonents 

Is determined from the condition of providing required temperature 
of working substance. 
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The ZhGG working with a >> 1 is called oxldlzlnr or simply 

"acid," while that with a << 1 is called reduclr.r or "sweet*1. 

• Selection of type of ZhGG (oxidizing or reducing) is determined 

by its assignment, applied components, and the circuit of the 

propulsion system. 

With a closed circuit propulsion system of "gas ♦ liquid" 

type selection of oxidizing or ^educing ZhGG is determined in the 

end by the efficiency of the working substance passed through the 

turbine, i.e., by the product (ORf)n. 

With an open circuit for production of working substance of 

rated temperature it is possible to use a ZhGG with a >> 1 or 

o << 1 in equal measure. Final selection of oxidizing or reducing 

ZhGG in this case is determined by the applied components and the 

specific character of operation of units cf the propulsion system 

(design, materials, and assignment). 

An example is shown in Fig. 

of change of 7 and R7 and of the 

íT/í In a for * kerosene fuel 

of the theoretical dependence 

rate of change of temperature 

over a wide range of change of a. 

Fig. 7.M. Dependence of ?, 
RT, and aVS In a on a for 
Q2 + kerosene fuel at r.. • liO 

kg/cn2 (3.92 ?Wn2). 
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Analyzinc these craphs, we see that, for example, at a temper¬ 

ature of workinc substance of 1500°K RT for the reducine ZhGG in 

twice that of the oxidizinc type and the rate of chance of temperature 

9T/3 In o is somewhat less, which frequently is more favorable 

for operation of the propulsion system. However, in the reducing 

ZhOG deposition of soot and coke formation are possible, which is 

a negative factor. The engines of the "Atlas,” "Plue ftreak," 

and "Saturn” missiles, working on 02 + kerosene fuel, contain 

reducing ZhGG's. 

When a ZhGG is used to prersurize tanks, the type of generator 

is determined by conditions of prevention of burning in the tanks. 

For the oxidizer tank, naturally, an oxidizing ZhGG is applied, 

and for the fuel tank one of reducing type issued. 

According to the method of organization of the process of 

obtaining working substance, we distinguish ZhGG is with single- 

stage and two-stage fuel feed (one-zone and two-zone). 

With single-stage feed (Fig. T.^Sa) all fuel passes through 

the head and in the chamber of the ZhGG combustion with assigned 

relationship of components takes place. Such ZhGG is useful for 

highly volatile and inflammable fuels. With two-stage feed 

(Fig. 7.^9b) part of the fud (oxidizer when a >> 1, fuel when 

a << 1, or water) is fed through special injectors or a belt of 
injectors, placed at a certain distance from the head. Such fuel- 

feed circuit can be rational when there is great displacement of 

the relationship of components from stoichiometric or when water 

Is supplied. In this case fuel with relationship closer to 

stoichiometric is fed through the head, which ensures reliable 

Ignition and combustion with formation of combustion products of 

high temperature. For lowering the temperature of the gases 

additional fuel is fed through the belt of injectors. Complicated 

processes of evaporation, decomposition, and in certain cases 

burning of additional injected component take place here. The 

process is especially complicated with additional injection of 
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hydrocarbon fuel, which can brins about deposition of soot and 

coke formation. 

PiC- 7.^9.  
a) with single-stage fuel feed; 
b) with two-stage fuel feed. 

As it is known, the thermodynamic properties of the working 

substance ballast (third component) is added. This component can 

be added either through a separate belt or from thf îioad. 

Peculiarities of Processes in and 
Designing of the ZhGG 

Owing to the great surplus of one of the components and the 

necessity of providing comparatively low temperature of working 

substance, the following peculiarities of organisation of the process 

of formation of the working substance in the ZhGO are characteristic. 

1. With great displacement of the coefficient of excess 

oxidant the relationship of components becomes close to the limits 

of inflammability and ignition involves application of two-stage 

fuel feed. With fuel feed from the head only in certain cases it 

is necessary to provide a reliably ignited kernel, which is 

attained by proper placement of injectors. 

2. Temperature and chemical irregularity of composition of 

gases. Owing to the large surplus of one of the components and 

low temperatures, part of the excess component can be evaporated 

and not, enter into reaction. Here heating of this part of the gases 
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is due only to heat removal from the products of combustion of the 

reactinc part of the fuel. 

3. Partial nonequilibrium pf the process. Eecause of low 

temperatures, chemical reactions develop slower than, for example. 

In the chamber of ZhRD. As a result of this, the composition 

of the combustion products does not succeed to follow temperature 

and equilibrium Is not established. The decree of nonequilibrium 

with two-stase fuel feed is especially créât when Injection of the 

cold additional portion of fuel (or water) causes partial ''freezing” 

of'the composition of the products of combustion. 

¢. With use of fuel components having complex molecule, 

because of the comparatively low temperatures In the chamber of 

the ZhQQ formation of combustion products with molecular structure 

is possible, but when there is a larce surplus of hydrocarbon fuel, 

in addition to the appearance in the combustion products of complex 

molecules (for example, CH4, and C2II2), precipitation of carbon 

in solid phase, in the form of soot is possible. 

With surplus of the component with simpler noleculé (for 

example, oxygen in 02 + kerosene fuels) the last peculiarity 

vanishes. 

As a result of the peculiarities of organization and development 

of process in the ZhQG, exact calculation of operational parameters 

of the ZhGG is more complicated than calculation of parameters 

in the combustion chamber of the ZhRD. 

In a number of cases the ZhGG can be designed with t^e use 

of empirical coefficients, making it possible to correct data 

in accordance with type of* ZhGG and applied fuel. 

Let us consider simplified schemes for analyzing the ZhGG 

for three cases of its operation [14], [25]: 

- with surplus of oxidizer; 
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- with surplus of hydrocarbon fuel; 

— with water injection. 

Analysis for surplus of oxidizer. In this case it is possiMr- 

to start from the assumption that combustion is complete and 

dissociation is absent. Then the products of combustion of four- 
element fuel will consist of C0o; i’n0; and 0.,. 

Mass fractions of components of combustion products 

ir 
fco,“jfCT; *H.ott9HT; 

(7.95) 

Naturally 

^¢0,+^1^0+^.+^0,^ *• (7.9^) 

The temperature of the obtained combust.ion products is determined 

as usual, from the condition of equality of total heat content of 
fuel and products of combustion: 

(7.97) 

where 

£h,o f/wwdfw.Hh^odro,- (7-^1) 

Here /%t îs toral heat content of con notion to of combustion product..; 

and is civen in tables [1¾]. [25]. If the calculated temperature 

is found to differ from; that assicnod for the ZhGfl, it is necessarv 

to chanpe the composition of the fue] , for the now fuel to det.ena.ine 

the composition of the producta of combustion and and, solving 
equation (7.97), to find the new tempera tu re. 
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áilftlysls with surplus of, hydrocarbon fuel. In this case 

calculation Is complicated by the fact that in the products of 

combustion the appearance of solid carbon (soot) and hydrocarbons, 

in the first place CF^, and those of type C^; C^, etc., is 

possible. The presence of caseous hydrocarbons leads to the 

appearance of additional equation for equilibrium constants: 

Tt-«"'- (7.9 

The presence of carton Is allowed for by the equation for equilibrium- 
constant 

(7.100) 

Let us examine the order of calculation by an example of three- 

element fuel (H, C, 0). Desicnatinc by n the mass fraction of solid 

carbon and assuminc that for three-element fuel the composition of 

remaining combustion products ir characterised by partial pressures 

pC0; pH20; pH2; pCHij (hydrocarbons of c*Hm type will be disregarded), 

we can record'the system of equations determining composition in 
the following form: 

balance equations 

_ » *en+/ri>.+^H- 

°l ^oo.+^co+^.o 5 

°f V 2'a>.+'eo+'H.o ’ 
(7.101) 

equations for equilibrium constants 

*»*11 

(7.102) 

equation for equality of the sun of partial pressures to pressure 
in. the ZhCQ 

*-rr“E*|. (7.103) 
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Solving equations Jointly (7.101)-(7.103) Jointly for rated 

temperature and pressure, we determine the composition of the 

products of combustion. 

We determine the temperature of the obtained combustion 

products by solving equation (7.97): 

where 

• 

UC and Ic - molecular weight and enthalpy of solid carbon. 

For the obtained combustion products entropy is determined 
by the equation 

(7,ln5 

where Sc - entropy of solid cart-on. 

Analysis with water injection. Calculation is reduced to 

determination of the necessary quantity of water for lowering the 

temperature of the products of combustion of fuel fed to the ZhGG 

to assigned level. Temperature T1 and composition of the 

products of combustion obtained in the first 7,one of the ZhGG 

are determined by usual methods of calculation. 

We will assume that the injection of water into the hot 

products of combustion results in their abrupt cooling to assigned 

temperature 7W and that the composition of the combustion products 

is not changed (i.e., "freezing" occurs). Here the water is 

evaporated and the water vapor is heated to . 
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The decrease of total heat content of the corbustion products 

will be equal to 

(7.106) 

where /2« and /foy — total heat content of the products of 

combustion of ZhGO “¿el in the first zone v.'ith identical ("frozen”) 

composition at tenperatures and Tmv 

/,: /.¾ •*« 
I 

HPl S,:r Pi- (7.107) 

In accordance v/ith the lav: of conservation of energy a decrease 

of total heat content of the combustion products A/Ue c°e8 to an 

increase of heat content of the water converted to vapor: 

à'—'-'à/'M*. (7.108) 

Designating by o the quantity of water used for cooling 1 kg of 

the products of combustion, we determine 

A/«J|,0 '•(/■STo — /?.H,o). (7.109) 

where /¾^ — total heat content of liquid water at the supply 

temperature. Substituting expressions (7.106) and (7.108) In 

equality (7.109), we find o: 

/»■***—/¿ST ^ 

/ÜRb^/Sü».© (7.110) 

The gas constant of the obtained mixture of water vapor and the 

products of combustion is determined by the expression 

(7.111) 



where fMl0 and - r.?.ss fractions of the vapors of injected 

water and the products of combustion in the mixture: 

fe*-—; (7.112) 

The given scheme of calculation can be used also for calculation 

of composition and temperature of the working substance of the 

two-component ZhG'l vrith two-stage injection if the assumption is 

applied about total ^frsezing.’ljof the products of combustion 

formed prior to injection and it is considered that the additional 

portion of the co’rcnent is only evaporated, without participating 

in the reaction. It is obvious that, depending upon the arolled 

fuel and the type of ZhSG (a << 1 or a >> 1), the validity of such 

assumptions will differ. These assumptions are more acceptable 

when there is additional injection of components vrith simple 

molecule. 

The volume of the ZhGG, if there are no experimental data, 

can be determined analogously to that of the combustion chamber 

of the ZhRD in accordance with conditional time of stay (3.3). 

Here, considering the lower temperatures and peculiarities of 

organization of the process in the ZhGG, we must take the conditional 

time of stay in the ZhGG as 1.5-3 times greater than for the comtucti 

chamber of a ZhRD vrorking on the same fuel. 

Footnotes 

Operation and calculation of axial screw prepumps are 
examined in detail in [139]. 

designing of* sections and determination of parameters, shown 
in section 1.2 are examined in [25J, [139J, [i40]. 



CHAPTER VIII 

CLOSED-CIRCUIT PROPULSION SYSTEMS 

A propulsion system with closed circuit is one in which the 

working substance from the turbine enters combustion chamber, where 

it is burned with optimum relationship of fuel and oxidizing 

elements. Here losses of thrust characteristic for open-circuit 

propulsion system and caused by inefficient consumption of components 

driving the turbine are absent - the specific thrust of the 

propulsion system with closed circuit is equal to the specific 

thrust of the engine. 

Thus in propulsion systems with closed circuit more complete 

use for creation of thrust is made of the chemical energy of all 

the fuel available aboard the rocket. 

Earlier (section 6.3) it was shown that for a propulsion system 

with open circuit increasing the pressure in the chamber above 

100-150 CttmCabs.)] (%10-15 MU/m2) is inefficient, since the 

increase of feed pressure necessary for this requires' a corresponding 

increase in power of the THA. Here the fuel consumed in driving 

the TMA aOtsA Increases so much that the gain in specific thrust 

of the propulsion system due to the Increase of P|/Pj is not 

obtained [see formula (6.5) and Fig. 6.8]. 

Thus the application of the closed circuit not only Increases 

the specific thrust of the propulsion system as compared to the 



the system with open circuit but also makes it possible to 

further increase pH as a result of the increase of pressure in 

the chamber. 

Depending upon the state in which components are fed to the 

combustion chamber, we distinguish two types of closed circuits 

for propulsion systems: "gas ♦ liquid" and "gas ♦ gas". Uith the 

"gas ♦ liquid" arrangement (?ig. 3.1) one of the components, oxidizer 

of fuel, goes completely to the 2hGG, where it burns with part of 

the second component(with a >> 1 respectively). The formed gaseous 

products of combustion with great surplus of oxidizing or fuel 

elements drive the turbine of the ?”A and then through the gas 

duct enter the combustion chamber. The second component enters 

the combustion chamber in liquid form. A variety of the closed 

circuit of "gas ♦ liquid" type is shown in Fig. ?.7. This is 

used in the RL-10 engine, working on oxygen and hydrogen. There 

is no special ZhGG here. The hydrogen is gasified in the coolant 

passage, is fed to the turbine of the TMA and from there into the 

combustion chamber. Oxygen enters the combustion chamber from the 

pump in liquid form. 

Fig. 8.1. Propulsion systems with 
closed circuit of "gas ♦ liquid" type: 
1 - oxidizer tanki 2 - turbine; 3 - 
oxidizer pump; ft — feed of products of 
combustion from TITA to chamber; 5 - 
engine chamber; 6 - fuel tank; 7 - 
ZhGG; 3 — fuel pump. 



With the "gas < gas' 
•nter two ZhGG's (one >»ith a ^See 8,1°) b<>th components 
Product. u.e;™ r™;*' =-00 the contusion 

the coabustlon ehanber, where they th* ™ *nd then ent,r 
•Mp of fuel and oxidlter. M31^ «lotion- 

Simplified closed circuit* nr * 
MC». C.l and 8.3. CaS + llau^" type are sho:in in 

Por definitiveness we have fair« 
oxidising g». Generator (that work! a,ClrCuU an 

analogous). During ooeratlo‘ of 1 Sv t” ls 
Peed, all the oxidizer fror tan!- 1 to r! ^ 3 

oTth?::::;::,:::6 Fart 

Zh0° 7* Whlle ‘h* other^ naln'^rt o‘f thTfuel' en‘erS 
combustion chamber 5. «he ” V 1 C°ea lnr,ecîlately to 

po«.d m ghoo r J; to turbl::i i tT^tr“’SUrPla3 
to combustion chamber 5. h6n throu£h ?»» duct i| 

Thus the components of fuel ente« 
both liquid form and In the fora of COnhUStl0n 'h»*ber In 
*t a temperature of 600-300°C with i °US products of combustion 

(«hence the name -ca» + ilq,L“| LeT* °f °*mw 

of a ./.ten working m accordance with th**"?1^ 0perat:lon 
In Pig. 8.1. Wlth the circuit represented 

0.t.rrlnatIonoOffÄonal faranet.r, ■ 

The fundamental equation, making t noi.*4K7 e. 
pr...up. l„ the combu.tlon chamber tr .etLrï„. “,lrn9d 
ïhFP nece.aary for driving the ?.VA and no P««ure In the 

feed pressure (sometime, called thé preasuréT^é^ ^ nec®S8arf 
ne pressure at which the circuit 
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U closed), is the equation for the balance of powers consunod 

OJ the pumps and developed by the turbine: 

(8.1) 

A(2Tc. <7-io) and (7-55,> for th> 

(8.2) 

(8.3) 

Suhstltutinc expressions (Î.Î) and C3.3) In equation (3.1) we 

~n ^11-(¾ * J-a^r^^+-^<ÿw-ftirt 
(S.t) 

etll to'thfarofate °f MOr,:lnf SUb,tan°e t,,r0“Sh ‘“-’i™ - obviously. equal to that of components throueh the ZhBO; k - adiabatic Index ' 

of products of combustion of the JhOB (usually k . i.y.j ,). 

V - effective efficiency of turbine and efficiency of 

by puma- e . ‘ Pressure of components 
y pumps, f.. ßm, - pressure of oxidizer and fuel at pump Inlet; 

at *turblne L^t!^ ^ ataEnatl0n ^stance 

t.m».!!t,'1I1eCOnal'Ier th*m e,Ual t0 th* eas eon.tant. and exit temperature from the ZhGO, i.e.. 

(8.5) 

With the closed circuit pressure 
pressure, l.e.. Is determined by chantar 
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(ft.6) 

1 

where ¿P2 — losses of pressure of conbustlon products on the way 
fron turbine to combustion chanter. 

?he turbine inlet pressure can be considered equal to the 

pressure in the ZhGG: 

( 8.7 ) 

Pressure drop in the turbine, t?>inç into account relationships 

(8.6) and (8.7), is 

(S.8) 

Peed pressure of punps and Am» is obviously higher than the 

pressure in the ZhGG by the value of hydraulic losses of pressure 

of the component on the way fron the pump to the combustion chamber 

of the ZhGG, l.e., in general 

Am-P«»+aa)+sy.«. ( ff. 9 ) 

where ¿to - losses of pressure of component in lines, valves, 

regulators on the way fron pump to ZhGG and also in the ducts and 

injectors of the ZhGG. 

t 

Substituting expressions (8.5)-(8.9) In formula (3.<l) vfe 

obtain an expanded expression for determination of % or pressure 

in the ZhGG for assigned pressure in the conbustlon chamber: 

a&AfcÜflíüABWZfiet 

w* T 
(8.10) 
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For solution of this equation we assign or are given from 

analysis of the engine chamber and ZhGG flow rates of components 

0% 0^, and values of k and (*rW in dependence upon pressure in 

the ZhGG. Assigning values of efficiency %«;%, end estimating 

values of Aft;and Aft»* we solve equation (8.10) 

and determine the drop in the turbine m, and pressure in the ZhGG, 
Aar for selected conbustion-chanber pressure P2» 

Equation (3.10) la conveniently solved by RsalSr.ln- a mir-ber 

of values of * . Having determined for each « the value of 

v,e plot curves of dependence of rljht and left parts 

of the equation on l.e., Eraphs of available turbine nouer /».-/(s.) 

and required pump power ».-/<».>. Tbs point of crossing of the curves 

gives us the conputed values of a,, and power of the TTA " , for 

which the circuit is closed (Pig. 3.2). " P* 

Fig. 8.2. Dependences oft 
available turbine rower At 
and required purp power #. 
on «, and chamber pressure Pg 

1, 2, i; - required power; 3 - 
available power. 

Influence of Combustion-Chamber Pressure on 
Operational Parameters of the Cystem 

let us examine the Influence of an Increase In pressure In 

the combustion chamber p2 on the operating parameters of the suoplv 

system. Por deflnltlveness here and subsequently the entire 

analysis of operation of the propulsion systems Klth closed circuit 
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I 

will be conducted with constant total flow rate of fuel through 

the combustion chamber. Here change of pressure In the combustion 

chamber Is attained only by changing the value of it is 

obvious that the character of Interconnection In operation o* 
units of the supply system will not be changed with other fuel 

flow rates. 

With Increase of p2 necessary feed pressure Increases, l.e., 

power consumed by pumps Increases. The power of the turbine tf,, 

necessary to drive the pumps must be Increased accordingly. Fron, 

equation (8.2) we see that for assigned efficiency % an Increase 

In turbine power can be attained by Increasing flow rate the 

value of (*r).n and pressure drop In the turbine -Towever, the 

value of (iT)^ for a given fuel Is determined by the highest 
temperature of working substance allowed by the blade and with 

assigned components remains practically constant. It Is also 

possible to consider k, the adiabatic index of the products of 

combustion of the ZhGG, constant. Flow rate of working substance 

Of for this circuit Is also constant, since one of the components 
wholly enters the ZhGG, and the value of the relationship of 

components Is determined by the allowed temperature of working 

substance and for the given type of ZhGG (oxidizing or reducing) 

remains constant. 

Thus with Increase of presrure p2 for an Increase of turbine 

power it is necessary to increase the drop In the turbine 

Here available turbine power is changed In accordance with curve 

3 of Fig. 8.2. Power consumed by the pumps. In accordance with 

equality (8.3) and taking Into account expression (8.9), with 

Increase of p2 will be changed in accordance with curve 2, correspon¬ 

ding to new pressure in chamber. Point A’ of the intersection of 

curve 2 with the curve of available power *,-/(«,) gives values of 

pressure drop and power of the TÏIA AT, for the new pressure in 

the chamber. 

502 



of th!1‘lfUrth" Increase °f pre“ure ln th* =tarb-r th. power 

lever1!“ ^ ^ tUrbln• - "U1 tae««* accordi„Giy. nowever, as one can see fron Fir 8 p _ ■ 

e. G* 0,z* ^crease of p_ is cossihiA 

i»-/!0 î,d!flned ValUe r2 at ,rt,1Ch CurTe of Power 
. ««•) tansent to ourve of available power (Poi„t Mo). 

», r=;““,:nrLrr --- 
cwponeats. turbine efficiency * and cutlet pressure. It is 
possible by continuing to increase the dron f« m. 
the given conponents to obtain rtm hirbe- n . Ur "* ^ alth 
a decrease or „„m.. hlGhe- P0«'1. but this requires 
It .rÕh ! PreS!,Urä and C!’ar-1,er f««“« P, (Point A ) 
It 1, obvious that such operating condition, of the svstl .! 
^ne^^c^enP» since all of the addition,1 n. v* 
increase of «. i. , , additional turbine power due to the 

Pressure In cor.bustand"“' ^ ^ preSaUr*- 
the propulsion syster renaln °f ' 

to A-. i.e., lower than for condition, with resste p COrreSPOndlnC 
K2 max* 

Thus with the clos6(2**clrci! 11* nvenmii»« circule propulsion systen thet»» 4« • 
maxinun Dossihl« nnaee..««. a..-_ ^ tnere is a 
--~ - pr-ssure. la tae cor.bustion chamber p, 
value of this pressure Is determined by the properti« of^th." 

wor ing substance1 f,rw h. efficiency of pLps and turlil 

in ducts, and type of ZhOO applied (oxidising or reduc’lng). 

Determination of d* 
* 2 max 

dron I*16 ValUe 0f P2 max and valu«s of correspondinr nressu^e 

: : °f tha ?:,a fo- »r cio;.d-oirctt 
n^ber of . , yPe °an be diternlne'1 analytically by applylr- a 
number of simplifying assumptions. It was noted above ^.ttt 

assigned components for the circuit adopted flow rate tot.^ k. 
0* the value of ,*r,„ and the adiabatic Index! ! V 
combustion of the Zh00 remain Practlcaurcttanr 
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of analysis we will consider, furthermore, that efficiency of fuel 

and oxldlser pumps, losses of pressure Atar in fuel and oxidizer 

lines, and Inlet pressure to pumps are equal and do not depend on 

the operational paraneters of the system, l.e.. 

■V*"Vr“\* 
—Atarr—âta,-C€Mtî 

■“A** (8.11) 

We will consider also that^losses Ap^ do not depend on operational 

parameters. Then equation (8.10) can be recorded: 

where 

(8.12) 

(8.13) 

Hence 

(8.It) 

Relation 4/9, will be called reduced density and will be 

designated by Obviously, for the oxldlzlnc ZhOG 

For the reducing ZhGG 

y, «Cw»0*Tf 
*bfrC*Yr+U 

e 

Designating the constant factor In equation (8.It) 

(8.15) 

(8.16) 

(8.17) 



we obtain after transposing 

—wr»> (8.10 

Here p2 depends only on pressure drop %. Por detemlnatlon 

max 'éfjéh ** equated to xero: 

hence we find the value of the pressure drop corresponding to the 

highest possible chamber pressure: 

(3.19) 

Knowing »..fron equation (5.13) we find the value of o„ 
*2 aax 

A 
*Mft 

TR=I—àPh 

+5 
(3.20) 

Equations (8.19) and (3.20) make It possible with known (or 

assigned) operational parar,eters of the Tl’A to0,, OfT).* Qa) 

to deternlne p2 max and directly without plotting graphs of 

the type presented on Pig. 3.2. 

Fro?n Joint consideration of equations (3.20) and (8.17) It 

follows that the value of p2 nax In considerable degree depends 

on perfection of operation of pumps and turbine (¾ and %), 

properties of working substance [k and (JtT)^ ], and on the true 

value of (Wmm l.e., on quality of operation of the ZhOQ. 

The value of p2 can also be Increased by changing the 

circuit of the propulsion system. In Pig. 8.3 Is given a variant 
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of the closed-circuit system of "sas + Hq^id,, type. Vith this 

circuit for supplyinc fuel to the ZhGG additional punp 9 is used. 

Rere, obviously, the feed pressure of main fuel pump 8 will be lower 

than that of pumps 3 and 9* This leads to a decrease of power 

consumed by the pumps, which in turn makes It possible to decrease 

the pressure in the ZhGG with simultaneous Increase of the highest 

possible pressure p2 nax. 

Fig. 8.3* Propulsion system with 
closed circuit of "gas * linuld" type 
with additional pump for fuel feed to 
the ZhGG: 1 - oxldlser tank: 2 - 
turbine; 3 — oxidizer pump; Í — supply 
of combustion products from ?NA to 
chamber; 5 — engine chamber; 6 — fuel 
tank; 7 — ZhGG; 8 — main fuel puno; 
9 ~ additional fuel pump. 

The circuit of Fig. 8.3 is also frequently more efficient 

when p2 « P2 na*» »Ince with the use of the additional pump the 

circuit Is closed at lower supply pressures. This, in turn leads 

to Improvement of the weight characteristics of the system, while 

introduction of the additional punp can lead to complication of 

the system and lowering of reliability. 

Capabilities of Closed Circuits of "Gas * Liquid" 
Type with Oxidizing and Reducing ZhGG's 

The above examined closed-circuit of "gas ♦ lio.uid" type for 

definltlveness had an oxidizing ZhGG (since that with reducing 
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2hOO has analogous fora, obviously, the ontlr. abov. analysis «mains 

valid for case of the reducinc ZhOG). 

, * 

However, for Identical chamber pressure the basic operational 

parameters of the JhOO and T!!A with application of oxldlslnf or 

reducinc eas Generator differ Sreatly. The fact Is that -or fuels 

used In the ZhBD the relationship of components » Is usually 

Sreater than unity, l.e., the flow rate of oxidizer Is rreater 

than that of fuel. Since with the closed "cas + llould" circuit 

one of the components most frequently joes completely to the 

ZhOO, the flow rate of worklnc substance to the turbine with the 

oxldlzlnc Zh3<! Is always hlcher than with the reducinc "had 

Since for the majority of fuel, (with the exception of tho«¿ u.lrr 

hydroeen) the Increase of (RT)mr in the rei!„olnc „ , p(!8liU C 

of an Increase In the Sas constant of the combustion products Is 

comparatively small, decisive Influence on available turbine rower 

Is rendered by an increase of flow rate ¢,. 

In Fig. 3.4 are shown typical craphs of chance of available 

turbine power *,-((*,) with application of oxldlslr.s and reduce 

ZhOO a working on fuel having » , 1, from which It 1. clear that 

with the use of the oxidizing ZhOO for the same chamber pressure 
the value of and consequently of the pressure In tb. ZhOO and 

ciller“" Kf0r '"hlCh th9 °lr0Ult 18 Cl°,ed *-’* --tatlvr 
calculations show that the propulsion system operating on -ucl 

using nitrogen oxides as oxidizer, with chamber pressure of 100 
(atm(abs. )] <«, rl:yn2, and wlth oxl(llzinc ,h30 ^ close(1 af a 

pressure 1„ the ZhOO of 140-180 (atnfabs.)] («4-18 rryr2) while 

Tir,« r!dUClR;: Zh0° th<! =lreult Is closed at a ZhOO pressure of 
180-230 CatBj(abSe)] (%i8-28 Mü/n2). 

the JlaIfll0#tl°n 0f 0Xl<illlnS or reducln0 ZhOO-. alec Influences 
p2 max' In plC- 8-11 points M0 and v at which the 

curve, of required power /4.-/(.,1 are tangent to the curves of available 

turbine power determine the highest permissible Pressure ll r:rr°n ch4nber f°r °r m .n .ngi„e 
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£ie. 8.H. Change of available 
türbine power with 
oxidizinc and reducing ZhOO’s 
working on usual (not hydrogen) 
™«lj 1 — required povrerj 2 — 
-1¾ with oxidizing ZhGO: 3 — «l 
with reducing ZhGO. * 

.. r:1“ - 
of worklng^s"* rrklnS ^ 233 allow hlSh" temperature" 
oiidwí ,ubst*nce tha,. these of the turbine worklns on the 

t£ o^irr ?Ue t0 tMS the «""«f ^ Pressures at wh«c- 

a^ înT, Î! C Sed Wlth «^ins or reduolns ZhQG's deorea’s-'s 
ond ln eelectlnc the type of ZhOO (oxWlzl„e or reducing Questl’ors 

d.eî.°îv. °f e0ntr01* laï0"tS* «“ab»ity. etc. can be 

»er» «nI^ln*!,U',lne hydr0£en 45 fUel* ln oonnectlon Kith th- 
»try considerable Increase in the cas constant of the combustión 

Bower"i** 1 H*ClSlVe lnrluenee on the val“« Of available turb«re 
power is rendered by an increase of (#71-,. ^her<»fnr.B ru 

r;ith Closed circuit It 1. nor. If^entTu^bTr.^ 

*t present combustion-chamber pressure Is still_... 
beloK maximum possible values "h. k. . «»nslderably . ‘'"•»■‘•»■‘•e values, .he basic cause of the'fact M,.t 
1th an Increase of pressure p2 the feed pressure for which the 

circuit is closed Increase, in proportion to the product — ‘ r:; :::z.hllnt‘tnd units °f the ‘-r 
m i: h op:::;::6;:,:,?: to eonäi<,erabie inc-44* propulsion system and lowering of its on««,*.4 
reliability. lts °Perational 



As one of the exaniples of a systen with closed circuit and 
reduclns ZhGG, in Fie- S.5 are shown a dlaci’an and ir.ock-up of the 
proposed RL-20P encine, workinc with a closed circuit of "cas + llqula 
type on oxycen + hydrocen fuel. Chanfcer pressure is 210 Catra(abs.)] 
(20.6 thrust is 120 T (I.l8 MU). Expected specific thrust
is about 430 kG-s/kr. (%4300 U-s/kc). Here ZhGG 4 is the preconbustlon 
chariber for the encine chanber. The ZhGG is fed 90'/. of .e !iydrocf>n 
and l^.i of the oxycen cf the total ar.ount of each conponent to 
the chamber. The rer.alninc oxycen is fed throuch injectors, placed 
on radial fiances 2. The rerr.aininc 10/ of the liquid ''ydrocen is 
used for external coolinc of nozzle 1 and is then fed tJarourh
porous wall 7 into the conbustlon char.ber. 
internal cooling is forrr.ed here.

A near-v;all layer for

■ • \ r-: ' /

_ f % ;

•_ _ m

J

Fig. 3.5. Diagrar. and nock-up of the 
RL-20P engine, v;orklnc on O2 + 1-2
with closed circuit of "gas + liquid" 
type: a) diagran of engine; b) r;ock-up;
1 - nozzle; 2 - flange with injectors of 
liquid O2; 3 - TUA for liquid 03; 4 -
ZhGG; 5 - liquid H.,; 6 - T:.'A for liquid

7 — porous wall.
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Exar.ple of calculation of basic parameters 
of the closed supply system 

The propulsion system of a ZhRD works on a fuel of 30,? ITIIO 

and 202 MjCj ♦ Tonka 250 with a closed circuit of "gas + liquid" 

type, represented in P1G. 8.1, with oxidising or reduclnc ZhOO. 

Given: 

parameters of T*1A and ZhGG: 

Va-Hw«0.85; *-.1,2; 

density of components: 

lb- UOO k^.s| Vr«045 k^5| 

flow rates of components: GQ - 16c kj/s; er - i<o km/s. 

Prom conditions of highest permissible temperature of verklnn 

substance ZhOO-s operate with the following relationshios: 
oxidizinc ZhGG, ««»-(U. 

Here, takinc losses into account, the true value of «n., 

is considered identical for both ZhOG's (R? for the oxidizinr 
3hGG is less than for the reducing type): 

(«rwr.eio-WktVkcpn.iai ja«)- 

We consider that all shown values remain constant with change 
operating conditions of ZhGG and TIJA. 

of 

It_l8 necessary to determine for operation of the system with 

oxidizing or reducing ZhGG: pressure drop in the turbine power 

of the TNA nr,.* pressure in the ZhGG and feed pressure for p‘, - 90 

CatmCabs.)] ¢8.83 TIN/n2); the highest possible combustion-chamber 
pressure p2 nax. 



9 

Solution 1. determine or cstlnate values necessary for 

calculation : 

Plow rates through the turbine: 

with oxidizing ZhOG 

0,-0,+0,-0.+-^--160 + ^-161 l'r/sj 
*mn » 

with reducing ZhGG 

^-4 + ^-0, + 0^.,,-40+0.6-40-61 kc/n. 

Pressure losses on the way fron the nurns to the chanber of 

the ¿hG'j and fror, turbine to combustión chanber are considered 

constant under all operating conditions and are estimated as 

Oft**,—à/,,«, —30 ki/«»* (2,04 tV/u*), 
^9»m II 

Peed pressure at pur.p Inlets 

Iu/m> (0.40 n/a*). 

Volumetric flow rate of components through combustion chamber 

fc“í+*-S+ã-,m rV.’ 

2. We determine ■* if(M. ^,a for charber pressure p- ■ op 

Catm(abs.)] (%6.83 - x:/n2). u, find the equation for dependence 

of turbine power on pressure drop In the turbine * 

With the oxidizing ZhGG 

«rM.JS&Hbs—!_/,_I\ 

M-O.4I0-I0I . 
--g-/(■•)-44.1.10/(11,), 
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where 

is calculated or found In tables of cas-dynanic functions. 

»Ith the reducinc ZhSG 

«4-M4W-I0» 
» ./OO-IT.M>/didL 

Ve find the equation for dependence of punp power on m or on 

pressure In the ZhQO. According to equation (3.12) 

-»fito* âftf “MV«*"* 
"m »% ^ 

U4M 

Ve plot graphs of dependences of required power (*«.•. it„) and 

srallable power «, on pressure drop In turbine «• (FI?. 8.6). 

Points of Intersection of the curve of required pur.p power with 

curves of available power give computed values of •* and #» 

With the oxidizing ZhGG: pressure drop povrer of 

7!» hp (3160 kV’). 

According to equations (8.8) and (3.9) pressure'In the ZhGG: 

àpû -1.11 (100 -f S) - )] (11.« wyta* k 

feed pressure: 

+V.rr-UM + *-HM U«»(«fc«J3 (14.40 
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8.2 Closed ^Gas ♦ Llgiíltl1* Circuit without 

In Figs. 8.7 and 8.8 are shown closed circuits of "gas * liquld,, 

type and the outward appearance of the propulsion system of the 

liquid-fuel RL-10 rocket engine, working on oxygen and hydrogen. 

Liquid hydrogen enters two-stage punp 6, then the coolant passage 

of the engine chanter 3, whence the gaseous hydrogen formed goes 

to turbine 5, driving the TÎIA, and then Into combustion chanter 

3. Bypass 7 serves to maintain constancy of operating conditions 

of the system. Liquid oxygen is fed to the combustion chamber 

by pumptl. Thus in this system the working substance 

used to drive the turbine is hydrogen, which is gasified and heated 

to needed temperature in the coolant passage of the engine chamber. 

Here the temperature of the ’’heated" hydrogen can be below zero. 

With such arrangement of the propulsion system the need for a special 

ZhGG disappears, which considerably simplifies the entire system. 

Its deficiency is limited maximum possible combustion-chamber 

pressure p2 max< 

Fig. 8.7. Diagram of the RL-10 
propulsion system (closed "gas + 
+ liquid" circuit without ZhGG: 
1 — pump for liquid Ogi 2 — 

reduction gear; 3 “ combustion 
chamber; 4 - nozzle; 5 - turbine; 
6 — two-stage pump for liquid 
H2; 7 - regulator. 



Fl^. ^.8. The EL-10 encine: a) asseribly;
b) in syster'i.

Deterr.lnation of Easic Earanctera

The equation connectin- the basic parar.eters o^ the co.'r.bustlon 
chamber and T!IA is that for the balance of rov.'ers of turbine and 
pump which in expanded form is recorded:

Vtl,»WII,

+
(S.21)

where flov/ rate of hydrogen throurh the combustion chamber,
equal to that of through the turbine; - flovi rate of oxygen; 
♦g^and Yq^ - densities of liquid hydrogen and oxycen; k » Ij! - 
adiabatic index for hydrocen; a,-- pressure drop In turbine:

■ ^ ■



AMjbiAM.0. - feed pressures for K2 and 02; Pm* - punp inlet 
pressures. It is obvious that 

ÄMJb“ (8.22) 

where â#««*. — pressure losses between punp and Inlet to the encine 

chamber; Mm«. - pressure losses between punp and turbine; 

Afe — pressure losses between inlet to ensine chamber and combustion 

chamber (In the head of the ensir.e chamber); Mé#” Fissure losses 

between turbine and combustion chamber. 

We will determine the value of the hichest possible pressure 

in the chamber p2 For simplification we will consider constant 

and Identical the values of pump efficiency and pressure losses 

and pump inlet pressures: 

Vo.-Ve.-V 
Mm«.—— Mm* 

Mfc.—Mtf 
ÄuO.—Äiji,—Am. 

(8.23) 

Then, substituting expressions (S.22) in equation (2.21), 

after simple transpositions we obtain 

««io,+nu, 

where 
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Designating 

we obtain: 

ft- 
-c?)-, 

ft»»,+mi| *** 
(S.26) 

For deternination of p2 ^ v/e ta!:e the derivative ipjdn* 
and equate it to zero: 

-E"“ 
lit: 
toift+mg* To.-«. 

whence we obtain an equation for finding pressure drop 

corresponding to the highest possible chamber pressure 

or, designating constants 

(9.27) 

we obtain 

(9.23) 

517 



Havlnc computed constants /| and £., v?e can easily find the value 

of «i«* graphically or by selection (see example). Knovlng «m*. 

from equation (8.26) we find p2 : 

(8.29) 

Calculations show that the highest possible pressure In the 

chamber Is low, and for true values of pump and turbine efficiency 

the relationship of components v and temperature of bydrogen at the 

outlet of the coolant passage it cannot be higher than t0-50 

[atm(abs.)3, (%J|-5 M!I/m2), l.e., the circuit, similar to that 

represented in Fig. 3.7, for high pressures in the combustion 

chamber is not acceptable. For illustration v/e will examine an 

example of determination of p- 
¿ max 

Example of determination of p- .. 
z max 

We will determine the value of the highest possible pressure 

in the combustion chamber p2 for a propulstion system working 

on oxygen ♦ hydrogen fuel with the circuit represented in Fig. 3.7 

for two values of temperature of the hydrogen entering the turbine: 

1) • -73°C * 200°K and 2) ■ 0°C » 273°K. 

Remaining basic iperating parameters of the system remain 

oohstant.. 

Relationship of components v * Oo2^GH2 m efficiency of 

turbine % • 0.J»; efficiency of pumps Pressure losses 

of oxygen between pump and engine chamber and of hydrogen 

between pump and turbine toM* are equal to 
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Pressure losses of hydrogen between turbine and combustion chamber 

and pressure of oxycen in the head respectively are equal and 

amount to m-iM!.T/r:^). Pump inlet pressures are identical 

and equal to kc/cm2 (0.49 M!!/m2). 

1) When 

(8.28) 
200°K. We determine constants entérine in equation 

•0.40.6 

I (^M.Vh.Yo, ” 

1.« 
• (424-900) 70-1140 • 96.8-lot; 1.4-1 

— *Vm.) “ (3010*—5^10«) (1140 + 4,8-70) w 
• 3,22-10*; 

. IS, 0—1 70 1,4-1 . . 
•*-< irr—¡mí rrrrr4'-^ 
Í1 i_J_ / 2.32-101 \ 
1' aI )2*-l V 96.8-101 ) 

Plottine dependence on «, of left part of equation (8.28), we find 

graphically the value of (Fig. 3.29): 

Pig. 8.29. Solution of example. 

Prom equation (8.29)'^e determine pi : 
max 

ti- 

V 3.04 '•« * 

#81 

aojB-io* 

3.M-I140-I-4,8-70 
-l-10«-37.10* k^B2 -37 (2.65 MK/«*V 
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2) When tJ1 - o°C « 273°K. 
2 

Performlnc analoCous calculations, we obtain: 

«M*» “*.W; •r* (4,1 Atm/jfiy 

turbine“^ te,rperature of eolnE to the 
H 73 broueht about an increase in p, 0f alrost 

on. ana a iaif tines, since the naxlnun posslbie^v^e oft 

lr™7d by 00ndltlor,s of coollnc of the enr-ne 
hamber, the value of the hlShest chanter pressure p, is 

dependent upon the orEanizatlon of eoollns. As can bobeen fro- 

equations (3.25) and (5.29). the value of P 'is stm 7 

influenced also by chan3e of efficiency of Äe ,. andáis ^ 

®*3* Closed ^gas * aasw cireMit: 

In Pig. 8.10 Is shown a closed circuit for a propulsion 

system of gas + gas" type. Fuel and oxidizer from purms Is fed 

With assigned relationship to the ZhOO's 2 and 3 7 ‘ 

Products of combustion In the ZhOCs, w7 lu^L ^d^^d 

"uel, are used to drive turbines ¡i and in av,ri «.u 
eas dm»«-« c « ed ,, «'“a eines and 10 and then pass through 
gas ducts 5 and 11 to eonbustion chanber €. ?v,us ln _ av . ''' 

working with closed "gas + rae" circuit h„tK ‘ 1 * sy5ten 
completely to drive the 7:rA components are used 

fíe 
»r 

3.10. 
e-o« X » closecî Circuit of 
c.as + nas type: 1 - oxidizer 

oxwis2 «fifing Zhoo l ! oxidizer punp; i| - turbine- 5 » 
supply of oxidizin.o- oroducts^of 
combustion from -:Ã to cha-.ber 

tañk*nSlne 'vocj«1-: 7 - fuel ' tank, o - reducing ZhGG: 9 - 
fuel punp; 10 — turbine; 11 - 

contmï«-?f r?fJucln- Products of 
combustion to chamber; l? — 
supply of fuel for chimber. 
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Thanks to this assicned pressura in tho conbustion chanter in 

ensured at lower supply pressures than with the "¿as + liquid,, 

circuit. The nain in feed pressure is especially noticeable when 

It is necessary to provide high pressures in the conbustion chanber. 

Deternination of Pasic Paraneters 

Initial equations deter-inir.s for assigned conbustion-chanber 

pressure the basic operational paraneters of the T:!A and ShCSG will 

be equations for balance of powers of turbine at, and pun.r tf.of 

fuel and oxidizer TIJA: 

AT,.,«AT,.,, ( 3.3 n ) 

or in expanded form 

■ Pr (Ptot.r •— P,,_r) 

WVrlw ' 

(S.31) 

It is obvious here that 

o»+0*..«Cr+G,. 
(3.3?) 

Por certain temperatures of working substance feed to turbinei; 

H and 10, working respectively on oxidizing and reducing gas, and 

for certain flow rates of components through the chanber<0 and 

Gg)» total flow rates (<?*.» and 0,.*) and flow rates of oxidizer 

(O..WM and <w„ ) and fuel ( 0r4Br.c and armnt ) to oxidizing and 

reducing liquid gas generators are determined simply. 

Actually, rated temperatures in the ZhGG are ensured by 

relationship of components w Thus for certain temperatures we 



know the relationship of components in oxidizing; and reducing: 

necessary for a eiven fuel ZhGG*»: 

(8.33) 

Since all of a component passes through the cas generators, it is 

obvious that 

»rr.** (8.3^) 

Solving equations (8.33) and (3.3^) Jointly, we find flow rates 

of components in each of the ZhGG’s: 

<v 

0+ 

Q- 

G, *rr,9m 
O, -OrVrr.. . 

Twr-» 
Qt*wn*—0» 

*mtj» “ v«rr ^ 

0,—Q,^„r.. (8.35) 

Hence we find flow rates of worUing substance to each of the 

turbines 

Analyzing system of equations (8.3)» similar to that conducted 

above for "gas + liquid" circuits, we obtain equations analogous 

to (8.19) and (3.20), which permit determining the highest possible 

combustion-chamber pressure. 



Advantaces and Deficiencies of 
Closed-Circuit Tystens 

Exanininc different types of closed-circuit systens, we 

note the basic advantages, deficiencies, and peculiarity of their 

operation. 

The nain advantage consists in more corplete use of the energy 

of the fuel available aboard the rocket, since with the closed 

circuit losses of thrust due to the consurr.tlor of conccr »-ts for 
driving the ??IA are absent. The specific thrust of a systen with 

closed circuit is greater than for those with open circuit and is 

equal to the specific thrust of the engine. 

The deficiency of systens with closed circuit is their great 

conplexity as ccr.pared to those with open circuits circuits. This 

conplexity is caused, first, by the necessity of supplying fron 

the T'JA to the cortustion chanber products o* conhustion of high 

temperature, and secondly, by the high supply pressures, which 

with the closed circuit, obviously, are considerably higher than 

with the open. All of this nakes it difficult to ensure high 

operational reliability of the system. 

High feed pressures and high pressures in the ZhOG and in the 

turbine of the T!'A lead also to increase of rass of the supply 

systen. On the whole, in spite of the absence of a separate system 

for feeding fuel to the T!iA and exhaust ducts, the specific weight 

of the closed-circuit syston without tanks vrill conpare with that 

of systens with open circuits. 

However, thanks to gain in specific thrust, the decrease in 

total mass of the fueled propulsion systen can attain 10-20? 

as a result of the decrease in the necessary reserve of fuel and 

corresponding decrease in dimensions (and consequently of mass) 

of tanks. This gain Is especially appreciable with high engine 

thrusts, and therefore the application of assemblies with closed 

circuit Is more expediently in high-thrust propulsion systems. ’.*ith 
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low thrust the complication of the system and lowerlnc of Its 

reliability connected with the use of the closed circuit Is not 

always recompensed by the caln In thrust. 

Application of closed circuits will Clve the greatest benefit 

In propulsion systems hlrh thrust working at high pressure In the 

combustion chamber, since In this case with the use of the open 

circuit losses of thrust due to consumption of part of component 

for driving the T:.:A v;ould be comparatively high. 

An Interesting peculiarity of closed-circuit syste-s Is the 

feet that the efficiencies of pumps and turbine Influence only 

the value of feed pressure and pressure P and haye praotleall,r 

no effect on the specific thrust of the sys?em*, since Impairment ‘ 

of turbine efficiency % or pump efficiency n. win lead only to 

increase In required feed pressure, but not to Impairment of 

specific thrust. However values of turbine and pump efficiency <n 

:l0;ed-clroult systems are very Important, since with Impairment' 

in LL T- Pre5SUr-‘ lncrsases wlth a" increase 
In mass of the propulsion system. Therefore, with the closed 

circuit It 1, also Important to ensure economic operation of the 
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CHAPTER IX 

PROPULSION SYSTEMS WITH A PRESSURIZED 
PEED SYSTEM 

Tne basic deficiency of a pressurized system is that with it 

the tanks are under feed pressure, in consequence of which their 

mass is very great. 

However, the pressure feed systems in their action and design 

are simpler than turbopump systernsj the starting and shutdown of 

an engine are simplier; there are no complicated units similar to 

the turbopump assembly [TNA] and no revolving elements, which in 

certain conditions can also be a considerable advantage. 

A gravimetric analysis of propulsion systems with a pressure 

feed system [1L2] showed that sometimes with operation at high 

altitudes the systems with low pressure in the chamber of the 

5 [atm(abs)] (=«0.5 MN/m^) are more rational than systems with a 

turbopump feed system. The fact Is that in operating at high 

altitude in connection with the insignificantly low ambient pressure 

it is possible and at low pressure in the chamber to obtain an 

expansion ratio of ê-X-J-, which provides quite high specific 

thrust. With this the specific thrust will decrease somewhat In 

virtue of a certain decrease in temperature in the combustion 

chamber, and also dimensions of the engine chamber will increase, 

since with a decrease in pressure in the chamber with that same 

thrust (or flow rate according to equations (I.9) and (1.20) the 

area In, and area of the section /, will be Increased accordingly. 



% 

For a comparison Fig, 9.1 shows the circuits of an engine 

with an identical expansion ratio operating at a pressure in the 

chamber of 4 and 20 [atm(abs.)] (0.39 and 1.96 MN/m2), from which it 
is clear that with a decrease in pressure the overall dimensions 

of the chamber considerably increase. However, in connection 

with low pressure in the chamber the weight characteristics of the 
propulsion system on the whole remain quite good. 

The basic possible regions of the application of propulsion 
systems with rressurlzed feed systems: propulsion system of 

spaceships (fwr example, engines of the orientation system of the 
satellite "Mercury"), light rockets of the class "air-to-air", 

"surface-to-surface" and "air-to-surface." Possible also the 
application of a pressurized feed in propulsion systems of 

surface-to-air rockets (Oerlikon) and upper stages of space rockets 
("Able Star"). Furthermore, pressurized systems are used as 

auxiliary systems, for example, for feeding components into a 

steam-gas generator (PGO) or liquid-gas generator (ZhGG), for 
supercharging the tanks, etc. 

Fig. 9.1. Comparison of 
circuits of engines having 
identical thrusts and expan¬ 
sions ratio at different 
pressures in the chamber. 

There are three basic forms of pressurized systems: 

gas-pressurized feed systems, which use for displacement nitrogen, 
air, helium or some other gas; systems with solid fuel pressure 
accumulator (PAD), which using for displacement products of 

combustion of powder and systems with a liquid fuel pressure 

accumulator (ZhAD), which use for displacement products of combustion 
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Of â aquid components. Let us examine each of these systems. 

9*1• Gas Cylinder Feed System 

A gas cylinder pressurized system is used both as the basic 

anl forais ‘'0r/iePla!:lng 0o,nPonent« ln ^e combustion chamber 
displacing the components in the ZhGQ and MG and for 

supercharging the tanks. The displacing gas is usually nitrogen 

i aVit l1Uam\ The adVanta8e °f heliU" °Ver alr and -tr“?::- 

"diíLTassrsay1:0“"welght and oonsequentiy’Under lde— 

that n' shoi ::lec:l0n °f the dlSPUClne consider 
e^n! nf , " enter lnt° reft0tl0n Wlth the component or be 
when f d^0 Ved ln U' It 16 alS° neoessary t0 consider that 
when feeding or pressurizing the tanks with low-boiling components 

he temperature of liquefaction of the displacing gas should "! 
ower than the boiling point of the component. Thus, a tank with 

liquid hydrogen can be pressurized by either hydrogen or helium 
.neither gases upon contact with the liquid hydrogen wn!1!:' 

feed !y"e!eTr!hry ^ * Pr°PUlSlon s^cm 8- cylinde, ieea system is shown in Pig. 9.2. 

f * gî? cjunier '■«cdsy^::, 
amm with high-pressure 
gas; ¿ — pressure reducer; 
3 — fuel tanks; 4 — membrane; 
o — engine change. 

Gas under a pressure of 850-100 ratmfabs.)] (»25.30 
included in cylinder 1 pm»»*« *.u v /■» \ ? jv MN/m ) 

y aer 1 enl'ers into the gas reduction valve 2, 
where the pressure of the gas drons j-h« 
it enters into t. „ - P th necees»r^ value where xt enters into tanks y. whence thp fnai ■■ 
1.U a , tne luel is displaced and through 

- - P~ -ed forrstil/rrTs^r of 
on Fig. 6.4 . 
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In the calculation of gas cylinder system the problem is reduced 

to the determination of the necessary volume of the cylinder and 

reserve of compressed gas, which serves for the displacement of 

component or for pressurization. 

Change in Temperature of the Displacing Oas 

i 
Processes occurring with pressurized feed (see Pig. 9.2) of 

components and with pressurization of tanks are similar. 

Hi^h-pressure gas flows out from a cylinder and is throttled 

in the induction valve 2 up to a pressure of the feed at which 

it enters into the tanks. With the outflow of gas from the cylinder 1 

the gas remaining there will be expanded and its temperature will 

drop. As a result of the lowering of the temperature of the gas, 

to it hefit from walls of the cylinder will be fed. Rut since 

this heat feed is insignificant, the temperature of the gas in 

the cylinder in the end drops, i.e., in cylinder 1 there occurs 

polytropic expansion with the polytropic exponent n smaller than 

the adiabatic index, i.e,, l<fi<A. 

Using the equation of the polytropic process, it is possible 

to calculate the final temperature of the gas in the cylinder by 

expression 

•-i 

Designating the quantity (Ç^'by c,, we obtain 
, '*•*»* / 1 
» 

(9.2) 

Quantity ^ depends on the pressure drop Pr.mJPr.wn and polytropic 

exponent h, which is determined by the intensity of the transmission 

of heat from the wall of the cylinder to the gas. It is possible 
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to consider quantity n equal to 1.15-1.33. Table 9.1 gives 
values of the coefficient c^ calculated at the value n - 1.33 

In the process of the outflow of gas from the cylinder the 
temperature of It in the cylinder gradually descends' from r, to 
'MN» »MM 

«th the throttling of the gas m the reduction valve the 
temperature of the real gases does not re™m constant, m 

somewhat*i** f0r air and nltr0gen “ dr°Pa' ««J for helium It It 
somewhat Increased. Furthermore, entering Into the tanks, the 
gas Is heated from walls of the tanks. 

It is very difficult to consider theoretically an these 
changes n temperature. For simplification we win „ot consider 
changes In temperature of the gas In the process of throttling an 
heating of It from walls of the tanks, m this case every portlo 
of the gas entering Into tank 3 has a temperature equal t^ the 
tempe^ture of gas In the cylinder 1 at a given moment. Lrefor, 

e first portion of the gas with the starting of the engine ente, 
Into the tank at a temperature of f,«. and the very last portion 1 
the end of operation of the engine - at a temperature rj An 
these gas portions are mixed In the tank. In consequence of which 
the average temperature of the gas In the tank »ui „ . / 
between r,„ and r,_, ,.e., ^ ^ Wln be 

t+p<Tr4M. 

Of JM“, COn°id6r th8t the temperature ‘o the tank at the . 01 the feed has the magnitude 



The value of coefficient is less than unity but larger than 

the value of c1. The tentative values of cx and c2 when n = I.33, 
depending upon ßrmJPrjmm, are given in Table 9.1. 

If one were to consider the change in temperature of the gas 

in the process of throttling, then for nitrogen and air the value 

of c2 will decrease as compared to data of Table 9.1, and for helium 
it will be increased. 

Calculation of the Volume of the Cylinder 
and Gas Reserve 

The following initial data serves for calculation of the volume 

of the cylinder and reserve of gas: the total volume of the tank 

of fuel and oxidizer ^ the feed pressure of components or 

pressurizing the tanks p*, and also the gas constant R and initial 
temperature of the gas rrjm. 

The initial pressure of the gas in the cylinder is determined 

by conditions of filling of the cylinder. The final pressure in 

the cylinder should be higher than the feed pressure * on the 

magnitude of minimum pressure drop in the reduction valve Aft» 

which is necessary to provide normal operation of the reduction 
valve. 

Quantity Aft« is determined by the design of the reduction valve 

and depends on the feed pressure or pressurization. At high 

pressures of the feed, of the order of 30-40 [atm(abs.)] («3-4 m/m2), 
quantity Aft«» (O.25-0.50) a««., with pressurization or low pressures* 

of the feed - within 3-IO [ata(abs.)] (0.3-I m/m2) quantity 

4ft« ** (2-10) ftm (see section 9.4). 

Let us examine the state of the emanating gas before the 

beginning of the feed and at the end of it. Before the beginning 

of the feed the whole gas is included in the cylinder and according 

to the equation of state it is possible to write 
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L 

Pr**yrt»~QntflT(9^4 ) 

where O*. - quantity of gas Included In the cylinder. 

ht the end of the feed the gas is found partially in the 

cylinder and partially m the tanks. The state of the gas m the 
cylinder can be expressed by equation 

P'^tv—G'^RTr., (9.5) 

where and 0rA. _ pressure> temperature and 

gas which remained In the cylinder toward the end of the feed. 

The final pressure In the cylinder __Pí+âa„. 

The state of the gas m the tanks toward the end of the feed 
will be determined by equation 

AV'i-C.WV,... 
(9.6) 

T/lrVe ZTty °f g8S Pr00eedlng lnt0 the tanks the 

From formula (9.4) we find 

(9.7) 

From formula (9.6) 

G(—£&-. 

th. The 0f gas ln the cylinder and tanks at the end of 
the operation of the engine Is equal to the Initial: 

~ G$t 
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whence 

A?*«' AT«.,,«. (9.8) 

Substituting values a-.^ and Qtjmm into formula (9.5), we will 
obtain 

(A+A,,„)V'„_f-ÍUBÍW 
V at«. (9.9) 

Introducing connections indicated above between initial and 

final temperatures (9.S) and (9.3) and substituting these expressions 

into formula (9.9), we will obtain 

(910) 

After transformations and reductions we obtain 

-5L 
*i —(A + J (9.11) 

The volume of the cylinder Is directly proportional to the feed 

pressure and volume of the tanks; it decreases with an Increase 

in initial pressure and does not depend on the gas constant of the 

applied gas. By knowing the magnitude of the volume of the cylinder 

fr... we find by formula (9.7) quantity of the necessary reserve 
of gas 

M 
ATr. .»M (9.12) 

The mass of the gas depends on Its properties, with an increase 

In gas constant it decreases. Therefore, the application, for example 

of helium instead of nitrogen or air permits reducing the mass of 

the reserve of gas by approximately 3.5 times. 

Exam£le. Determine the volume of the cylinder for compressed 

air and the mass of air In a cylinder for a liquid-fuel rocket 

engine (ZhRD) with a cylinder feed, if the total volume of the tank 

with fuel is equal to v, = 0.209 m3, and the volume of the tank of 



oxidizer v. . 0.472 nr5. The feed pressure of the components 
from the tanks » = 30 k?f/cm2 (2.94 MN/m2). The initial temperature 
Of the gas rr.M, _ 299 k. The pressure in the cylinder is taken 
equal to 250 kgf/cm (24.53 MN/m2). 

Solution. We determine the total volume of the tanks of fuel 
and oxidizer 

*’• ■" + •>» 0,209 + 0,472 « 0.881 b3. 

We assume that the reduction valve provides normal feed with 
a difference in pressures in the cylinder and tank equal to 
ipm = 7 kgf/cm (0.67 MN/m2). 

We find the pressure in the cylinder toward the end of the 
operation 

+ àppu =.30-7-37 W7«*2 (3.63 MN/m2) . 

The ratio of the initial pressure in the cylinder to the final 
pressure is equal to 

&SS2. 
Ar-tom 

From Table 9.1 we find coefficients c, and cp for this ratio 
c1 = 0.61; c2 = 0.81. ¿ 

By formula (9.11) we find the volume of the cylinder 

ml' SL W •“ Jl 30-104.0,681. 0,61 
0.81 

f — ÍA* + *"0,61.550-104 —(30-104+ 7.10«)''0,136 

The mass of gas included in the cylinder is determined 
of state: by the equation 

whence a Ar.*»%Vn, 250-104.0.186 

NTMum 39,3.293 -«.4 kß. 
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Selection of Initial Pressure in the Cylinder 

The initial pressure in the cylinder is selected proceeding 
from the following considerations. Obviously the greater Amm, the 
less the volume occupied by this cylinder will be, which is very 

essential if it is necessary to place a spherical cylinder in the 
design of a rocket of limited dimensions. 

It is possible to show that the mass of the spherical cylinder 
depends little on the initial pressure in it. Actually, the mass 

of the spherical cylinder ti with an average diameter d at a density 
of the material fe and thickness of the wall 6 will be 

(9.13) 

Since the thickness of the wall of the cylinder 

(9.14) 

where k — safety factor of strength; 
that 

^ “ ultimate tensile strength. 

«•—(9. IS) 

Expressing the diameter m terms of volume of the spherical cylinder 

and substituting value d Into expression (9:15), we will obtain 

Hi ( 9.16 ) 

Substituting Vn, from expression (9.11), we will obtain 

•• UiAwm (fê ▼ m)| * 
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or 

_ »♦«/».TTC- (9.17) 
Ptrnn ' 

From formula (9.17) It U clear that at the assigned pressure 
and volume of the fuel tanks Pt and V§ the mass of the cylinder 
depends only on the difference 

Fr*** ) 

and ratio c^Cg. with an Increase in these values are changed 
very insignificantly. For example, if 

##.m«b^+A^a»33+9->42 (•»(•*•.)] (4.12 Myh*!. 

that with a change in Am, from 280 to 320 [atm(abs.)] (27.4-31.4 MN/m2) 
quantity 0g will be increased by less than 1$6. 

Thus, an increase in initial pressure in the cylinder ft.™ 
essentially does not affect the mass of the cylinder and promotes 
a decrease in its dimensions. 

However, the greatest value of Initial pressure In the cylinder 
is limited by possibilities of servicing means. 

Th? Use of Heating of the Gas 

To decrease the necessary reserve of the gas in the cylinder, 
and, consequently, the mass of the cylinder itself, it is possible 
to use the heating of the displacing gas. The displacing gas is 

heated either in the heat exchanger by exhaust gases of the turbopump 
assembly (see, for example, the diagram on Fig. 6.3) or by heat 

entering into the wall of the chamber of the engine or by burning 
solid or liquid fuel in a special generator (Fig. 9.3). 

Let us determine approximately the necessary reserve of gas 
with the heating of it before the entering into tanks up to a 
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Pig. 9.3. Diagram of a gas cylinder 
feed system with heating of the gas: 
I — pressure accumulator; 2 — valve; 
3 — reduction valve; 4 — throttle; 
5 - tank with fuel; 6 - spark plug; 
7 — heating chamber; 8 - tanks; 
9 ~ valves; 10 — throttles; 
II — engine chamber. 

rmted temperature W The state of the gas m the tanks oan be 
determined by the equation 

(9.18) 

Having compared expressions (9.6) and (9.18), we will obtain 

(9.19) 

Substituting Into equality (9.8) the quantity of gas m the tank 
equal to Ouu Instead of 0,, after transformations taking into 
account expression (9.19) we will obtain 

r»»* 
—(H* A#|w.t) (9.20) 
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If the gas is heated by means of feeding to it a definite 

constant quantity of heat AQ (for example, in a heat exchanger), 

then approximately, disregarding losses of heat, the temperature’ 

of the gas in the tanks at the end of the operation 

With this Gt.w is determined by formula (9.19), assigning 

preliminarily the tentative value Tm . Determining in the first 

approximation rnojI. we correct the value Gt.** and obtained value Tna . 

By analyzing formula (9.20), we see that the heating of the 

displacing gas gives especially high gain at low Initial temperatures 

of the gas in the cylinder. Thus, for example, with the operation 

of the system according to the circuit of Fig. 9.8 the temperature 

of the helium in the gas pressure accumulator 3 is very low, since 

it is inside the tank with liquid hydrogen. Therefore, the heating 

of the helium even up to 300°K will allow decreasing its reserve 

by approximately 3-4 times. 

9*2 pf Propulsion Systems 
witn oas-PressurlzetTTêftd- 

Th®re^S a number of Propulston systems with gas-pressurised 
feed, m the book [25] typical examples are given of the application 

of pressurised feed in propulsion systems of aircraft accelerators 

and systems of surface-to-air rockets. Let us examine examples of 

the application of a gas-pressurized feed system in propulsion 

systems of upper stages of space rockets and m propulsion systems 
of spaceships. ^ 

propulsion System of the Second Stage 
with Gas-Pressurized Feed 

Figures 9.4 and 9.9 shows the general form and circuit of the 

propulsion system of the second stage of the rocket "Able Star" with 

a gas-pressurized feed system [15?]. The engine operates on 



r
l4r

Fig. 9.^. Propulsion system 
of the second stage of the 
rocket "Able with

pressurized feed.

Fig 9 b diagram of the propulsion system of the rocket 
"Abie Star": 1 - vent valve of fuel tank; 2 -vent tube;
5 — closing pneumatic valve; 4 — filter; 5 — line for 
servicing the tank of the oxidizer; 6 - checkvalve;
Y _ electropneumatic valve; 8 — line for servicing the fuel 
tank: 9 - fuel flowmeter: 10 - electropneumatic valve for 
controlling the main fuel valve; 11 — device for measuring 
pressure in the chamber; 12 — flexible tuel line; 15 — main 
fuel valve; 14 - flexible oxidizer line; 15 — main oxidizer 
valve; 16 - flowmeter of the oxidizer; 17 - flow-rate_ 
orifice cf the oxidizer; l8 — uncooled orifice; 19 — indica­

tor of the opening of the main oxidizer valve; 20 — check 
valve; 21 — pressure accumulator for opening of the valve 15;
22 - electropneumatic valve for controlling valve 15;
25 - cylinder with helium; 24 - reduction valve; 25 - servic­

ing valve; 26 — line for servicing cylinders with helium;
27 - vent tube of helium; 28 - vent tube of oxidizer tank;
29 - vent valve; 50 - differential pressure relay in fuel 
and oxidizer tanks; 51 - closing pneumatic valve; 52 - sensor 
of the quantity of oxidizer in the tank; 55 - filter;
34 - valves; 55 - oxidizer tank; 56 - fuel tank; 57 - collector,



" nitrÍ0 4Cid + mMG- As a displacing gas there 
u e helium, which is under a pressure of 300 kgf/cm2 (S7.4 m/m2) 

n three cylinders 23. The tanks are the carrier type and of 
combined construction. The system allows multiple starting and 
shutdown on command from earth. 

Basic Data 
Fuel. 

, .HNOb+HZIMr 
Thrust in a vacuum . 35?0 ± 100 kgf 
„ {^25,250 ± 981 N) 
Specific thrust in a vacuum.278 kgf.s/kg 

(2730 N-s/kg) 
Thrust coefficient . x 77 

Total impulse .1045.10? kRf-s 
d . (10.25*10^ N.s) 
Pressure in the combustion chamber .... 14.5 ± 0,4 tet/cm2 
„ , i1'**2 4 0.04 m/m2) 
huel consumption . 12_9 kg/e 

Relationship of components . 7-23 ±06 
Comb lex ß. .. 
. 157 kgf•s/kg 

(1540 N*s/kg) 
Time of operation . jqq 8 

°1Ven length .. 1270 mm 
Area of throat . 140 cnl2 
Expansion ratio . ^ 
Pressure on the section. 0-0294 
M ^ (298O N/n¿) 
Mass of propulsion system .4925 kg 
Mass of engine chamber.. kg 
Mass of valves . Q . 
Mass of the orifice .. ^ . 
w „ .. kg 
^86 °f fuel . 3850 kg 
Mass of helium . 13 3 kg 
Volume of cylinder with helium. 0.322 m3 

an englne Cha"ber 18 °f aluralnum tub« and is cooled by 
oxidizer. The coolant enters into collector 3., through the 

tubes goes toward the end of the cooled part of the nozzle and from 
here through the second system of tubes goes back, cools the nozzle 
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and combustion chamber and enters into the head (sesquiflow circuit 

of cooling). The thickness of the tubes is 0.9 mm. To the nozzle 

there is attached the orifice 18. 

With the starting of the engine commands are given for the 

opening of the electropneumatic valves (EPK) 22 and 7. Through the 

EPJC 22 helium, which is fed into the system from cylinders 23 

through the reduction valve 24, enters into the pressure accumulator 

21, approaches the main valve of the oxidizer 15 and opens it. 

With the opening of EPK 7 the pressure of helium Is fed to pneumatic 

valves 3 and 31, through which the helium enters into fuel tanks 

35 and 36 for displacing the components. The oxidizer from tank 35 

enters into the chamber of the engine with the full opening of the 

main oxidizer valve 15 there is sent the command for opening the 

EPK 10, after which the fuel pressure opens the main fuel valve I3, 

and the fuel enters into the ctiamber of "the engine. 

The fuel supply and oxidizer from the tanks into the chamber 

is regulated so that constant pressure in the combustion chamber of 

1h.5 ¿ 0.4 kgf/cm2 (1.42 ± 0.04 MN/m2) is maintained. 

To shut down the engine, there is sent a command for shutting 

the EPK 7, 22 and 10, after which main valves 13 and 15 and valves 

3 and 31 of the feed of helium into the tanks are closed. To 

prevent the destruction of the intermediate wall, which divides the 

capacity of the oxidizer and the fuel, the differential pressure 

relay 30 is set. When the pressure in one of the tanks becomes 

higher than in the other, the relay passes the command to the 

corresponding vent valve (1 or 29), and the pressure in the tanks 

is balanced. With repeated starting under conditions of zero gravity 

with the help of the special jet nozzles operating on gaseous nitrogen, 

little acceleration is imparted to the system so that the fuel shifts 

to the rear wall of the tanks. 
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Propulsion System for the Correction 
of Speed of a Spaceship

Figure 9.6 shows circuits and external view of a propulsion 
system for the correction of the speed of the spaceship "Pioneer-VI."

c)

Fig. 9.6. System for the correction of speed 
of the spaceship: a) circuit of the propulsion
system; b) circuit of one of the chambers; 
c) external view of the propulsion system;
1 - chamber with a nozzle directed along the 
flight; 2 — tank with nitrogen teti-oxide- 
3, 4 - pyrothechnie valves: 5 - reduction 
valve; 0 -pressure accumulator with nitrogen;
7 tank with hydrazine; 8 — chamber with a nozzle 
directed opposite the flight; 9 - injectors of thP

- catalyst; 11 - nickel 
grids; 12 — injectors of the hydrazine feed;
13 — compressed gas.
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The system has two chambers 1 and 8 which operate on products of 
the decomposition of hydrazine. The chambers are located along 
the longitudinal axis of the ship so that the nozzles of the chambers 
are directed in the opposite directions. The thrust of each 
chamber is 11.3-7.3 kgf (111-71.6 n) depending upon the boost 
pressure in the tank with hydrazine; the specific thrust 230 kgf.s/kg, 
(2260 N-s/kg), and the expansion ratio is 50. The propulsion system * 
should provide four puUes of thrust in the direction of flight 
and two pulses opposite it. The duration of every pulse is 
determined by the necessary magnitude of correction. The fuel 
reserve provides a maximum total impulse in the direction of flight 
of 3400 kgf.s (33,400 N-s) and opposite the direction, 12,200 kgf-s 
(119,800 N-s). 

The feed system is gas-pressurized. Compressed nitrogen is 
stored in two spheric pressure accumulators 6 with the initial 
pressure of U0 kgf/cm2 (13.75 MN/m2). with the output svf nitrogen 
the pressure decreases, and Into the device determining pulse width 
there is automatically introduced an.appropriate correction. 
Hydrazine in an amount of -80 kg is in the sperical tank 7.’ The 
initial pressure of the feed from the tank is 28.5 kgf/cm2 (2.80 MN/m2). 
For heating the catalyst 10 upon starting, nitrogen tetroxide is 
fed into chamber, forming with the hydrazine a spontaneously 
inflammable mixture. Nitrogen tetroxide is stored in four tanks 2 
with a capacity of 8 cm5 each. 

The sequence of starting and shutdown with every impulse of 
thrust consists in the following. By a signal of an airborn guidance 
system or from a ground station voltage is sent to the single-pass 
pyrotechnic valves 3 (closed prior to the signal) located on feed 
lines of nitrogen tetroxide and hydrazine in the chamber. Components 
with lead of the feed of nitrogen tetroxide of ~50 ms enter into 
the chamber. After the self-ignition of the mixture the nitrogen 
tetroxide continues to proceed up to the emptying of the tank in 
almost -200 ms. During this time the catalyst 10 is heated up to 
a temperature ensuring the decomposition of hydrazine. For a turned-off 
engine the voltage is fed to the single-pass pyrotechnic valve 4 
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(open before sending the signal), located on the line of hydrazine 

feed. Every feed line of the component can be used only once. 

Propulsion System of a Satellite 
Orientation System 

Figure 9.7 shows a circuit of the propulsion system of the 

orientation system of the piloted spaceship "Mercury,” operating 

on products of decomposition of hydrogen peroxide. The hydrogen 

peroxide is displaced by compressed helium from tanks 13 and enters 

into chambers of decomposition located directly in front of the 

controlling nozzles, in the chambers, due to the contact with 

the catalyst, decomposition of the hydrogen peroxide occurs. 

On board the satellite there are two autonomous systems. The 

first system (Fig. 9.7a) is switched on automatically with the help 

of electrically operated valves connected with sensors of the 

orientation system. For reasons of fuel economy this system can 

operate in conditions of high and low thrust. Under conditions 

of high thrust for pitch and yaw control engines 7 and 8 each 

operate with a thrust of llkgf (108 N) and for roll control - engines 

10 with a thrust of 2.7 kgf (26.5 N). In on conditions of low 

thrust for control on all three axes engines 7, 8 and 10 operate 

with a thrust of 0.45 kgf (4.41 N). Switching from one regime to 

the second occurs automatically. 

The second system (Fig. 9.7b) can operate in automatic 

operating conditions and in conditions of manual control. The 

transfer of the system from one operating regime to the other is 

carried out by control valve 11, which is controlled by the pilot. 

When operating in automatic conditions engines 7 and 8 operate with 

a thrust of 11 kgf (108 N) (for pitch and yaw control) and engines 

10 - with a thrust of 2.7 kgf (26.5 N) (for roll control). With 

manual control the pilot, with the help of throttles, can regulate 

the thrust of the engines 7 and 8 in a range of 1.8-11 kgf 

(17.7-108 N) and engines 10 in a range of 0.45-2.7 kgf 
(4.41-26.5 N). 



nr ir 

Mf//4^kk 

b) 

Fig* 9*7. Engines of the orientation system 
of the piloted satellite "Mercury;" a)'with 
automatic thrust control; b) with automatic 
and manual thrust control; 1 - cylinder with 
compressed helium; 2 - valve of servicing the 
C^lndfr* 7 filter; 4 — manometer; 5 - cut¬ 
off valves; 6 — safety valves; 7 ~ engines 
of pitch control; 8 — engines of yaw control; 
9 - electromechanical valves; 10 - engines of 
roll control; 11 - control valve; 1? - 
throttles; 13 - tank with hydrogen peroxide; 
14 - servicing valve of a tank with hydrogen 
peroxide; 15 — reduction valve; 16 — check 
valves. 
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Propulsion System of the Third Stage with 
Gas-Pressurized Feed 

Figure 9.8 shows a hydropneumatic and constructive diagrams 

of the propulsion system of the third stage of the rocket "Ofos" 

[Translator's note: name not verified; could be French] with a 

gas-pressurized feed system [152]. The displacing of the components 

is produced by compressed helium, which is stored in a helium 

pressure accumulator 5. To decrease the reserve of helium the 

heating of it is produced in a jacket of the combustion chamber 

(up to 100°K - helium proceeding for the displacement of liquid 

oxygen, and up to 300°K — helium proceeding for displacement of 

liquid hydrogen). In the propulsion system an engine with a plate 

nozzle is used. The time of operation of the engine is up to 

400 s. 

Basic Data 

Fue 1. 
Thrust in a vacuum. 
Thrust of the control engines in a 

fluorine + hydrogen 
3900 kgf («39,000 N) 

vr cuum 2 X 400 kgf 
(2 X 3920 N) 

Theoretical specific thrust in a 
vacuum.... 474 kgf*s/kg 

(4650 N•s/kg) 
Real specific thrust in a vacuum 

Relationship of the components.. 
Pressure in the chamber. 

Expansion ratio. 
Volume of fuel tanks. 
Volume of helium tank. 
Feed pressure in the oxidizer tank 

Feed pressure in the fuel tank 

(O.83 MN/m2) 

545 



<v

0> to +J c. 0> 1
c to •H x:

a' c . 4-> +j O'
c ■so

4 u- a>
w 1 ^■ o *♦

t: o
^ •».- •• 1 CD

V
1 1-4 ••^ (Jj •r-> Q-.

a' c' i.: r-1 > o
V-i ^ C -r-1 <P

.r-, a) T> ti.
1 ^ ■* CM c— c uj rn t. •r-t• • N', ;- .^.'-' ~ Ck^ •: -

o ..<■.. in o *' .
fr-. 01 X
c i) -r- a> U G

^ i; c to
r: + .' •H c

>;,! O’ w o !
<X' C -rt ■

Q’ ^ O cd 1 T
o x:
G ,C T’ o -=r

a- -p 05 s- v^ • •s
-id ‘f-- £4- 0) cv

O C2* Cl.
x: O P ::5 CO
4-^ « ^ 03 to o;

c :3 r—J C
Cl-^ --t os 1 N •rJ
o 0) ■*-•' £ N 4-

3 . p o O c
0) IV- vH C (1)

1 r-4 >
CO T5 u aJ <u

+-■ ■*H X.' id 1
w S3 - £3 c (d

O’ C ^-^ •H
'n ■H 0) 1.: CO X. xH
P nH . :3
•r- O c I •»

rH X OJ
p o-p

r*.
<u p s:

<v
• ^ rH <P

;■ c T-
••" .. O

OJ
a -o Q) ts'

0.4 ;5 t/j o >
O cr >. to 1-4 •tH

•H to Cd O
U CM f-i 4-^ > •H
0) f-H 4p >
4-- -,C o a' j. 5s
0‘J C) ■» ' 5-1 *r-^- 4- ’ G

+• <D CO
CO ^ C 1 Qh

f.; o Cd I

or
.

en nk C) 0^ CO
L"'

•r- Cd 1 vH
to 4- 4-' .X o>
fH a' 4-' C t • •s

id 1 •rH ■H to •
c. o (X »H Q>
o o ^ O •« CD X
^ s- CM 4J
rx 4-^ (D \H to <4H

rH ^ r <D >; o
<D O <D Oh CO

• :n x> e <1)
a. i cd Q. C K w C

• 1 rH •H CD C •r4
cr»T5 :3 P W T5 •H o

•H 5= cr o C •H
• :3 :3 0) 5h Cd 4-> tw c o T5 U

,H .H O >j CM B 0)
i'jL, r-H CO o x: rc a? CO

5^6



9.3. Reduction Valves of Gas Pressure 

Assignment and Classification of Reduction Valves 

Pressure reducers serve for lowering the pressure of the gas 

proceeding from the pressure tanks, in propulsion systems of a 

liquid-fuel rocket engine pressure reducers are used as reduction 

feed valves and as reduction valves of pressurization. 

Reduction feed valves serve for providing feed of components 

either directly into the combustion chamber (with a gas-pressurized 

feed system) or into a gas generator or ZhAD, which, in turn, 

provide feed of components into the combustion chamber. In this 

case the reduction valve is one of basic elements of the feed 

system. The accuracy of the operation of it governs the constancy 

of the flow rate of components into the chamber of the engine and, 

consequently, the constancy of operating conditions of the engine 

chamber. Therefore, the accuracy of operation of these reduction 

valves have very stringent requirements. 

Mfluctlon valves of pressurization serve to provide the 

pressurization of different elements of the propulsion system and 

also to feed the units of the control system of the propulsion 

system. The accuracy of the operation of these reduction valves 

does not directly affect the operation conditions of the engine 

chamber, and therefore the accuracy of the operation of these 

reduction valves have less stringent requirements. 

A lowering of the gas pressure in the reduction valve occurs 

due to the choking (throttling) of the gas during the flow of it 

from the cavity of high pressure into the cavity of low pressure 

through a cross section of small area formed by the valve and its 

seat. The essence of throttling consists in the fact that in the 

section between the valve and the seat owing to the lowering of 

the pressure, the gas acquires higher speed, and the energy of the 

pressure is turned into kinetic energy of the gas. Entering into 
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the cavity of low pressure, the gas Is stagnated; here the kinetic 

energy of it is lost to friction in numerous addles accompanying 

the deceleration of the gas. Therefore, with such deceleration of 

»the gas, the pressure of it is not recovered. 

For an ideal gas the stagnation temperature all over the flow 

remains constant, and, consequently, the gas temperature in the 

cavity of low pressure after deceleration of the gas should be equal 

to the gas temperature prior to the beginning of throttling. But 

since the real gas (especially at low temperatures) does not obey 

the ideal gas laws, then with throttling there occurs a change 

in temperature. For the majority of gases, including for air 

and nitrogen, the temperature of the gas drops; and for hydrogen 

and helium it Is Increased. 

The magnitude of lowering of pressure with throttling is 

determined by the dimension of the throttling hole between the valve 

and the seat. 

With the operation of the reduction valve, depending on the 

ratio of outlet pressure to the inlet pressure Pu two conditions 

of the flow of gas through the throttling section take place. When 

the sube ri tical outflow of gas takes place. When p»mtPn<ò*p there 

18 supercritical gas outflow. 

The basic elements of the pressure reducer arc*! 

a) a valve, which provides a change in the throttling section 

(valve 2 on Fig. 9.9 and 9.10); 

b) sensing device loaded on the one hand by the pressure of 

the reduced gas and on the other hand — by the force of pressure 

of the spring or controlling gas. 
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Properties of the reduction valve to a considerable degree are 
determined by what direction the valve of the reduction valve is 
opened. According to this criterion the reduction valves are 
divided into reduction valves of direct and reverse stroke.

In a reduction valve of direct movement (Fig. 9-9a.) the valve 
is opened in the direction of the force appearing owing to the 
action of the gas of high pressure (along the gas flow).

Fig. 9.9. Diagram of reduc­

tion valves of direct and 
reverse movement: a) reduc­

tion valve of direct stroke; 
b) reduction valve of reverse 
stroke; 1 — closing spring;
2 — valve; 5 — pusher; 4 — 
membrane; 5 — disk; 6 — main 
spring.

In the reduction valve of reveT-se stroke (Fig. 9.9b) the valve 
is opened opposite the force appearing due to the action of the 
pressure of high-pressure gas (opposite the flow of the gas).

With respect to the sensing device the reduction valves can 
be divided into bellows (Fig. 9.10a), membrane (Fig. 9.10b, c and d), 
plunger or piston (see Fig. 9.13a and b).

•)

Fig. 9.10. Different diagrams of reduction valves of 
reverse stroke: 1 - cavity of high pressure; 2 - valve;
5 - valve seat; 4 - regulating screw; 5 - main spring;
6 - rod; 7 - spring; 8 - throttling section; 9 - cavity 
of low pressure; 10 - bellows; 11 - membrane; 12 - hole 
(channel); 13 — cavity of low pressure above the valve; 
14 — gas cavity of pneumatic drive.
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Arran{!:ement and Operation of Reduction Valves

Figure 9.10-9,1:5 shows diagrams and cross sections of different 
types of reduction valves,

Heductio!. valve of reverse stroke. When the reduction valve 
does not operate, spring h (Pig. 9.10a and b, 9.11) is ii; a free 
state. The gas of high pressure enters into tiie cavity of iiigl'. 
pressure 1; the force of the pressure of tiie gas and the force 
of the action of sjiri7 press valve P +o seat 5, »iOt allowing 
passage of the gas through the valve. Witli tlio compression of the 
main spring ‘j — the reduction valve, l>y tiie regulat.irg screw there 
appears a force which through rod m is transmitted to valve 2.

{is eorvil tonally 
turned 45’’)

Fig. 9.11. Reduction valves of reverse stroke 
(for designations see Fig, 9.10).

The spring is passed down prior to the momei.t, until the force 
of pressure of it will lecome greater than the total force of spring 
7, the pressure of the gas in the cavity of higli pressure, pressing 
valve 2 to seat 5, and the pressure of gas in the cavity of low 
pressure on the working surl'ace (I,allows or meml rane). Here valve 2 
is opened, the gas passes through the throttling sect,ion R, the
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pressure of it drops, and the gas enters into the cavity of low 
pressure 9, whence through the outlet opening it is the direction 
to the point of destination. The greater the tightening of spring 
5, the greater is opened the valve of the reduction valve, the less 
the gas is throttled, i.e,, the greater will be its pressure after 
the reduction valve.

In the reduction valve shown on Fig. 9.10c and 9.12, the cavity 
of low pressure 9 by channel 12 in rod 6 is connected with cavity 
13, separated from the cavity of high pressure by membrane 11. Thus, 
forces of pressure of the gas on valve 2 are balanced, i.e., valve 
2 of the given reduction valve is completely or partially unloaded 
from forces of pressure of the gas (completely with the equality of 
the area of surfaces of membrane 11 and area of surfaces of membrane 
11 and area of the valve 2).

n

Fig. 9.12. Reduction valve 
(see Fig. 9.10 for designations)

The reduction valve not only decreases the gas pressure down 
to the necessary valve, but also is a regulator maintaining the



outlet pressure constant in spite of the fact th** ^ , 
in the reduction valve 1 e nr««B « 6 Pr©ssure 
decreases. ' ^ PreSSUr° ln the all the tlrce 

Actually, if, for example, the Dressur* in 
pressure 9 wm inorease hl h oavlty °f low 

the tightening of th. = . “ *sslene<J> determined by tightening of the spring 5, then the force eettn„ ™ *>. 
K becomes so great that it overcomes the for 0 * surface 

Then rrvi ^ *.u force of the sprint S 
men rod 6 together with valve ? moves upwards .no 5' 
section Is decreased The enters , “pwards> arid the cross 
decreases ont,, ,k entering of the gas into cavil y 9 
«coreases until the pressure Jn if u 
assigned. g ln becoraes eclual to that 

If the pressure In cavity 9 becomes lower than th»t .. , 
then the force of pressure on Q, r h th h asslgrieds 

Will decrease, and the spring ^ ^ ^0pp0s,te sprlnS 5 
» «lu une spring together with mn & u,i n 

wards, and together with It valve 2 will move n down- 

crosa section will be Increased the deg f ^ t0 thlS the 
the gas will decrease and the ' 1 ^ throt^ up 
j _ , ■ ana ‘he pressure of the gas In cavitv 0 
is again raised up to that assigned. m cavity 9 

Reduction valu* 0f cjirepf „ , 

lnt° VUy (P1S- S-1’)- Throi tllng”of thl gaT^T^T e*B 
throttling port 11 between valve 5 and Jive ^ ^ 
lowered pressure enters into the low press ' ^ °f 
there goes to the user m J , ' °iVlty 8 and fro1" 

according to the dlagmm of pi^ ^ operates 

a force acting on It on the elds or s^mgTend hll 
cavity 3 by means of the setting of two pistons g n in 
•nd 8 above pistons along channels 10 and 7 there’ ? 
the pressure of which unloads pistons 6. Proceeds the gas 

In reduction valves ouerafi«^ 
Fifí Q 1% f-K ^ perating according to the diagram of 
*16. 9.13b, the force acting on valve 5 on th* «ih , 
pressure of gas in cavitv ^ 1« th lde °f sPrlnS 2 and 
Piston 6, which by rod /is ^ t0 the pressure on 

xua y is rigidly .joined to valve 5. 
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Fig. 9.15. Diagrams of reduction 
valves of direct stroke: 1 - regu¬ 
lating screw; 2 - main spring; 3 - 
cavity of high pressure; 4 - valve 
seat; 5 - valve; 6 — piston (plunger); 
7 — channel of low pressure; o — low- 
pressure cavity; 9 - rod; 10 - channel 
of high pressure; 11 - throttling port. 

The distinction of the reduction valve shown on Fig. 9.13a 

from the reduction valve on Fig. 9.13b is that in the first one 

cavities of high and low pressure 3 and 8 consist of two parts 

united, respectively by channels 10 and 7; in the second reduction 

valve this connection is missing. 

The reduction valve of direct stroke operates in the following 

way. In the case of the excess of pressure in cavity 8 above the 

assigned and set by means of the appropriate tightening of spring 

2 the force on valve 5 acting upwards will increase; here valve 5 

is raised and the throttling port will decrease, which will cause 

a lowering of the outlet pressure up to a given value. In the case 

of lowering of pressure in cavity 8, valve 5 will be lowered, the 

throttling port 11 will be Increased, and the pressure again will be 

increased, and the pressure again will be increased to that assigned. 
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9A. ChamcteristlcB of Reduction Valves 

As was shown above, the pressure reducer of gas with Its correct 
arrangement Is the regulator of gas pressure at the outlet. But, 
just as the majority of the regulators, It operates with a certain 
Irregularity, 1 ,e., with a change in Inlet pressure into the 
reduction valve the pressure at the outlet of it changes. 

The dependence of outlet pressure a«» on inlet pressure into 
the reduction valve Am is called the characteristic of the reduction 
valve. 

The dependence of outlet, pressure from the reduction valve on 
the inlet pressure in the absence of the flow rate of gas is 
called the limiting characteristic.1 

Characteristics of a Reduction Valve of 
Reverse Stroke 

In order to determine characteristics of the reduction valve, 
i.e., to find the dependence of on ?«,,, let us formulate the 
equation of equilibr'um of mobile parts of the reduction valve with 
an open valve (see Fig. 9.10 and 9.11). Forces acting downwards 
will be considered positive and forces upwards — negative. 

With the operation of the reduction valve do^wards there acts 
only the force of spring h 

where Qg — force of pressure of spring 5 with a closed valve of the 
reduction valve in kgf; k2 - rigidity of spring h in kgf/cm 
(49 N/cm); h - rise of the valve in cm. 

The following forces act upwards? 

1. The force appearing from the difference In pressure on valve 
c?: 



AJ/, 

where /- - are* of surface of the valve on which acta the force 

of the difference in pressure of the high-pressure gas and the 

reduced gas. For the diagram of Fig. 9.14a 

4 ’ 

where for the diagram of Fig. 9,14b 

* *•;* . 

Fig. 9.1^. Determination of 
/- and /Wf . 

b: 

2. Force of pressure on valve 2 of spring 7 (see Fig. 9.10 

-». + *.** 

where ^ - force of pressure of spring 7 with a closed valve (fo 
of preliminary tightening) m kgf. kl _ riKldjty of 8prlng 7_l ' 

3. Force of pressure of gas In the cavity of low pressure t 
the membrane or bellows 

-A«*.. 

where — surface area of the membrane or bellows. 

•4. Force acting upwards due to the rigidity of the membrane 

-M. 
where *„ - rigidity of the membrane in kgf/cm. 

This force Is considered In the Installation of rigid metall’ 

membranes, m the case of the Installation of "soft" rubber or 



t 

plastic membranes, it is more convenient to consider their rigidity 

by the introduction instead of f* the given area of the membrane: 

inhere % - coefficient considering the rigidity of the membrane 
(see section 9.5). 

With equilibrium of the reduction valve the sum of all these 

forces is equal to zero, i.e., the equation of equilibrium of the 

mobile parts of the reduction valve will have the form 

-tti+M-âJI - aJ'.-O. (9.22) 

Denoting 

*«-*,+M**„ (9.23) 

we will obtain 

(9.2*0 

The magnitude of the rise in valve h is connected with the flow rate 

of gas flowing through the throttling section of the reduction valve. 

The area of the throttling section is equal to 

(9.25) 

where hx is determined depending upon the design of the valve. 

With the diagram of the valve shown on Pig. 9.Via, h ^ hj with 
the diagram of Pig. 9.14b x 
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Subsequently, for simplicity of enalysls we will examine the 

valve of the diagram shown on Fig. 9.Ua. In the case of a valve 

made according to diagram 9.14b, the order of the account does not 
change. 

The flow rate of gas through the reduction valve Is equal to 

(9.26) 

where and V«.. - exit velocity and density of gas at the outlet 

of the throttling section, respectively; 4 - discharge (flow) 
coefficient. 

Substituting Into expression 9.26 values well-known from gas 

TT0,6*"“' and fö)"’ after 8iœPle transformations we will 
obtain the following equations, which determine the flow rate of gas 

With suberltleal flow 

(9.27) 

According to the equation of state the specific volume 

Substituting Into equation (9.27) the expression for specific 
volume, we will obtain 

(9.28) 

Introducing the notation 

(9.29) 
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we obtain 

QwpM^il^^iiir Al. (9.30) 

Values of quantity depending upon Êm when k » 1.4 are shown 

in Pig. 9.15. ** 

Fig. 9.15. Dependence 4* 

Expression (9.30) can be rewritten in the form of 

G. (9.31) 

where 

AvyaA«. (9.32) 

Hence 

A«i. (9.33) 
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With supercritical flow 

or 

where 

He re 

whence 

(9.34) 

O-Arf *. 
Ml (9.35) 

(9.36) 

(9.37) 

Thus, under any conditions of the outflow of gas through the 

valve (subcritical or supercritical) movement of the valve Is 

determined by formula 

A 
(9.38) 

With this, however, quantity AR for the subcritical flow of gas is 

determined by formula (9.29); with supercritical flow Ak the 

quantity Is constant and is determined by formula (9.36). 

Substituting the obtained expression (9.38), which determines 

h, into equation (9.24), we will obtain the equation of the 

characteristic of the reduction valve : 
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(9.39) 

With the flow of gas through the reduction valve G 0, we will 

obtain the equation of the limiting characteristic: 

or 

(9.^0) 

Am »A.-9' 
A-/„ 

Jsxfa. 
'*-/« ’ (9JU) 

l.e,, the equation oi' a straight line. The flow of the characteristic; 

is shown on Fig. 9.16. We see that when G -* 0 with a decrease in 

inlet pressure the outlet pressure somewhat increases, Suc-h a form 

of limiting characteristic is typical for reduction valves of 

reverse stroke, and, as we will see further, very frequently takes 

place in reduction valves of direct stroke. 

It is obvious that the limiting characteristic: obtained from 

expression (9.^1) has meaning only up to point M, since from 

equality (9.^1) it follows that the left of M the outlet pressure 

Ay. becomes greater than the inlet pressure P«, which is impossible. 

Thus, in the case G -* 0 (infinitesimal flow) when A.<P.y,, the 

reduction valve is no longer the regulating element. The valve of 

the reduction valve is open completely prior to An»,, and through it 

there occurs a pressure drop of gas from the cylinder. Since with 

an infinitesimal flow rate the losses to drag are equal to zero, 
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then on section OM l.e., the limiting characteristic will 
proceed into the origin of coordinates at an angle of 45°. 

Let us examine what form the characteristic of the reduction 
valve will have at a certain finite flow rate of gas. As can be 

seen from equation (9.39), with the flow of gas the flow of the 

characteristic is still affected by a third member of the equation, 
«..ere the influence of it. on the change in Pmu* is opposite to the 
influence of the second member. With a decrease In A—^_ the 

influence of the third member is increased, and the characteristic 
all the more departs from the limiting characteristic. 

Thus, just as the limiting characteristic, the characteristic 
of the reduction valve with the flow of gas obeys equation (9.39) 
only up to a definite inlet pressure *>. somewhat higher than A.«,. 

As can be seen from equations (9.38) and (9.29), at values of*,. ’ 
close to *«,, in connection with the sharp decrease in A for the 

preservation of the assigned flow G it is necessary to provide great 
b»*c, i.e., large h. The biggest expedient rise of value ii 

determined by the condition that there is no meaning in making the 
area fm. larger than the area of the cross section of value f„. 
Consequently, after the opening of the valve prior to Am the 

reduction valve ceases to be a regulating element (point m on the 
characteristic). With this in the case of the further gas feed 
through the reduction valve, the valve of the reduction valve 

is opened completely and with a decrease in , there Is a receptive 
decrease in *m, and flow of gas G. The characteristic of the 

reduction valve from point m is already the characteristic with 
variable flow and proceeds into the origin of the coordinates. 

Let us determine the magnitude of the biggest expedient rise 
of the valve AMI for the simplest the diagram shown on Fig. 9.14a. 
Since 

^*9**tUM ** f M* 

. (9.42) 
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Assuming 

we obtain 

rfgj ä dgp. 

(9.^5) 

Similarly, it is possible to obtain magnitude *«„ for other 
diagrams of valves. 

Substituting hmt into expression (9.38), 
for the determination of prior to which 
correct. 

we obtain the expression 
equation (9.39) is 

(9.44) 

The greater the flow of gas through the reduction valve, the 
greater (other things being equal) the Influence of the third member 
on the characteristic. 

Characteristics of the reduction valve with different flow rates 
c are aa if inscribed into the characteristic when G - o. Thus, the 
meaning of the characteristic when G - 0 is the fact Hat u is the 

eharacterlstic of the family of characteristics of the 
reduction valve with different flow rates. 

Characteristics of a Reduction Valve 
of Direct Stroke 

The equation of equilibrium of mobiie parts of a reduction 
valve (see Pig. 9.13b) is formulated analogous to equation (9.22) 
and has the form * ^ 

where (. - surface area cf the piston (plunger). (A similar equation 

would be obtained for a reduction valve operating according to the 
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diagram of Fig. 9.13a). 

After simple transformations, taking into account equation 

(9.38) we obtain the equation of the characteristic 

(9.46) 

From a comparison of the obtained equation with equation (9.39), 

it is clear that their structure is identical; however, at the second 

member of the equation there appeared the factor 

Varying the value of the difference in areas of the piston 

and valve (/■—/««), we can ensure the obtaining of the characteristic 
which approaches most to the desirable one. 

Let us examine the flow of limiting characteristic (Fig. 9.17). 

We obtain the equation of the limiting characteristic from expression 

(9.46) when G 0: 

Pm(/m /*»)!• (9.47) 

Depending upon quantity the limiting characteristic will have 

a different slope. 

Fig. 9.17. Influence of 
the difference in areas 
(U-fmm) on the characteristic. 

When f«>/M the limiting characteristic will pass along OMNt. 

When f>-/M the second member is equal to zero, and the limiting 

characteristic on section MNn will pass in parallel to the axis of 

the abscissas. When fa<fM the sign of the influence of the second 

member will be changed, and the limiting characteristic will pass 

along OMNttf It is obvious that with limiting characteristics OMNm 
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and QAfJtfa the characteristic with any flow rate G will have the 

incident form OmmNm or OmuAfa (i.e. with a decrease in P»* the 

pressure P»*n also decreases). A greater possibility of the use of 

gas in a high-pressure cylinder is given by the characteristic of 

the form OmiA’i, i.e., it is profitable for us to leave a certain 

positive difference of the areas (fw—fm). 

The characteristic of the reduction valve (9.^6), just as the 

characteristic proceeding from equation (9.39)» follows the equation 

only up to a definite value of />•*«•. corresponding to the full opening 

of the throttling section. With a further supply of gas we will 

obtain a characteristic with variable flow (secti on mO) . 

Balancing of Reduction Valves 

In the example examined above the presence of the piston 

rigidly joined with the valve as if unloaded the valve from the 

influence of forces of inlet pressure. Such reduction valves are 

called balanced . 

The analysis conducted above of the reduction valve of direct 

stroke, operating according to the diagram of Fig. 9.13b shows that 

balancing improves the flow of the characteristics of the reduction 

valve. When we have full balancing, however, for the best 

flow of the characteristic it is advantageous for us to leave a 

certain instability of the valve. Balancing is used in reduction 

valves of reverse stroke. An example of a balanced reduction valve 

of reverse stroke operating according to the diagram of Fig. 9J0c 

is shown on Fig. 9.12. Balancing of the valve is achieved by the 

installation of an additional membrane 11 with area /„ and by the 

connection with the help of channel 12 of the cavity of low pressure 

with cavity 13. The equation of the characteristic of such a 

reduction valve has the form 

(9.^8) 
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where Q2 and - tightening of the main spring 5 and the spring 

of valve 7j k - total rigidity of the springs and membranes. 

By varying the difference in areas (fn-h), we can provide the 

desirable flow of the limiting and basic characteristics similar 

to the example examined on Fig. 9.I7. 

Use of the Gas Reserve in a Cylinder 

No matter how successful a reduction valve is designed, it is 

impossible to obtain such a characteristic of its operation, in 

which the outlet pressure would remain constant (within the accuracy 

of operation of the reduction valve) up to the equality pressures 
at the inlet and outlet. 

Always at any PnMm>p»*n the pressure Am starts to decrease. 

Thus, we cannot use the whole reserve of gas in the cylinder. 

The quantity of underused reserve of gas is determined by the 
quantity 

Pmmtm~ P"*' (0.49) 

Quantity App»a can be determined from the graph of the characteristic 

of the reduction valve (Fig. 9.19). The less the quantity Apm, 

the better the use of the gas reserve from the cylinder. 

Fig. 9.19. Determina¬ 
tion Of Aft.* . 

The ideal characteristic of any reduction valve would be the 

characteristic on which at the assigned constant flow rate G, 

independently of the change in inlet pressure P»* there would be 

ensured a constant outlet pressure Pam. Above it was shown that 

the flow of the characteristic is influenced by the second and third 

members of the equation of the characteristic (9.39) or (9.46). 

rilÜüÈ 
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Since with a change in Pm these members are changed according to 

various laws, obviously, it is impossible to obtain a characteristic 

with constant *•« (ideal characteristic), and therefore the problem 

is to obtain a characteristic as close as possible to the ideal. 

For this the design elements of the reduction valve (membrane, 

spring, piston, dimensions of the valves, etc.) must be selected 

in such a manner so that the change in elastic forces of the action 

of the springs and membrane (last member of the equation) in the 

very best manner would compensate the influence of forces of pressure 

Let us examine how the different parameters of operation of 

the reduction valve influences its characteristic. 

Influence of the Change in Inlet Pressure 
Pm on the Change in Pam 

Let us examine, first, how the change in inlet pressure Pn 

influences the amount of deviation Pam from the assigned nominal 

value Pfeust, i.e., the quantity 

^Am Pawt ~ Ptm •• (9.50) 

It is obvious that quantity Apau« determines the quality of our 

characteristic. The most desirable is the characteristic for which 
Apau* is equal to or close to zero. 

For this let us write the equation of the characteristic for 

any fixed value of inlet pressure Pm, at which the outlet pressure 

is equal to Pawn. (Subsequently, for concreteness, we will examine 

the equation of the characteristic (9.39) as more the general 

one, although the whole analysis, of course, is correct for the 

characteristic of any reduction valve). 

/i/m-* 

( 
(9.51) 
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To determine àpnu we will subtract term by term equation (9.51) 
from equation (9.39)# and then 

or 

where 

A Ab«" *Pmmt ~ 

àtmmx' 
Ai”/m ' 

(9.52) 

(9.53) 

(9.54) 

AAmü* 
(9.55) 

Let us examine the change in 6p»n with a change in Pm. 

1. The influence of the change in pM on ApBHn. 

Equation (9.54) is an equation of a straight line. When 

Pm-Ami AAm.-O; 

when pm~pmm» 

APbii—/M, 

The dependence àPBuatmf(Pu) is shown on Fig. 9.19 by the straight 

line anb. 
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2. The influence of the change in Pn on Apmni. 
When Pm~P*t 

aahi-Q: 

when Pm-Pmnm 

zr- ••i l j Fvmmt* M I * 

when fc-** 

A» 

The dependence Apsmsi,b/(Pm) is shown on Fig. 9.19 l*y lhe curve end. 
Since in equation (9.93) signs of the influence of V«, and Jkj»M, on 
quantity 4/»»m< are opposite, then it is obvious that the shaded 

region between lines end and anb is in the corresponding scale the 

diagram of the change in A/Umi“Aliusi—Apamt . The outlet pressure from 

the reduction valve Pnn is assigned with a definite allowance 
APaui« for the deviation from that assigned: 

Pma"* PwmO "h AlawH). (9.%) 

Quantity Aiiuio is determined by the assigned requirements for 

operation of the reduction valve. The given magnitude of the allow¬ 
ance for the deviation of P»ut from P*m«o for the given reduction 
valve determines the largest j>Ht and least P»%t of inlet pressure 
at which the operation of the reduction valve satisfies the 

presented requirements. For the reduction valve of direct stroke, 
which operates according to the diagram of Fig. 9.13. 

APmn ' '¿P—) -! \1 

I VTfcr.vfelj' 
(9.57) 
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An analysis of this equation, similar to the aforementioned analysis 
of equation (9.54), shows that In this case the Influence of An on 
AO.», is expressed by the graph of Pig. 9.19. only in a different 
scale. 

Influence of the Surface Area of the Sensing 
Device (Membrane, Bellows, Plunger) 

Por a reduction valve operating according to the diagram of 
Pig. 9.10, this Influence Is obvlcus: the greater the quantity 
f„ other things being equal, the less the values of quantity 
A*.. (9.52). Thus, an Increase In P, Increases the accuracy of 
operation of the reduction valve or at the assigned accuracy 
Increases the permissible range of pressures of gas at 
which the reduction valve provides the assigned outlet pressure, 
l.e.. Improves the use of the reserve of gas In the cylinder. For 
reduction valves operating according to the diagram of Pig 9 13 
the influence of the area of the piston or plunger Is expressed ’ 
in the difference (!■—/„) in equation (9.57), 

Influence of Dimensions of the Valve 
of the Reduction Valve 

For reduction valves operating according to the diagram of 
Fig. 9.10, the influence of the change in fiw on quantity (PM—/„) in 
equation 9.52 can be disregarded, since for such diagrams /«.«F, 
The influence of dimensions of the valve on i*., (or *») is reflected 
through the influence of /., on Aamwi and S„ on (9.54) and 
(9.55). With an Increase In /„ the change In Agnui-ftfu) wm ,.33 
more steeply along straight line a'nb' (Fig. 9.20). with an 
increase In <„ the change ln V.«,: will pass along curve c'nd'. 

Values Aamu-Sam,,with an Increase In 4, (0r <(„) 
were Increased, l.e., the value of the greatest deviation of outlet 
pressure from the nominal value a», was Increased : the accuracy 
of the operation of the reduction valve worsened. Consequently, In 
a reduction valve of reverse stroke a decrease In dimensions of the 
valve increases the accuracy of its operation 



I 

Pig. 9.20. Influence of 
dimensions of the valve of 
a reduction valve and 
rigidity of springs and 
membranes on a*»« . 

For reduction valves operating according to the diagram of 

Fig. 9.13» the influence of the change in dimensions of the valve 

is reflected by the factor l//M in equation (9/)7) and by the 

influence of dtp in the second member of equation (9.97). The change 

in /m in the first member of equation (9/37) does not affect Ap*«, 

since with a change in ftm for the improvement of the characteristic 

it is necessary to change U accordingly. The main influence of 

dimensions of the valve on Apn is produced by the factor l//M: 

the greater /»«, the less Apnu. Consequently, the accuracy of the 

operation of reduction valves operating according to the diagram 

of Fig. 9.13 increases with an increase in dimensions of the valve. 

Influence of the Rigidity of Springs 
and the Membrane 

The influence of rigidity on A/w is reflected by the second 

member of equation (9.92) or (9.97). With an increase in k the 

change in Apailst will pass along curve c"nd" . Here, as one can see 

from Fig. 9.20, the magnitude of the greatest positive deflection 

+Apmu will decrease. 

9.5. Design of Reducing Valve 

The main requirement of a reducing valve Is that pressure of gas 

as it leaves the valve will remain within assigned constant limits 

and will not depend on inlet pressure. Therefore, the design 
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eh a valve consists in selecting those dimensions of structural 

elements wMeh win tost provide mutuai compensation of the Influence 

of second and third members of the equation of the cha„cteristic 

¿ave l ™rt^r In T“1" PneU“tlC systems these valve, 
shlto^f eqUire°ent °f ‘^««»tness of the throttling section 

"i" “ " --- - 

reducer; ^031°08 °f throttlln8 action and valve of the 
* 

b) necessary force of springs and their rigidity; 

theirCLld1nnSl0nS,0f dlaphrag,n or 'x’110''6. Plunger, piston and tnelr rigidity or given surface. 

If a valve is balanced, it is necessary to determine the 

sree of instability as the difference of areas (/_,„» or 

Design of the valve is carried out in the following order: 

1. we determine dimensions of the throttling section and valve, 

2. We determine the compression force of springs of the 

e ucing valve and dimensions of the diaphragm, beliows or plunger. 

3. Knowing the force of springs anH 

ru»r:' °r --- ™ 
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Dimensions of Throttling Section and Valve 
*# 

The design conditions for determination of dimensions of the 

throttling section will be those conditions for which the dimensions 

of the throttling section, the opened valve, should be the greatest. 

Such conditions are met upon termination of work of the 

reducing valve. At this instant the pressure of gas entering the 

reducing valve P.«— will be least during the whole period of work 

of the valve, but its specific volume will be the greatest. Speed 

of flow of gas through the throttling section in this period will 

be least, since the pressure drop will be least. Here, pressure 

of gas on the entrance section according to expression (9.49) will 

be 

Pm + AP|*v 

Value Aft«, the value of which is unknown, must be assigned. 

At high pressures on the outlet (for example, during pressurized 

feed) 
ApH.-(o,as-o,5)^. 

At low Ph« (for example, during pressurization of tanks) 

APm«-*<2-10>P«v 

Area of the throttling section is determined by equation 

(9.25) (when *,-«): 

Substituting h from (9.53). taking equality (9.32) into account we 

obtain the calculation formula: 

„ o 

M» 
(9.58) 

where A* is determined depending on the value of ratio Pwi/Pna» 

by formula (9.29) or (9.36) or from graphs of Fig. 9.15. 
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Discharge coefficient must be assigned: 

p—0,65—0,8. 

If gas passes through the reducing valve for displacement of 
components from tanks and we know the free volume of tanks , 

pressure and temperature in the tanks A and f* then obviously, 

c-l,~Ã :(9.59) 

and then ■*' 

ft 
(9.60) 

Knowing value /wo«, we determine d«* and h. in accordance with 
the influence of valve area on ¿Am. examined above, for reducing • 
valves working according to Pig. 9.10, d*, is selected as small as 
possible (3-8 mm); for reducing valvçs represented by Fig. 9.12 
value dM is selected larger (15-40 mm). Width of the valve seat 
6 = 0.3-0.5 mm. ...- 

Determination of Force of Springs of Reducing 
Valve, Dimensions and Rigidity of Springs 

and Sensing Devices 

The compression force of a valve spring (if the valve has one) 
is either assigned within limits of 2-15 kgf or is calculated from 

the condition of maintaining airtightness of the valve. Moreover, 
the valve must be pressed to the seat with a force for which the 

specific pressure of the valve on the surface of the seat will be 

greater or equal to specific pressure of airtightness ft*», quaranteeing 
the required compactness of valve shutting. Value fe» Is determined 
by the material of the valve and packing, and also the difference 
in pressures before and after the valve at which airtightness 
must be ensured. 



Figure 9.21 gives the necessary specific pressures of airtightness 

for various materials of the valve and packing. 

fmN 
M 

3U 

m 
m 

— 

t 

J 

<1 ' *9 SO h rén VM 
(fe-AM)!'«*-* 

Fig. 9.21. Least specific 
pressures of airtightness 
for certain materials: 
1 - fiber, hard; 2 - fiber; 
3 - ebonite, 

Depending on the selected (for assigned materials) necessary 

value a««« in kg/cm (or N/cm2), it is possible to calculate the 

force of a spring Q^. 

Pressure of airtightness 

ma. (9.61) 

where - surface area of contact of valve seat with valve 
in cm . 

Force of spring Qx is found from equation 

(A. •*-**«). (9.62) 

whence, taking relationships (9.49) and (9.61) into account 

M« “ /(9.63) 

Value Fm of the surface area of the main diaphragm or bellows 

is assigned. fm is proportional to the precision of the reducing 
valve. However, besides precision of the valve, during selection 

of Fm the permissible dimensions and mass of the valve are still 

governing factors. During determination of dimensions of the 

piston U or auxiliary diaphragm fm for reducing valves with balancing, 

for improvement of the characteristic we select rf, (or dm) greater 
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or less than 4« by a factor of 0.2-1.5#. • 

Compression force Qg of the main spring of the reducing 

valve is determined from the equation of equilibrium of forces 

(9.22) or (9.45) at the time of opening of the valve, i.e., when 

rise of the valve h « 0# 

Since the characteristic of the valve always passes lower than 

a limiting value, sonetimes after its design it becomes necessary 

to correct the compression force of the main spring, increasing 

it by 5-10 kgf. Therefore, during design of a spring the value of 

the calculation force on the spring is selected somewhat greater 

than the force obtained from formulas (9.22) or (9.45). 

Dimensions of springs and their rigidity are determined by 

proceeding from structural considerations and using the usual 

formulas used in designs of machine parts. 

Rigidity of metallic diaphragms is calculated or determined 

from experimental graphs built for every given type and material 

of a diaphragm. 

Rigidity of "soft" rubber or plastic diaphragms is considered 

by introduction, instead of Fm of reduced area 

(9.64) 

Value «. for diaphragms with protective disks or without them 

(see Pig. 9.10b, d) is determined by the formula 

™['+î+(^n (9.65) 

Por bellows it is possible to take •* = 1. 

After determination of all design parameters of a reducing 

valve from the equation of the characteristic we check whether the 

valve satisfies the assigned work conditions. For this, assigning 

57Î5 



Mm Pip mmummsBTiTiïss. 

i 

a series of values pM (usually with an interval of 20-50 [atm(abs.)]), 

Pbui is calculated. If values ßmn do not emerge from the assigned 

limits, the design is considered completed. If however the character¬ 

istic of the valve emerges from the assigned limits, then, following 

the Influence of parameters on the characteristic described above 

design parameters of the valve are corrected and the calculation 

is repeated. 

Real Accuracy of Work of a Reducing Valve 

Accuracy of work of a reducing valve is determined by value 

±APmu* During work of the valve the real amount of deviation of 

outlet pressure Apraui will be greater than the theoretical value 

áhm obtained from calculations. The cause of deviation consists 

in the impossibility of absolutely precise manufacture of components 

of the valve and precise adjustment. 

Depending on class of accuracy of manufacture of the valve, 

real deviation can be estimated by value 

4P«,,+(0,5-^ 1,5)(. (9.66) 

It is also necessary to consider that the value of outlet pressure 

Putt is influenced also by temperature of the valve, since a change 

of temperature changes mechanical properties of resilient elements 

of the valve and their dimensions. 

Example of calculation of a reducing valve 

Calculate a reducing valve for reduction of pressure of air 

passing from the bottle with an initial pressure of 300 [atm(abs.)] 

(29.^ MN/m ) to a*. * 34 [atm(abs.)] (3.33 MN/m2). 

Plow rate of air through the valve is G - 400 g/s. With a 

decrease of inlet pressure to ».«. . 45 [atm(abs.)] (4.41 MN/m2) 

calculation deviation of outlet pressure must not exceed 

±0.5 [atm(abs.)] (0.049 MN/m2). At the beginning of reduction, 

temperature of a gas in the bottle is equal to 18°C.- 
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Solution. We determine the throttling section of the valve 
by formula (9.58): 

We set 4 = 0.8. •or 

*4 A__ 

on the graph in Pig. 9.18 or by formula (9.29) we find 4» = 19, 
Considering n = 1.25, we find rM<M. by formula (9.1): 

Mi-L 

Tn 1. - rr<„ - ^ j ’ » 199* K 

Hence 

famm' 
•.4 
«3 - -0.^10-4.2.0,502 M* 

•.••1.9 

We take the diagram of the valve of Pig. 9.12a with valve 

diameter =* 18 mm. We consider 

We then determine the force of the spring. Por Improvement 

of the characteristic of the valve we take plunger diameter * 

0.3J6 greater than .... 1.,.. d . 18.05 mm. We determine the necessary 

force of the spring In the absence of flow. 1.,., when h - 0: 

Q ™ Attl/u + ■*! (/, —/M) u. 

4 +aoo"4"<1 .«»‘-1.8*)-90.7 k*(M0n). 

The spring Is calculated for a force Q = 90.7 kgf2 (890 N). 

SP,ring 18 elUCOn Steel 60C2', For 11 hgf/mm2 
(736 m/m )j shear modulus a . 800 kgf/mm2 (7850 MN/m2). 
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We assign spring index c = D/d = 5. For c = 5 coefficient 
k0 = 1*3. Diameter of a turn of the spring 

4-1,8 yf -^--^4.48 M. 

We select d = 4.5; D = c*d = 22.5 mm. 

V7e assign spring rigidity k = 5 and determine the necessary number 
of turns 

I <**' M00 4.8« 
8*0» 8^22.41*7,1 

We select the working number of turns i = 7. 

Let us definitize the value of spring rigidity 

. 04« WOQ.4.84 . „ . 
U3H ^8-22,84^7HA»). 

From equation (9.46) we calculate the characteristic of the 
reducing valve. The calculation is given in Table 9.2. 

Table 9.2. 

1 

Î 
* « 

* l 
1 

X 

¿t- 

fi 
Tj 
IÍ X 

a 

« 

1 
$ 

-M 
1 

i 
1 2 3 4 8 6 7 8 9 

800 

220 
180 
140 
100 
00 
40 

4.24 
8.678 
8.11 
2.848 
1.88 
1.418 
0.848 
0.886 

0.1138 
0,131 
0.1818 
0.189 
0.243 
0.31 
0.867 
0.786 

2.14 
2.14 
2.14 
2.14 
2.14 
2.14 
2.13 
1.88 

8.37 
8.87 
8.37 
8.37 
8.37 
8.37 
8.34 
4,72 

291 
284 
273 
262 
250 
234 
212 
180 

0.682 
0.748 
0.861 
1.032 
1.30 
1.786 
2.78 
4.87 

88.700 
86.28 
86.720 
67,123 
67,42 
67.828 
87,072 
88.864 

38.68 
83.0 
34.05 
84.2 
34.32 
84.4 
84.2 
33.6 
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Graphically, dependence a....«,.., ls represented In Fig g ss 
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Fig. 9.22. Example of 
characteristic of a 
reducing valve. 
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9't>- Pl5Pfagement Supply s 
w: an stems 

It 1sBpeos1snSie00toPreSSed1gaS’ f0r dlsPla=^ components from tanks 

a burn Ta - “ h0t e0"ta8tlon obtained during 
gas generator oí solid or liquid fuel Surh 

ators we called solid fuel nroac, ' * UCh gas Sener- 
fuel pressure ac^iators ^^^-SSSHSSlators (PAD) or 11^ 

with ZT*™ We dlStlnelllSh 0£^ure feed systems with PAD or 

Supply System with PAD 

Besides application of PAD as a driv* u 
and, in the first m« d 1 f turbopump assemblies 
assembUes ! 6’ SS * fOT of turbopump 

pressuTLd rT" PAD are USed 88 SVen the baSi0 u"“ °f * 
ahown in 111 TT\ elenentary dla^a” °P »uch a system Is 

g. .. .¿J, where components are displaced from tanks 
by combustion products of thQ tanxs 
in the PAD . generated during Its combustion 

Fig. 9.23. Diagram of 
displacement with PAD* 
1 - starting PAD; 2 -'PAD; 
p J^flcctors; 4 — tanks; 

Chamber/™®”8'' 6 " engine 
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j Tlie advantage of a system of supply with PAD as compared to 

a gas-pressurized system of supply consists in structural compactness 

and several excellent weight characteristics. 

i 

However, a great deficiency of such systems is the difficulty 

in obtaining stable and reliable characteristics of their work. 

Characteristics of a system of supply with PAD are greatly influenced 

by changes of external conditions, since there are changes in laws 

of burning of the powder as well as conditions of heat radiation from 

powder combustion products to the environment, to structural 

elements and to displaced components. Furthermore, during supply 

with PAD, in the tank of the oxidizer after-burning of combustion 

products occurs since usually the powders contain a surplus of 

combustible elements. Moreover, the flow of the afterburning process 

considerably depends on different accidental factors (for example, 

burst of components, their temperature, etc.). All these factors 

very much lower the reliability of work of the system, as a consequence 

of which pressure feed systems with PAD are not widely used. 

Examples of installations having displacement systems with PAD are 

the propulsion system of SAM "Typhoon” [25], the ampule propulsion 

system of the rocket missiles "Sparrow" and "Bull Pup" (see Fig. 9.31); 

and also the propulsion system of the first stage of "Diamant" 

(Fig. 9.24). 

The engine of "Diamant" works on a fuel of nitric acid + turpen¬ 

tine. Thrust of the engine «28 t (275 kN); time of work is 88 s. 

Unit PAD 11 for displacing the fuel is placed in the oxidizer tank. 

• From PAD through pipelines 13 combustion products of the powder 

displace fuel from tanks of the oxidizer and fuel, where nitrogen 

is also used for rotation of the airborne ac turbogenerator at 

400 Hz. 

Properties of powders 

For creation of PAD it is most difficult to ensure constancy 

of the flow rate of powder gases at assigned pressure. 



Fig, 9.2^4, Propulsion system of first stage of "Dismant" rocket:
1 — liquid-fuel rocket engine; 2 — gimbal thrust pad of liquid-fuel 
rocket engine; 3 — hydraulic drive for control of rocket pitch and 
roving; ^ — fuel pipeline; 3 — telescopic connector; 6 — pipe 
connection for servicing; 7 — oxidizer pipeline; S — fuel tank;
9 — ! ottom of oxidizer tank; 10 — oxidizer tank; 11 — PAD for fuel 
feed; 12 — charge of solid fuel PAD; 13 — pipeline to oxidizer 
tank; lA — hole for entrance of gaseo into oxidizer tank;
15 — steering for i-oll control.

As it is known, powder does not burn in a mass but in parallel 
layers from t)ie surface. In order to obtain uniform burning of a 
powder cartridge in time, and consequently also constant liberation 
of powder gases necessary for uniform displacing of fuel from tanks, 
it is necessary to liave a constant combustion surface. For this 
so-called restricted turning grains are used, part of the surface 
of wliich is covered t)y a composition which does not allow burning. 
Therefore, burning of a restricted grain can occur only on the open 
surface.
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If it is necessary to have uniform burning in time of a powder 

grain, ends of it (one or both) are left open (unrestricted). For 

such a grain the surface of burning remains constant and equal to 

the area of the end (Fig. 9.25a). Consequently, the quantity of 

powder burning per unit of time Gn remains constant. 

Figure 9.25b also shows a restricted grain with a nonuniform 

surface of burning which increases on account of an increase in 

diameter of the burning surface. 

Fig. 9.25. Restricted 
burning grains: a) with 
constant surface of burn¬ 
ing; b) with variable burn¬ 
ing surface; 1 — armoring; 
2 — burning surface. 

The burning rate of a powder in the first place is determined 

by the pressure at which combustion occurs . 

For the majority of powders the dependence of burning rate u 

on pressure can be determined in the form 

(9.6,-) 

where p - pressure in kgf/cm2; ^ - burning rate of powder in 

cm/s at a pressure of 1 kgf/cm2, depending on the composition of 

powder; v - exponent depending on composition of the powder (v < 1). 

[22] T[i47^rnlng rate °f POWder a;LSO dePends on its initial temperature 

••-•“TTtr-r,» • (9.68) 

where u^q -- burning rate at assigned initial temperature T ; 

T - temperature of powder; B - physicochemical constant characterizing 
a given make of powder. 
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Values of 
certain other 

burning rate u^q, exponent v, constant 1/b and 

parameters of burning of powders are given in Table 9.3. 

Table 9.3. 
[22], [27], 

Indices 
[147]. 

of burning of certain powders 

Mak* of powdor 

1¾ T 
l-5 

li 

Iis* 

i* Is B 

% 

irAUs;, 

^iln 

î 

Uibaolo, typo 
H, »1-2, T-6 

Olbooto, typ« 
M-8, Í-5 

IP 

IPN 

Mixturo with KCIOj 
typ«A2T 

Mlxtjro with 
NH4«04, typo AP 

Mlxtiro with 
NH^NOs, typo AN 

2200-2300 

3100—320Q 

3100 

3100 

1800-2100 

1500—2500 

1500-1700 
1755 

88000 

100000 

100000 

51000- 
50000 

60000- 

90000 

58000- 
66000 

0,700 

0,885 

0.832 

0,879 

0,6 

0,69 

0.71 

0,69 

0,0038 

1.24 J 0,7 

0.005 

,0038] 

0.002 

2.2 

0.4 

0,4 

0,5 

1.6 

1.0 

1.60 

1.61 

1.77 

1.75 

1.55 

10 

15 

20 

50(70) 

14 

7 

3.92 

1.47 

1,96 

4.9 
6.67 

1.375 

.687 

When selecting fuel for PAD It Is desirable that It have, first 
a low combustion temperature, since this decreases heat radiaWon 

from combustion products. This facilitates conditions of work of 

a“cer?r Îeated by COmbUStlon Produc^ (tanks, pipelines, 
ves etc.), and eliminates the need of providing special cooling 

of combustion products. Furthermore, desirable properties of the 
el are inertness of combustion products with respect to displaced 

components, low sensitivity of fuel to changes of initial tempera ures 
and the absence of solid particles in combustion products. 

In PAD both dibasic, and mixture fuels are used According to 

“•* “ *• •*■«... » .».„srr 
ratio of the binder and oxidizer or inclusion of organic substances 

ke dicyandiamide and ammonium oxalate the combustion temperature 
pow ers of experimental brands can be decreased to 930°C 

Figure 9.26 gives graphs of the change of combustion temperature 
depending on the content of binder and trigger additions. 
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Fig. 9.26. Influence of 
including, in composition 
of fuel, different cooling 
additions (A, B, C) in a ë 
quantity of 10$ on the 
theoretical combustion 
temperature of the fuel; 
^ ” fuel without cooling 
additions. K 

Types of PAD 

According to their principle of action, powder pressure accumula 

tors are divided Into supercritical and subcrltlcal. By use PAD 

can be divided into basic and starting. 

On Fig. 9.27a is a diagram of supercritical PAD. in durable 

body 1 is placed a powder cartridge 2 (or set of grains) of slowly 

burning powder. When starting the engine these grains Ignite with 

the help of Igniter 3, consisting of smoky rocket powder or a 

thermite mixture. Ignition of the Igniter Is produced with the help 

of an electric current. As a result of burning of powder gases at 

high temperature and pressures are formed which pass through 

throttle nozzle A and tube 5 and enter fuel and oxidizer tanks. 

The basic principle of work 

that the ratio of feed pressure 

A is less or equal to critical. 

of such PAD consists of the fact 

Pt to Pressure in the PAD chamber 
i.e., 

tn) 

« 
nr 
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With such a pressure drop in the throttling nozzle rrinn-i 
speed of now of the powder gaeee is attained ' #1 

In view of the need for a great pressure drop pressure in 
upercritical PAD reaches 200-250 fatm(abs.)] («20-25 MN/m2) that 

—rrr- ^ °r 

use only astahestani«ngTunirr°re' “ «"d 

there1? COntraSt t0 ^P^^itioal, in suboritioal PAD (Fig 9 a7bi 
there is no throttling nozzle. The differs* , g' 9’ ?b) 
päd -t 4. , a ine aiiference in pressures in PAD and in tanks (pm~~pt) is smell ana . . , 

. -, 18 sma11 and is determined bv losses ir. pipeline system y xosses in the 

pad * Pn is io«, ^i^s^rriert^rrof 

•—-7;: eZr7;:rPrur;:"in the—- 
pi eventing an increase of pressure above assigned in 

subcritical PAD it is necessarv tn m« assigned, in 

serves to .ettison of surplus^ol^ ^Itt"1” 6 

strives'to^reduce^he [ZTZ^T ^ ^ °ne 

i.e., the time it taKes pressure " ta^^^o^aoTn^^ftr10"6’ 

oZZZlpïlinll XTS the free VOlUme °f tankS and «»»"«ons 

system thL time'shour^ee“": ITT “ Pr0PUl6i°n 
Therefore in systems with Pûn k 4 *5 ^depending °n construction) 

.h additional a startlnu pad MD there 18 —Uy 
starting pan starting PAD, working at high pressure. The 
starting PAD serves for rapid filling of th* 
and gas pipelines. free Voluœe of tanks 

The charge of the starting PAD lo-ni+oo r 

With the help Of an electric s^rk. 8 ^6°181 Char8e 



Depending on tine of work of PAD and combustion temperature of 

powder the basic PAD working to displace components, can be cooled 

S tartina 0pAnd ' w ^ USU*lly by °ne of the «»Ponents. 
Starting PAD work a very short time and therefore are not cooled. 

the dr1"6 Wrk °f MD °n POW'SerS Wlth hlgh combustlon temperatures, 
to th i' " temperature of combustion products by heat radiation 

r rVlrent’ elementS °f oonstr"otlon «ns liquid components TL I Z Theref0re ln Cert*ln products of combus- 
lon of PAD are cooled by way of heat removal from them by evaporation 

Of sublimation of specially introduced coolants. 

fr™ PsnF1!' 9-20 18 a dlagram °f OOOUng of Products of combustion 
from PAD, by sublimation of the coolant. High temperature 

combustion products from the PAD enter multichannel filter 3 

mr: fr°" “ °Xalate’ aS a reSUlt °f PuCliOktion of 
which, the temperature of combustion products drops to the required 

Pig. 9.28. Diagram PAD with 
device for cooling combustion 
products; 1 — powder charge; 
2 — hot combustion products; 
5 - multichannel filter with 
coolant; 4 -- cooled combustion 
products. 

Calculation of PAD 

During work of PAD in the "pipelines - tanks" system the 
following phenomena occur; 

tanks Eherne T“8 C00lln<! 0f hot powder «*ses In pipelines and in 

construct ::: heat radiation to tha —• 

powder2'gasE::TZ.0f U,Uld 0OnlP0nent8 ^ PartU1 SOlUtl°" 



3. Since in powder combustion products a < 1, then in the 

oxidizer tank during interaction of them with vapors of the oxidizer 

CO and H2, burn, leading to an increase in temperature of gases in 

the oxidizer tank as compared to their temperature in the propellant 
tank. 

All these phenomena influence the ability of powder gases 

to displace, and consequently also the supply of components. However 

it is impossible exactly to consider their influence. Therefore, 

during calculation of PAD we originate from the assumption that during 

all the time of work of PAD the gas volume of the system is filled 

only by powder gases. Processes of cooling, dissolution and burning 

of powder gases shown above are considered by introduction of 

experimental coefficients. 

Calculations of dimensions of PAD grain originate from the 

following requirements. 

1. The flow rate of powder gases entering tanks should be 

equal to the necessary volumetric flow rate of fuel (fuel and 

oxidizer); 

2. The time of burning of grain should be equal to the time 

of work of the engine. 

Prom calculations of engines we know the per-second volumetric 
flow rate of tanks: 

V, 
* + * * (9.69) 

On the other hand, the volume of powder combustion products 

formed in 1 second is equal to 

(9.70) 

where 0. - quantity of powder burning per unit time; t* - density 

of combustion products at feed pressure Ae- 
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mam. 

i 

It is obvious that 

(9.71) 

where — burn surface of grain; * - density of powder. 

During pressure feed of components with the help of PAD 

(9.72) 

According to the equation of state of gases 

Y*-A. (9.75) 

where R - gas constant of powder combustion products; T - temperature 
of powder combustion products developed if the powder burns at 
constant pressure; H — feed pressure. 

Product RT is conventionally called reduced force of powder f0. 
For the powders enumerated in Table 9.3, value f0 » 50,000-100,000 
kgf.m/kg («»5.8MO5-10* 105 N*m/kg). 

Placing expressions (9.71) and (9-75) in equation (9.72), we 
obtain 

_ ^./0 (9.74) 

whence we find the necessary burn surface of the powder 

(9.75) 

This formula is not final, since it includes temperature of 
combustion of the powder, the value of which depending on the make 
of powder is within limits of 1200-2500°K. In the tanks combustion 
products have a lower temperature, «ÆOO-IOOO0!?. Moreover, as was 
already noted, the temperature of combustion products can drop due 
to the heat radiation from them, as well as from forced cooling. 
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,. ®(ln0® the temp6rature Of P°»<ier combustion products entering 

C i30 0::rtrn the COmbUStl0n ‘-P-«“- Of the powder, for 
assigned0f I ^ rate per second of fuel and 
Zh 1 PreSSUre “ 18 necefisary to burn in 1 second more 
powder than was determined during calculation by formula (9.75) 

• e., the quantity of powder burning in 1 second should be increased 

proportion to the decreases in absolute temperature of the gases. 

quantity‘ofrm0re * ^ ^ 8h°Uld Pr0dU0e * oertaln «Odltional q ntlty gas necessary for stable work of the pressure valve 
and for restoration of operating pressure in tanks * m case it 
is lowered accidentally. All these factors are considered by 
introduction of coefficient if/ = 1.2-3.5. V 

experimental^ ^ COefflclent ^ > 1 is determined from 
perimental data when finishing the system. Strictly speaking 

add ° °f temPerature on account of heat radiation and the 
ition of special coolants can be approximately estimated, 

owever there will always be unaccounted factors affect-fna- th 

Of temperature of combustion products, and"n th! sal"t is "" 

theseSfarLorsíntr0dUCe & COeffl°lent COn6lder^ the influence of 

than for tte fueTtaW^rd/ ^ afterburn1''« be less 

of , must be selected Mgher 

surface of heat radiation of tanks and gas conduits is large. 

Tha flnal i'0™»!* for determination of the necaary surface 
of burning of grain taking cooling of powder gases into 1 ! 
take the form powaer gases into account will 

■Yi*r v* 
B —ffi 

•Wo r (9.76) 

case/? TT1' t0 alWayS enSUre the ®ssfShed pressures of powder 
f , he tank> the boi-nlng rate of powder u in formulé (g 76) 

e least possible operational temperature at the 
beginning of powder burn. 



If this temperature is greater than calculation, then speed 

u will be greater, as a consequence of which the flow rate and 

pressure of gases will be greater than calculation. Surplus 

pressure in the chamber of a PAD will actuate the valve for relieving 
pressure. 

Grain length L is calculated proceeding from necessary the time 

of work of'a liquid-fuel rocket engine, x: 

(9.77) 

During calculation of the length of grain the burning rate of 

powder u must be selected by proceeding from the highest possible 

temperature of the start of burning, and consequently, from the 

fastest burning rate of the powder. If value u is selected according 

to an average or minimum temperature, length of grain L will be 

insufficient to ensure the necessary time of work of the engine at 

a high ambient temperature, and the supply of components as necessary 

will cease earlier than is permissible. 

Starting PAD 

A starting PAD is necessary in the first place for rapid initial 

filling of tank volumes with powder gases, its gas productivity 

should ensure rapid onset of operating pressure in tanks in the whole 

range of operational temperatures of the liquid-fuel rocket engine. 

The mass of the starting charge is determined by calculation 

in terms of the greatest free volumes of tanks and pipelines at 

thf' least operational temperature of liquid-fuel rocket engines 

During work of the starting PAD the quantity of powder gases given 

off during its work should be enough to raise the pressure in volume 

raoc to assigned feed pressure pt, i.e.. 

G'.rm,e£sas 
"r KT * 
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It is obvious that the mass of the grain before combustion 

X Is equal to the mass of powder gases formed Cu-Ox. 

During work of the starting PAD, just as during work of the 

main charge powder gases entering the tank are cooled by heat 

radiation through walls of the system and Into the displaced liquid 

Ihis lowering of temperature of gases Is considered by Introduction 

factor V- > 1. The starting PAD works In the Initial moment of 

work of the liquid-fuel rocket engine; the tank system Is heated, 

eadlng to an even greater lowering of temperature of powder gases 

Therefore, for a starting PAD * Is selected larger than for the ' 

main charge, and is equal to 5-6. 

Taking the mass of powder into account 

(9.78) 

To ensure that operational conditions are reached as soon as 

necessary, starting PAD have quick-burning powder. For Increasing 

the burning rate of powder the chamber of the starting PAD works 

St pressures considerably higher than feed pressure. Thickness of 

the grain is determined from the condition 

*“#V 

rrp^rrf rate 0f POWder at average pressure in the chamber 
the PAD and minimum temperature during exploitation; t, _ assigned 

time for reaching operating conditions 

Displacement Supply with ZhAD 

Liquid pressure accumulator (ZhAD) Is the name of the gas 

generator producing combustion products for displacing fuel from 

-anks of liquid-fuel rocket engines by burning liquid fuels, 

n principle, as ZhAD It Is possible to use single component and 

two-component gas generators. Usually two-component liquids working 

on spontaneously inflammable components are used. By weight 
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characteristics systems of supply with ZhAD are somewhat better than 

a gas cylinder, however they are more complicated than supply with 

PAD and a gas-pressurized system. 

On Fig. 9.29 and 9.30 are elementary diagrams of supply systems 

with ZhAD. 

Fig. 9.29. Diagram displacement 
supply with ZhAD: 1 - gas pressure 
accumulatorsî 2 - pressure reducers; 
3 - tanks for ZhAD components; 4 - ZhAD; 
5 - tanks; 6 - diaphragm; 7 - engine 
chamber. 

Fig. 9.5O. Supply system with 
ZhAD with cooling of combustion 
products: 1 — air pressure 
accumulators; 2 — cut-off valves; 
3 — reducing valves; 4 - tank 
with coolant; 5 — tanks with 
components for ZhAD [Translator's 
Note: 0 — oxygen; r - fuel]; 
b - ZhAD; 7 — mixer; 8 - tank. 



I.I.. 1 

Por a supply system with ZhAD, carried out according to the 
lagram of Pig. 9.29, by the pressure of gas the fuel components 

are forced from tanks 3 Into ZhAD 4 of the fuel and oxldlter tanks 
For lowering the temperature of combustion products the ZhAD works 

TndV wPl!Ced eXCeSS OXldant ^410 “• 8° that in oxidizer 
* *" 8 there w111 not be humlng of gases, ZhAD for displacing 

the oxld zer work with a surplus of oxidizer (a . 3-6), and ZhAD 

for displacing fuel work with a surplus of fuel (a = 0.3-0.4). 

Calculation of liquid pressure accumulators m conduct In the 
following order. ne 

1. Knowing the components on which ZhAD will work and the 
feed pressure, we assign temperature of the gas produced by the ZhAD. 

we ob:.inWtVet\Te the eXCeSS °Xl<lant r,tio for whlch I" ZhAD we obtain the rated temperature of gas. As was Indicated, for ZhAD 
producing gas for displacing the oxidizer, we take a » i and for 
ZhAD which displace fuel we take a « l. * d for 

co-nbustT1^ f0r * 8lVen fUSl th8re ,re graphs of the change of 
combustion temperature and value FT depending on o. if such graphs 

and ¿Tb then' by tentatlVSlV asslKning value o we calculate T 
and KT by the method shown in section 7.5. 

density oTZTj "I PreB,,Ure "* determlne for ®«h ZhAD the density of obtained combustion products by equation (9.73). 

rw Obviou8ly’ J“84 *s during calculation of PAD, In each of 
the tanks equality (9.72) l8 fulfilled! 

r. ’ 

where - per-second liberated volume of tank* G 

second of components in given reactor of ZhAD. 
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On the beeis of formulas (9.73) and (9.72) we determine the 
necessary total flow rate of components in the ZhAD: 

-gr- (9.79) 

5. Thus, as during supply with PAD, gases entering tanks 

•re cooled. Consequently, the flow rate per second of components 

las f TaEed ln Pr0p0rtlon t0 the 0—ase in temperature of 
g es formed. This increase of flow rate is considered by coefficient 

Final calculation formulas for 
tank 

the ZhAD reactor of the oxidizer 

G-V, 
>l 

■Vi 

for the fuel tank ZhAD reactor 

«•«r (9.80) 

"Veroni” “ ! fEtem WOrklng Wlth a ProPu^s3on system like the 
disni. r0° et (see Plg- 9'30)- components from tanks 5 are 
Bv add^ =ompressed «« io ZhAD 6, where combustion occurs. 
By addition of coolant from tank 4 combustion products are cooled 

to a temperature of 800°c. The gases (a mixture of combustion 

products and coolant vapors) enter fuel tanks for displacing the 
components. p j-ng tne 

the fuel ofTr V POSSlblllty °e afterburning in fuel tanks 
the fuel of ZhAD and the coolant are selected so that gases formed 

111 be neutral with respect to displaced components. The ratio 

: o™i“:stho:fuei and oooiant u seiected =-!«“„ 
nof»tS Sf necessa^ temperature of gases. The combined 

(9 79) whereCRmPOnentS ^ C00lant iS detern»ined by equation 

of’IÜwM " SaS COnStant' and T - temperature of mixture 
Of combustion products and coolant vapors. 
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9'7- ling and Hybrid Ene 
EMG UW I- Egg 

6 r'lft^n advantase of liquid-fuel rocket engines as compared to 

solid fuel motors (RDTT) are their higher power characteristics 

(i.e., specific thrust). Furthermore, the advantage of propulsion 

systems with a liquid-fuel rocket engine is the possibility of 

providing multiple starting and thrust control over wide limits. 

However, notable deficiencies of ZhRD as compared to RDTT 

are the relatively long launch preparation time and also the 

limited capability of prolonged storage of ZhRD in a state of 

launch readiness. This limits the use of ZhRD. A search for systems 

combining the basic advantages of liquid-fuel rocket engines with 

e merits RDTT has led to the development of liquid-fuel rocket 

engine jdth preliminary fueling, and also the creation of so-called 

hybrid rocket engines (GRD) in which part of the fuel is in a liquid 

state and part in a solid state. q 

Propulsion Systems with Preliminary Fueling 

The possibility of prolonged storage and reduction of launch 

preparation time to a value corresnnnrHnrr -»-u 
RDTT ,, corresponding to the preparation time of 
RDTT is found in liquid-fuel rocket engines with preliminary fueling 

such 1 quid-fuel rocket engines allow fueling long before use (from 

Dosses\months to i» order to obtain an installation 
possessing constant launch readiness, m general, liquid-fuel rocket 

engines with preliminary fueling can have either pump or pressure 

sed systems. For best compactness the chamber of the engine can 

be made as a urit with tanks or separately. 

Liquid-fuel rocket engines with preliminary fueling have 

n°r:;hlCh all0W PrOl0nged st°ra«e- in the ideal case such 
„ * ^OUf POSSeSS hl6h Chemical stability and have the lowest 

possible freezing point and highest possible boiling point it is 

desirable that components of fuel be spontaneously inflamsmble 

-»mas«»«», 
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Table 9.4 gives certain components which are useful for 

preliminary fueling. 

Table 9.4, 

Propellant 
components 

Oxidizers 

Freezing 
pgint. 

Boiling 
point at 
1 [atm 
(abs.)] 
°C 

Density 
at 2Q°C 
g/criK 

f 

Inhibited nitric acid 

Nitrogen tetroxide 

Mixture of nitric acid 
with nitrogen 
tetroxide 

-54 

-11 

66 1.57 

21 1.45 

Depending on % content of 
NgO^ in mixture 

Chlorine tri-fluoride -76 12 1.85 

Bromine pentafluoride -60 40 2.48 

Fuels 

Hydrazine 

NDMG 

Die thylene t riamine 

Monomethyl hydrazine 

Pentaborane 

2 

-57 

-65 

-52 

-47 

114 

63 

207 

88 
60 

1.01 

0.79 

0.96 

0.88 

0.63 

An example of an elementary diagram of a liquid-fuel rocket 

engine with preliminary fueling is represented in Fig. 9.31, the 

diagram and an outer view of the "Guardian" engine utilized for the 

"air-to-surface" missiles "Sparrow" and "Bullpup" [151]. Thrust 

of the engines are 3.9 and 5.4 t (38.2 and 53 kN). The supply 

system has a displacer with a PAD. Both tanks are filled at the 

end of manufacture, when the filler necks are completely welded 

or reliably hermetically sealed. The PAD and its igniter can be 

set in either immediately after filling the tank or (out of safety 

considerations) before launch. The possibility of fuel getting into 

the PAD cavity is prevented by diaphragms, and the cavity of the 

combustion chamber - by packing of injectors. Thus, a filled 

propulsion system constitutes, as it were, an ampule with fuel. 



as a consequence ol’ whiich such installations are sometimes called 
ampules. Launch is carried out by an electric spark which Ignites 
the ignition charge f'rom which PAD grain is ignited.

Fig. 9.51. Diagram of liquid-fuel rocket 
engine with preliminary fueling (ampule 
liqiiid-fuel rocket engine): 1 — igniter;
2 — diaphragm; 3 — oxidizer; 4 — PAD;
5 — chamber head; 6 — fuel; 7 — combustion 
chamber.

Besides the examined case of use of liquid-fuel rocket engines 
with preliminary fueling for missiles, it is possible to use them 
also for guided antiaircraft rockets, expendable aircraft boosters 
and the engines of spaceships [149].

Hybrid Rocket Engines

Theoretically the following fuel combinations are possible in GRD;
— liquid fuel + solid oxidizer;
— liquid oxidizer + solid fuel;
— solid fuel with a deficiency of fuel + part of the combustible 

in liquid form;
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— solid fuel with a 
in liquid form. 

deficiency of oxidizer + part of the oxidizer 

In existing fuels, oxidizers and solid fuels the best 
last of these combinations. Table 9.5 gives certain fuel 
for GRD. 

is the 

components 

Table 9.5. 

Pclpnr with addition« 
•f aluwlniM 

Hydra* ln« 

Hydro «an poroxldo 

1 Nltrlo told 

Nltronlm porohlorato 
(H0jC104} 

43$ 

414 

428 

Llthluw Hydrid« 

Lithium 

Borylllum ladrido 

Polymor 

Uumlnia Hydrid« 

I Chlorlna trlfluorldo 

' Pluorlm 

Chlorlna trlfluorldo 

Nltrogon totroxldo 

Hydro «on poroxldo 

Pluorlm 

Oxygm 

Hlxtjro of liquid fluorlm 
«d liquid oxyc«n 

Pluorlm 

293 

263 

316 

335 

37$ 

39$ 

371 

343 

353 

297$ 

2580 

3120 

3880 

3880 

389$ 

384$ 

3375 

44$ 

478 

389 

$30 

$88 

804 

488 

412 

346$ $31 

Figure 9.32 for example gives one of the most usual structural 
diagrams of GRD. 

D?Äagoam of en«ine with hybrid 
Í? 1:, 1,~ PAP; 2 “ oxidizer; 3 - in lec¬ 
tion device; 4 - solid-propellant grain- 
5 combustion chamber oxidizer supply * 
o injection of oxidizer into nozzle for 
control of thrust vector. 
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Hybrid rocket engines, preserving a number of the qualities 
inherent in RDTT (in the i ' rat place, high volumetric specific 
thrust), thanks to bum!., n liquid components along with solid 
fuel, have a greater sped Ic thrust than RDTT. For certain 
combinations of solid and liquid fuel attainable specific thrusts 
reach 365 kgfs/kg (»3650 N-s/kg). Besides high specific thrust, 
-he use of a liquid component in ORD enable thrust control by way 
of a change of flow rate of the liquid component. Thus, for example 
by changing the flow rate of liquid oxidizer it is possible to changé 
the value of thrust (and specific thrust) down from the greatest 
value during optimum -low rate of oxidizer to the thrust obtained 
during burning of solid fuel alone. Figure 9.33 shows calculation 
and experimental graphs of the change of specific thrust depending 

«onh!fT“ty °f 1,qUlí °XldlZer USed (¾¾ APPH- 
tion of liquid component also gives the possibility of reliable cool- 

g 0 he engine chamber. Moreover, in GRD it is easier to store 
e rocket in a filled state with full launch reactives for a 

~!7- [,y decrea81r'g the quantity of oxidizer in the solid 
’ “ 18 P°S8lhle t0 ‘"Prove strength properties of the charge. 

A deficiency of GRD is the difficulty of organization of full 
combustion. From the graphs of Fig. 9.35 lt ls cle#r ^ experlment4l 
values of specific thrust differ from calculation by 8-10« 

Pwj k*.a/kg 
¿&\ 

« M U JO JS 
% Nffle 

p 1 Iia;lge 01 specific thrust o 
liquid-fuel rocket engines depending on 
flow rate of liquid oxidizer (N"o. an“ 
ClOjF): -— calculation; _ experiment. 
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Pootnotes 

Sometimes the terms "dynamic" and "static" characteristics 
are used. However, these nasres do not correspond to terminology 
accepted In the theory of control, and therefore In the determination 
of the type of characteristic it Is more convenient to use the 
terms accepted above. 

^During calculation of dimensions of springs we use the usual 
formulas applied in calculations of machine parts. 
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