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assemblies and 'mnits of devices with liquid fuel rocket engine are
Processes of expanrion of gases in nozzles, carburetion

and heat exchange are expounded, as well methods of profiling nozzles,
calculation of injectors, determination of forms and volumes of

An analysis of work of installations with
Supply systems with turbopump

combustion chambers,
‘ open and closed circuits is given,
assemblies ard pressure feed systems with gas, powder, and liquid
pressure generators are considered,
work of installations with closed circulits and methods of power
coordination of such circuits,
were given, in particular, a description of the propulsion system
of the rocket "Vostok," [ /The book gives actual data on structures,
r characteristics on the basis of

Examples of designs are purely

ons,

(U) Thie book presents design fundamentals of liquid fuel rocket
It considers questions of design of the engine
Basic statements

Much attention is allotted to

Examples of propulsion systems

any defined type of engine,
igher educatioral institutions
graduate students specializ-

The





































Fig. 1.1. iagram and cycle of ZhRD.

Classification of ZhRD

The type of ZhRD is determined by some characteristic criterion
(fuel, circuit, method of suprly, assignment, etc.). Figure 1.2
gives a diagram of classifi:ation of ZhRD in terms of basic charac-
teristic criteria. Work of ZhRD with the different circuilts,
methods of supply, structural elements, conditions of operation and
also basic properties and types of fuels used are explalnea in
subsequent sections of the book. Therefore we will not describe a
given circuit in terms of noted criteria. Let us conslder oniy the
area of application of ZhRD.

Area of Application of ZhRD

The basic application of ZhRD is as the engine of rockets,
whence the name liguld propellant rocket engines.

They are the basic type of engine of launch rockets of satellites
or spaceships. Figure 1.3 shows the three-stage rocket "Vostok,"
which was used for orbiting the spaceship with astrcnaut Yu. A.
Gagarin. Figure 4.29 shows the propulsion system of the first stage
of "Vostok" liquid propellant rocket engine RD-107. Figure 6.7
shows liquid propellant rocket engine "Cosmos" RD-119 for the
sccond stage of "Cosmos" rockets launch. Figure 1.4 shows a
dizgram of the three-stagze launch rocket "Saturn-V" with the "Apollo"
‘ntended for flight to the moon. Thrust of the propulsion svstem
ot the first stage is 3400 t (~3.4 MN). Figure 6.32 gives an
amgemb iy diagram of the propulsion system of the first stage of
tne lainch rocket.
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Fig. 1.3. "Vostok."
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Lijuid fuel rocket engines are widely used in long-range ballistic

missiles (BRDD) and those of medium range of operation, ABM, SAM, and
150 in meteorological rockets. Figure €.31 shows the &ssembly
3T a-rair of the propulsion system of the "Atlas"™ BRDD.

iiquid fue! rocket engines are also one of the basie types of
cugine u'ilized in spaceships for braking and in orientation system
(Fig. 1.5). Figure 9.6 shows a diagram of an installation for
sorieci ing trne speed of a spaceship.
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Fig. 1.5. ZhRD for orientation system:
a) 90 kg {883 N) thrust; b) 7.2 ke
(70.6 X) thrust.

Figc lob‘ HD=1=-KND= aircirai L avicact auvwvi .
Fuel

Tn contrast to ucual thermal machines where fuel is actually
fucl, in ZhRD the fuel 1is oxidizer + fuel.

For a ¢iven oxidizer and fuel, properties cf the fuel are
determined by their rclationship, which is characterlized Ly

excess oXxiuui o ratio

L
Yo
Where v, 800 ¥ — stoleniometrical and real ratio of expendirure

© Ayidilser to eryvended combustibile respectively. Value a essentially

;" “:0te the basic propelliant properties.
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in the combustion chamber and dces not depend on processes iIn the

¢, Thus, for a given fuel] £ is a characteristic deternining the
werk 2f only the combustion chamber.

Nozzle thrust coefficient K (or thrust coefficlent)

Kl (1.12)
Topp2 *
Tre thrust coefficient shows how many times engine thrust exceeds
the basle component force of thrust fiu p.,. Therefore, sometimes
K 15 called dimensionless thrust. The theoretical value of K is
ralcuiated by the expression obtalned from the formula of thrust

K"_ff.'(-..u) '/ (a)

J!__EL

(A),_[ e ]l (1.13)

|+5£:

where n . - mean lndex of Isentrope of expansion. It is more

convenlent to use the thrust coefficlent in a vacuum K ¢

A'.-;I—;‘-. (1.14)

When p, = 0 the calculatlon cxpresc-lon for K 1s obtained from
equation (1.13):

T

Rus 2 —r / =
a7 =1~ Rl AN (S

)'n
X 11--".:_;' = 1A
' |__&:’—-'.. (1.15)
A p :




As we sce, K does nct depend either on work of the combustion chzmber
or n external conditions {(p») and is a characteristic determining

work of the nczzle of the chamber only.

In accordance with formulas (1.1) and (1.3) K and K. are

connected by
K=K,— £ B, (1.16)

whence taking into account equality (1.12) we obtain the expresslion
for determination of empirical

K..‘ — Py f1Pa

(1.7
b/ wpP2 :

where P. — measured real! thrust of engine. Comparing expressions
(1.9), (1.12) and {(1.1i4), we obtain the formula fcr determination
P and P 3

Py,=3K; Py, ,=3K,. (1.18)

Expansion ratio of the nozzlie ?3 {or simply broadening) is
defined as the ratic

%S (1.19)

| This value not only determines nozzle dimensions but also
characterizes basic parameters of work of the nozzle p5/p3, M3 (or
speed w3), u5/n3. (Here and below the asterisks "#*" designate
paramcters of braked flow).

(1.20)
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7*"%[.,‘,’:‘.(”"'",_—'“3)]'%::“3 (1.21)

.‘_‘/2, m-l:-(— ] (1.22)

i fas
s e (1.23)
r;_ ﬂ.’—‘ 2.
= lgee (1.24)
= o
e e
(1.25)

Comparing resulting expression, we see that broadening of the
nozzle is simply defined by any of the basic parameters of work

of a nozzle. Relation

-8 _ (1.26)
Pa .

i{s called the expansion area ratio of a nozzle. As we see from

expression (1.20), expansion ratio é for an assigned fuel, (1.es
. ) and broadening of the nozzle L3 do not depend on a change of
p"essure in the combustion chamber.

Relationships (1.20)-(1.25) are obv{ously valid not only for
determination of parameters on tihc noczzie section, but also permit
determining pg/p, M (or w), cg/p in any section of the nozzle with
r=1t/t..- Using the shown relationships, one can determine the
change in p, w, ¢, T cver the liength of the nozzle. Figure 1.8
gives a graph of the change of broadening depending on ratio p;/p
and the isentrope of expansion n .

1T
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Characteristics of ZhRD

Tn ZhRD we distinguish two basle Lypes of characteristics:
throttle and altitude.

The throttle (or copsumption) characteristic is the name of the
dependence of thrust P or specific thrust Pyﬁ on consumption of
components G at constant altitude.

Tre altitude characteristic is the name of the change in thrust
P or specific thrust P depending on altitude of work cf the engine
H (or an amblent pressure p ) during constant consumptlon.

The equation of the throttle characteristic P = f(G) is obtained
trom the formula of thrust (1.1) converted taking into account
relatlonships (1.9) and (1.26) and taking p, = p3:

P=G (2‘l+ -,l:ta)-/.p,. ‘ (1.27)

inacsmuch as the sum in parentheses and member f3ﬁ; do not depend on
:onsumption, the equation of the characteristic has the form of an
vquaition of a straight line

P=AG-B.

v #"ig. 1.Ya are represented throttle characteristics plotted from
equaticon (1.27) for an engine with different expansion ratio, and

18
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ot Fiz. 1.9b for an engine working on lana (P. = Po) and in a
vacuum {P. = 0). If there is a considerable decrease of

onsumption as cumpared to calculation conditions separation of
flow from walis of the nozzle will cccur (see section 2.7). In
this cace equation (1.27) will not be valid and the real characteris-

w2 11 .- -~ y)
tic will go through

®

) y
e) Pa=0 £

Wiz. 1.9. Characteristics of ZhRD: a, b)
throttle characterictic of thrust (P = £(G);
c, d) throttie characteristic of specific
thrust (P = f(G)); e, ) altitude

characteristic.

The throttle characteristic of change of specific thrust is
obtained from formula (1.27):

_®3 I3 2y faPn
"‘T"’"T‘,“‘ 1‘3‘ (1.28)
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'Duripg work of the englirne In a vacuum (PJ = 0)
’ﬂi-?*'"h.‘ 8, (1.29)

i.e., specific thrust in a vacuum does not depend on consumptlon.

On Pig. 1.9¢c, d are shown throttle characteristics P, = f(3)
and P,y = £(5) for englnes with different expansion ratlos and
for ehgines working at various altltudes.

Dependences of thrust or specific thrust on flight altltudes
(altitude characteristic) are determined directly by formulas (1.1)
or (1.4), in which with a change of helght only p. 15 changed.

From a comparison of these formulas it Is clear that the character-
istic of thrust and specifle thrust differ in altltude only by

scale (Fig. 1.9f). The altitude characteristic of thrust or

specific thrust in terms of aititude of work for englnes with different

broadenings are shown In Fig. 1.9e.

Systems of Loss Coefficicnts. Expenditure of

imensions of Nozzles

10 3-

System of Coeffliclents for Evaluating the Quality
of Processes in ZhRD

For evaluating the quality of flow of processes in ZhRD it 1s
possible to use either efficiencies, which estimate the perfectlon of
conversion of initial energy into effective work, or coefficients,
which estimate the loss of specific thrust (impulse) due to a low=-
quality flow of processes of conversion of energy.

in the first case there will be the so=-called power cocfficients
{effieiency), in the second, impulse coefficients.

In ZhRD the more commonly used are impulse coefficients, examlned
below. Power coefficients are detailed in [14] and [25].




If one were to desipnate ¢ on the loss factor of specific

thruct then specific real thrust could be defined as

.30)
Pua=2Pys. (1.3

Ve

lozszes of specific thrust in general are determined by losses iIn

th
s

the chamber, In the nozzle and on thermal resistance, which we will

estimate accordingly loss factor in the chamber ¢., nozzl> coefficient

and loss factcr on thermal resistance ¢ 4 SO that

P = FuPPremsr (1.31)

Above we noted two basic parametercs, determining procesces in a
combustion chamber and in a nozzle: complex 8 and K.. The distinc-
al value of complex § , cbtained on the basis of

a

experimenta ata by formula (1.2) from the value calculated by
eguation {(1.10)

flow of processes in the combustion chamber, 1l.e., losses in the

combustion chamber (for detail see section 3.6). Thus
9.=-=l. (1.32)

If, durinz a comparison of calculation and real values of
complex B, real expenditure is set egual to calculation and the
calculation of B is conducted at real value fu;’ i.e., GL = G and
15 = £ o then

e ¢

LI
Thus, ¢, characterizes the value of losses of pressure due to the
low-quality of processes. Therefore ¢. is frequently called the

coefficient of fullness of pressure. -

Placing in equation (1.32) the value of 8 from formula (1.10),
we obtain

_WEmD),

Pu m.
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whence, taking R,. = RZ’

In_ (1.34)
Ty ,“"

Formula (1.34) permits for known or assigned g approximately
estimating the decrease in design temperature in the combustlen

chamber due to losses in 1it.

Losses in the chamber are made up cf two forms of locsec:
lcsses on incompleteness of combusticn due to the low=quality flow
of processes of conversion of fuel into combustion products (see
section 3.1) these losses doc not yield to exact calculaticn, are
usually determined experimentally, and are characterized by the
coefficlent ¢f incompleteness of combustion ¢. .p)3 and losses on
rregularity of distribution over the secticn of the chamber of the
ratic of components and specific weight 'low, expressed by variation
factor $.,. Thus,

(<F]
n
~

P = Perta- (1.

Total losses in the combustion chamber are within limits b = 0.95-
0.99.

Losses 1n the nozzle are defined as the ratio of the real
value of the thrust coefficient in a vacuum K Q defined on the
basis of results of experimental data by formula (1-17)5 to its
theoretical value calculated by formula (1.15):

7¢=-‘;:—‘. (1.36)
In general they are composed on losses on dispersion of flow
(°pac)’ on friction (¢, ), inlet (°Bx)’ on nonequilibrium of the
process of expansion (o,,,), on nonadiabaticness (°(xn)' and also
of losses connected with the presence of a boundary layer (¢. m)
and losses during expansion of a two-phase flow (qh) Thus,

Pe =9pe?t PexPaepTorstcyae: (1.37)
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Losses on thermal resistance take place only in a high-speed
combustion chamber. Then calculation is given in works [2] and [1i0].
ic combustion chamber ¢ .., = 1, and then expression

?=,I?¢' (lo ?8 )
Determination of Fuel Consumption and Areas of Nozzle
Sections T, &and T
Y 3
Let us examine now we determine taking losses into acecount,

fuel consumpticn ancé areas of the critical and nozzle exlit section
( f and £.) for an ascsigned thrust known from thermal calculation

sedfic Ghrist P ana assigned or known loss factors ¢,. and

Theoretical fuel consumption, i.e., neglecting losses

Gl | (1.39)

T Pu

Real fuel consumption, i.e., taking locsses into account, is necessary
to ensure assigned thrust

S
= (1.40)

¥rom expressions (1.39) and (1.40) we obtain the relationship
between real and theoretical expenditures of fuel:

G,=2<, (1.41)

|0

i.e., for production of assigned thrust it is necessary to pass more

fuel in order to compensate for losses.

Theoretical area of critical section f,,, is determined from
X}
formula (1.19)




,l'=6;"

Rezl area cf critical section fxr taking equations
(1.41) into account ;

or

,l.-l=f¢’i‘

(1.42)

(1.32) and

{1 ’
\J-I'I',)

This means that the area of the critical section must be increaced

oniv in order to pass through it the adaitiocnal fue! consumption

for compensating losses In the nozzle, this additional fuel consunption

for compensation of losses in the chamber, not requiring an increasc

in QQ .

Let us define the area of nozzle section in a cut. According

tc the equation of expenditure theoretical f. and real £, wiil

3
accordingly be equal to

G

T omyy

G,
fu’=."‘-a'

Let us find the approximate connection between f
to equation (1.30)

3

=7,

On the basis of the equation of state

Iy RNy T
v (RT), T,

24

and f3. According

(1.46)

(1.47)




Ben(8) T nen(E)

then in accordance with equality (1.34)
(1.48)

Putting in expression (1.4%5) the values G ., Wi and £ from
1

s
(0]
=
o
pr
o
)
1
[
7
-
(o)
.
=
i
-
—~
[
.
Py
n
\
(V)
-
Cu
-~~~
.
=
~J
-~

» taking into account

D
Q
[
o
i
S
-
.
1
o o}
.o
.
-
o
o
C
-t
o
e
-

Gy,
f"'zma\‘a",(v.v)’ ~hy . (155)

We see that the influen f lcsse hows up on a sharper increase

in ?J than in £ . The cause of this is that the value of f3p,
I'- .

besides the increase of cxpenditure, iIs influenced also by the

1
decrease of real speed u. as compared to w,.

3
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CHAPTEPR 1II
WOZZLES OF A LIQUID FUEL ROCKET ENGIIE

In the nozzle of the chamber of the enc-ine there occurs
cipunslon znd acceleration of procucts of combustion, i.e., the
trensformation of thermal enerpy obtailned in the combustion chamber
iuio kinetic cnergy of the motion of rases. The quality and weight
of tne whole propulsicn system depend on the quality of operation
of tne nozzle, its economy and weizht.

2.1. Types of liozzles and lasic
equirements of "‘hen

At present there are used or there is investirated the possibility
of using the following basic types of nozzles (Fig. 2.1): coniecal,
profileu and nozzles with a central vody.

nound nozzles

~)

Ch\

.
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The basic parameters of operation of the engine and dimensions
of the nozzle

=70k 7 /(887 vv/a?); G=125 ke/s;
Tr=BWPK;: as=12;

R=3U3 kefor/kg-deg (337 I/kdes); Rup=30 an;
Pr=pa=0,7 kT /en2(0080 MN/u?):
Ry=1038 ax;
Li=LuRey=10; =2

The contour of the nozzle 1s shown in Pis. 2.4.

Fir. 2.4. 7o dzternination
APyy; ¢ivisisn on s~ctions.

Solution. Yo caternines frictic:al 1osses let us dlvide the
ctions and ueternine frictinsnal

losses according tc paranetcrs referrac te the middle of the sectien.

The coefficient of friction 1s idetcrulned aonproxinately by

fornula (2.14).

Let us consider Cf = 0.903 and r = J.0%. Gy knowins the
nean values of ffy. let us determire qguzntities g, M o e by the
well-known relationships of rfas dynamles. Dotz of the calculrtlon

are given in Table 2.2. Tue total fri:vicanl feree:
a
cp,,-zAp,,.me kar (311 N).
-l 2

Let us define loss factors enp and eme The Lhruzt in a vacuaun

P.-?- G +lm-:—s-:-12.s 4+ 3,38-10-2.0,7-104 = 3487 kil (34200N).










All these lusses are connected with the organization of the
flow in the entrance part of the nozzle and therefore they are
calleu entrance losses in the nozzle. The magnitude of the losses
is estimated by coefficient @m

The smootii entrance into the nozzle at which the surface
of the stalling speed can be consldered flat provides a contour
of the subsonic part constructed by the formula of Vitoshinskily
(Fig. 2.5b):

R 1

LY/ LT e (2.13)
R /1 (143 (zupp

The surface of the critical speed will be obtalned quite close to

a flat surface if we proflle the entrance part by an arc of a circle
with a radius Rep=3R,p The flat surface of the stalllng speed 1s
frequently taken as tne initlal with calculation of the profile

of the supercritical part [43]. lowever, with such a construction

a relatively long entrance part of the nozzle 1is obtained, 1i.e.,

the dimensions and welght of the nozzle increase.

Experiments on the determination of the entrance losses in
nozzles distlnguished by a radius of curvature of the nozzle in
the reglon of the criticai section showed that when Rep»0,65D,,
entrance losses arc practically absent. Therefore, in the profiling
of nozzles of a ZhRD, depending upon the accepted design scheme,
the entrance part of the nozzle in the region of the throat is

constructed on an arc of a circle with the following radius of
curvature [8]:

Rexp™= (0,65—1,5) Dy (2.19)

Entrance losses here are taken equal to zero, i.e., ®u=l.

4o
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Other Losses

Losses to the noneguilibrium of the process of expansion (gum).
With very great broadenings, when the thermodynamic temperature
of products of combustion in the nozzle decreases down to values of
1000-1700°K, or with the reduction of the time of stay of gases
in the nozzle (for example, in microengines), the process of

expansion of Zases can flow partially or completely unbalanced
(in detaill see work [25]). With this the magnitude of specific
thrust drops as compared to the specific thrust determined with
equilibrium expansion. Losses to nonequilibrium can reach 5-10%.
Quantity s can be determined by estimating the degree of
nonequilibriun.

w0sses due to the nondiabatic nature of the process of expansion
(Poxa). The cause of these losser (also called ccoling losses)
is the heat removal from the flow into the wall. Yith this 1if the
heat 1is removed irrevocably (for example, with cooling by a special
comporient not utillizea as fuel, or in the case of uncooled chamber)
the specific thrust decreases as compared to specific thrust
determined with adiabatic expansion. The magnitude of these losses
with intense cooling can reach 3-5%. If, however, there is used
regenerative cooling, at which the heat, tapped by the coolant,
returns back into the chamber, their there will be no losses of
specific thrust due to heat removal from the flow. Conversely,

there will occur a certaln Increase In p,, since in the nozzle heat
from the flow 1ls removed at lower pressure than the pressure at
which this heét returns into the chamber. lowever, an increase

in Py, here is a fraction of a percent and therefore in calculations
is not considered. Calculation of the influence of the nonadiabatic
state on Py 1s examined in work [2].

Losses to the narrcwing of the flow owing the boundary layer

(peym). Due to the presence of t*e boundary layer, and also the formation

at the wall of a special wall layer, for internal cooling real areas
of the cross section decrease and the character of flow in the nozzle

i,



is distorted, which in the end can lead to a loss in speed and
thrust. The magnitude of these losses 1s small and 1s considered
in the total estimate ’c'

Losses with expansion of two-pnase flow (se). In the use of
certain forms of high-calorie fuels (for example, metallized fuels)
in products of combustion small particles (for example, coadensed
oxides) can be formed. In thls case in the nozzle there occurs
expansion of not & uniform but a two-phase gas flow (heterogeneous).
With the expansion in the nozzle the drop in temperature and
increase in velocity of the porticles attracted by the pas r'low
occur more slowly as compared to the change in corresponding

parameters of the pgas. Thic leaus to a lowering of the speclific
thrust. Losses in spccific thrust with expansion in the nozzle of
a two-phase flrw can reach consideraple values, of the order of
3-10 and more percents, and sharply reduce the effectiveness of the
application of high-calorle fuels.

2.3. Desirning of Conical llozzles

Considering the dependence of losses at the entrance, to

dispersion and to frictior cn form and dimensions of the nozzle,

in the designing of conical rozzles it 1s possible Lo recommend

the following values of the basic geometrlc dimensions of the

nozzle (Fig. 2.0). The entrance part 1s designed from the condition

of providing the absence of cntrance losses.

‘Mg, 2.6. Designing of conical
nozzles.

The angle of entrance into the nozzle part

2pus = 4580, (2.20)







An ideal nozzle is called a nozzle with isentropic flow and
a uniform fliow of gas in nozzle section parallel to its axis. Thus,
for an 1deal nozzle losses to dispersion are equal to zero. As
we will further see, such a2 nozzle 1s not the best for a ZhRD.
iHowever, the contour of an ideal nozzle 1is usually initial for
obtalning more rationzl contours of profiled nozzles in a ZhRD.
The positions which are the basis in the design of ideal nozzles
are the initial ones also in the designing of other types of
profiled nozzles.

The basis of methods of profiling the supersonic part of
the nozzle is the method of characteristics. In the supersonic
part of the nozzle the flow of [uses 1s expanded and accelerated,
passing through an infinitely large quantity of rarefaction waves
({lach lines or characteristics). UWith the passage of flow through
the rarefaction wave the direction of streamlines of the flow of
gases 1s also changea. :

The problem of the profiiing of a nozzle consists in the
construction of such a contour of the nozzle at which the gas
accelerates up to a set speed without the formation of shock waves,
and the motion of the flow is dlrected elther at a definite set
angle 63, or in parallel to the axis of the nozzle.

Along the length of the longitudinal section of the nozzle
it 1s possible to scparate the following basic sections characterizing

processes in the nozzle (Fig. 2.8).

Cn

Fig. 2.8. PBasic regions

of the process of expansion
of products of combustion
in the nozzle.
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subsequently, in speaking of rozzles with 2 central body we will

Liuply oanly nozzles with a central body having a free 1linit of

flow.

In contrast Lo the standars supersonic noznzles, in whieh the
low is formed by walls of the nozzle, in nozzles with a central

Lody the expansion of flow 1is not linited conpletely by nelid wall

In nozzles the diarram of which is shown on Fig. 2.1e and f
the external boundary of the streanm 13 frce surface. In plate
nozzles (see Fir. 2.1p) the free surface i1s the internal boundary

Let us examine the operation of a nozzle with a central bLouy
with a free external boundary of the stream (see Fir. 2.12). A
typical shadow photograph of a nozzle with a central body oneratlin<
in desi~n conditions 1is shown on #ig. 2.20a, and with an exransicn
ratio correspondln; to conditions of overexpansion (in the concept

1

accepted for standard nozzles), i.e., when ps*/pa<(P2*/Pu)pacs. — On

rig. 2.20. S HAUOW
flow in a noz:le witl. cen 3
ilesirn operating conuitions; b) ratlo
»r, 15 less than the desirn.


















































































































having not a round, but a slot-like form of outlet, Injectors are
possible which combine both forms of injectors.

The spreay injector consists of a hole in the heat of the engine
chamber connecting the fuel or oxidizer cavity with the combustion
chamber, Different forms of spray injectors are shown schematically
in Fig. 3.9.

ARz
LNty

.)/\\

Fig. 3.9. Spray injectors: 1 — drillings for
supply of ccmponents; 2 — concentric annular
channels,

Basic advantages of spray injectors are first, simplicity of
manufacture and secondly, the great carrying capacity of the head

with the spray injectors,

Carrying capacity of the head we will call the quantity of fuel

passed through a unit of surface of the bottom of the head under a
specified pressure drop.

A spray injector occupies less space than o centrifugal. This
permits placing a greater number of spray injectors on a unit of
surface of head. Furthermore, discharge coefficient of spray injectors
is 2.5-3 times greater than the discharge coefficient of swirlers.

As a result, with the same pressure drop, spray injectors permit
ensuring a large flow rate through a unit of the surface of the

bottom of the head, i.e., they have great carrying capacity.

However, a major deficiency of spray injectors is their relatively

large range and small 2ngle of atomization (10-200); fineness of
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In Fig. 3.25 1s shown a flat head, working as 1llustrated in
Fig. 2.7 "a. Coolant O flows from the coolant passage to the cavity
between middle 2 and lower 3 bottoms ¢f the head, whence through
screw injectors 6 it enters the combustion chamber. Component [' passes
through inlet tube 10 into the cavity between upper 1 and middle 2
bottoms and from there through screw injectors 5 to the combustion
chamber. The injectors are attached by means of beading. The
head i1s connected to the combustion chamber by connecting ring 4
and also directly by welding to the inner shell of the chamber 7.

Fig. 3.25. Flat head: 1 - upper
bottom; 2 — middle bottom; 3 — lower
bottom; 4 — connecting ring; 5 — fuel
injector; 6 — oxidizer injector; 7 -
inner shell of combustion chamber;

8 — chamber housing; 9 — inlet tube;
10 — tube.

In Figs. 3.26 and 5.3 are shown the extremal appearance and
cutaway view of a head with drilled holes, made in accordance with the
diagram of Fig. 3.24b.

Fig. 3.26. Flat head with spray
injectors.

Spherical heads have found application chiefly in high-thrust

engines. The merit of such heads is structural rigidity.

In Figs. 3.24d and 3.27 are shown a diagram and external appearance
of the spherical head of the RL-10 oxygen-hydrogen engine.
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Fig. 3.27. Spherical head with
spray injectors.

In Figs. 3.24d and 5.4 are shown a diagram and cutaway view of
the spherical head of oxygen-alcohol engine of the A-4 missile.

Tent heads, shaped like tents (see Fig. 3.24e), find application
in low- and medium-thrust englines and also as precombustion chambers.
The advantages of the tent head are larger surface for placement of
injectors than for flat head and good strength properties. The
deficiencies of the head are complexity of manufacture and irregularity
of fuel distribution over their cross section. With the tent head
formation a "bunch" of atomized fuel is possible. In Fig. 3.28
is shown the precombustion chamber of the head.

Fig. 3.28. Precombustion chamber of
tne head of the engine: 1 -

oxidizer feed tube; 2 - central

spray injector; 3 — upper row of
swirlers; 4 — lateral spray injectors;
5, 6 — combined spary injectors and
swirlers; 7 — inner shell of
precombustion chamber.
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engine 1s usually cooled by the components themselves. The liquid
coolant can be fuel or oxidizer.

Oxidizer

Fig. 4.3. External cooling arrangements: a) by
one component; b, ¢) by two components; 1 -
inlet collector: 2 — coolant passage; 3 — outlet
collector; 4 — head.

It 1s necessary to note that for every fuel and chamber pressure
Py there corresponds a minimum thrust, below which external cooling
alone becomes insufficient. The cause of this is the fact that
with decrease of nominal thrust (with constant p2) the necessary
volume of the combustion chamber decreases in proportion to the
total consumption of fuel, while the cocled surface of the chamber
decreases only in proportion to the 2/3 power. Thus the lower the
nominal thrust of an engine, the greater the ratio of the cooled
surface of the chamber to its volume. Furthermore, with decrease
of critical throat diameter Dxp: other things being equal, normal
to the wall convective heat flux qg, according to formula (4.181)
;8'13. All of this leads to the fact
that in chambers of low thrust the coolant receives a greater
part of the heat developed during combustion of fuel than in high-
thrust chambers. Thus for a combustion chamber with a thrust of the
order of 500 kg (*5000 N) and working on hydrocarbon fuels paired
with oxygen or nitric acid for p, = 20 kg/cm2 (%1.98 MN/mz) the
quantity of heat going into the coolant is approximately 2% of the

increases in proportion to D
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Determination of effective degree of blackness of the wall

50!.8@' In the presence of a radiating gas the effective degree
of blackness of the wall Ecr. 50 is greater than the usual value of
the degree of blackness of the wall e, and still depends on the
degree of blackness of the gas ep:

Cervp™te [1 (1 — ) {1 —3,)], (4.188)

where g, — degree of blackness of products of combustion (4.186);
ecp — degree of blackness of the wall with respect to the radiation

244






















2 ,

Q- 0,26 v
oz Zort1n0 o Zey= 41002
] =
o : 018 :
ar- ” ;0w
& s 0w it
§
006 #1
01 ’
an Q02— O
0 S0 W0 ®0 100 IgC 0 30 100 150 200 oc

Fig. 4.25. Value of complex Z: 1 —
H,0; 2 — 80% HNOy + 20% N0,; 3 — 75%

C5H5OH; 4y — 959 CZHSOH; 5 — ¥b% HNOB‘;
6 — Tonka 250; 7 — kerosene; 8 — HDMG.

4,10, Forms of Coolant Passages of
Chambers of a ZhRD

Figures 4,25 and 4.29 give dif.erent forms of coolant passages
of the combustion chamber and nozzle of a ZhRD,

Slot Channel

The simplest coolant passage is in the form of a smooth slot
channel (Fig. 4.26a); however, its main deficiency is in the small
rigidity of the inner shell of the chamber, his can easily lead
to the distortion of dimensions of th2z coolant passage and, as a
result, to a change in the coefficient of heat transfer Qy and
burnout of chamber,

Furthermore, with small quantities of coolant and the necessary
speed along the coolant passage, the width of the slot 60xr is
obtained very small (0.8-1.5 mm) and technologically almost not

feasible.

To increase the rigidity of the internal wall with slot channels
and also for facilitating the manufacture of the coolant passage,
between the wall and the jacket of the chamber of the engine inserts
of plates or from wires are placed (Fig. 4.25b). The inserts as if
calibrate the dimensions of the channel and, as a rule, se e also
for the fastening of the internal and outer shells. With .his a
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so-called braced shell of the chamber of the engine possessing high
strength properties is obtained., However, the installation of inserts
is a very laborious operation, and therefore they are usually'

used for calibration of the duct or the fastening of shells only in
separate places of the chamber of the engine.
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f)
Fig. 4.26. Forms of coolant passages: a) smooth
slot channel, h) slot channel with inserts, c)
slot channel with forgings, d) coolant passage
with ribs, e) coolant passage with screw channels,
f) coolant passage with corrugations,

A variety of the slot coolant passage is a slot channel with
forgings (Fig. 4.26c). Here in the external shell of the chamber
of the engine there are forged (usually in checkerboard order) round

or oval deepenings — forgings on which by spot welding the Internal

and outer shell are fastened, With such a method of fastening there
is obtained a sufficiently durable and rigid shell, and the assigned
dimensions of the coolant passage are ensured.
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placed several force rings — bands, and on the most stressed sectione
of the chamber over the tubes frequently there is put a solid 1ip.

Iy G osoo SEES:

Fig. 4.29. Diagram of tubular chambers;
1 — rectangular tubes; 2 — tubes with
ribbing; 3 — round tubes; 4 — two-row
distribution of tubes; 5 — spiral tubes;
6 — duct of U-chaged profiles; 7 — force
lips or winding; — U-shaped profiles;
9 — places of soldering.
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i ———

Fig. 4.30. Chamber of an
engine from spirally wound
tubes,

To increase the strength of the shell of the chamber and nozzle,
also the distribution of tubes in two rows, one above the other
18 possible (see Fig. 4.29a).

The basic -advantage of tubular chambers, as compared to other
designs of the coolani passage, 1is the gain in weight., Furthermore,
tubes maintain high pressures in the duct and provide good heat
removal by the coolant both owing to the small thickness of the walls
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and due to the effect of ribbing.

The difficulty of the making of chambers with the longitudinal
distribution of tubes consists in the fact that along the length
of the generatrix the tube should have a variable section (Fig. 4.31).
The profile of tubes for chambers having a nozzle vith a high expansion
ratio 1s changed especially considerably.

i~
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e-g 4-t £
o oy o = = =T

Fig. 4.31, Change in section of
tubes along the length of the
generatrix,

The installation of a different quantity of tubes along the
length of the chamber of the engine, instead of a change in the
profile (Fig. 4.32), is very difficult constructively and is used
comparatively rarely.

Fig. 4.32, Tubular
chamber with a variable
number of tubes,
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In general the effectiveness of ribbing is also affected by
the depth of the rib 8pyxy. Let us introduce designation B =.6gyxp 2.
Then, considering that z = b/a, formula (4.207) can be thus convert:

1+{%Zu$§. _
"’-_T-o-:_- (4.215)
Equating derivative dnp/dz to zero we will obtain the following

equaticn for the determination of Zopt:

o 1—2 V7 B /8
T Fol (h.207)

Equation (4.217) was solved on a computer; the obtained values of

D max
determined. Final results of the calculations are given on Fig. 4.39
[T5]. For convenience the reverse quantity T max is plotted along
the axis of the ordinates.

Zopt Were then put into equality (4.216), and the value 7 was

Rpmex :
10 T T
of ﬁ;
- Z.SZy
ot )
(]
Qs i
14
1.2
°' !l!,o
(144 469
ot : 08
03 07 —
A 0.6
Qsf 4 05
10 74- &
’ 3
[ £33 - G2
10 201
20 — 50 &=100 0s
10 a,’%’
0 0 82 M 0§ a8 10

Fig. 4.39., Determination of "o opt
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temperature (~ up to 150°K).

4, Region of state of hydrogen at supercritical pressure and
high temperature (above 150°K).

5. Region of gaseous hydrogen at subcritical pressure.

At nresent there are very few recommendations on the calculation
of heat transfer to hydrogen in the boiling, near-critical, and
supercritical states., For approximate calculations it is possible to
use the schemes proposed in works [92] and [97] for determination of
ay for different hydrogen states.

Supercritical

pressure Suboritiocal

pressure

Px

o 5
Fig. 4.47. Regions of
state of hydrogen.

During calculation of cooling by hydrogen for determination of
aw in the first approximation it is possible to use formula (4.192).

Order of calculation of cooling by a
low-boiling component

The calculation of cooling by low-boiling compcnents is conducted
by the method of successive approximations. For this the combustion
chamber and nozzle should be separated along their length into 15-20
sections and evéry section should be calculated consecutively. It
is possible to propose the following order for the calculations.
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point of the contour; p is the pressure near the contour at the given
point; bs and ayp are determined by equations (4.127) and (4.129),

We will obtain the expression for Rey, (4.159), replacing D.p
with the new characteristic dimension d:

= 107107045 242
- ii-'fV:jE:; -
The formula for determining q, is obtained from formula (4.160),
after substitution of the values of o« and w from expressions (4.155)
and (4.161) and calcuvlation of the influence of the Pr number by
formula (4.172) in a form analogous to equality (4.173):

Gy 450-1 bpe, ;/“("‘ (er) ! (u.QuB)
0u

where p is the static pressure near the contour at the given point,

Footnotes

1Rules ané methods of averaging are analyzed in detail in works

(9%], [137].

2The obtaining of equations of the turbulent boundary layer can
be found in detail in works [18], [28], [94].

3The derivation of integral equations, their solution, and an
analysis and obtaining of dependences for determining Qg are conducted
on the basis of works of V. M. Iyevlev [77], [78].

4See work [25].

It must be noted that due to the accepted assumptions expression
(4.207) gives oversized values of N * Furthermore, with the calculation

for for the coolant passage with soldered corrugations values of
"p are obtained even more oversized, since the additional thermal
resistance at soldering places of corrugations to the wall is not
considered.

®A detailed analysis of the effect of the eometry of ribbing
on 1, is given in the work of V., S. Zarubin [76?.
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