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This book presents design fundamentals of 
liquid fuel rocket engines (ZhRD). We consider 
questions of design of the engine chamber and 
the propulsion system on the whole. Basic 
statements of the theory, methods of calculation 
and description of subassemblies and units of 
devices with liquid fuel rocket engine are 
given. 

Processes of expansion 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 combustion chambers. An analysis of work of 
installations with open and closed circuits is 
given. Supply systems with turbopumo assemblies 
and pressure feed systems with gas, powder, and 
liquid pressure generators are considered. 

Much attention is allotted to work of 
installations with closed circuits and methods 
of power coordination of such circuits. 
Examples of propulsion systems were given, in 
particular, a description of the propulsion 
system of the rocket "Vostok.” 

The book gives actual data on structures, 
fuels and materials and their characteristics 
on the basis of foreign and domestic publica¬ 
tions. Examples of designs are purely 
methodical and do not pertain to any defined 
type of engine. 

The book is a textbook for students of 
higher educational institutions and ran also 
be useful to engineers and graduate students 
specializing in rocket technology. 
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PREFACE 

P 

0 

More than ten years have passed since the first Soviet artificial 

earth satellite opened the era of conquest of outer space. The 

most important elements in space rocket systems are propulsion 

systems with liquid fuel rocket engines (ZhRD) which ensures only 

flights at earlier unattainable velocities within limits of earth's 

atmosphere, but also the possibility of flight in outer space. 

The apparent simplicity of ZhRD, the very idea of which was 

expressed by K. E. Tsiolkovskiy over 70 years ago, the creation of 

such engines has required knowledge and experience corresponding 

to the present level of science and technology, wide introduction 

of methods of hydrodynamics, gas dynamics and heat exchange to 

engineering designs. 

A contemporary propulsion system with a ZhRD constitutes a 

complicated system, the work of subassemblies and units of which 

is interconnected. Therefore, design of one or another unit is 

impossible to conduct separately, neglecting the construction and 

work of remaining elements of the installation, which creates 

definite difficulties in the presentation of corresponding material. 

In the present textbook we have attempted a systematic account 

^ of design fundamentals of chambers of the engine and the propulsion 

system on the whole. By contents it is possible to divide the book 

s into two parts: Chapters I-V, which expound basic questions of 

design of engine chambers, and Chapters VI-IX, which examine basic 

questions of design of the propulsion system on the whole. 

FTD-MT-24-135-69 ix 



It is assumed that students in the present course are familiar 

with fundamentals of rocket technology and the theory of working 

processes in ZhRD. However, for convenience the first chapter 

presents briefly the basic ideas which are used in examining the 

various questions in designing ZhRD. For a best understanding of 

working processes and peculiarities of design of elements of these 

engines the basic design methods are illustrated by examples. 

I 
In view of the limited volume of this book, certain questions 

(turbopump assemblies, control, etc.), examined in special textbooks 

or aids are given in compressed form. Moreover, only the basic 

information necessary for a correct approach to designing installations 

on the whole are given. The author has tried to avoid mathematical 

computations in cases when they cannot be used for a direct 

calculation of the various elements of a propulsion system. 

When writing the textbook we systematized information published 

in periodicals and books and also made use of earlier published 

works of the author. 

We express our deep gratitude to Professors S. D. Grishin, 

F. L. Yakaytis, and Docent Yu. V. Krylov for valuable remarks and 

recommendations made in reviewing the book, and also Professor 

G. B. Sinyarev for his valuable advice, given during a joint 

discussion of the book. 

The author requests that readers send their opinions and critical 

remarks to the following address: Moskva, K-51, Petrovka, 2^, 

Izdatel’stvo "Mashinostroyeniye" [MocKBa, K-51, IleTpoBKa, 24, 
MSgaTejibCTBO "MamuHOCTpoemie]." 

t 

» 
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CHAPTER I 

GENERAL REMARKS 

The present chapter ?tves basic Ideas and relationship batman 

™rSrh mUSí be kn0Wn f0r StUdyln* “«‘C" Tundamantals 

-r^dar^r1^:*;3;:::::81 th;reader ,s ac“d «is oi rocket technology and the theory of working 
processes in chambers of ZhRD ir, »orking 

t-namuers oi ZhRD, In consequence of which idea«? anH 
relationships to be mentioned later are el ven in ? 
oroor u a. r are given In concise form without 
proof. Those who are Interested can find ¿reatar detail on proofs 

and analysis of these relationships worhs '25], [U]. “ ^ 

Massification of ZhRD pwi 

... - -- -- —- 

“T fUel and UqUld "»ve from tanks to th. enyln. 
amber where, as a result of fuel combustion, hlgh-temparatura 

gaseous product, are formed (Pig. 1.1,. In the n0„le t tp# 

anHl3 IT the Chamber pressure to the nozzle section pressure 

gâ... frJ,nth.the 3rr°UndlnK a,r at hl,5h The outflow of 
engine. ' f ^ °f the reac‘lv* Torce of the 

* 
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Pig. I.l. Diagram and cycle of ZhRD.

Classification of ZhRD

The type of ZhRD Is determined by some characteristic criterion 
(fuel, circuit, method of supply, assignment, etc.). Figure 1.2 
gives a diagram of classification of ZhRD In terms of basic charac

teristic criteria. Work of ZhRD with the different circuits, 
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 consider only the 
area of application of ZhRD. wArea of Application of ZhRD

The basic application of ZhRD Is as the engine of rockets. 
whence the name liquid 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," 
v;hlch was used for orbiting the spaceship with astronaut Yu. A. 
3agarln. Figure 4.29 shows the propulsion system of the first stage 
of "Vostok" liquid propellant rocket engine RD-107. Figure 6.7 
showi’. liquid propellant rocket engine "Cosmos" RD-119 for the 
second stage of "Cosmos" rockets launch. Figure 1.4 shows a 
diagram of the three-stage launch rocket "Saturn-V" with the "Apollo" 
JntcnduJ for flight to the moon. Thrust of the propulsion system 
of the first stage Is 3400 t (-^3.4 MN). Figure 6.32 gives an 
a.t'ucmbiy diagram of the propulsion system of the first stage of 
the launch rocket.

PTij-M7-24-l 35-69
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Fig. 1.2. Classification of ZhRD. 
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Plg. 1.3. "Vostok."

I

i-1quld fuel rocket engines are widely used in long-range ballistic 
mlsiiiles (BRDD) and those of medium range of operation, ABM, SAM, and 
f.iso Jr? meteorological rockets. Figure 6.31 shows the assembly 
j'a-j-ai:! of tne propulsion system of the "Atlas" BRDD.

Liquid fuel rocket engines are also one of the basic types of 
ci.glru. u’llir^ed in spaceships for braking and in orientation system 
(Fig. 1.0). rlgure 9.C shows a diagrara of an Installation for 
v;or/ec'. Ing t(.f speed of a spaceship.

I

J-
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I 

Fig. 1.4. Diagram of "Saturn" 
launch rocket with "Apollo" 
and emergency rescue system 
(SAS): 1 — first stage; 2 — 
adapter becween first and 
second stages; 3 - second 
stage; 4 - adapter between 
second and third stages ; 5 - 
third stage; 6 - instrument 
section; 7 — LM; 8 — engine 
section; 9 - "Apollo" command 
module; 10 - SAS; 11 - crew 
section; 12 - adapter between 
launch rocket and spaceship. 

esldes use In rocket systems, ZhRD have found application as 

he engine of other than rocket systems. Liquid fuel rocket engines 

(Pie 1 Z alraft aS 3 baSl° enSine aS WeU as for start boosters 
( lg- 1.6). They are also known to be used as the engine of 
torpedoes. 
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h)

Fig. 1.5. ZhRD for orientation sy.stem: 
a) 90 kg (883 N) thrust; b) 7.2 kg 
(70^6 N) thrust.

L'v' ■ ..
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%

4

S
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Fuel

In contrast to usual thermal machines where fuel is actually 

fuel, in 2hHD the fuel is oxidizer fuel.

For a given oxidizer and fuel, properties of the fuel are 
d^temined by their rclationsnip, which is characterized by 

.;ess cxjooi r- ratio

wh-re a.vo V - stclcniometrical and real ratio of expenditure 
. 0 r.xid'i\-.ei- to extended combustible respectively. Value a essentially 

?ct.n the basic propellant properties.

6



I 

In ZhRD w distinguish fusl which 1, spontaneously 

•••• lnflwwable upon contact of oxidizer with fuel, and 

Qon-self-i^nltlng, i.e., requiring an outside source of ignition. 

fuels'0 dl,,tln8Ul’h ÍÜ2.l£2ü!EiüSn£. and single-component (unit»™' 

Liquid fuel rocket engines almost exclusively are bl-propellants 

Honopropellant. are used mainly to drive to turbopump assemblies 

T ) (ln ,y8te“ "“h "O) and In certain low thrust engines tfor 

example, engines of orientation systems of spaceships (see Pig. 9.1)]. 

According to conditions of exploitation fuels are divided Into 

^h;b0mn" LOW-bolllng (crvoeenlM fuels> the conponents of 

which under normal conditions are liquified gases (for example, 

oxygen, hydrogen, fluorine). 

Requirements on fuel, of ZhRD can be divided Into three groups: 

a) basic, b) structural, c) operational. 

Basic requirements are determined by the main problem - obtaining 

the greatest specific thrust with the smallest possible mas. of 

the propulsion system. Finally they are formulated so: the fuel 

should possess a large reserve of chemical energy and high density, 

and combustion product, of the fuel should possess good thermodynamic 

properties (value of gas constant, Isentrope Index, etc.). 

Structural and operational requirements are determined by the 

problem of creating a propulsion system which Is reliable, convenient 

0',erstlon> and »» 'heap as possible. In accordance with these 

requirements one evaluate, the physical properties of the fuel 

cooling properties, ability to self-lgnite and limits of Inflammability 

chemical stability, explosiveness, aggressiveness with respect to 

metals, toxicity, boiling point and fusion point, and. finally, 
cost of the fuel. 

Thus, component, of fuel have numerous and various requirements 

which simultaneously can not be satisfied by one of the components, 



although the possibility of use in fuels of almost all elements of 

the periodic system of Mendeleyev has been investigated [23], 

In ZhRD the basic components of fuels are oxidizers on the 

basis of oxygen (pure oxygen or its compounds) and fuels on the basis 

of hydrogen and carbon (hydrocarbons, hydrazoic compounds, pure 

hydrogen). In the very near future it is possible to expect the 

use of fluorine and its compounds as oxidizer and compounds of 

boron, beryllium, and lithium as fuels. 

Tables 1.1, 1.2, and 1.3 give certain basic properties of 

oxidizers, combustibles, and fuels. 

Table 1.1. Basic physicochemical properties of 
certain oxidizers used in liquid fuel rocket 
engines. 
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1*2* Basic Parameters of zhrd 

Here and below the parameters related to the chamber of ZhRD 

will be designated In accordance with flow of the cycle of a ZhRD 

and characteristic sections (see Pig. l.i). We will relate all 

parameters of a combustion chamber to section "2,” 1.,., pressure 
In the combustion chamber, temperature, density, etc., will be 

designated P2; Tji Oj, etc. In cases when we consider acceleration 

of gas In the chamber, we will use parameters of braked flow. 

Thrust and Specific Thrust 

Thrust and specific thrust are Important parameters of ZhRD. 

The formula for thrust traction assuming one-dlmenslonal flow of 
gas through tne nozzle of ZhRD has the form 

where P - thrust; 0 - fuel consumption; p ; 

and area of cross section on nozzle section; 
W3* f3 ” Pres8ure, speed, 
Ph - ambient pressure. 

When p^ 

thrust 
Pb the engine works in design conditions so design 

P-2L0. 
a (1.2) 

if Ph - 0, l.e., when the engine works In a vacuum, thrust In . ».- 

W>en p , pH or p3 . pH of the engine work. In condition, of under 
expansion and overexoanainn respectively. - 

Specific thrust, i.e., 
of fuel 

thrust referred to flow rate per second 

[ya - specific] 

12 



or 

(A-A). 
(1.¾) 

In design conditions 

P «*t 
rt*i’ 

(1.5) 

in any'condltlons'c»11*^ ^ ~ e,llt “e* thru,, 
condition, can be expre,sed analogously to formula (I.?) 

” l' (1.6) 

where 

(A-A)- 
(1.7) 

ZhRD ,1 °ne °f the ^°31 lmp0,,tant Parameter, of work of 
ZhRD since on It, value. In the end, depend, the loading factor 
of the rocket system (ratio of payload to starting load) Figure 1 7 

gives a calculation graph of change of initial mas, of system "r 
launching satellite with a mass of 5 5 t denpnrtir, 

01 t depending on specific thrust 

Pig. 1.7. Influence of specific 
thrust on initial mass of the 
system. e 

In heat engines one frequently 

consumption, i.e., fuel consumption 

of 1 kgf. 

meets the idea of specific fiu>i 

per unit of time for a thrust 

—L.SSkjg, 
Aâ PtM *7 * 

(1.8) 

13 



Inasmuch as specific consumption In ZhRD Is simply connected with 

specific thrust, the concept of Gyfl Is rarely used. 

Basic Relationships of ZhRD 

The basic relationships characterizing work of ZhRD and defining 

Its characteristics are: specific Impulse 6, thrust coefficients K 

and Kjj and expansion ratio of the nozzle f^/fKp* tKP - critical]. 

Specific Impulse 8 (or complex 8) of pressure In a combustion 

chamber Is 

(1.9) 

If one were to express 8 as the ratio of fKpP2 m&ss flow rate, 

then 8 has the dimension of speed m*s. Therefore In Western literature 

specific Impulse Is usually called characteristic speed and Is 

designated by c*. 

The theoretical value of 8 Is calculated 

obtained from the equation of consumption 

Here 

n - polytropic Index of expansion of combustion products from to 

pKp* 

by the expression 

(1.10) 

Values /RgTg and An depend on the kind of fuel and barely 

depend on other parameters of work of an engine (within limits of 

l-2ff). Therefore we approximately consider that theoretically 

8 depends only on the kind of fuel and is a constant thermodynamic 

characteristic of a given fuel. Por a given fuel the value of 

the 8 complex depends only on the qualltv of the flow of processes 



i.

Irj thf comhuj-.tlori chamber and does not depend on processes In the 
r\nz7.i‘-. Thu.-, for a ,-:lv<-ri fuel i'. a chnracteri.'tl c ieten.'l nlnr; the 
work of O';!./ the somb i.;t 1 on chamber.

h‘02?:le thrust coefficient K (or thru.ot coefficient)

(1.12)

The thrust coefficient shows ficw many times engine thrust exceeds 
th>- ba.-lc c(imncr;ent force of thrust f,, p ,. Therefore, sometimes 
K 1.' sailed dl mens lor les.~ thrust. The ttjooret 1 cal value of K Is 
‘-•a.; t;u I at< <1 t-y tt.-- expression obtaln*^d f.”om the formula of tliruct

1

1+^.
(1.13)

Where n ^ — mean Index of l.sentrope of exnan.'^lon. It Is more
convenient to use the thrust e.;eff 1 dent In a vacuum K :

(l.l^t)

When p^ • 0 the calculation cxpres.-lofi for K Is obtained from 
equation (1.13):

Sail

I a. \ Ps I_ _

a%.
'-(5) - (1.15)

-S'.
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As wo see, K docs not depend either on work of the combustion chcjnber 
or m external conditions (p») and is a characteristic determining 
work of the nozzle of the chamber only.

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

(1.16)

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

(1.17)

where P.. — measured reaJ thrust of engine. Comparing expressions 
(1.9)t (1.12) and (1.14), we obtain the formula for determination
P, and P

(1.18)

Expansion ratio of the nozzle f^ (or simply broadening) is 
defined as the ratio

1

*4

t



f .5^1

(1.21)

(1.22)

(1.23)

IL= l+fls*^ Ml;
T, ^ 2

V: t, , <•«.-•
-^(l-r-j-M.)

I

(1.2U)

(1.25)

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

of a nozzle. Relation

(1.26)

is called the expansion area ratio of a nozzle. As we see from 
expression (1.20), expansion ratio 6 for an assigned fuel, (l.e., 
n,.) and broadening of the nozzle f^ do not depend on a change of 
pressure in the combustion chamber.

I

Relationships (1.20)-(1.25) are obviously valid not only for 
determination of parameters on the nozzle section, but also permit 
determining p^/p, M (or w), p^/p in any section of the nozzle with 
f * f/f.j. • Using the shown relationships, one can determine the 
change in p, w, p, T over the length 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 ...

17



Pig. 1.8. Dependence f/f,.,.

-((^..»)

Characteristics of ZhRD

Tn ZhRD we distinguish two basic types of characteristics: 

throttle and altitude.

The throttle (or consumption) characteristic is the name of the 
dependence of thru.st P or specific thrust on consumption of 
oo;ui'onents G at constant altitude.

The altitude characteristic is the name of the change in thrust 
P or spfitiric thrui.t P..„ depending on altitude of work of the engine 
H (or an ambient pressure p^_) during constant consumption.

The equation of the throttle characteristic P « f(G) is obtained 
1 rom the formula of thrust (1.1) converted taking into account 
relationships (1.9) and (1.26) and taking p^ P|:

(1.27)

Inasmucfi as the sum in parentheses and member f^Pp *io not depend on 
corii-.umpllon, the equation of the characteristic has the form of an 
.-.Icjui-i 3ii of a straight line

Of. i^Jg. i.ya arc represented throttle characteristics plotted from 
piuaM'-.n (1.27) for an engine with different expansion ratio, and

>

c

te:



.;!i FI;T. 1.9b for rin encln*:.- working on lana (P * Pq) and 3n a 
vacuuT. (P. = u). If 1-here 1;- a oonoiderablc decrease of 
oonsumption ao compared to calculation conditions separation of 
flow from walls of the- nozzle will occur (see section 2.7). In 
this car.e equation (1.27) will not be valid and the real characteris

tic will r:o through the origin of coordinates as shown by the dotted 
line.

r c) * II 7) ^

Fig. 1.9. Characteristics of ZhRD: a, b)
throttle characteristic of thrust (P = f(G)); 
c, d) throttle characteristic of specific 
thrust (P = f(G)); e, f) altitude
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T ■ ^ f

! -

m1

Durlnfs work of the engine in a vacuum (P, « 0)

(l.?9)

l.e., specific thruat In a vacuum does not depend on conaurnttlon.

On Pig. 1.9c, d are shown throttle characterlKtlcs P.^, ■ f(3) 
and P;v;,.ii - f(^) for engines with different expansion ratios and 
for engines working at various altitudes.

Dependences of thrust or specific thrust on flight altiruder 
faltltude characteristic) are determined directly by formulas (1.1) 
or (I.*!), In which with a change of height only P;. Is changed.
Prom a comiiarlson of these formulas It Is clear that the character

istic of thrust and specific thrust differ In altitude only by 
scale (Pig. 1.9f). The altitude characteristic of thrust or 
specific thrust In terms of altitude of work for engines with different 

broadenlngs are shown In Pig. 1.9e.

i.<. Systems of Loss Coef f I cl .;nts. Expenditure of 
Puel and Basic Dimensions of Nozzles

System of Coefficients for Evaluating the Quality 
of Processes in ZhRD

For evaluating the quality of flow of processes In ZhRD It Is 
possible to use either efficiencies, which estimate the perfection 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 coefficients 
(efficiency). In the second. Impulse coefficients.

In ZhRD the more commonly used are impulse coefficients, examined 
below. Power coefficients are detailed In [I'll and [25].
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If one were to designate 4> on the loss factor of specific 
thrust then specific real thrust could be defined as

(1.30)

losses of specific thrust in general are determined by losses in 
the chamber, in the nozzle and on thermal resistance, which we will 
estimate accordingly loss factor in the chamber

, so that
nozzl? coefficient

6 and loss factor on thermal resistance <^ c---------------------------------------------------- ------

(1.31)

Above we noted two basic parameters, determining processes in a 
combustion chamber and in a nozzle: complex 8 and K_.. The distinc. 
tlon In the real value of complex li , obtained on the basis of 
experimental, data by formula (1.9) from the value calculated by 
equation (1.10) testifies to the low-ouailty of organization and 
flow of processes in the combustion chamb«?r, i.e., losses in the 
combustion chamber (for detail see section 3.6). Thus

(1.3?)

If, during a comparison of calculation and real values of 
complex 8, real expenditure is set equal to calculation and the 
calculation of 6 is conducted at real value f,^j , i.e., G.. ■ G and

then

a.33)

Thus, .f-, characterizes the value of losses of pressure due to the 
low-quality of processes. Therefore 4., is frequently called the 
coefficient of fullness of pressure. -•

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

we obtain



- .* WW&' apt-
; ssm

whence, takinj? R^:. * R^,

'It (l.B'i)

Formula (1.3^) permits for known or assigned 4^. approximately 
estimating the decrease in design temperature in the conbueticn 
chamber due to losses in it.

Losses in the chamber are made up of tv/o forms of losses: 
losses on Incompleteness of combustion due to the lovj-quallty flow 
of processes of conversion of fuel into combustion products (see 
section 3.1) these losses do not yield to exact calculation, are 
usually determined experimentally, and are characterized by the 
coefficient of incompleteness of combustion and losses on
irregularity of distribution over the section of the chamber of the 
ratio of components and specific weight flow, expressed by variation
factor <^ . Thus,

(1.35)

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

Losses in the nozzle are defined as the ratio of the real
value of the thrust coefficient in a vacuum K,, „ defined on the
basis of results of experimental data by formula (1.17), to its 
theoretical value calculated by formula 0.15);

(1.36)

In general they are composed on losses on dispersion of flow
(*p.,„). on friction (♦,,,), inlet

;), on nonadiabaticnessprocess of expansion (♦,

(♦fijj)» on nonequilibrium of the

>!i. V ), and also
of losses connected with the presence of a boundary layer )

o V3K ^

and losses during expansion of a two-phase flow (<l^j)). Thus,

(1.37)

t a .
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(For detail see section 2.2j.

Losses on thermal resistance take place only in a high-speed 
combustion cijamber. Then calculation is given in works [2] and [110]. 
For an isobaric combustion chamber 4>,., * 1» and then expression

(1.31) takes the form

? = ».»€• (1.38)

Determination of Fuel Consumption and Areas of Nozzle
Sections f,„ and f.

Let US examine hov; we determine taking losses into account, 
fuel consumption and areas of the critical and nozzle exit section 
(f, and f-’' for an assigned thrust known from thermal calculation

Hi - i

of specific thrust P. and assigned or known loss factors «>,. and 

^c-

Theoretical fuel consumption, i.e., neglecting losses

(1.39)

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

(l.ilO)

From expressions (1.39) and (l.Uo) we obtain the relationship 
between real and theoretical expenditures of fuel;

(1.^41)

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 fj^^, is determined from 
formula (1.19)

23



{1^2)

Real area cf critical section ^ taking equations (1.32) and 
(1.^1) into account

V

C,V — GH. _ C? f« 
fs iPz Pi f«?«

This means that the area of the critical section must be Increared 
only In order to pass through it the additional fuel consumption 
for compensating losses In the nozzle, this additional fuel consurr.ption 
for compensation of losses in the chamber, not requiring an increase
in f^^ .

Let us define the area of nozzle section in a cut. According 
to the equation of expenditure theoretical f.^ and real f^ will 
accordingly be equal to

»»v*

•uVi*

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

(l.i»4)

(l.iJ5)

According

u.ne)
On the basis of the equation of state

h.
(l.'i?)



since

..-1 .-I

then in accordance with equality (1.3^)

(I.'jS)

Putt!n,'- in expression (1.^‘j) the values G , w^- and v^,. from 
relationships (i.'^l), (l.i»5) and (l.^i?), taking Into account 
eouallty (1.^8), ve obtain

Ofl */.4. (l.i»9)

We see r.iiat the influeiice of losses shows up on a sharper increase
The cause of this is that the value of f-in f ^, than in f.,^ _ . . . . .  _ ^ _ ^

besides the increase of expenditure, is influenced also by the
decrease of real speed as compared to w^.

.f-

'i*

I
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CHAPTER II

WOZZLES OF A LIQUID FUEL ROCKET EHQIIIE

In the nozzle of the chamber of the enrlne there occurs 
CApunslcr. J.nci acceleration of prouucts of combustion, l.e., the 
rrans format lor. of thermal enercy obtained in the combustion chamber 
inv^i kinetic enercy of the motion of "ases . The quality and weight 
of the whole propulsion system depend on the quality of operation 
of tne nozzle, its economy and weicht.

2.1. Types of Hozzles and Haslc 
Reoulrementt; of Them

At present there are used or there is Investlrated the possibility 
cf uaiic t.he followlnc basic types of nozzles (Fin. 2.1); conical, 
proflieu and nozzles with a central body.

IHP Round nozzles

b) f, c)



Nozzles with a central body 

d) e) f) g) 

Fie. 2.1. Types of nozzles of the liquid-fuel 
rocket engine: a - conical; b - profiled; c - 
with an angular entrance; d - annular; e - with 
full external expansion; f - with partial inter¬ 
nal expansion, g - plate with free internal 
expansion. 

Conical and Profiled Nozzles 

Conical nozzles have the supercritical section in the form 

of a cone with a direct generarix (Fig. 2.1a). They are the 

simplest to manufacture anu have been widely in rocket engines. 

With respect to economy of the operation, i.e., with respect 

to the magnitude of losses, and weight characteristics, they yield 

to profiled nozzles and at present are almost completely displaced 

by them, finuing application only in certain engines of low thrust. 

Profiled nozzles have the generarix of the supercritical 

section made in a curve, which coincides with the streamline (Fig. 

2.1b, c). At present this is the most widespread type of nozzles 

of a liquid fuel rocket engine [ZhRD]. There are nozzles with a 

smooth entrance into the supercritical section of the nozzle 

(Fig. 2.1b) and nozzles having a break of the generatrix in the 

4 throat. The latter type of nozzle is calleo a nozzle with angular 

entrance into the supersonic section or, simply, nozzle with 

; angular entrance (Fig. ?.lc). 

Sometimes nozzles whose throat has the form of a circle, in 

contrast to nozzles with a central body, are called ordinary 

27 
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round nozzles. But usually by conical or profiled nozzles round 

nozzles are implied. 

Nozzles with a Central Body 

In recent years there has been intensively investigated the 

possibility of the application in a ZliRD of nozzles with a central 

body similar in principle to the type of nozzles successfully used 

in a Jet engine [VRD]. 

Here are the following types of nozzles with a central body. 

Ring nozzles (Fig. 2.Id), the expansion of flow in which 

is limited by an annular channel with solid walls. In principle 

the operation of annular nozzles does not differ from the operation 

of round nozzles. 

Nozzles with full external expansion (Fig. 2.le), not having 

an external wall forming the flow after the throat. Frequently 

this type of nozzle Is simply called nozzle with a central body. 

Nozzles with partial Internal expansion (Fig. 2.If) where the 

external wall determines expansion only up to a definite pressure. 

Such type of nozzle is intermediate between nozzles shown on Fig. 

2.Id and 2.le. The application of these nozzles can appear 

expedient with the necessity of deep expansion and the acceleration 

of gas up to great M values. 

Plate nozzles (see Fig. 2.1g), thus called because of the plate 

form of the central body with a free internal surface of expansion, 

since after the critical section they do not have an internal 

wall. 

Problem of the Designing of Nozzles 
and Requirements for Their. 

From a thermal calculation of the engine there are known only 

dimensions of the throat of the nozzle nozzle exit section 

20 
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1*2 (or the pressure Is assigned on nozzle p^). In the designing 

of the combustion chamber we also determine dimensions of the 

entrance Into the nozzle section. However, other important dimensions 

of the nozzle determining Its form and design dimensions (in 

i particular, the length of the nozzle and angles of inclination of 

walls of the nozzle in the entrance and outlet sections) are unknown 

• to us. 

The problem of designing the nozzle consists in the determination 

of such a contour of walls of the nozzle with which the following 

basic requirements for the nozzles would be satisfied. 
« 

1. The nozzle should have losses of thrust as small as 

possible, i.e., as large a value of the coefficient of the nozzle 

♦c is possible. 

2. The surface of the walls of the nozzle at assigned fm 
and fj should be the least, which decreases the weight of the 

nozzle and facilitates its cooling. 

3« The construction and technology of manufacture of the 

nozzle should be as simple as possible. 

I 

I 

( 1 
I ( 
I 
i 
I 
I 1 
Í i 

, 

I 
I 

Í 

As frequently happens in technology, the indicated requirements 

are to a certain degree contradictory, and the full satisfaction 

one of them leads to a certain impairment of other properties of 

the nozzle. Therefore, in the designing of the nozzle depending 

upon the assignment of the engine, we take a certain compromise 

solution. 

2.2. Losses in the Nozzle of a Liquid Fuel 
Socket Engine 

Classification and Estimate of Losses 

As was already indicated (see section 1.3), losses in the 

nozzle of a liquid fuel rocket engine are estimated by the coefficient 

29 
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Quantity + depends on various kinds of losses in the nozzle, the 
c 

basic of which are the following: 

1. Losses to the dispersion of speed at the outlet of the 

nozzle toe- 

2. Frictional losses of gas on walls of the nozzle vrp. 

3. Losses at the entrance into the nozzle Vu- 

Losses to the nonequilibrium of the process of expansion Vmp. 

5. Losses connected with the nonadiabatic flow of products 

of combustion along the nozzle. Sometimes they are called cooling 

losses Vu«- 

6. Losses to the narrowing of the section of the flow Ve»*- 

7. Losses taking place with the outflow of two-phase working 

substances v*. 

In certain cases losses in the nozzle are conditionally attributed 

to losses in thrust appearing due to the off-design nature of 

the operating conditions of the nozzle <pH.p.. This is inadmissible 

since losses of thrust due to the off-design nature of operating 

conditions do not depend on the quality of the flow of processes 

in the nozzle. However, sometimes in the comparative estimate of 

different contours of shortened nozzles, it is convenient to 

consider these losses by introduction of the coefficient ^.p, referred 

to the nozzle. 

Each of the indicated kinds of losses is estimated the appropriate 

coefficient ?< (fue. ftp,etc. ) expressed as 

' 



(2.1) 
fi 

« 

wnorc A P( 

Tor every 

decrease In thrust from a elver, type of loss. 

I<lnd of loss we can determine t : 
Knowing: 

(2 • c ) 

Vakinc into account equation (;■ 1 ).» v/e will obtain 

M (2.3) 

It is more convenient (and more usual) 

sum but as the product 
tc determine $c not as the 

* f»mV*»?«?Mtfnifcj»?*’ 

ln th° ,Uantlty ‘letirralnc<i by formulas (,?. or (2Ji) is small. 

of J“00?"3 t0 reSUUs of exPerll:'ental data, the total ms 
looses In the nossle Is determined by the formula (I.3C): 

(2.4) 

3) 

marn Hurle 

30: fcmKujJKa. 

(2.4). 
Let us examine the components of losses 

ses entérine into expression 

Losses to the Dispersion of Speed 
at the Outlet of the IJozsle 

In derivlnr the equation of thrust we considered that th- 

rection of the flow of ,-asses passing fron the nestle Is 

J'.fir 
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in parallel to the axis of the nozzle. In reality, if in section 

f^ the direction of the wall of the nozzle is not in parallel 

to the axis, then the velocity of the flow directed alonn the wall 

is deflected from the direction of the action of the tractive 

force (Fig. 2.2). The traction of the nozzle is determined only 

by the component of speed parallel to the axis w^. 

oince then tl;e thrust of the nozzle is smaller than 

the design thrust, which corresponds to speed w,. Let us determine 

the magnitude of losses to disporsion. With nulte small values 

of and with the ratio it is possible to assume that in 

the nozzle exit section radial flow takes place, and the surface 

p. ■ const has the fori., of a sphere of radius p with surface f^. 

0 

Fig. 2.2. Determination of v»««* 

Considering, that 

•i"h 

> ) 
J *- 



«Uistuatlir expressions (2.J! Into <juntlon ( ..,1,), „ .,,,, 
cutain 

Integrating this expression within 11,:,1 to fror. 0 to fu. V, we oht; l.r. 

s,nPCOS 

(2.7) 

The flow rate thrcufli our face f 

It. ucooraance with equations (:.0) the yar'Y.c-e c‘ 
the einnent 

ami then 

,hf äf - *"m ~ d -«..¡y. 

the aunfaoe area of the ao.-nont 

(2.9) 



Substituting values (2..?) and (2.9) into expression (2.7), wc will 
obtain 

(s.in) 

Compariri,1: the expression in parentheses with the equation of thrust 
(1.3), we see that this value is the rocket engine thrust in a 
vacuum with parallel outflow, for which the area at the exit is 
equal to f^. 

If In view of the smallness of angle we take the surface 
area f^ equal to the area of nozzle section f^, then the value in 
parentheses will be equal to the rocket engine thrust with paru]loi 
outflow. Designating 

l±*!Sh 
s 

we finally copy equation (2.10) in the for;.* 

•• 

(2.11) 

(2.12) 

where f*« - loss factor of thrust to the dispersion of flow in 
view of the nonpurallelian of the outflow. The dependence of 
■mc on angle- 3, is given in Table 2.1. 
- .) 

Table 2.1 

9» 0 4 0 12 10 20 24 20 32 36 40 

1.900 0,0997 0.9908 0.0972 0.9931 0.9924 0.9090 0.9631 0.980r 0.9755 0.9t>98 

Fro:n the table it is clear that for the nozzle with an opening 
2k^ * 2S° thrust P will be of the thrust determined by 

3^! 



the formula (1.3), and at ancle 20^ • 12° losses to dispersion will 

be a total of 0.3i. Although the given deduction Is correct only 

for the radial flow of -ases over the nozzle, formula (2.11) 

with a sufficient degree of «accuracy permits estimating losses to 

dispersion also for profiled nozzles. 

Kor a decrease in losses to dispersion it is desirable to 

have ancle as small as possible, and when 6^ ■ 0 it will be 

çpae-l. However, as we will subsequently see (see section 2.5), 

in nozzles of rocket encines it is inexpedient to reduce angle 

63 to zero, since with this frictional losses and weight of the 

nozzle creatly increase. For the usually applied or conical 

nozzles the angle at exit 2B3 is within limits 10-30°, and losses 

of thrust to ulspersion are 0.3-1.52. 

Frictional Losses 1r. the Nozzle 

As a result of the friction of gas on the walls, there appears 

a force acting on the wall of the nozzle in a direction opposite 

to the tractive force ("pulling" force). The value of frictional 

force acting on the annular secticr. of the wall of the nozzle dF^ 

(Fig. 2.3), 

éP, »M u// co>ydF, (2.13) 

where and vii - density and flow rate in the i-th section; Cfl - 

coefficient of skin friction. 

Fig. 2.3. Determination of frictional losses. 
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The coefficient of skin friction Cp taking into account the 

compressibility and heat exchange, can be calculated on the basis 

of the theory of the boundary layer. Approximate values of 

can be obtained by using the semi-empirical formula 

where C/a - coefficient of friction of the incompressible liquid; 

r - recovery factor. Por tentative calculations frictional losses 

can be taken as 

r~om C/.-OOOI-aOM. 

The total frictional force acting on the wall of the nozzle Is 

equal to 

(2.15) 

The thrust in a vacuum, taking into account the action of frictional 

forces, 

where t>» - frictional loss factor 

V 

( 2. If) \ j 

(2*17) 

For nozzles of a ZhRD values of the frictional loss factor lie 

within 0.98-0.995. 

Example. Determine frictional losses in a nozzle and frictional 

loss factors and losses to dispersion «m, neplectinp, the 

friction on the section of chamber prior to the throat. 

36 
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The basic parameters of operation of the engine and dinenslons 
of the nozzle

f^lOk T/m*tUO rmM^h «-lM kg/.i 
ri-SNTK: rnm^lX

*-au ktf •rAc'*** tm iTi«-ao juv
A-»k-«rktfW<auM WHA*):

Mt-mMmrn:

The contour of the nozzle Is shown In Fin. 2.k.

Fif. To :ic;t.e>-:ilj;atlon

A^„; division on sections.

oolation. To determine fricvic: -ii losses let us divide the 
nozzle lenEtriwlse into five sections arc! netermlnc frictional 
losses accordlns to parameters referred tr the middle of the section. 
The coefficient of frictio.n is ietersineu anproxlnately by 
formula (2.1^).

Let us consider ■ 0.003 md r * 0.c-.>*. 3y knowln;:: the 
mean values of ///,V. let us Jeternine qnentitlos by the
well-known relationships of nas dynarr/.c::. Dr‘.a of the calculation 
are civen in Table 2.2. The total fr!.iMonni force:

m
kfypll N).

Let us define loss factors a.nd «*». T.ht thrust in a vacuum

O+/aA-^-13.S + 3.»-l0-> 0.7.|IW-3<»7 k«T<3«300N).

3"
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The frictional loss factor 

,, /■-**» »W-ll.T 
* «it m0M 

The loss factor to dispersion 

.0JW, 

Table 2.2. 

Mat>«r of •••%tena 1 
2 

3 4 5 

«Ml* of 
iMllRatioa *r contour f in «o|. ao 21,5 16 11 4 

têt} MM 0,990 0.900 0.905 0.909 

Avom.io rodiuo Ätp10* in ■ 37,5 39.5 64,5 91 102 

atirnoo or ^Motion , 
kTimUHit-l» in n‘ 1M 13.0 41.6 56,2 32,9 

/1/,, 1.56 1.65 4.62 9,20 11.6 

piA «.Ml 0.165 0.0856 0.0140 0,0104 

6.174 3.50 7.40 10.36 11.3 

(l+ rMi)*“ 1,01 1.16 1.32 1.43 1.47 

C/l« 6.367 0.256 0.227 0,21 0.204 

n*/o2 96.6 314 517 617 643 

• Inktf.o^V 
in kcV 

6.634 
6.23 

0.154 
1.51 

0,0132 
0.424 

0.0197 
0.193 

0.0156 
0.155 

6.63 24,2 11,2 6.06 5.06 

«/•? 196 624 254 126 104 

Prletlonol 
fonoo on the ooetlon In ktf 

iPrr-C/ âf! coop ln N 

2.36 

23.4 

7.05 

76.0 

10,5 

103 

7.4 

72.6 

3.41 

33.4 

: 



Losses at the Entrance Into the Nozzle 

With Gas flow lo the subcrltlcii part of the nozzle with a 

r0 U;r Pe;1Ph"al streams In a Ulrectlon toward th 

axis 0 h' n0Z2e' C0npre33l0n of Eas streams flowlnc near the 
Is of the nozzle occurs. As a result of i-m«. 

the .entrai streams Is set hlcncr tlmn the n" Pre5S,,re ln 
wall of the nozzle Fir , . " Pressure around the 
nr ’ iC‘ 2'^a 5hows a diagram of the distribution 
of pressure in the section t r r ^ aistribUwion 

set higher than that near the avi«* mK « 
entrance Into the region of t.h. tn Therefore, at the 

earlier up to th rï L the P*rlpher*1 accéléra 
~ , P critical speeu than does the flow near the awl- 

ur ace of the critical speed AO Is deformed obtalnlnr 

form, with great curvature of the entrance section the omatio"" 
of compression shocks and also the separation or n , forciatlon 

Furthermore, since the ezact form of he surface oiThc "uT'10' 

speed is unknown, losses can appear due tolL ' 

Of the real character of the f oi r , "«npondenc. . 
design scheme. entrance part of accepted 

a; 
I r 

; » 

íos¿es:5'»ríPlanatlon of entrance losses, a) appearance of losses -it- fh« 
’ntrance; b) Vitoshinskiy profile. 
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All these losses 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 aaenltuue of the losses 
Is estliaated by coefficient tn-

The smooth entrance Into the nozzle at which the surface 
of the stalling speed can be considered flat provides a contour 
of the subsonic part constructed by the formula of Vltoshlnskly 

(Fig. 2.5b):

(2.10)

The surface of tno crltlt;al .-jpcoii will be obtained quite close to 
a flat surface if ue profile the entrance part by an arc of a circle 
with a radius Tlie fiat surface of the stalllnr: speed Is

frequently taken as tne Initial with calculation of the profile 
of the supercritical [^3]. however, with such a construction
a relatively lone entrance part of the nozzle Is obtained, l.e., 
the dimensions and weight of the nozzle Increase.

Experiments on the determination of the entrance losses in 
nozzles dlstlnculsiieu by a radius of curvature of the nozzle in 
the region of the critical section showed that when i?ci9>0,6SDi9 
entrance losses arc practically'absent. Tljerefore, in the profllinc 
of nozzles of a Zhid), depenalng upon the accepted deslnn scheme, 
the entrance part of the nozzle in the region of the throat is 
constructed on an arc of a circle with the followlnc radius of 
curvature [8]:

(2.19)

Entrance losses here are taken equal to zero, l.e.,



other Losses

Losses to the nonequllibrluni of the process of expansion (fMp).

With very creat broadenlriEs, when the thenr.odynanlc 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 mlcroencines), the process of 
expansion of gases can flow partially or completely unbalanced 
(In detail see work [253). With this the magnitude of specific 
thrust drops as compared to the specific thrust determined with 
equilibrium expansion. Losses to nonequilibrium can reach 5-lOS. 
Quantity can be determined by estimating the degree of
nonequllibrluM.

Losses due to the nondiabatlc nature of the process of expansion 
(fwu)- cause of these losser (also called cooling losses)
Is the heat removal from the flow Into the wall. With this If the 
heat is removed Irrevocably (for example, with cooling by a special 
component not utilized as fuel, or in the case of uncooled chasdi)er} 
the specific thrust decreases as compared to specific thrust 
determined with adiabatic expansion. The magnitude of these losses 
with Intense cooling can reach 3-5S. If, however, there Is used 
regenerative cooling, at which the heat, tapped by the coolant, 
returns back Into the chamber, then there will be no losses of 
specific thrust due to heat removal from the flow. Conversely, 
there will occur a certain increase In since in the nozzle heat 
from the flow Is removed at lower pressure than the pressure at 
which this heat returns Into the chamber. However, an Increase 
In Pn here Is a fraction of a percent and therefore in calculations 
Is not considered. Calculation of the influence of the nonadlabatlc 
state on P„ Is examined In work [2].

Losses to the narrowing of the flow owing the boundary layer 
(v^b). 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
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l8 distorted, which In the end can lead to a loss In speed and 
thrust. The macnltude of these losses Is small and Is considered
In the total estimate f

c-

Losses with expansion of two-phase flow (as). In the use of 
certain forms of hl£h-calorle fuels (for example, metallized fuels) 
In products of combustion small particles (for example, condensed 
oxides) can be formed. In this case In the nozzle there occurs 
expansion of not a unifox'm but a two-phase gas flow (heterogeneous). 
With the expansion In the nozzle the drop in temperature and 
Increase in velocity of the particles attracted by the gas flow 
occur more slowly as con.pared to the change In corresponding 
parameters of the gas. This leaus to a lowering of the specific 
thrust. Losses in specific thrust with expansion in the nozzle of 
a two-phase flow can reach considerable values, of the order of 
3-10 and more percents, and sharply reduce the effectiveness of the 
application of high-oalorle fuels.

2.3. Deslrnlnr of Conical Hozsles

Considering the deperirtenoe of losses at the entrance, to 
dispersion and to friction rn form and dimensions of the nozzle.
In the designing of conical nozzles It is possible to recommend 
the following values of the basic geometric dimensions of the 
nozzle (Pig. 2.6). The entrance part Is designed from the condition 
of providing the absence of entrance losses.

Pig. 2.6. 
nozzles.

Designing of conical

r

The angle of entrance Into the nozzle part

2^,-45-8Cr. (2.20)



The radius of curvature of the critical part of the nozzle 

*«*-(0.85-1)0». 

xhe radius of curvature of the entrance part of the nozzle 

*i—(0,35—0,5)011». 

(2.PI) 

The an~le of the out le 

basis of experimental 

fpic^rp on the aperture 

nozzle 2ß,. A typical 

PiC* 2,7. Usually 

t part of the nozzle 2e, is selected on the 

data concerni!^ the dependence of the product 

or.;;le of the supercritical part of the 

fraph of suen a dependence is shown on 

25,-25-30°. (2 22) 

A certain inpclrnent cf -wantlty Js, , 30. ls C0;,penBate(1 

y a acensase in length ana, consequently, weicht of the nozzle. 

The main ueflclency In conical nozzles Is that even with the most 

acceptable angles IB- the nozzle is obtained relatively lone, heavy 

anu nas comparatively great losses to dispersion and friction. 

fptrVrp 

'0 20 X ip, 

Fig. ¿.7. Dependence of fMcX 
Xf„ or: angle 2ß-,. 

and 

Profiling the 

lighter with a 
contour of the r.ozzle permits making 

simultaneous decrease in losses. 
it shorter 

2,i<* --c,ic Inltlal Positions in the Construction 
of a rroriied HqzzTp 

Let us examine 

■in the construction 

profiled nozzle. 

the basic position 

of the contour of 
s from which one proceeds 

the supersonic part of a 

i> ' 
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An ideal nozzle is called a nozzle with isentropic flow and 

a uniform flow of gas in nozzle section parallel to its axis. Thus, 
for an Ideal nozzle losses to dispersion are equal to zero. As 
we will further see, such a nozzle is not the best for a ZhRD. 
However, the contour of an ideal nozzle is usually initial for 
obtaining more rational 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 cliaracteristlcs. In the supersonic 
part of the nozzle the flow of j^ases is expanded and accelerated, 
passing through an Infinitely large quantity of rarefaction waves 
(Mach lines or characteristics). ’With the passage of flow through 
the rarefaction wave the direction of streamlines of the flow of 
gases is also changed.

The problem of the profiling 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 directed either at a definite set 
angle S^, or in parallel to the axis of the nozzle.

Along the length of the longitudinal section of the nozzle 
it is possible to separate the follov/lng basic sections characterizing 
processes in the nozzle (Fig. 2.8).

Fig. 2.8. Basic regions 
of the process of expansion 
of products of combustion 
in the nozzle.

aMM



I. Region cn the left of surface AOA1 - rorlon of subsonic 

p.as flow. In it the acceleration of the subsonic rnz flow up to 

a stalling speed occurs. The contour of the subsonic part of the 

nozzle is profiled proceedinc from the condition of providing 

the absence of entrance losses in the nozzle (see section 2.2). 

II. Surface AOA' - surface on which the speed of p;as reaches 

the speed of sound at a civen feint, i.e., the surface of the 

stalling speed. The form of it in general can be both flat and 

convex and is determined by the contour of a subsonic part of the 

nozzle. As yet there is no accurate solution to problem of the 

determination of the form of the surface of stalling speed. With 

different methods of profiling the nozzle ue proceed from different 

forms of the surface AOA'. The most widespread assumptions are 

about its flat or spheric form. 

III. Region AA'OnAn'A’ - region of preliminary expansion. 

Here the expansion and acceleration of gas occurs. On the section 

of nozzle AAH there appears an infinite quantity of weak rarefaction 

waves AM', A&'... AnC*', which are characteristics. With transition 

through the rarefaction waves a decrease in pressure and acceleration 

of supersonic flov; occurs. In the calculation of the contour of 

the nozzle the curvilinear section AÀn is replaced by a finite number 

of chords M,; /Mj .... With this the broken line AAt^.A* 

is selected in such a manner so that the direction of the character¬ 

istics is changed by an infinite number (for example, 2°). Thus, 

the infinite number of rarefaction waves of infinitesimal intensity 

is replaced by a series of rarefaction waves outgoing from points 

of the turn of the broken lino. This replacement is equivalent to 

the assumption that expansion occurs not continuously but at small 

finite distances. 

The angle of inclination of the velocity vector at the wall 

AAñ with respect to the axis of tne nozzle continuously increases 

up to point A . At point 0n the flow rate reaches the assigned 

speed. 

A r 
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IV. Renion AnOnCn - rerion of levelllnr. off of the flow. 

In this reeion there ocouru further acceleration of Ras up to the 

asslcneU speed and levcllinc off of the direction of the notion 

of ¿as. The contour of the nozzle in this region is profiled fron 

the condition that at points C^, c2, C^, etc. reflection of rare¬ 

faction waves A\'Cu Ai'Ct. Ai’Ci the direction of the wall coincides 

with the direction of the speed. Therefore, at these points the 

angle of Inclination of the wall AnCn Is changed by an angle equal 

to the angle of rotation of the flow with passage through the 

rarefaction wave -VCi. /VCj. A,'t,,etc. The angle of inclination of 

the velocity vector of the flow at the wall AnCn fron point An up 

to point Cn continuoisly acercases. With the attenuation of all 

rarefaction ¿i'Ci, 4t'Ct... wails of me nozzle will he parallel to the 

axis of the nozzle (for '.n ideal noszle). Thus, starting from 

point An of the angle of inclination of the contour of the wall to 

the axis of the nozzle continuously decreases. Point A„ Is the n 
Inflection point. 

On section A/.ft tac angle of inclination of the contour 

continuously increaiKd. ’.'ith the construction of the prefije on 
this section, depenuiug .nm, t.ic streamline according t.o v/hich the 

profile of the nozzle Is constructed, there car. he obtained a larger 

or smaller length r.f ire generarla AA , and with tne construction 

of the profile along the limiting streamline the section will 

reuuce to a point. Region IV will start directly from the critical 

section of the nozzle in which the contour of the nozzle will have 

a break (Fig. 2.9a). Therefor**, euch a nozzle is called a nozzle 

with an angular entry. Other tilings being equal, the length of 

the supersonic part of the nozzle with angular entry will be least. 

Therefore, in a 2nRD the application of nozzles with angular entry 

Is expedient. 

V. Region C*OmCn' - region of uniform gas flow. For an ideal 

nozzle the direction of the motion of flow in this region is in 

parallel to the axis. The flow rate is equal to that assigned. 

U6 
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Fl¿*. 2.9. Different initial 
conditions for the corctruction 
of a çridí 0f characteristics 
and rrofile of a nozzle: a) 
flat surface, anrulnr entry; 
b) flat surface AO, smooth 
entry; c) m’m' - calculated 
surface, rounded entry; d) 
radial flow up to surface r^n»; 
e) radial flow up to surface 
A,0r(i cor.cial entry. 

To construct the rrid of characteristics, it is necessary to 
know the initial velocity distribution in some section of the 
supersonic part of the nozzle. If the fort and position of the 
surface of the critical speea A0A» are known, then construction 
of characteristics can be conducted from it. Here it is necessary 
to consiuer that near the surface the speed of flow Insignificantl.y 
exceeds the critical speed, In consequence of which the accuracy 
of the construction of characteristics is not rreat. Therefore, 
sometimes characteristics ire constructed starting from a certain 
section where, the row alrciuy possesses supersonic speed. Here 
the velocity distribution on this section is considered known. 

With the profiling of nozzles of 
of the construction of characteristics 

¿.hRD, several procedures 
and profile have been used. 

Frequently we proceed from the assumption that with a sufficiently 
smooth profile of the subsonic part (larcc value of kr^.) t in 

the narrow section will be formed flat surface of the critical speed. 

il7 



H.re th. grid of th. cl.or.ct.rl.tlc. will h.v. th. form »hown on 

Ms. 2.9«. b. Th. profil, of th. no«l. »Down on Plc. 2.9, 

•n tngulw .ntry Into th. .upercrltlcal part (nom. with anpil.r 

•ntry). Th. profil, on Ple. 2.9b ha. a .»ooth entry. Here th. 

l.neth of th. critical part of th. no«l. win b. rr.at.r than that 

in th. c... of angular entry. In th. con.tructlon of the entry 

part, which provide, a flat .urfac. of critical .p.od for profiling 

n t.»r#f P4rt °f th< n°“le b0th entry and 
in tern, of th. lnt.ra.ul.te .treamllne. It 1. po..lbl. to une 

t.bl.c of paran.tera of th. .up.r.onlc flow of gane, conpll.d hy 
0. il. Katakova and Yu. D. Shnyrli^vskly [UH]. 

Th. charact.rl.tlcn can be conntructed as 1. ,hown on Pig. 

fr0n th* conv« »“>•<•«« n'n' l„ the region of th. ' 
rltlcal section [56] calculated by th. Zauer method Ct2]. 

In certain work. It Is proposed to make the Initial section 

of th. auptraonle part of th. no«l. conical, h.re the flow In the 

»!r.Co‘nlc,e«10n rtU4lly 18 n0‘ eXa"’lned "nU U 18 t*’«8 the supersonic flow .tart, from th. source at point K (Pig. 2.9d e) 

On . initial ».ctlo„ the flow 1. tak.n radial and known eUh.r' 

0 to ..ctlon mm' In the supersonic part (Pig. j.jj) or up t0 

.*rt?.nh.*rT10 A"°5 (P1C- 2-90)- Oonatruction of char.ct.rl.tlc, 
starts elth.r from .urf.ee m'm' or from characteristic A 0 , which 

1 known in thl. case. However, an Inve.tlgatlon of th.V^d Òf 

from th C0nl°41 H0221“ Sh0WeU that the coln®tdence with the flow 
from th. source takes glace only on very distant sections of the 

supersonic flow. Furthermore, th. supersonic part of the nome 

constructed on the assumption of radial flow on Its Initial section 
ha. smooth entry and Is obtained longer than for nozslen with 
an angle entry. 

Shortened and Optimum Nozzles 

Shortened Nozzles 

Eas dynmc!a3ed ^ ^ °f well-known from 
E dynamics, we can profile an Ideal nozzle with uniform and 

ÍIP. 



parallel flow or. the section. 

one were not to con.ide. Motional loo.ea of thront than 
auen a noztle «111 nlvo the rreoteat thront. Let un conal.'er. 
however, whether the application of ideal nozal.n l„ « Zhm) ia 
expedient. 

The end nectlon he of an Idea] notai,, represented on Pir. 

I, .. 8 Very lncrM« I» thront, nine, on this section 
the .-enerarla of the nurfnee of the nótale In almost parallel to 
the aaln. Ly «hortonine the noatle. It In ponnlbl. to obtain 
o conoldcraol. Ceercaso In dlrenclonn and uelrht of the noatle. 
-hie,, la very Inportant for rocket entinen. Purth^ore. It arnea, 

. oectlo.. frictional lonaes of thrm exceed 
t..e ,serc".3e Ir thrust on thin section. Thun, with a definite 
«renne in l.nfth of the ... noatle uo raln not only i„ weight 

obtal T 1U "1,K,nSl:>'“' evcn ln «“•“»»• Such nozalen 
obtalneo by ncanr. of donrcaolnr the lo..;;th of the loeal noatle 
are callej snortencu nozzlen. 

;ip 
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Optimization of the Nozzle» 

An Ideal nozzle from which a shortened one Is obtained Is 

called an Initial nozzle« It Is obvious that for obtalnlnc a 

shortened nozzle, which provides, for example, the asstened speed 

(l.e., having assigned the Initial nozzle should bn calculated 

at some large Mach number unknown to us. Therefore, It Is necessary 

to construct a family of Initial nozzles with different M and to 

select from It an optimum shortened nozzle providing the assigned 

httm with the least losses of thrust. It Is possible also, having 

shortened, for example, all the initial nozzles of the given family 

up to some assigned length Lc, to find the nozzle of assigned length 

giving the greatest thrust taking Into account all losses. 

It Is possible, finally, to find the nozzle of the assigned 

surface most advantageous in thrust, (l.e., in practice, asiIgned 

weight), cutting off nozzles of equal surface from the initial 

nozzles. 

Nozzles providing the greatest thrust of the propulsion system 

at definite assigned conditions (/«//*. length, surface, etc.), are 

called optimum nozzles. Obviously, in a ZhRD the most expedient 

is the application of optimum nozzles which provide, depending upon 

requirements for the installation, the greatest thrust at the assigned 

length or weight, or area f3, etc. 

Pig. 2.11 gives a family of contours of initial nozzles with 

angular entry on which there are plotted curves of constant thrust 

coefficient in a vacuum which is determined into account frictional 

losses. Such graphs are used for the analysis and selection of 

different types optimum nozzles. On them the contour of the optimum 

nozzle of assigned length is determined by the point of tangency of 

the vertical line, corresponding to the assigned length, to the 

curve of constant thrust. The contour of optimum nozzle of assigned 

surface will be determined by the point of tangency of the line 

of constant surface to the curve of constant thrust. On Pig. 2.11 

50 



tltatUtt**» * * , 
5 

5S-t-iS-i 

N 
N 
0 c 

I 
*-> 

c. 
O 

£ 

U 
O 

c. 
O 
U 
U 

i> 
JC 
*» 

Cl 
O 

c 
c 

•H 
*> 
V 
4) 

«H 
4> 

tO 

H 

CVJ 

t) 
•H 
Tr, 

51 



It It clear that with the assigned thrust the contour of the nocsle 

of least surface. The contour of the optimum nostle with assigned 

area f3 will be determined by the point of tangency of the horizontal 

line corresponding to area f3 with the curve of constant thrust. 

The application of optimum nozzles gives high gain not only 

in thrust but also in aiirenrions of the nozzle. Figure 2.1? gives 

a comparison of lengths and contours of different types of nozzles. 

Comparison of nozzles 
of different types: a) by 
contoursi b) by lengths; 1 - 
deal; 2 - conical; 3 - optimum; 

** ” with a central body. 

ïh. optimum nomo with the least len6th of the supersonle 

part will be obtained with the fulfillment of the contour with 

ancular entry. For a ZhRD such a nozzle is most profitable, but 

technological difficulties and the danger of flow separation 

near the angular edge lead In a number of cases to the necessity 

Of making the entry with swall rounding. 

In this case wo found the optimum nozzle from a number of 

shortened ones obtained by cutting part of the initial nozzle. 

The contour of the optimum nozzle may also be obtained directly 

of L"’“1: °f the S0lUtl0n °f the Varlatlonal Pr°*>lem on the finding 
the contour of the nozzle of the greatest thrust under certain 

assigned conditions. Thus, In works [to], [52], [56] the problem 



of determination of profile o* the optii.ur, nozzle la solved, which 

provides the erbtest thrust at the assigned length of the nozzle 

Lc, pressure In the combustion ctuviocr p2 and ami.lent pressure 

in work [50] the variational problem of findlr.f the ontlrun 

nozzle of least weicht is examined. In the indicated works 

losses of thrust to dispersion and to the off-«icsirn state of 

operating conditions of the nozzle arc considered ; the remaininr 

forms of losses (incluuinc frictional losses) r.re not considered. 

havinn determined the optimum contour of the nozzle with the 

assigned lenftli (or other parameter), we can construct a family 

of optlmu«. nozzles and from this family srleet the nozzle which 

satisfies us the most with respect to other conditions (veirht, 

midaection, frictional losses, etc.), here frictional losses can 
be found by direct calculation. 

dosses of thrust of opt 1:..ur. nozzles both obtained by means of 

shortening the initial nozzles and constructed fron results of the 

solution of the variational problem, are practically identical. 

In work [56] on the basis of the solution of the variational 
problem the connection between the napnitude of underexpansion 

(tr-*) anü ancle for nozzles of aaairned length Is found: 

Here -- ”ach anrle, 

d«0|- 

(2.23) 

(2.2k) 

ihis dependence can be used in the calculation of nozzles of engines 
operating In a vacuum. 
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tlon of a Contour 2-6' 

Order of Construction 

In th. fulfillment of . .ketch project for the poe.lblllt» 

of the approxlmete c.lcuUtlon of thrun chw.cterl.vlc, of an 

onelne, the calculation of coollnc, and aleo for the estimate of 

the uelght of engine, It Is frequently sufficient to know the 

r^rrof the nuis!*'th* dia,n»ion* °r ^ flcantly differ from dimensions of the exact contour. 

In this case It 1. possible to us. method, of approximation 
of the oonatructlon, which permit rapidly finding the optimum 
contour. Dole there 1. Bi».„ 0„, of ,uoh neth0(la foun<Jc(| on rMuU# 

ol the solution of th. variational problem about finding the contour 

tL ÍLr^V0,,U 0f "8lCned 1,n,:th aml furt,'*r «"•Hal» of the family of found contours [56]. 

Calculation, were conducted with a constant Index of tho 

•tn ropa a»- 1.23. In the construction of the rrrid of the 

rr™" f°r flndlnC “*• COntOUr> th* of the critical 
çctlon was constructed by arcs of . circle (see Pig. y.U). Th. 

radius of curvature of entry part on the section prior to th. 

critical section the radius of curvature of th. reneratrlr 

ó th.* ;rc;lnto th*,upercriucai rjzz: of the critical speed was taken to be convex (see Pig. 2.9c). 

On the basis of the analysis of the family of contours of 

optimum nozzles are curves of the dependence of angle p of 

inclination of the contour at the point of contact to the generatrix 

„ a the entrance Into tho supercritical part and angle of 

l"; :?" °f th* C°nt0Ur 0n 8ectl0n S3 0n the dl»»"»ionle.. 
0 io nozzle and dimensionless radius of the nozzle 

«n section (,lg. 2.:3,. The 8upercrltlcal 

contour on section AnC Is approximately approximated by a parabola. 

5¾ 
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Calculations showed that replajcnent of the exact contour by a 

parabolic contour leads to a diver^rnc'* in radial dinensiono of 

the nozzle within 1-3Z [5G]. 

The construction of a contour is produced in the followinr; 

oruer (Pic. 2.1¾). According to the known we construct a 

contour of the nozzle in the region of the critical section, 

assuralnc and r„,-0.4W*. Accordin': to the known (by assigned 

or defined calculation) two parautLera of the four 

with the help of the i:rid of Fi». ?.13 two other parameters Ire 

determined. Usually (or y\:iQ[x |3 tjie najnp# ßjßf, or 

»•lj) and the an^lc of inclinotior; of the contour on section 3,. 

Typical values of d, for nozzles of a fhRD are within in-lü®. 

Gometirnen can he detemlne^! by the relation (?.23). 

Ly knowing L* P». an«i t.he fino point A^, drawing at 

ancle ** a tancent to arc AAm and point C - according to the known 

r.K 

I
*
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S, and «J. TO construct « parabol« conduct freu point C at 

ans . .3 straight 11ns cf up to th. crossing ulth tangen A f 

Dividing ssgnsnts *nf and Cf Into 5.7 parts and costing »"h. 

an envel^i"0 P°lntS 1* *' 3* **“' by •tr,1*ht Un»*, wo construct 
an enveloping parabola A C. Line aa c «>111 «.k 01 

Of th. supersonic part o? th. noxsî.? * “nkn0-n e‘,nt0Ur 

In the work [8] of V. D. 

a discussion of the ¡nethoü of 
Kurpat.nkov there Is given In detail 

constructing the contour of the nótele. 

Examples of Constructing a Contour of the 
Profiled Jozzle 

Example 1. Pino the profile of a 

engine operating in a vacuum (^"9. 
high-altitude nozzle of an 

Pressure in the chamber p. ■ 
of the critical section fe-* cn2¿ 

(360 J/kg.deg), t2 - 3650*K. 

30 kef/cm2 (2.9^ MN/m2)j area 

U*-IU ram)» a-» kcf*ra.der; 

Solution. Let us set the pressure 
kgf/cnr (7350 H/m2). 

on the section 0.075 

1. Let u. determine th. area of th. section of the no.sl. 

.«til T*** an<1 <‘<!n',lty °f produe‘s of combustion on th- 
ion «3. According to foruula (1.20) or the graph of Pig i Ã 
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, .—i-L-x1**’ 1/10 

V v Irt.1 J' '•»*' 

Cî^-eF v^f-c^ 

y 

PëFl 

KM«/«. 

Accoralnc to formula (l.£3) 

4.M. 

Let us ueflne o2 and p.: 

"••W ««TVA4 (Ml |«A*)| 

.Ij* ie-tk#..*v (0.UI1 kf k<Aa). 

2* Lot us deten.int- tno an;,lc of Inclination of the contour 

on the nozzle section 6^, which j rovluen the assltrn&d p, andp 

the optlnun contour of tn« iiozzl", .AccorJinj; to formula (?.?3) 

ye^I yMMe-Mmi 

whence 4^tnr;. |b-inr. 

3. Knowlnc e, and ami uolnc nraphs of Fir. 2.13, let ur 
determine anele ^ and the length of t!.e nozzle L : 

c 

|.-inr. £.-1144.,-m mm. 
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Let us determine the radii of curvature of the entry part 

of the nossle: 

Inv-IMw-U JM-aM mjk 

5. According to h and dimensions, let us determine the 

profile of the nozzle, approxirnatinc by the parabola the contour 

of the nozzle (see Pig. 2.15). 

l£Wle 2. Determine the profile of the chamber nozzle of 

an engine operating with the following parameters. 

^The pressure in the combustion chamber p2 - 60 kcf/cm2 (5.92 

MH/m ); pressure on section p^ ■ 0.6 kgf/cm2 (0.059 MN2); area 

of critical section 7,,-100 cm2, «„-am mm; «.,-1.* Ab-w kgf*m/kg*deg 
(363 J/kg*deg); T2 ■ 3650°K. 

■°lutlon 1> Since the ambient pressure * is not assigned, 

we assume that the optimum contour of the nozzle providing the* 

least losses of thrust to friction and dispersion will be at the 

value tH-W«. We determine the value of b3, which corresponds 

0.9B. 

whence 63 % 10« (it would be possible simply to nsslEn anEle 63 ■ 10») 

2. According to formula ¢1.20) or the graph of Pig. 1.0 
let us determine tin»,: * 

3. Prom the known and 8 let us determine with the help 
Of graphs of Pig. 2.13 I. and Lc. 

We construct the contour of the nozzle (Pig, 2.15). 
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2.7. Ogeratlon of the Nozzle in Off-iv»«*™ 
Conditions with High ^ 

Counterpressures 

It is known that with an excess of ambient pressure p. over 
the desicn pressure on section p the nozzle operate, in conditions 

Of overexpansion. 

In practice cases are frequently possible when the rocket 

ensine must operate considerable counterpressures of the environment 

^-10 am. more times exceedinc the deslen pressure on section p 

as, for example, with the underwater launchlne of a rocket or 3’ 

oteratil'T“0" ^ ^ deSl(5ned for »ich-altltud. 
operation. It was determined that with the operation of a ZhRD 

under conditions of hlEh counterpressures, there occurs flow 

separation from walls of the nozzle (Fle. 2.16) and after the 

separation point a complicated eystem of shock waves appears. The 

intensity of the shock and place of flow separation to a considerable 

egree depend on the development of the boundary layer at the wall 
of the nozzle. 

Pig. 2.16. Plow sepa¬ 
ration from wall at high 
counterpressures. 

The typical pattern of the distribution of 

the nozzle with flow separation is shown on Pig. 
pressures along 

2.17. 

To determine the thrust of the Zhm>, it is important to know 

■e section in which flow separation occurs in nozzle (i.e. the 

pressure at which separation occurs — Pnp ). 



fig. 2.17. Change in pressure 
in the nozzle with flow sepa¬ 
ration: 1 — reference plane; 
2 - section of separation; 3 — 
nozzle section; - oblique 
shock wave; 5 - pressure dia- 
Crar.i; 0 — change in pressures 
vrith continuous flow. 

rigure 2.1Ú gives experir.ie.»tal curves of the change in 

pressure of the air flow depending upon quantity *•/* 
and the profile form of the nozzle [/15]. 

Pif. 2.1Ö, Dependence of pj*.» 
on *•/* and the form of the nozzle 
with air flow: 1,2- profiled 
nozzles |,( 3 - conical nozzle 

■ IS0. 

As can be seen fro:- the jileen Craphs, ,.:tl) tlie same ratio 

*•/* In not es havln;, a .»nailer an,'le of Inclination of the contour 
«3, flow sopa.Vition occurs at larre vnlies of 1..., wlth a 

decrease ln anjle S, rreat overexpansion of the flow In the nosslc 
is possible. 

Qualitatively analogous dependences take place with flow 
through the nossle of products of combustion of a liquid fuel 
rocket engine. 
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:r tz: ,i- “ rr " r « ZhRD throuch a conical nozzle with ancle 2a3 . 3o<>. 

Fif:* 2.19. Dependence 
on the ratio of Pressure 
W» • 

The characteristic of flow separation: 

(2.25) 

Knowing the pressure of separation can be found : 

For profiled nozzles having 
apparently, will be somewhat 

a smaller angle than 3-, 
smaller. 3 

quantity 

(2.26) 

Firp/Pa, 

. *n the al)8enc* of sPtolal data expression (2 
for the uetornination of values ^ m the noz2le can be used 

a ZhRD.1 

Ukor¿£"'1^Íc0a*'“^“»"tdaLrSbt1a^eS1b»dlVerE?nCes between 
ereat*>cautio„?liere^0re* ™ %%% ^«^ntl^ 
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With the known value of pm fron elementary considerations 

we obtain the following fornula of thrust of ZhRD: 

(^.27 

Where f, - thrust created by the part of the nozzle of the encino un 
to section a-a and determined by the usual thrust formula. 

(2.2C) 

~ Urea °f SeC“0" 0-a: M»-» - force acting on the 
c on o wall of the nozzle; It characterizes the difference 

n forces of external and Internal pressure on the section of the 

nozzle a-3. Obviously, the ui.-ectlon of action of this force Is 

opposite to the direction of the tractive force. 

here 

(2.23) 

Coefficient 4Q allows for the decree of restoration of pressure 

on the internal wall after the separation point. It should be 

estimated depending upon the length of section n-3. It 1, possible 

o consider approximately î() - 0.1-=.5. m„ an lnoroa,0 ln thc 

effect of t'he Trr ^ ^ ^ ^ 3eparatlon folnt. the 
In the U feren0° between the external and Internal pressure 

LuldnVb,r°tT 0f the POlnt °f 3eraratl°n 13 afrected «ne Cq snould be taken nearer to the lower limit. 

In conclusion let us note that In detemlnlnc the thrust of 
an engine In conditions of flow serar-tlo- t-w 
the finalnr or nw ei neparatlon, the main question Is 

denen!, «parution point a. The position of It 

ÎrofU or Z" T"; ln the flrSt Fla°e- °" nuw (» number) 
F , ° „ ’ ’ anU 3tate of the SJrf«« of the nrz-le 

«uch there has been conductos a iarGc quantity of experimenté ' 



works by definition of the point of separation a strict analytic 

solution to the problem under assumptions acceptable under conditions 

of work of a ZhRD has not as yet been found. 

2.8. Work and Characteristic of Wozzles 
with a Central Body 

In section 2.1 the definition and basic diairrans of nozzles 

with a central body are «liven. Let us consider peculiarities of 

the operation of such nozzles. 

Ring nozzles with a central body (see Fíe. p.id). The throat 

of the nozzle has the form of a ring so that the pas flow Is 

expanded in the annular channel formed by the contour of the central 

body and external contour. In ring nozzles Just as in standard 

nozzles, the formation of the flow is determinei1, by the contour 

of walls of the nozzle. Losses of thrust to dispersion in the 

annular nozzle formed by the conical internal and external contours 

can be determined by conducting calculations analogous to those 

examined above in section 2.2. The piñal expression of fee for 

the ring nozzle has the form 

% 
■y (»!■■,+ »In 

(«« 4 }) *i« O' + CO* — c.. < i * (2.30) 

where oc angle of inclination of the Internal contour of the 

nozzle, ß — angle of inclination of the external contour of the 

nozzle. Obviously, when ) 2oc-0 the ring nozzle will be turned 

into a round one, and from formula (2.30) we will obtain the 

formula of looses in a round nozzle (2.11). in article [>l8] 

the work of ring nozzles with two angle points is investigated, 

and it is shown that ring nozzles provide gain in the length of the 

nozzle. 

Characteristics of the operation of ring nozzle essentially 

do not differ from characteristics of a round nozzle, and therefore, 

ei\ 



subsequently. In speaking of r.ozslos with n central body w^.- ’..’Ill 
l;iiply oaly nozzles wltli a central body havlnr a fr^e Unit of 

flow.

For a Zh.'lL) nozzles with central body are of creot interest, 
and uiaorams of then are sho’.yn on I’’li.;« 2.1e, f, and r*

In contrast to the star.<iar'*. suj crsonic nozzles. In ’.-/I'ich the 
flow is forned by walls of the nozzle, in nozzles v;lth a central 
body the oxpannicti of flow Is not United conpletoly by noli.! ’./all.’’

In nozzles the 'jla;:r.ar> of •..’•ilc’i l.s shovm on Flc* 2.1e and f 
tiie external boundary of the strean is a free surface. In plate 
nozzles (see Fit'. 2.1/;) ti.e free rmrfaco is tiio internal boundary 
of strean.

hozzle v;itli hxteryjal i;xpar.sloi.

Let us exarine the operatior. of a nozzle with a central body 
’.vitli a free exteri.al jounuary of t!.e stream (see Ftf. 2.1e). A 
typical siiadow pl;oto^raph of a nozzle wltii a central body operation 
In design conditions is shov/n o.n .’’lo* 2.20h, .and 'iltli an expansion 
ratio correspoiidln:: to conditions of ovcrexpanslon (In the concept 
accepted for standard nozzles), l.e., '.;!ien pj*/p.<(a»*/a«)p*c<- - on 

FI.:. 2.20b.

Fifp. 2.20. .'■•hauow pnetoyranhs of the 
flow in a nozzle wit'., central body: a)

desl 'n operatin.: co:iuit Lons; b) ratio 
».♦/», is less than the deslrn.



The expansion and acceleration of flow in the operation of 

a nozzle with a free external boundary of the stream occurs in the 

following way (Pig. 2.21a). 

Fig. 2.21. Expansion of flow in a no::zle 
with a central bouy: a) nozzle with 
external expansion, b) plate nozzle, J - 
surface of critical speed¿ 2 - angle of 
rotation of the flow io¿ 3 “ free surface 
of the flow; — rarefaction wave; 5 — 
contour of the central body; 6 - plate 
central body; 7 - flow line. 

The flow of products of combustion accelerates in the 

convergent ring nozzle up to a critical speed, which in reached 

in the annular section OA. For a nozzle with full external expansion, 

further expansion of the gas occurs with the flowing around of the 

extreme edge at point A where there appears a fan of rarefaction 

waves and in .passing through which the flow accelerates up to speed 

w and turns at angle u. Quantities w and u are determined by the 

pressure drop pflp* and for the plane flow by formulas (2.37) 
and (2.38). 

V;ith the operation of the nozzle in design conditions 

the external boundary of stream AC* is directed in parallel to 

the axis of the nozzle. The ar.a of the outlet section f^ is equal 



to tht trot of a circle with radius ■ R^. With an Increase In 

the pressure ratio up to Wlü">ÍPfl*íhm the nossle operates In 

conditions of underexpansion. Here due to the Increase In pffo 

the angle of rotation of the flow w will be Increased» and the 

external boundary of the flow will pass along AC" (Pig. 2.22). 

A change In pressure along the contour of the central body will 

occur Just as In a standard round nossle (l.e.t In the case of a 

decrease In a It will remain constant» and In the case of an Increase 
in pj It will Increase proportionally). 

ï 

Fig. 2.22. Change In free 
surface of expansion and 
pressure along contour "OmC" 
under different operating 
conditions of nossle. 

The equation of thrust of a nozzle with a central body when 
operating In conditions ût underexpansion will have the sane form 
as that for a round nozzle: 

+/•<*-(2.31) 

The characteristic of the change In thrust of a nozzle with a 

central body when operating In conditions of underexpansion will 

coincide with the characteristic obtained for a standard nossle 
(Fig. 2.23). 
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Pig. 2.23. Characteristic of the 
change In thrust for different 
types of nossles: 1 - Ideally 
variable-area nozzle ; 2 — nosxle 
with a central body; 3 - round 
iiossle with flow separation; 
4 - round nossle without flow 
separation; 5 - design conditions. 

With values of *•/*. smaller than the design values, the flow 

in the nozzle with a central body is different from the flow In 

a standard nozzle: expansion on the edge at point A occurs only up 

to the ambient pressure ß* The extreme rarefaction wave from 

point A enters into the contour OC at point n, and further expansion 

(overexpansion) up to pressures less than does not occur so 

that the external boundary of the flow formeu by the external 

pressure will pass along the llneAC,,, (this is well evident on the 

shadow photograph of Pig. 2.20b), The expansion of flow along 

contour OC up to section m-m occurs Just as in the standard 

nozzle, and the pressure at point «a can be considered equal to 

the ambient pressure *. With the flow below point n along the 
contour mC flow turns and is somewhat compressen (as with the 

flowing around of a concave surface by supersonic flow). At 

point m (see Pig. 2.22) the rarefaction wave Am is reflected from 

the wall. The reflected shock wave mil at point :i is again reflected 

from the external free boundary on the surface, ar/J the rarefaction 

wave, entering into point R of the contour of the central body will 

again be reflected and so on. With passage through the shock wave 

mN the pressure is somewhat Increased, in consequence of which on 
the section of the wall mR the pressure on the wall in general 

can even Increase somewhat. Then with passage through the rare¬ 

faction wave NR the pressure' again drops, and up to the line of 

the end of the nozzle CCM the flow will pass consecutively through 

a system of several waves of rarefaction and compression. Therefore, 

balow point m the pressure along contour mC can be considered 

constant and equcl to the ambient pressure, as is shown on Fig. 

2.22. Thus in conditions corresponding to conditions of overexpansion 
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for the standard nozzle with operation of a nozzle with a central 

body, overexpansion does not occur. The flow will be expanded only 

up to a pressure equal to the ambient pressure. The area of the 

outlet section of the flow with operation with (**/*)»>« 

will decrease and will be equal to the area of flow In section m-ir.. 

The thrust of an enclne havine a nozzle with a central body 

operation at a pressure ratio (A*/fe)"'<(**/*)»«. will correspond to 

deslcn conditions of an enßlne operatinc with expansion ratio 

<*•/*)" i.e.. 

i 
G. 

(2.32) 

where wttm - speed correspondine t0 the civen ratio 

Thus, with a decrease In the pressure ratio ßt'fpu lower than 

the design ratio, the thrust of an enclne with a nozzle with a 

central body will correspond to the thrust of an enclne with a 

round ideally variable-area nozzle. Therefore, nozzles with a 

central body with a free surface of expansion are frequently 

called self-adJustlnr: nozzles. 

The characteristic of the chance in thrust of the nozzle with 

a central body with the operation with (*•/*)"«*•/*)*« in accordance 
« 

with equation (2.32) will pass higher than the characteristic of 

the standard nozzle, in which because of the overexpansion of flow 

tne thrust will decrease sharply. 

It is necessary to note that under off-desicn conditions of 

the operation of the enclne with a nozzle with a central body, 

besides a change in speed (because of the chance in ßflPa) there 

also occurs a deviation of the directions of motion of the flow 

from the axial. Thia leads to certain losses in thrust to 

dispersion, in consequence of which the characteristic of the nozzle 

with a central body will pass below the characteristic of a round 

Ideally variable-area nozzle. 
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Nozzle with Partial Internal Expansion 

Figure 2.Id gives a diagram of a nozzle v/ith a central body 

with partial internal expansion. Such nozzles are an intermediate 

type between the ring nozzle and a nozzle with n central body and 

external expansion. The application of them is expedient in those 

cases when the nozzle with a central body should provide acceleration 

of flow up to high M numbers, i.e., with a large ratio pfl/k • "ke 

fact is that in a nozzle with full external expansion with an increase 

in pf/pu angle of rotation of the flow w is increased. At values 

of corresponding to values of M of the order of 3*6-4.2 

(depending upon the index «■), the angle of rotation of the flow 

reaches 90° and grows with a further increase in PiVp« (Fir. 2.24). 

Since it is necessary to provide a sufficiently mooth 

acceleration of products of combustion up to the speed of sound, 

it is obvious that with an increase in the angle of rotation of 

the flow there will be an increase in the diameter of the annular 

combustion chamber, i.e., dimensions and weight of the entire 

engine. Therefore, at pf/p* for a decrease in the angle of 

rotation of the flow (and consequently, dimensions of the engine), 

it is expedient to use the preliminary expansion in the ring 

nozzle up to a certain speed M¡ (l<Mí<Ms). 

Fig. 2.2'-l. Charge in the angle of 
rotation of the flow and position of 
the surface of critical speed OA 
depending upon the M number. 

Let us consider how the characteristic of the change in thrust 

for a nozzle with partial internal expansion will pass (Fig. 2.25). 
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Pig. 2.25. Characteristic of a 
nozzle with incomplete internal 
expansion. 

For a nozzle with a design relationship of pressures equal 

to (#»*/pk)ll»aM. the characteristic II with full internal expansion 

(standard round nozzle) will pass along curve ecd and with full 

external expansion - along gbcd. For a nozzle with full internal 

expansion designed on (as'/aMpm* characteristic I will pass along 

curve abf. With the application of a nozzle with partial internal 

ami further external expansion the change in thrust with an increase 

in Pt* I Pm ao (pi*lpn)lptm will pass along characteristic I. However, with 

a further increase in *•/* the nozzle will operate as a nozzle 

with external expansion, and the characteristic will pass along 

the line bed. 

Thus, curve abed will be the characteristic of the change in 

thrust of the nozzle with partial internal expansion. 

Plate Nozzle 

In a plate nozzle (see Fig. 2.1g, 2.21 and 2.26) the annular 

critical section of the nozzle is located nearer to the axis of 

the nozzle, which permits decreasing the dimensions of the combustion 

chamber. Products of combustion flow out from the throat, parting 

in a direction from the axis.. With flow along the external contour 

of nozzle OC the flow turns in a direction along the axis. Qas 

expansion occurs with the flowing around of edge A of the plate 

central body. The free surface is the internal border of the flow 

whose contour is determined by pressure p*’ at the end of the plate 

of the central body. In general this pressure is somewhat less 
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than the ambient pressure ft In connection with the ejection 

of flow from the central reclon of the nozzle. 

Fie. 2.26. 
[55]. 

Lnnine with & plats nozzls 

The area of the outlet section of the plate nozzle operatlnc 
In design conditions is equal to 

A™* Æî). ( «? • 3 ^ ) 

Figure 2.27 shows the location of a free Internal surface of 

flow In the plate nozzle for different relationships of *•/*': 

a) design relationship; b) underexpansion; c) conditions correspondinr 

to conditions of overexpansion. 

When (*•/*')"«*•/*')*«, Just as in the case of the nozzle with 

a central body, on section mC the pressure on the wall of the nozzle 

with transition through the system of reflected waves can increase 
somewhat. ^ 

In contrast to the nozzle with a central body and external free 

surface in the plate nozzle in connection with the fact that *'<*, 
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* certain overexpansion of flow at the wall of the noszle up to 

pressure *'<*, is possible, i.e., in the plate noszle a negative 

component of thrust owing to overexpansion can appear. 

Fig. 2.27. Change in free 
surface of expansion and 
pressure along contour OmC 
under different operating 
conditions of tho plate nozzle. 

however, the i.acnltude of such overexpansion Is snail, and 

in the first approximation it is possible to assume that in the 

plate nozzle overexpansion Is absent. In this case the characteristic 

of the change in thrust depending upon for the plate nczzle, 

will be determined by the sane equations as for the nozzle with % 

cer.trai üouy and will puss as is shown on Fig. 2.23. 

Calculation of Nozzles with a Central body 

s 

Let us examine the approximate method of the construction of 

a contour of nozzles with a central body. For simplification of 

calculation let us assume that the expansion of flow in a noszle 

occurs just as with the Prandtl-Mayer plane flow. Therefore, in 

the calculation of the expansion of flow after edge A, we will 

consider the dependences obtained for the plane flow applicable. 
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Calculation of a Nozzle with a Central Uody 
with External Expansion * 

Lot u. consider that we Know the fuel. l.o.. ».temperature 

p2/pt the ChambCr P2 and alao th0 expansion ratio 

d llZUT. I the ,a,“C' 'V- The port or the nozzle 
oolnt . e, . * m8nn*r that °n the m,e* of the nozzle at 
p int A the critical speed was sot, i.e., M ■ i. -n.en ni < 

surface of the critical speed (Fic. 2.28). 16 

Let u. Uetennine the position of ed,e A and the an^le 0^ 
inollnatlon of the edre. With the flowln, ar0u„d or the edre the-e 

oo^ltlo * bUn<ile °f WaVCS °f rarcf¡,°tlon. With desl-n ' ‘ 

th.dr.onUonCCrrnnZ ^ C0ndUl0n8 °r tl*e "P'ratloo or the Nozzle 
h. direction or riow on the boundary or the Tree currace AC 

rrr* ^ th* °lreCtl0n °f the a)il8 °f nozzle. Por 
point A eh^i! T3 °f lncUnatlon of tancent A, to the contou- at 
point A should be equal to the angle or rotation or the riow with rtr™1::ot nm ^ m* 1.,. as,i2„Cd 
a3 (i.t. with the expansion of flow up to »-*): 

-.^vTjtrr. 

7* 

(2.3M 



The distance of ed^e A from the axis of the nozzle Is equal to the 

radius of the outlet section and Is determined by formula (1.21), 

where 

(2.3C) 

and lm Is determined by the relation (l.J12). 

To construct a contour of a central body OC, let us find the 

position of the arbitrary point B on the contour of the central 

body. Entérine Into point b will be the intermediate rarefaction 

wave AB. The flow rate w (or M) alone the rarefaction wave 

(characteristic) AB is constant. The section of the flow f in 

which the speed is equal to w will be defined an the projection of 

the lateral surface of a frustum of a cone formed by the rotation 

of segment AB around the axis of the nozzle on the plane normal 

to the speed. The area of the section of flow f and anrle u 

between the direction of flow a..d tangent AE are determined by 

relations 

(2.37) 

(M*-l)-.rctgKSPTT. 

Angle a between directions of characteristic AB and speed w (.Mach 

angle) will be determined by the relation 

(2.39) 
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If R Is the distance from point B to the axis, and length AR is 

equal to L, then 

/-«¿(ft tesina. ( 

Designatinc * the angle between the direction of tangent At and 

normal to the axis, from geometric relationships we can write 

l-W-t; 
(2.41) 

Designating ¿BAC-t, we obtain 

1--«+(.+<!,). (2.^2) 

Since BD ■ R3 - R, then 

I-_*-» 
(2.43) 

Substituting expressions (2.43) and (2.39) into equation (2.40), 

we obtain 

. «(*?-*) 

M«o«l*-(• + ♦)]’ (2.44) 

whence, taking into account relation (2.36), 

ft-ft,j/ 1-*¿-Mco«[o-(«K)]. (? 1}5) 

Substituting equality (2.45) into formula (2.43), we obtain 

‘■«l.-Vffl h/ l-^Mco.|.-(.+,)|], (2.«} 
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or 

CM(S-(. + ÿ)| [l -1/ Í-coi [a-(.+*)J j. 
(2.n) 

Equations (2.il2) and (2.^7) are desißn equations for the construction 

of the contour of a central body. 

The position of extreme points of the contour C and 0 can be 

determined immediately. At point C 

Substituting (2.H8) into (2.Ü2) and (2.H7) we obtain 

At point 0 

•-0; •-W; M-l; 

(2.M8) 

(2.^9) 

(2.50) 

Let us substitute equality (2.50) Into expressions (2.42) and (2.47). 
Then 

(cm W 
(2.51) 

To construct a contour of a central body having assigned a series 

of M values from M - 1 to M - M3 it is convenient to reduce the 

calculations by definitions of 0 and L to a table (see Table 2.3). 

Shortened Nozzles with a Central Body 

As a result of the calculation we obtain a contour of a 

central body of an Ideal nostie. l.e., a nozzle provldlnc on the 
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section a flow which is uniform and parallel to the axie of the 

noszle. Thus, Just as in the case of round nozzles, an ideal 

nozzle with a central body has very ereat length. Therefore, here 

for a decrease in dimensions and weight it is expedient to use 

shortened nozzles. Experiments show that the shortening of a central 

body by means of replacement of the profiled contour of a cone 

leads to very small losses of thrust [55], 

A comparison of profiles of the central body of an ideal and 

shortened nozzles, bounded by conical contours with different 

half-angles of opening of the cone, is giv-n on Pig. 2.29a, from 

which it is clear that replacement of the end part of the contour 

by a cone with an angle of opening of 20-300 permits decreasing 

the length of the nozzle by bO-CO'*. 

Pig. 2.29. Shortening of nozzles 
with a central body: a) replace¬ 
ment of part of the contour by a 
con*; b) change in ♦c depending 

upon the half-angle 8 of the 
central body; c) segment of the 
part of the contour. 
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Figur* 2.29b shows the change in the coefficient of the noszle 

♦c depending upon the half-angle 6 of opening of the cone. Prom 

the graph it la clear that even when 6 • 30° loases of thrust 
are about 1Ï. 

The central body can be ahortened also by cuttlnn Its end 

part and repladne contour ABC by contour ABB (Plc. 2.2¾). 

A shortened contour of the nozale with a central body can also 

be constructed by solvlnc the variational problen on the detectinr 
of the optimum contour. 

Calculation of Plate Ilozzles 

Having taken for the plate nozzle the assumption about tho 

plane flow of Eas with the flowing around of edge A, the aforc- 
mentlonec method can be used for an approzlnate calculation of the 

plate nozzle (Pig. 2.30). 

Fig. 2.30. Calculation of the 
contour of a plate nozzle: l — 
axia of the nozzle; 2 - free 
surface. 

Initial data for the calculation of the plate nozzle are the 

same a. In the calculation of a nozzle with external expansion. 

79 



Let ut desígnate : RA - radius of the plate central body fron 

the axis to edge A (this radius Is assigned from design considerations); 

R0 - radius of the contour of the nozzle section. Then 

(2.52) 

Por the arbitrary point B the contour of the nozzle area of the 

section of flow with speed w (or M) will be defined as the projection 

of the lateral surface of the frustum of a cone formed by the 

rotation of segment AB ■ L around the axis on the surface nomal 
to the direction of the flow rate w: 

/»«¿(ff+AJatae. (2. 53) 

Since In this ease relation (2.42) ar* real, then 

L A-Aâ (2.54) 

Substituting equalities (2.54) and (2.42) Into expression (2.53), 

we will obtain 

/< a (2.55) 

Whence 

(¡.so 

Substituting equality (2.56) Into expression (2.54), we will obtain: 

h/« +<*-5n 

«I-']- (1.53) 
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Example of the Calculation of a Nozzle 
with a Central Body 

Determine the basic dimensions and contour of the central bodjf 

of a nozzle with external expansion. 

^The pressure In the combustion chamber pj . Co kcf/cm* (5.9? 
••U/m )¡ the design ambient pressure kEf/cns (0.0H3 HH/m2); 
the temperature in the combustion chamber T? • 3C50°K¡ the Index of 

the isentrope 14, the gas constant of products of combustion 

R • 37 kgf•n/kg-deg (3C3 J/kg-deg). The theoretical thrust of the 

enc ne P ■ 10 f (9.01*10 N). Losses are not considered. 

flow: 
•jolotlon 1. Ey formula (1.23) « find the H, number of the 

—s.s. 

2. We find 

U M. 

3. The specific thrust r„ and fuel consumption Os 
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A. The complex ß and area of critical section 

/wr /mm m 
Am 1.« 

5. The area of section f^ and radius R^: 

6. The anßle of inclination of the external edn;e to the axis 
of the nozzle and ancle t|»: 

ÿ 12*34’. 

7. Let us determine the contour of central body. For tills 

by formulas (2.42) and (2.4?) we find o and L, which correspond 

to various values of M. Data of the calculation are riven in 

Table 2.3« Here values w and ///,, are determined or according to 

the available tables or graphs or ^ formulas (2.37) and (2.3?). 

A constructed contour of the central body of an ideal nozzle is 

shown on Fig. 2.31, from which it is clear that its length was 

obtained lone- 

Fig. 2.31* Example of the construction of a con¬ 
tour of a central body. 
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Por the shortening of the central body we replace part of 

the profiled contour by a cone with a half-angle of opening of the 

cone 6-30°. Then the generarix of the shortened central body 

will be line ODD, and the length of the shortened nozzle is 55J 

less than the length of the ideal nozzle of a central body. 

Advantages and Deficiencies of Nozzles 
with a Central Pody 

Investigations of nozzles with a central body have begun 

relatively recently. Therefore, it is posible to conduct only 

a P^elininary analysis of their basic possible advantages and 

deficiencies. 

The basic merits of engines with a nozzle with a central body 

are the best characteristics of the change in thrust and smaller 

dimensions than for engines with a round nozzle. As was noted 

above, the reason for this is their ability of self-regulation in 

operating conditions corresponding to conditions of overexpansion 

in round nozzles. 

The length of the engine with a shortened nozzle with a central 

body is considerably less than the length of the standard engine. 

Furthermore, the cavity of the central body can be used for the 

distribution in it of units of installation (for example, turbopunp 

unit [TNA]) which also permits decreasing the dimensions. Figure 

2.32 shows a model diagram of the distribution of units in the 

cavity of a central body, and a comparison of a ZhRD with a round 

nozzle and with a nozzle with a central body is given. The expected 

advantage of nozzles with a central body is the possibility of 

controlling the thrust vector by means of dividing the annular 

chamber into separate segments and changing the fuel consumption 

in each of the separate chambers. Incidentally, with this it 

is possible to expect that due to the dividing of annular chamber 

into chambers of smaller dimension, the probability of the appearance 

of vibration burning also will decrease. 
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Pl£. 2.32. Model diicram of the 
distribution of units In the esvlty of 
a central body (shown on the left for 
comparison Is a slnele-chanber enrlne 
of the same thrust): 1 - Turbopump 
unit; 2 - auxiliary tanks. 

Of the deficiencies of nozzles with a central body, in the 

first place it Is necessary to note the difficulty of organisation 

of the cooling of engines with such a nozzle because of highly 

developed perimeter of the throat and complexity of feed of the 

coolant (see section *.13). Difficulties of cooling somewhat 

decrease with the use of a plate nozzle. 

In comparing plate nozzles with nozzles with external expansion, 

it Is necessary to note as an advantage of plate nozzles the 

lesser effect of interferences from the side of the environment, 

which appear with movement of the rocket in the atmosphere. The 

weight of the engine with a plate nozzle on the whole somewhat 

decreases because of the considerable decrease in weight of the 

combustion chamber. However, as we noted above, because of the 

ejecting action of the flow in plate nozzle*, overexpansion up to 

ß*<Pm Is possible, which leads to an impairment of thrust 

characteristics. 
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CHAPTER III 

CARBURETTOR AND CHAMBERS HEAD OF A ZhRD 

The efficiency of the combuetlon chamber of a liquid fuel 
rocket engine [ZhRD] to a considerable degree depends on organizing 
the processes of carburetlon and combustion, which in turn essentially 
depend on properties of the fuel and construction of the chamber head 
of the engine. 

3.1. Basic Elements of Carburetlon and 
combustion processes 

Carburetlon and Conversion of Fuel 

Carburetlon Is defined as the complex of processes taking place 
fro« the Acaent of Introduction of fuel components into the chamber 
to the forwatlon of a uniform mixture. Thus, the process of carburetlon 
is composed of the supplying of components to the chamber through 
Injectors, breaking the streams into drops, evaporation, and mixing. 

Process of carburetlon should ensure: 

1. Maximum combustion of components in the chamber. 

2. The most homogeneous distribution of the proportion of 

components (i.e., a) and flow intensity r per chamber section (see 

section 5.1). 

3. Minimum tendency to appearance of unstable burning. 
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4. Formation of a boundary layer necessary for shielding the 

walls of the chamber from high heat flow into the wall. 

Conversion of fuel into products of combustion will be defined 

as the total process of the combined processes of carburetion and 

combustion of fuel. 

Processes of conversion depending upon tape of fuel (hypergolic 

or nonhypergolic) are schematically represented in Fig. 3.1. 

Fig. 3.1. Diagram of flow of 
conversion processes. 

With hypergolic fuel, after atomization of the components, the 

process of combustion proceeds in three directions. Part of the fuel 

is evaporated prior to mixing in the liquid phase. After that mixing 

of components occurs in the gas phase and their combustion, which 

leads to formation of the products of combustion. 
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The second pert of fuel Is mixed In the liquid phase. In the 

“rir ^ °f fUel ^ —- the humlng reaction 
starts directly In the liquid phase. In connection with the sharp 

^«rîn Z ZT'T™ dUrlng bUrnlng* Part °f the fUel* ^sufficiently 

intn Z qU PhaSe’ iS eVaporateâ wlthout sunosedlng In entering 
o e reaction. Further mixing and combustion of this fuel occurs 

even in the gas phase. 

Simultaneously with homogeneous, there can occur heterogeneous 

urning, l.e., burning of liquid drops of one of the components In 

gaseous vapors of the other. Such burning can take place in case of 

advance evaporation of one of the components or during formation of 

very large drops as a result of atomization which evaporate more 

slowly than small drops. 

The burning reaction In the liquid phase Is characteristic only 

for hypergolic components. 

With nonhypergolic components, the reaction in the liquid phase 

does not appear, and the conversion process proceeds according to the 

diagram In Fig. j.ib. After atomization of components their mixing 

occurs in the liquid phase. In so doing, preliminary mixing Is 

possible (for example, in an air-boost system). Then there occurs 

evaporation of fuel components, their further mixing and reaction. 

Simultaneously there also takes place heterogeneous combustion of 
drops. 

t0 the now of the processes determining the conversion 
process the combustion chamber of a liquid fuel rocket engine can be 

divided lengthwise into the following basic zones (Fig. 3.2). 

I — atomization zone. 

II — evaporation zone. 

HI “ mixing and combustion zone. 

« 

- 

■ 
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Wg. 3.2. Diagram of flow 
of procoaaos In the 
combustion chamber: 1 — 
AtomisâtIoni 2 - evaporation; 
3 - mixing and burning; 
- klnatlc burning; 5 - 

diffusion burning; 6 — 
Incompleteness of combustion. 

„nti“ rr b* n0t,d th,t dlVl,l0n of th* into th. .on., 
.ntloned l. »«wwh.t conv.ntlon.1 «Ine. th. proc..«.. of .to^Mtior 

ev.por.tlon, mixing and combu«tlon, do not go on in .tri«» * 

“L1:.;; 1Bpo,:ibit to - ^ xiztzï 
tomlzatlon, end .ft.r ev.por.tlon - mixing, etc. in ..eh ««. 

partially elmult^.ou.ly two or three proc™ tL pUc. Z th. 

n.m. of the «on. d.t.mn.. only the proc... K.t ch.r.c .rlltlc Îor 
It. Ut u. .on out th. flou of proc..... m ..ch of th, Z ' 

Atomization 

The basic Indices characterizing the 
fineness and homogeneity of atomization, 

stream and distribution of flow Intensity 

quality of atomization are 
and also the range of the 

along its section. 

The quality of atomization of the fuel proceeding into th. 

“rrrth*nai of ^nh,r *»• _ ev.por«tlon, mixing wid combu«tlon of fu.l. jn, proc..,,, K0th i„ Z'Tzz rr “d -- --«-'.“oncHr 
have an effect on the quality of atomization. The tv«. «♦* «.g . 

(J.t or centrifugal), th. con.tructlon and th.lr mutu.l loc.tlw to". 

con.lder.bl. degree predetermine th, proc... of .toml«.tlon of th, fu. 
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oceu^ur‘nitl0öf0ihth*t‘tre“ lnt0 dr0P• “d apllttln« Orop* 
of Mttnwa «d Internai fo".“. “ ^ lnjMt°r8 th* “«“> 

of (,0“M— C*U,<1 li£2âïSîalç) include force. 
0f ^ COOponent -1»» »he medium Into »hlch It 1. 

m“Î£'of^.T 0f th,M f0rC,, d#p,n<U 00 •nvtronment, 
e ' “d «““‘O"» the drop, of liquid. 

tot.n»l force, el.o include th. force of Interaction during cro.sin« 

with «*?* °r dUrln* •ncounter of the .treu, with th. hard wall. 

ii luhTn^t*? °f V,l0CUy °f th# ,tr*“ "lth to th. medium 
In mhlch Injection occur., the action of external force, grow. 
whereby dleturbance of the aurface of the stream grow, which lead. 
to the most rapid .putting of the .treu», and consequently al.o to 
Improvement In th. quality of atoml.atlon. 

in JT*" dl*lnM«r,tlon “O »putting of the .treu, can occur 
t.e absence of external force.. Thu., for example, during infection 

leVTr:." * v*cuu" ——- -err0" 

forc.rT.1 '?”** lnClUd' the “tl0n °f turbulence «d molecular 
' ^ »tneam of a component emanating from the Injector 

tnrbulant pul.atlon. of velocity appear, m.id, the .tr.£“ u. 

l^ld *CC0“P11,h r“d0» “°tlon. Intensity of the turbulence 

2TÍ? ZTr ?r0P 4t th* lnJeCt0r' d*n,lty* -U-lty, and 
leo on the design of the Injector. Increa.e of pre.sure drop fi * 

—cr ??U V*10CUy) P”®0“* “ mcreMe in intensity of 
«n^ed ? d0"**h,U,nC* 0f -h^h »putting of th. streu, 1. 

fTrc. ! th:. '.~ Í ,UUíty °f •t°"lml0n 11 tmproved. Molecular these are force, of vl.co.lty md .urf.ee ten.lon. 

t^"® *Xl\0t th* ,tr*“ trom »he injector, external force. 

breJ » r-tr* 0t T*10Clty ln,ld« the ..ream strive to 
»urfac extension "and on th* «her hand, the force of 
turf«, tension and force of viscosity prevent .plating, Thu. 
.putting of th. »trees «d formation of drop, occur, in the ’ 
following manner. 
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During th# Injection of the component through the Injector there 
will be foned a liquid atreea (liquid sheet). Under the action of 

external forcee and turbulent pulsation# In the etreen disturbance 

appears on the surface of the liquid. A. . result of further action 

of external and Internal forces on the cosponent there will be formed 
a film of liquid and the stress (liquid sheet) breaks up Into 

particles of different else and shape. Snail particles under the 

action of surface tension take the shape of a sphere and will for* 

drops; the large ones continue to disintegrate further (pig. j.j). 

fig. J.J 
stream 
b) awir 

7iíJÍ¡Íhaíls?i0f integration of 
(liquid sheet)t a) jet injector* 

c* d) distribution diagrams 
of flow intensity. 1 - atream; 2 - 
disturbance of surface and formation of 
connecting necks* >- splitting of streams 
he^t10 *nt0 P‘rt.* * - liquid 

Kntnw of atomisation it characterised by the 
diameter of the forming drops. 

sise of the average 

HgftflmitY i* characterised by the distribution 
curve of drops of a given diameter. 
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Fineness end homogeneity of itomizatlon depend on properties of 

the component, design of the Injector, end alsc on the parameters of 

operation of the combustion chamber in which Injection la produced, 

and in the first place on the density of the products of combustion. 

With in increase In density of the medium. In which injection Is 

produced and also with an Increase of pressure drop at the Injector, 

fineness of atomization Is Improved. For a liquid fuel rocket engine, 

the average diameter of a drop Is within limits of 25-250 microns. 

It Is Interesting to note that for a diesel engine having considerably 

greater pressure drop at the injector, the average diameter of a 

drop Is less and Is within limits of 10-100 microns. Basic cause 

of this consists In the fact that In diesel engines Injectors are set 

with considerably greater pressure drop ûp^ than In a liquid fuel 

rocket engine. 

The range of the stream (or depth of penetration) Is determined 

by the exit velocity of the stream from the injector (i.e., pressure 

drop at the injector), direction and angle of atomization, and also 

density of medium In which atomization of components occurs. An 

Increase of range Is undesirable since it increases the dimensions 

of the atomisation zone, and consequently also the dimensions of the 

combustion chamber. 

Distribution of flow Intensity of component over the cross 

section of stream Is determined primarily by the type of injector. 

Typical distribution diagrams of flow intensity for a Jet and a 

swirlsr are shown in Fig. 3.3c, d4 For a Jet injector the peak of 

flow Intensity at the axis of the injector is typical. For section 

of stream of a swlrler the presence of two peaks a certain distance 

from axis Is characteristic. . 

As the stream Is removed from the nozzle of Injector a certain 

smoothing of peaks occurs (dotted line on Fig. 3.3c). Usually It is 

assumed that flow intensity along the circumference of stream is 

constant, although In reality flow intensity Is nonuniform. 
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Evaporation 

Tht proeaaa of evaporation la an portant stage In the preparation 
of fuel for Ignition and combustion« since the basic quantity of 

fuel In the chamber of a ZhRD Ignites and bums In the gas phase. 

On the reaction rate of the evaporation process strongly depends the 

total time elapsing to formation of the products of combustion. The 

complexity of the evaporation process In the chamber of a ZhRD Is 

Increased by the fact that here simultaneous evaporation of not one 

component occurs« but a complicated mixture of components with 

different physical chemistry properties. Thus the evaporation process 

should be completed after a very short Interval of time on the order 

of 0.002-0.008 s [66J. The heat necessary for evaporation of drops 

In the chamber of ZhRD Is supplied from the combustion zone primarily 

by means of convection heat radiation from reverse currents of hot 

gases. Reverse currents appear as a result of ejecting action of the 

stream of Injected fuel. The stream of the component attracts to 

Itself gases found In cavities between the streams. Into the zones 

of rarefaction thus formed new portions of hot products of combustion 
proceed (Pig. 3.4). 

Reverse 
currents 

Fig. 3.4. Appearance 
of reverse currents. 

Part of the heat Is supplied to the drops by radiation from 

the core of the flame. Furthermore, the supply of heat occurs also 

by means of the combustion beginning in the evaporation zone. 
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The rate of heating and evaporation of drops, and consequently 

also the length of the evaporation zone depend on ambient temperature, 

dimension of the drops, relative velocity (to flow of gases) of 

novenent of drops, and also on physical chemistry properties of the 

substance of the drop. 

An increase in temperature of the medium accelerates the 

evaporation process; an increase of pressure, conversely, somewhat 

retards it, A decrease in dimension of a drop and Increase in 

relative velocity of a drop leads to acceleration of evaporation. 

Por an illustration of the influence of the dimension of relative 

velocity and properties of a liquid let us examine the graph (Fig. 5.5, 

3.7). In Fig. 5.5 there are graphs of change along the length 

of the combustion chamber of temperature of drops of heptane of 

different dimension. We see that, with an increase in dimension of 

drops, the length of section of heating of a drop to boiling point 

grows. Thus, for a decrease of the evaporation zone it is desirable 

to have finer atomization. 

Fig. 5.5. Change in 
temperature of heptane 
drops of different dimen¬ 
sion along the length of 
the combustion chamber. 

In Pig. 5.6 there is shown the change in velocity of drop wK 

and gas Wp along the length of the combustion chamber. 

Velocity of drop wK, in the beginning is delayed since there 

occurs deceleration of the drop in a gas medium having slower velocity 

Wp. As the rate of evaporation of the drop ^ grows, and with Lj. > 25 

■a exceeds the velocity of the drop. Now already the flow of gas 
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attracts the drop to itself, which leads to an increase in its 

velocity. Thus, the relative velocity of drop (Wp - wK) initially 

grow®. However, as the drop evaporates, in connection with the decrease 

in dimension of the drop and decrease due to this influence of forces 

of inertia on velocity wK, relative velocity (w?, - wK) again decreases. 

The quantity of evaporating liquid g,^ at first grows slowly, but 

in a region of high relative velocities (wp - wK) there occurs strong 

growth of 6licn. 

A*»t 

- w W S/V Mf 

Fig. 3.6. Change of parameters of 
evaporated drop of heptane and veloc¬ 
ity of gas along the length of the 
chamber. 

The effect of physical properties on change of temperature of 

drop is shown in Fig. 3.7a and on rate of evaporation — in Fig. 

3.7b. We see that drops of low-boiling components Og and Fg attain 

boiling point considerably quicker than drops of other components. 

In accordance with this, for evaporation of low-boiling components 

a smaller section of length of combustion chamber is necessary. 

Comparison of graphs 1 and 3, Fig. 3.7b shows also that rate of 

evaporation depends not only on boiling point, but also on heat of 

phase transition of liquid into vapor. At an assigned pressure of 

Pg - 21 kgf/cm ^2410012) the boiling point of heptane (curve 1) is 

higher than the boiling point of annonla (curve 3). However, the 

heat of evaporation of heptane (52 kcal/kg) (217 kJ/kg) is considerably 

lower than the heat of evaporation of ammonia (269 kcal/kg) (1125 

kJ/kg), and due to this, full evaporation of heptane occurs more 
rapidly, in spite of the higher boiling point. 
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Plg. 3.7. Change of TK and g^jj of drops of 
different components: 1 - heptune C^H^; 

2 - hydrazine NgH^; 3 - ammonia NH^; 4 - 

oxygen Ogj 5 — fluorine F2. 

We examined the effect of different factors on evaporation of a 

separate drop. In the process of evaporation in the combustion 

chamber of a ZhRD, as was indicated, there takes place simultaneous 

evaporation of a multicomponent mixture of drops of various dimensions. 

Thus the process of evaporation is essentially complicated as 

compared to the process of evaporation of individual drops. Irregular¬ 

ity of atomization leads at the beginning of evaporation to formation 

of a large quantity of vapors at the expense of rapid evaporation of 

fine drops. However, further evaporation of the remaining bigger 

drops is protracted and on the whole the period of evaporation of a 

mixture of drops of different dimension is greater than the period 

of evaporation of a drop of average dimension. The greater the 

irregularity of atomization, the more the period of evaporation of a 

mixture of drops is increased. 

During evaporation of drops of multicomponent liquids which 

frequently takes place in a ZhRD, according to the evaporation in a 

drop concentration of the higher-boiling component Is increased, 

which furthermore can lead to protraction of the process of evaporation. 
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Besides irregularity of atomization and the pretence of multi- 

component drops of liquid, on rate of flow of the evaporation process 

of fuel during use of hypergolic fuels the presence of reactions In 

the liquid phase appearing in the zone of evaporation also has an 

effect. Heat thus realeased can significantly accelerate the 

evaporation process. 

Mixing and combustion 

As a result of atomization and evaporation a vapor of fuel and 

oxidizer will be formed, from which a fuel mixture Is obtained. 

Mixing of fuel and oxidizer occurs both in the liquid and also in 

the vapor phase. The most desirable, but also very difficult to 

achieve in a ZhRD is a method of mixing — formation of a monopropellant 

or emulsion by means of complete preliminary mixing of components 

in the liquid phase Just prior to introducing them into the combustion 

chamber. For a ZhRD, mixing of components in the actual combustion 

chamber is characteristic. Intensity of mixing of components is 

determined by turbulent diffusion. 

The process of mixing the fuel components in the chamber of a 

ZhRD begins directly from the moment of their introduction into the 

combustion chamber and is finished only as the combustion of the fuel. 

In zones of atomization and evaporation there occurs mixing of part 

of the components both in the liquid and also in the gas phase. By 

means of flow of reactions of combustion directly in the liquid phase 

(with hypergolic components), and also by means of the intense supply 

of heat addition from the flame front (which also leads to the 

appearance of first sources of burning of the £is phase still in the 

zone of evaporation) process of mixing in these zones is considerably 

intensified. However, due tp irregularity of atomization and different 

rate of evaporation of components, the process of mixing is not 

completed in these zones, but continues further in the zone of mixing 

and combustion. Consequently, part of the fuel enters this zone 

after evaporation and mixing, i.e., in a form completely prepared 

for combustion of a mixture in which the reaction of combustion already 

has partially begun. During combustion of this part of fuel, formation 

of the flame front begins. 
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The remaining fuel (a large part) enters the zone of mixing and 

combustion basically in an evaporated form, but still insufficiently 

mixed for combustion (even introduction of separate liquid drops of 

components la possible). Further mixing of this part of the fuel 

. occurs. Owing to the great difference between the temperatures of 

the flame and the entering components, the intensity of mixing in this 

zone is very great. Simultaneously in zone of mixing and combustion 

there occurs combustion of the fuel already mixed. Due to such 

"parallel" flow of the processes of mixing and combustion, the flame 

front in the combustion chamber of a ZhRD is not any clearly outlined 

surface separating the prepared fuel mixture from products of 

combustion. Width of the flame front is determined by fineness and 

homogeneity of atomization, volatility of fuel components, and intensity 

of turbulent diffusion determining, in turn, the rate of flow of the 
mixing processes. 

The process of combustion of the atomized fuel can be divided 

schematically in two: mixing of components and chemical reaction. 

Rate of flow of the reaction is determined by temperature and 

activation energy. At low temperatures, chemical reaction rate is 

relatively low and less than the speed of nixing of components. 

Rate of flow of the burning process, on the whole is thus determined 

by rate of the chemical reactions. Such burning, whereby the speed 

of the process is limited by the chemical reaction rate, is called 

kinetic burning. 

» . In the combustion chamber of a ZhRD kinetic burning can take 

place only in the very beginning of the zone of mixing and combustion, 

where the temperature is still comparatively low. Let us limit this 

region of the sone of mixing and combustion to the section m-m (see 

Fig* 3.2) and call it the region of kinetic burning. After section 

m-m high temperature is developed. Here already the chemical reactions 

flow practically Instantly. Thus the rate of the burning process is 

determined by rate of mixing. Such burning, with which the rate of 

the process is limited by the rate of the mixing process, is called 

diffusion burning. Therefore, the region after section m-m we will 

call the region of diffusion burning. In the combustion chamber of a 
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ZhRD, the region of kinetic burning is very small and diffusion 

burning plays a decisive role. Therefore, it is frequently assumed 

that, on the whole, diffusion burning takes place in the chamber of 

a ZhRD. 

In Fig. 3.2 the graph of change of quantity of burning fuel 

along the length of the combustion chamber does not reach a value 

of Qj/Qj. ■ 1. It is obvious that the value Gj/O^ determines by 

itself the degree of physical combustion efficiency. Accordingly 

difference 1 - (0^/0^) characterizes incompleteness of combustion. 

For a ZhPD combustion efficiency q>cr « 0.95-0.99. 

Curve and conversion and time of stay 

The degree of completeness of conversion of fuel into products 

of combustion is customarily estimated by the change of combustion 

efficiency along the length of the combustion chamber or in the time 

elapsing from the moment of introduction of components into the 

chamber. The curve characterizing change of combustion efficiency 

along the length of the chamber of in time is called the fuel conversion 

curve (burnout curve). Sometimes the conversion curve is constructed 

in the form of change of temperature or specific volume of the mixture 

of components (fuel or products of combustion) along the length of 

the chamber or in time. 

An example of a conversion curve is shown in Fig. 3.8a, where 

there is given a typical qualitative dependence of change of specific 

volume along the length of the combustion chamber. Specific volume 

v2 corresponds to calculated specific volume with full combustion. 
The conversion curve does not reach v2, which is a result of incomplete¬ 

ness of combustion. Within the limits of tolerated incompleteness 

of combustion point 2 corresponds to completion of process of 

conversion. In Fig. 3.8b there la given a conversion curve showing 
change of specific volume in time. Time Tnp elapsing from the moment 

of introduction of fuel into the combustion chamber to completion 

of the conversion process la called conversion time. 
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Pig. 3.8. Conversion curves: a) along 
the length of the chamber, b) in time. 

It is obvious that the volume of the combustion chamber should 

be such that time of stay of the admitted components will equal the 

conversion time. With a smaller volume combustion efficiency will 

worsen, increase of volume is inexpedient, since it will lead to an 

increase in dimensions and weight of the chamber without essential 

improvement of combustion efficiency. 

Time of sta^ of fuel and products of combustion in the chamber 

(3.1) 

where V - volume of the combustion chamber; 0 - fuel consumption; 

Ygp _ average specific volume of fuel and products of combustion. 

If conversion time is equal to time of stay, the value of average 

specific volume can be determined as the average for time of stay, 

l.e.. 

(3.2) 

Since the value is difficult to determine immediately then 

for appraisal of time of stay usually there is used certain conditional 

of stay referred to specific volume of products of full combustion 

Vg (with a given ratio of components): 

(3.3) 

* 
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pon •17llflc,tlon of frequently the eonvereton curre 
tlonelly le replaced by broken line abed (M,. 3.8b), 1.,., n 

la aeauaed that the proceaa of converelon occur, Inetantly at the 

tl»e T,. The location of the poeltlon of the vertical line of 

Inatantaneoua converelon be la detemlned fron the condition of 

equality of area under the converelon curve 1-8 and the area under 

eeetlon cd. Thue, converelon tlae la epllt Into two covenanter 

»here t, delay tine of converelon. Tine t2 e^oordln* to condition 
of conatructlon of broken line abed le detemlned fron the equation 

whence by formula (3.2), coneiderlng that t - Tnp, 

(3.5) 

(3.6) 

Comparing expressions (3.6), (3.1), 

" Tyojr Atting T - Tjjp and T0 - T 
obtain c 

40(1 (3.3)* we will obtain 
ycji in ««Pression (3.4), we 

i, 

l.e., tine of Stay m the combustion chenber can be preeented as th. 
eum of delay tine of converelon and conditional tine of etay. 

Delay tlae of conversion t. depends on the kind of fuel, dealer 
parameters of the nixing devices, «id on parameters of operation of 
the combustion chamber. 

During operation of the chanber of a ZhRD in a steady state 

1 coTt? C°r"10n 11 *>y tenperature*in 
the conbustlon clunber, «id also by condition, of atonleatlon and 
heat supply to the Injected fuel. 
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Value of conditional tine of stay TyCjj Is one and a half times 

lest than actual. For chambers of a ZhRD, value TyQj is within 

Units of 0.0015-0.003 Conditional tine of stay (or simply 

tine of stay) is an important parameter of the combustion chamber 

and is used for determination of its volume (see section 5.2). 

The process of conversion in the combustion chamber of a ZhRD 

is characterised by intense heat emission. Heat release rate of the 

volume of the combustion chamber of a ZhRD Is 100 times higher than 

the heat release rate of a boiler furnace and 10 times higher than 

the heat release rate of the chamber of a jet engine. 

As a result, in the combustion chamber of a ZhRD there takes 

place an intense heat supply to the admitted fuel, which leads to 

considerable reduction In time of evaporation and the entire time 

of carburation and ensures rapid evaporation of even comparatively 

large drops of fuel. 

In connection with this, fineness of atomization in a ZhRD has 

less effect on fullness of conversion than in ordinary thermal 

machines. This permits producing atomization of fuel with 

comparatively small pressure drops at the injectors 3-15 kgf/cm 

(0.29-1,A? MN/m2) as opposed to 50-100 kgf/cm2 (4.95-9.81 MN/m2) in 

Jet engine and 200-1000 kgf/cm2 (19.62-98.1 MN/m2) in diesel engines. 

Decrease In pressure drop at the injectors up to 3-15 kgf/cm2 (0.29- 

1.47 MN/m2) permits decreasing power, and consequently also the 

weight of the supply system. 

3.2 Spray Injectors 

Fuel supply to the combustion chamber is carried out by Injectors. 

The basic requirement for injectors is to ensure the finest possible 

and most uniform spray of fuel with sufficiently low pressure drop 

at the injector. 

Usually in a ZhRD there are two separate basic forms of injectors: 

spray and centrifugal. There are also cases of application of slot 

injectors which can be considered as a variety of Jet injectors 
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having not a round, but a slot-like form of outlet, 
possible which combine both forms of injectors.

Injectors are

The spray 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.

Fig. 3.9. Spray injectors: 1 — drillings for
supply of components; 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 a 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 angle of atomization (10-20°); fineness of



atomization of Jet injectors Is less than that of centrifugal. 

Furthermore, due to the channels for supply of the component to the 

spray Injectors, the head frequently is made relatively heavy 

(Fig. 3.9b, c, d). 

A larger angle of atomization and better splitting of drops can 
be obtained if the Injectors are set in such a manner that their 

sprays cross (for injectors with crossing sprays, see Fig. 3.12) 
Thus, as a result of collision of components there occurs splitting 

of drops, and the angle of atomization is Increased up to 60-100°, 

but the passing ability of such injectors decreases somewhat. A 

block of injectors with crossing sprays can consist of two, three, 

and even four spray injectors. In Fig. 3.2**, 3.26, 3.27 there are 
diagrams and photographs of various heads with spray injectors. 

Design of Spray Injectors 

Spray Injector are designed on the basis of the following 
considerations. As is known, theoretical exit velocity of an incom¬ 
pressible liquid from an opening 

(3.8) 

where dp^ ** (p^ - p) - pressure drop, 7 - density of the liquid. 

Flow rate of a liquid through an injector is determined by the 

equation of flow rate 

(3.9) 

O 
where fQ - area of cross section of hole in m ; u — discharge 

coefficient, considering narrowing of the spray and decrease of actual 
flow rate as compared to theoretical. 

Substituting in equation (3.9) the value w from eq ility (3.8), 

we will obtain 

(3.10) 
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fron which 

(3.11) 

Flow rate of a component through one injector Qg, can be 

determined, knowing the full flow rate of the component and number of 

injectore n. If it is assumed that flow rate through all the injector« 
is identical, then 

(3-12) 

However, practically rarely does it occur that aU the injectors of 

components have identical flow rate. Usually there are several groups 

of injectors of one component with various flow rate, and sometimes 
various construction. 

Density of the component is known. Pressure drop at the injector 

opg) is usually given within limits of 3-15 kgf/cm2 (0.29-k.7 MM/ta2); 

to create a large pressure drop is unprofitable since this requires 

accordingly a large supply pressure. Decrease dp$ below 3 kgf/cm2 

is Irrational since besides it strongly worsens atomisation and 

carburation, and also increases the possibility of appearance of 

low-frequency oscillations. 

Discharge coefficient u is assigned in accordance with the 

dimensions of the drilling of the spray injector. 

“ °.5-l flow rate decreases by means of narrowing 

of the spray. In this case (Fig. 3.10a) u ■ 0.60-0.65. When tg/d ■ 
■ 2*3 narrowing of the spray also occurs, but pressure in the narrow 
section 1-1 (Fig. 3.10b) due to negative pressure is less than in the 

first case, therefore velocity along the narrow section is higher. 

Thus flow rate of the liquid increases in spite of the narrowing of 

the spray. Therefore when ic/dc - 2-3, value of the discharge 

coefficient is higher and amounts to u - 0.75-0.85. Using an 

injector with large lc/dc ratio is inexpedient since thereby there 

will Ue increased loss due to friction. Besides, the ratio lg/d , 
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Uthouch to • lesser degree, still a number of factors have an effect 
on dlfchmrg« coefficient u: 

a) geometry of the injectors; beveling or rounding of the inlet 
edge« Increases the value of 4; 

b) pressure drop at the injector dp^; with growth of dpA there 

can occur separation of flow from the walls of the nozzle ofthe 

injector, which with a given geometry will lead to worsening u. in 

Fig. 3.Ü there is an example of the dependence of 4 on dp^ with 

various geometry of the injector, from which it is evident that with 

very slight beveling or absence of it in the region dfy -2-3 kgf/cm2 

(0.19-0.29 HH/n )4 sharply drops as a result of separation of flew 
from the walls due to poor exit conditions. Increasing the depth of 

face e permits avoiding breakaway in a large range of dp^; 

c) temperature of component. With temperature rise the value 

of drop dp^j with which separation of flow from walls can occur drops; 

d) pressure in chamber p2 (counterpressure). Decrease of 

count.rpr.Hur« to 5-6 kgf/c«2 (0.49-0.58 MK/«2) cm l„d to brc.Hv.y 
of the spray from the walls, and consequently also to a decrease of 
value of 4| 

e) quality of surface of the opening. Various burrs on the 

edges and much roughness of walls of the opening can lead to 
considerable reduction of 4. 

Beforehand it is impossible to exactly consider the effect of 

all these factors, therefore during adjustment of construction there 

always are conducted hydraulic channels for more precise definition 

of parameters of the injectors. The diameter of the openings of 

injectors for liquid dc is usually made within limits of 0.8-2.5 mm. 

With a diameter of drilling less than 0.8 mm the openings are 

easily obstructed. When dc ¿ 2.5 mi* atomization of the component 

worsens, since the stream of the component is made too powerful and 
breaks up into drops poorly. 
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Fig. 3.10. Outflow of component from 
spray injector. 

Fig. 3.11. Dependence of u on 
on shape of the injector. 

AP$ and 

Jet Injectors for Generating Gas 

During operation of the propulsion system according to a closed 

diagram (ae. Chap, mi) part of the fuel bums In a ga. generator. 
The forming products of combustion are used to drive the turbine of a 

turbopump unit and then enter the combustion chamber at high 

temperature (800-1000°c). For supplying these gases to the chamber 

It is expedient to use apray Injectors (see Fig. 5.9*). Initially. 

for calculation of these Injectors there will be the equation of 

flow rate 

(3.13) 
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h«rt u - 0.7-0.85; >BHX - density of products of combustion «t outlet 
pressure fron nozzle pBUX « p2¡ 

'■-Mtr (J.«) 

»•»re pK end ytx are pressure end density of gss In front of the 
injector. 

Since pressure drop st the Injector pBX -pÎHX as compared to 

pressure In chamber ps, equal to several tens of atmospheres, there 
Is little, outflow of gas through the Injector will be subcrltlcal 
with exit velocity 

(3-1¾) 

where R anã TBX gas constant and temperature of gas in front of the 
injector. 

Placing expression (3,14), (3.15) ln equation (3.13), we will 

obtain calculation expression for determination of f : 
c * 

Urn 

(3.16) 

: 

f 
f 

Injectors with Intersecting Sprays 

As we noted above, the use of Injectors with Intersecting 

sprays Increases the angle of atomisation and Improved splitting of 

ropa, which leada to an Increase of chamber efficiency. In the 

Uhlte. state, such injector, first appeared and were .£c...f£w 

used in a ZhRD with nitric acid fuel. Diverse variants of the 

diagrams of Injector, with Intersecting sprays are represented In 
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Fig« 3#12, Blocks of Injectors with 
Intersecting sprays: a) Intersection 
of sprays of one component; b) 
intersection of several sprays of two 
components; c) injector with a 
sprayer"; 0 - oxidizer; P- fuel. 

It is possible to separate three basic forms of injectors with 

intersecting sprays: 

a) injectors, ensuring paired Intersection of sprays of one 

component (Pig. 3.12a). 

b) injectors ensuring intersection of sprays of both components 

(Fig. 3.12b). Thus in dependence on the ratio of flow rat«s of fuel 

and oxidizer (v) on one fuel injector there can be fixed one, two, 

three, and even four injectors for supply of oxidizer. With 

intersection of two and more streams of oxidizer with one of 

propellant, for best atomization it is recommended that exit velocity 

of combustible exceed exit velocity of oxidizer by 50-60*; 
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c) Injectors with mixing screen (reflector) (Fig* 3.12c). In 

these Injectors, best splitting is ensured by means of collision of 

stream and wall. 

With intersection of two streams, angle of Inclination of the 

resultant stream can be determined, proceeding from the following 

considerations (Fig. 3.13). 

Fig. 3.13. To calculate 
angles of slop of walls 
(or openings) in blocks 
of Injectors. 

Let us designate a0, ar, and Oj., respectively as angles of 

inclination of streams of oxidizer, combustible, and that stream of 

fuel formed after collision; m0, mr, and m^. and v»0, wp, and w^, 

respectively mass flow rates and velocities of oxidizer, combustible, 

and fuel. If one were to consider that the momentum of streams 

before and after their collision remains constant, then projections 

on a horizontal and vertical axis can be described by the following 

equations : 

mrw,CM«v+mvv(CMaa«MiVico>ai: (3.17) 

(3.18) 

Dividing equation (3.18) by equation (3.17)* we obtain an equation 

of angle of inclination of the resultant stream of fuel 

(3.19) 

Unco frequently Intersection of streams is ensured by corresponding 
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location of surfaces of walls to which th* axis of holes are 

perpendicular, then obviously, angles „„ and a,, determine slope of 

-alls, in most cases It 1. desirable to select angles of Inclination 
rtf* u.-i i „ ^ —©«a. Aiu- Aination 

l ^ ’ i COmponents ,nd velocities (1.,., ¿p ) ln 6uch 

. Erection of the resultant stream will coincide with 
axial direction, i.e., c^. . o. Then 

"■••• sin a. (3.20) 

or 

C.a-.tlna.-rCyiPpita^. (3.21) 

It must be noted that manufacture with the necessary degree of 

accuracy of a large number of Injectors with Intersecting streams 

is no less complicated a problem than manufacture and Installation 
of separate swirlers. 

Example of calculation of spray in.lectora 

To determine the dimensions of spray injectors and angle of 

inclination of oxidizer injectors with ap ■ 30°; a^. ■ 0; 

</•; n*\; Vr-M«/»’. 
%-n «/• ; 4^-7l^/«»(0.Si 

S2iMli2ß. Considering i/d « 3, we take for both injectors 
discharge coefficient u . 0.8. * 

We determine dimensions of injectors. By formula (3.11): 

A,« i.TT 

Considering coefficient of velocity to equal discharge 

we determine actual exit velocity: 
coefficient Up 
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Since Oj ■ 0, when o0 we will define by equation (3.21): 

ü"’~îr£ï 

whence angle of Inclination of oxidizer injector a - 22o10'. 
o 

3.3. Centrifugal Injectors 

Centrifugal is the name applied to an injector In which there is 

artificially created a swirl of the stream of liquid passed through 

It. After exit of the liquid from the nozzle under action of 

centrifugal forces there will be formed a thin coneshaped liquid 

sheet of component which rapidly breaks up into drops (see Fig. 3.3b). 

Therefore, the diagram of flow intensity of a centrifugal injector 
has two peaks (see Fig. 3.3d). 

Centrifugal injectors have a wide and comparatively short 

spray cone. The spray of centrifugal injectors is finer than for 

Jet. This all leads to a decrease of zones of aromization and 

evaporation. However, a disadvantage of centrifugal injectors is 

their great structural complexity and smaller carrying capacity as 
compared to spray injectors. 

According to the method of obtaining the flow swirl of component, 

centrifugal injectors are divided into tangential (Fig. 3.14a, b 

and 3.15a, b, c) and injectors with swirl vane (or screw (Fig. 3.14c 
and 3.15e). 

In a centrifugal tangential injector, the liquid enters the 

cavity of the injector through one or several inlets, the axes of 

which are perpendicular to the axis of the injector but do not 

Intersect it. Sometimes the opening is made at an acute angle to 

the axis of the injector. As a result, the liquid obtains swirl with 
respect to the axis of the injector. 
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Fig. 3.1^. Diagrams of centrifugal inlec¬ 
tors: a) tangential closed; b) tangential 
?ÎÜn* \ inlet; 2 - swirl vane 
(screw); 3 — swirl chamber. 
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There are open and closed tangential centrifugal injectors. 

Por closed tangential injectors (see Pig. 3,H»a), radius of nozzle 

r is less than radius of the swirl chamber R. For open injectors, 
w 

radius of nozzle is equal to radius of swirl chamber (see Fig. 3.14b). 

In an injector with a swirl vane (see Fig. 3.1^0) swirl is created 

by means of a special swirl vane (screw) which has a screw thread on 

the external surface. Moving by screw thread, the liquid obtains a 

swirl with respect to the axis of the injector. Let us consider the 

operation of a centrifugal injector [1]. 
! 

Operation of an Injector 

In a centrifugal tangential injector (Fig. 3.16), the liquid 

enters the cavity of the injector through an inlet having radius rBX 

with velocity wBX, This opening is located so that its axis is 

tangent to the circumference of radius RBX with the center located 

on the axis of the injector nozzle. Thanks to this inlet, liquid 

passes through the cavity into the nozzle of the injector, revolving. 

Let us consider a stream of liquid which, moving along the injector, 

gets to the nozzle at distance r from its axis. 

Fig. 3.16. Motion of liquid in a swirlers 
1 - liquid; 2 - gas swirl; 3 - "active” 
section. 

If we disregard the action of forces of friction, then angular 

momentum of any liquid particle with respect to the axis of Injector 

should maintain constant value all the way from entrance into the 

injector to exit from nozzle of it, i.e., 
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,%r‘ (3.22) 

«her. w - peripheral velocity of motion of a particle of liquid m 

the nozzle at distance r from the nozzle axis. 

.1, J1"'* °n! °*y *8,UB* th,t °n the aVer,«e for 411 «treu,, (Hith 
Icîf !Tr. t0 °f V*1Ue ^ the B0,“ntu" the liquid, 

*v* y t in the inlet 1, the same, then velocity w depends 
on radius r, on which this stream gets into the nozzlet 

(5.23) 

Disregarding the insignificant difference of levels of location 

o inlet and nozzle openings, pressure in the stream of liquid can b< 
determined by the Bernoulli equation: 

(5.24) 

TZ.*?, " J”’8“" °f llqUld ln the inleti -BX - .ntru.ce velocity 
of uLîd t ? e injector, wu - tangential component of velocl, 
of liquid at exit from the inlector* w avi.i « 

14„,4A . a injecLor, wa - axial component of velocil 
of liquid at exit from the injector. 

Designating total pressure drop at the injector through htu. 
expressing it through pressure H, we will obtain ^ 

iiS-«-Ä+Ä_ 
* t V (3.25) 

After that, from equation (3.2H) we will obtain 

(3.26) 

wm ITTZ (r23) 8nd (5>K) U 18 elw that r - 0 there 
„\!\u pre8,ure of liquid on the axes of the injector 
hou d have infinitely large negative value. This 1. ImposslbL 

stLse’s i :lnC: “ llqUld ln 8ener,1 d0eS n0t Wlthat«nd negative stresses, i.e., does not work on extension. 
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In reality, in the injector the following occurs. As the liquid 

approaches, the axis of the injector, velocity wu will be increased, 

and pressure p will drop, but only until it becomes equal to ambient 

pressure in which outflow occurs (with injection into the chamber - 

pressure in chamber). Further decrease of pressure in the central 

region of flow is impossible. Since by its only base this region 

emerges through the nozzle into the environment, the central part of 

the injector will not be filled with liquid. In it there will be a 

g¿is vortex with a pressure equal to ambient pressure (pressure in the 

chamber). Flow of liquid by the nozzle or the injector will be 

carried out not through the whole section but only through the annular, 

the Internal radius of which is equal to radius of the gas vortex 

rm, and external radius - radius of the nozzle r . 
c 

This section we will call the useful cross section of nozzle of 

the injector; its area 

(3.27) 

Flow rate through the nozzle of the injector 

rD-awr«, (3.28) 

where 9 - coefficient of useful cross section. 

It is obvious that 

(3.29) 

We will define change of wfi and wu by cross section of stream. 

Let us consider section of stream at the nozzle exit section of the 

injector (Fig. 3.17). Let us separate in useful cross section at 

distance r from the axis, annular element dr. According to the 

d'Alembert principle, difference of pressures on the surface of the 

annular element Ap is balanced by centrifugal force. For an individual 

element, the equation of equilibrium will have the form 

ép—f-dm, 

where dm - mass of individual element 

(3.30) 
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(3.31) 
*m—íér. 

According to equ.tlon (J.22) u i, p0„lble 
to write 

(3.32) 

"u" ~ tangential velocity of liquid with r . rn. Hence 

(3.35) 

After substitution of expressions 31 ) md r* * 
we will obtain ln ®q««tion (3.30) 

and after integration 

-i.—d+c » ?»+ • 

(3.34) 

(3.35) 

Let us find constant C. With w - w it win k 

Pm - pressure, excess above pressure"!« vwtex n ^ ' Pb’ "here 
border of swirl and liquid pm . 0, whence 2‘ °n 

C-ÄL. 

Then e<!UaUon (3.35) will have the form 

-i-ds-d 
Tl I it if' (3.36) 

Comparing expression (3.36) and (,.26), we will obtain 

* TT (3.37) 

o^e^^Tlnlectr^d^ ^ ^ USem -tlon 
over the whole section, i.e., & ^ depend on r and is constan- 

•g—conit. 
(3.38) 
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Pig. 3.17. Por determination of forces 
having effect on the annular element: 
a) useful cross section; b, c) change 

"a* V and 2a by U8eí>uí cross 
section. 

We will define change wu by section. Equation of constancy of 

flow rate for inlet and for section on nozzle exit section of the 

injector 

(3.39) 

Placing from equation (3,22) the value wBX in equation (3.39), we 

obtain 

«jûi. (,,„0) 
Diagrams of change of wa and wu by useful cross section are represented 

in Pig. 3.17b. 

Geometric Characteristics of an Injector 

Into expression (3.40) there enters complex Ä.*/’«//’*,, connecting 

the basic dimensions of an injector. This complex is usually designated 

as A and called the geometric characteristic of a centrifugal injector, 

i.©., 

OM) 

As we will see further on, the geometric characteristic is the 

most important parameter of centrifugal injector. 
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.” ^r:;iLru ”,r:Titur*nrjr “r” ........ .„.r: “ rc " -**“• -- 
sr;.-“ 

*•%**■ OAZ) 

inleta^ ~.number °f lnl*t8i e - »ngle between directions of exes of 
inlets and nozzle of injector. 

For an open injector (see Fig. 3.14b), since r, 

For a screw injector (see Fig. 3.i5e) 

c J rbx* 

(3.43) 

A-ate. ,1ns 
Vi *’ (3.44) 

"h"* Rf " aVerage rsdlus °f «re« channel of the swirl van,, s 
angle of ascent of the snirai. r — * P - 
Channel, i „„„a l ‘ 1 “ Srea of eross aectim °t one 

nnel, i _ number of approaches of the screw thread of ta 
vane (number of channels). f th* 8wlrl 

VIth help of the geometric characteristic in ta. 

(MO) for determination of tangential epeed^rb“^ ^ 

'"*•*'*■ (3.45) 

tangential v.L'nyTborder^f whm"' ^1106 [see ^ 

Where r ■ r 
c 

A (3.46) 
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Discharge Coefficient of an Injector 

(3.47) 

th. ¿1cntorhÔ^bt,lned d•P•nd•nC•,' -8 -111 <«*«"* r.t. through 

Slncie H • 
Will obtain ^ (?‘25)' th*n from ‘»“»«on* (3.37) and (3.%) we 

(3.48) 

Then according to equation (3.39) 

(3.49) 

If one were to designate 

(3.50) 

and to substitute fc . rrf, then we will obtain an expression Idéntica! 

to the equation of flow rate through a spray Injector (3.10): 

0*-e/.VÎ»4.,y. (3,5!) 

“».re u - discharge coefficient, of a centrifugal inj»,.*,',. 

Prom expression (3.50) It Is clear that the discharge coefficient 

U depends on the coefficient of useful cross section p, 1 e on 

are. of useful cross section V it is obvious that w th' , - Õ 

discharge coefficient and flow rate will approach zero. However' 

even a strong increase of f* also will lead to a decrease of u ’ 

Inasmuch as with large f, (1,.,, with very small radii of whirl r ) 

ax al velocity ws decreases considerably since a large part of the 
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:-r 
njector there ehould be eetebllehed euch vtíue of useful cross 

ZZm‘Zlth WhlCh fi0W me thr0U8h th* ^«ctor will be “he 

r Mir; f0r "Ch 8lVm V,1U* °f A Wlth ch“«* <* useful 
e ® *' AOn' 1,e-' co*fflclent » 1* Its máximum value of dl.ch.rge 

to zero.*" ?0r U# deternln‘tlon th* ierlv.tlve du/d* will equate 

(5*52) 

whence 

„ —=--0. 
iJd-fí* I» (3.55) 

Consequently, the greatest discharge 
condition coefficient will be during 

(3.54) 

Dependence of »on A with . condition of maximum flow rate Is shown 

we will 1!; SUbStltutln« e*Psession (3.54) In equation (3.50), 
we will obtain a connection between n and q>: * 

(3.55) 

after which it iç possible to construct the 

geometric characteristic A (Fig. 3.18). 
dependence of u on 

...».. rrxc r:r; ~ 
ÍT T'“” l5■5', “ 

» - o and U - 0, with .11 remaining vaTuas õf7 
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values of u according to the relationship (3.55) will always be 
smaller than 9, 

Fig. 3.18. Change of 
cp, and 2a depending on 

It geometrlcouch character- 
5^* « istic A. 

Knowing u, we can determine the necessary area of nozzle of an 

Injector from equation (3.51): 

(3.56) 

Geometric characteristic A is connected also with angle of flame of 

atomization 2a. 

As can be seen from Fig. 3.17c, the angle of atomization a 

is inconstant for useful cross section and for peripheral streams 

decreases in conformity with decrease of wu. Therefore we will 

determine the average angle of flame of atomization for a mean value 

of radius of useful cross section 

2 (5.57) 

It is obvious that 

(3.58) 

Since wu Cp ■ wuxrc/rcp (^,22) than talcln8 lnto account expressions 
(3.29)# (3.^7) and (3.57) we will obtain 

ux c' cp 

(3.59) 

and after substitution of equality (3.59) in formula (3.58) 
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(3.60) 7¾¾¾ ’ 
Substituting in the leat expression Instead of ? the value of A 
connected eith « equation (3.54), we will find the dependence of 

average angle of flame of atomisation 2a on geometric characteristic 
A (see Fig. 3.18). 

Effect of Viscosity on Operation of an Injector 

Above we have given an analysis of the operation of a centrifugal 
injector with supply of an ideal liquid. With supply of an actual 

liquid possessing viscosity, the presence of forces of friction leads 

to a change of discharge coefficient u und angle of atomisation am. 
Friction leads to a decrease of angular momentum of fluid flow 

along the length of the injector. Due to this, swirl of flow, l.e., 

wu decreases, which leads to a decrease in radius of gas whirl r , 

decrease of rm signifies Increase of useful cross section of Injector 

nossle, i.e., Increase of discharge coefficient u and although due 

to losses of pressure by friction, flow rate decreases, on the whole, 

the effect of decrease of intensity of swirl turns out to be stronger 

than the effect losses of pressure by friction. Therefore, discharge 
coefficient u for an actual liquid is greater than for ideal. 

Angle of atomization 2a thus decreases, since tangential 

component of speed wu decreases. Thus, viscosity leads to a decrease 

of angle of atomization 2a, and paradoxically, at first glance, the 

result - increase of discharge coefficient of a centrifugal injector 

u. As can be seen from the graph in Fig. 3.18, we would come to the 

same result with a decrease in value of geometric characteristic A. 

Therefore, a centrifuge! injector having geometric characteristic 
A, with supply Of actual liquid can be calculated with the use of the 
so-called equivalent characteristic of A¡)) emtUer th4n A. 

where Kç < 1. 
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According to L. A. Klyachko [27] 

(3.62) 

and 

A. (3.63) 

where 1 — number of Inlet channels; B — dimensionless geometric 
o 2 9 

parameter of injector; B ■ Rbx/tbx ” for tan6entla]* injector; 

B2 * Kbx*/*! “ for 8crew injector; \ - coefficient of friction, 

determined during conditions of entrance into the injector by the 

formula: 

a 

m- m.» 2. (3.64) 

Where 

' . (3.65) 

where dnp - given diameter of inlet channels. For an injector with 

i number entrance channels by overall area fBxl 

Entrance velocity of component 

/mßy “Snïï : 

Substituting the expressions for dnp and wfix in equation (3.65), 

and considering that v - gii/y« we will obtain a calculation formula 

for determination of RebX: 

(3.66) 
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Obviously, for an ideal liquid, the coefficient of friction 
X - 0 and according to formula (3.63) 

4-4. 

During calculation of injector formula (3.63) it is more 

convenient to reduce to the form (with sin ß . i) 

-Ä*_. 
(3.67 

Effect of Design Parameters of an Injector 

We will examine the effect of different design parameters on the 
operation of a centrifugal injector. 

Increase of height (length) of injector h (see Pig 3.16) increases 

the effect of forces of viscosity which along with increase of 4 and 

decrease of angle 2a leads also to increase of losses of pressure in 

the injector, i.e., to certain impairment of atomization. Therefore 

it is fully sufficient with a screw injector to make the height of 

the screw not more than 1/4-1/5 pitch of turn, and with a tangential 
injector - equal RBX, although in practice, due to purely structural 

considerations frequently it is necessary to accept considerably 
higher injectors. 

Ratio RBJ/rc is usually selected within limits from 1 (for an 
open injector) to 2.5. 

experiment«! data show, with values R /r < a.5, experimental 

values of discharge coefficient ^ are obtained less than the 

theoretical obtained on the graph in Fig. 3.18. m Fig. 3.19 there 

is a graph of dependence of ration on ratio RBX/r0 [27]. 

SÜSPS« °f ratio lc/dc (s*. Fig. 3.I6) essentially doe. not 

e feet discharge coefficient u. However, with growth of 1 /d angle 

Of atomization 2a decreases. Therefore usually ic/dc . 0.25-i, 
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er "X 1 Q qJ* 

i i i ¿¿íf 

Thlctaiess of wall of the injector is selected from condition 

lBx/d»x ■ 1.5-3. With values lBX/dBX < 1.5 the t-ingentialness of inlet 

is ttilturbed (Fig, 3.20) which leads to a decrease of angular momentum 

with respect to the axis of the injector. Increasing lfiX/dBX is 

also inexpedient since it leads to unnecessary pressure losses by 

friction in the inlets. 

Fig. 5.20, Change of direction of 
inlet of liquid with small values 

lBx/dBX* 1 ” direction with 
tangential inlet. 2 - actual 
direction. 

The number of entrance channels 1 (or approaches of the screw) 

usually is taken as equal to 2-4. Increase in the number of entrance 

channels« obviously, improves distribution of flow intensity along the 

circumference of the flame. 

Effect of Preheating the Component 

Since the combustion chamber of a ZhRD is usually cooled by one 

of the components (and sometimes by two components), the cooling 

component proceeds to injectçr heated and thus, frequently up to a 

temperature close to the boiling point or even equal to it. Therefore 

the question about effect of temperature of preheating of component 

on operation of a centrifugal injector has practical value. If the 

temperature of liquid, entering the injector is such that the pressure 

of saturated vapors (vapor pressure) p does not exceed pressure in 

the gas vortex (equal to pressure in combustion chamber p2), then 

there will not be essential changes in operation of the Injector. 
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It is necessary only to consider change of density of component due 

to temperature. However if p^ > p^, hen boiling of component occurs 

in the injector and from the nozzle o¿ the injector into the combustion 

chamber there proceeds not liquid but a vaporliquid mixture. Naturally 

this affects the operation of the injector and, primarily the discharge 
coefficient of injector u. 

A sufficiently detailed analysis of operation of an injector 

during flow of heated or boiling liquid is given in [58], [6i], 

In [58] it is proposed that the effect of preheating on discharge 
coefficient be considered by introduction of a discharge coefficient 
of heated liquid j “ " 

2¾1 (3.68) 

where u - discharge coefficient during outflow of cold liquid; p. - 

pressure in front of injector. It must be considered that with p 

close to p^, formula (3.68) gives a decreased value of and with 

Ps “ tllere is obtained ■ 0 which does not correspond to experi¬ 
mental data. Therefore, with values of p8 close to p^ one should 

take somewhat oversized values ut as compared to those obtained by 

formual (3.68). when more exact analytic determination of u. is 

necessary it is possible to use the results in [62], where there is a 

more precise but considerably more complicated dependence for 

determination of In Pig. 3.21 there is a comparison of values 

of ut obtained from experiment by formula (3.68) and the formulas in 
[62]. 

U 
2 

m 1 s 
« V 
a 

3 
• mm* WWb 

*) 

(1 
"TIT 

¡ _ 3 n ) * ton UiMi WUmiT 

yjs« 3.21, Change of discharge coeffi¬ 
cient depending upon temperature of 

liquid; a) water; « 30 kgf/cm2 (*3 

MN> ); g) diesel fuel; - 20 kgf/cm2 

(-2 MN/n ); 1- disregarding evaporation 
of liquid in the vortex; 2 - according 
to formula (3.68); 3 - according to 
formulas in [62]. . 
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Calculation of a Centrifugal Injector 

In the calculation of a centrifugal injector we assume as known 

the flow rate of the component through the injector Ojj, and its physical 

properties. Thus the following order of calculation of a centrifugal 

injector is used. 

1. Depending upon operating conditions of the injector there is 

selected angle 2o and drop Ap$ within limits of 2a - 50-120°; 

dp^ - 5-15 kgf/cm2 (0.29-1.47 MN/m2). The most widely used values 

of angle 2a lie within limits of 90-120°, however under certain specific 

specific conditions injectors with smaller angles can be required. 

Limits of pressure drop dp^ are determined under the same considerations 

as for a spray injector. 

2. mowing angle 2a, from the graph of Pig. 5.18 we determine 

geometric characteristic A and discharge coefficient u. 

3. We determine area of section of the nozzle of the injector 

and diameter of the nozzle. According to formula (5.56) 

whence 

4. From constructive considerations, considering the effect of 

different parameters on operation of the injector, we select the 

number of Inlets 1 and the "arm" swirl Knowing 1 and RÄ/rc 

we determine 

5. mowing rjjj, from formulas -(5.66) and (5.64) we determine 

coefficient of friction X. 

6. With .rc, Rflj, r^, and X now known by formula (5.67) «• 

determine 
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If the obtained value A9 differs from geometric characteristic A by 
no more than 5& then this calculation is finished; values r , Rbx* 

and rBXof first approximation are taken for final and the remaining 

dimensions of the injector are determined. If the divergence of A 

and Aq is large, then the calculation is conducted repeatedly. Taking 

for the base the obtained value Ad according to the graphs of Pig. 3.18 
we determine a new u (already taking into account viscosity), and then 
new values rc, R^, and r^. 

According to the new values rQ, RBX, and rm we determine the 
equivalent geometric characteristic of the second approximation A9^ 

and compare it with A8 of first approximation. If large divergence 

is again obtained than a third approximation is made. But usually 

by the second approximation A^1 is sufficiently close to As of first 

7» According to values obtained during the last approximation 

^or V ^ix* rjx remaining dimensions of the injector are 
determined (see Fig. 3.16 ): 

(,-(085-»-IK; 
• 

Radius of swirl chamber R^ ■ Rj* + r^. if, during calculation of the 

injector it appears necessary to consider preheating of the component 

passed to the injector, then, according to formula (3.68) we correct 
the value of the discharge coefficient obtained in point 2, and conduct 
further calculation with a new value of discharge coefficient u*. 

Example of calculation of a centrifugal Injector 

To calculate, taking into account viscosity, a tangential 

centrifugal injector for supplying nitric acid at its temperature 

of 288°Kt Flow rate of acid through the injector 68 g/sj 

density - 1.51 g/c^t viscosity g u • 0.981 x 10"5 kgfyfc x • 

(0.981 X 10"5 N X •/x2). 

Solution. We are assigned angle of atomization 2a ■ 100° and 
prM.ur. drop 4^ . 8 kgt/em2 (0.78 Ml/»2), in tccurdanc. with th. 
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graph In Pig. 3.18 for angle 2o we determine geometric characteristic 

A and discharge coefficient 

4-4* s-aia 

We determine the dimensions of the nozzle of the Injector: 

Since we are conducting calculation taking into account viscosity, 

then correction of dimensions obtained In first approximation (rounding 

to integers) for the time being will not be made. 

We take R /r - 2.5 and 1 - 2. Then 

mm Om-Oili' U */*«*; 

We determine coefficient of friction X. By formula (3.66) 

" ï .«I • ie-«4.14« 1.41 • I .m-10-» 
-Misa 

By formula (3.64) we determine X- 0.0331. By formula (3.67) we 

determine 

JBoZl. 
eS. + y/t.i/U-r,) == 4.11 <4. IS-I.«» 

^S.«. 

The obtained value As differs from A by 9.5%, therefore we calculate 
the injector In second approximation according to geometric character- 

istlc Aa. 

According to the graph in Fig. 3.18 when A8 - 3*83 we find the 

discharge coefficient, n - 0.17 taking viscosity Into account. 
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We determine the dimensions of the nozzle of the Injector. By 
formula (3.56) a 

-• ti ia-» r*«; 

we take dc - 3.2 mm; rc ■ 1.6 mm; R^/r - 2.5. 
Then c 

• ^iatJ*faaet4*Ua4 4Ue 

W. fkt rM - 0.9 mm) dw . 1.8 mm. By formulas (5.66) end (J.6*) 

•e determine ReÄ and coefficient of friction X with d.flnltlt.d 

dimensions of the Injector: Re,, . 34,1100. since Ren chanced 

Insignificantly, the coefficient of friction, calculated by formula 
(3.64), remains equal to X ■ 0.0331, 

We determine value As. according to second approximation: 

4?- -ILL 
4 «-i.*) 

— I.SI. 

Value aJ1 differs from A, by 5« which Is within permlealble limit. 
Therefor, we consider the value. rc. and defined In aecond 
approximation as final. ** 

Let us define the remaining dimensions of the injector: 

4-«44-M44-l4am 

*3 " ♦ 
height of injector h - Rn . 4 mm; radius of swirl chamber 
♦ pix * 0.9 - 4.9 mm. 



3.4. Two-Component Injectors 

Diagrams of Two-Component Injectors. 
Advantages and Disadvantages 

Along with single-component injectors, use is also made of two- 

component centrifugal injectors, basic diagrams of which are presented 

in Pig. 3.22. Two f< rms of two-component Injectors are distinguishedt 

A — with internal mixing (emulsion). 

B — with external mixing. 

In two-component Injectors with Internal mixing, the mixing of 

components occurs in the injector just prior to their entry into the 

cosibustion chamber. Inside the Injector both components will form an 

emulsion mixture which enters the combustion chamber, therefore 

these injectors are frequently called emulsion. Such Injectors 

frequently are used expediently with supply of nonhypergollc components, 

since with hypergollc components, the combustion reaction can begin 

before the emulsion of component emerge from the Injector, which will 

lead to destruction of the injector and the combustion chamber. 

Pig. 3*22. Diagrams of two-component injectorsi 
A) - with Internal mixing (emulsion); B) - with 
external mixing) a, d, a) closed injectors) 
c. t) open injectors) b) semi-open injector) 
g) slot injector. 
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In two-component injectors with external mixing, the mixing of 
components occurs after they leave the injector. Thus, one may 

assume that a two-component injector with external mixing essentially 

consists of a structural block of two single-component injectors 

ensuring mixing of components in a prescribed ratio directly at the 
engine head. 

Two-component injectors are not necessarily a combination of two 
centrifugal injectors. Different structural combinations of 

centrifugal. Jet, and slot, injectors are possible. In Pig. 3.22g 

there is a diagram of a two-component injector with external mixing 
in which a centrifugal and a slot injector are combined. 

Use of two-component injectors permits improving carburation 

since basic mixing is ensured of components still in liquid phase, 

which leads to a more rapid flow of the entire process of combustion, 

and means that it permits decreasing the volume of combustion chamber 

required. The carrying capacity of a head with two-component injectors 
is greater than with single-component centrifugal injectors. 

The disadvantages of two-component injectors are first, their 

great structural complexity and secondly, more rigid thermal conditions 

of head operation. Since in using two-component injectors the sones 

of atomisation and evaporation are shortened, the flame front approaches 

the head and the intensity of heat flow from flame front to head 
increases. 

Let us consider procedures for calculating two-component 
injectors. 

Calculation of Emulsion Injectors 

Th. calculation dlacran la «horn in M*. j.ija. L*t ua daalgnate 

V 1r* *.l "p> V ‘•'p* 8#.p caapactlTaly aa nunbar of iaiata, 
inl.t velocity, danalty and now rataa of oxldlaar and fuel through 

th. Injector. For coaaainlty m conald.r that th. opmlnga for aupply 
of fuel are inclined at angle 0. 
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Fig. 3.23. For calculation of 
two-component injectors: a) 
with internal mixing; b) with 
external mixing; 1 - emulsion; 
2 - opening for introduction of 
fuel; 3 - internal Injector; 
4 - external injector. 

lAt us assume that Rgg •• Rsx.r m ^bx.o that operating 
pressure drops during supply of fuel and oxidizer are equal; action 

of forces of friction will be disregarded. Then It is possible to 
write down 

(3.69) 

where pB'0 ■ pB,r - pressure of oxidizer and combustible in the mixing 
cavity of the injector. 

From equation (3.69) it follows that with pBa0 • pB#r 

(5.70) 

where 

(5.71) 
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Fuel consuaption through the injector 

0.i^ (5.72) 

Based on the law of conservation of monent of nomentun we can write 
down: 

(3.75) 

where w^ - tangential component of velocity of mixed flow in the 
mixing cavity. 

(3.74) 

"h®™ wu - tangential component of velocity of emulsion at nozzle 
outlet. 

From equation (3.73)* taking into account expressions (3.70) 
and (3.72) we obtain 

ffsxl 

and from formulas (5.74) and (3.75) w determine 

(3.75) 

(3.76) 

Ut us define density of fuel formed during mixing of fuel and 
oxidizer in the Injector. Since 

then taking into account expressions (3.71) and (3.72) 

(5.78) 

Me will define peripheral velocity of emulsion in nozzle of injector 
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Analogously to equation (5.39)» taking Into account dependence 

(3.72), the equation of flow rate through the Injector 

(5.79) 

where wft — axial component of velocity of emulsion in the nozzle, 

Then, comparing expressions (3.76), (3.7Ö), and (3.79), we 

obtain 

(» +/5ml)» r. (3.80) 

Designating 

04>«|(V4«) 
(5.81) 

we obtain 

(5.82) 

where Am - geometric characteristic of an emulsion injector. 

Iquatlons (3.82) and (3.45) »re analogous. 

Performing conversions analogous to the conversions for a single¬ 

component injector we can be convinced that dependence of u and 2a 

on i§ the same as for a single-component Injector (see Pig. 3.18). 

Consequently, knowing the fuel (i.e., v and m) and having the radius 

of oxldiser inlets r and their number io we can conduct further 

calculation of a two-component emulsion injector in that same order 

as the calculation of single-component Injectors, using for this 
the geometric characteristic of an emulsion Injector Aqu Instead 
of geometric characteristic A. 

Calculation of Two-Component Injectors with 
External Mixing 

Calculation of two-component injectors with external mixing 

3,23b) basically is reduced to the calculation of internal 
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and external injectors examined as independent single-component 

injectors. Thus the radius of swirl of the external injector r1 

should be greater than the external radius of the body of the nozzle 

of th®^internal injector rj1, i.e., r^ > rj1. In the case when 

rm 1 rH for the «eternal injector part of the useful cross section 

will be blocked by the body of the internal injector. 

Radius of swirl of the external injector rjj is easy to determine, 

knowing the geometric characteristic of the injector, since formulas 

(3.29) and (3.54) give us a connection between A, coefficient of 

useful cross section <p, and the ratio r^r . 

Soiving Jointly equations (3.29) and (3.54), we find for 

an ideal liquid the connection between r^/^ and A, 

Angle of atomization of an external injector 2a1 can be less than 

the angle of atomization of an internal injector 2a11 (as shown in 

Pig. 3.23b) and greater. In the first case intersection of the 

flames of atomization ensures the best mixing. With 2a* > 2a** 

there is ensured the best protection of the head against burnout 

(in so doing frequently fuel is fed into the external injector). 

Concluding the consideration of different types of injectors (spray, 

centrifugal, mono, and two-component, etc.,), it must be noted 

that an important stage in the development of injectors is their 

hydraulic testing, which usually are conducted with water. These 

tests permit correcting the calculation discharge coefficients and 

angles of atomization, and also obtaining the necessary data on 

mixing and distribution of the component according to chamber 

section. 

3*5. Chamber Heads for the ZhRD 

Th. Chuber h.td of in engin. 1. the min subaeeembly providing 

correo* crburetlon In the combuetlon chamber. The held ehould be 
eo designed .. to ensure etibl. burning In the chamber, promote 

emooth runup of the engine, and decrease the impulse of the aftereffect 
(see aeetlon 5.5). The design of the head should provide for 
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necessary placement and reliable attachment of Injectors, most 

convenient feed of components to Injectors, and simplest technologi¬ 

cally possible attachment of the head to the con\bÄtlon chamber. 

Types of Heads for the ZhRD 

The basic types of heads are flat, tent, and spherical. 

Plat heads (Pig. 3.24a, b, c) are the most widespread type. 

The advantage of flat heads Is simplicity of construction. Furthermore, 

flat heads make it possible to ensure homogeneity of velocity field 

and of concentrations of fuel over the cross section of the combustion 

chamber. The deficiency of flat heads is their relatively low 

strength and rigidity. Therefore in the flat heads of large engines 

it is necessary to provide reinforcing elements, ensuring required 

strength and rigidity of head. 

Fig. 3.24. Diagrams 
of heads for ZhRD: 
a) flat with double 
bottom; b) flat with 
drilled holes; c) flat 
with crossing streams 
of oxidizer and fuel; 
d) spherical; e) 
spherical with precom¬ 
bustion chambers; f) 
tent with central feed 
of oxidizer; 1 - upper 
bottom; 2 - middle 
bottom; 3 - lower 
bottom; 4 - coolant 
cavity; 5 - collector 
rings; 6 - drilled 
holes; 7 - igniter; 
8 - 02 cavity; 9 - 

H2 annular passages; 

10 - valve; 11 - 
precombustion chambers. 



r'j
In Fife. 3.25 Is shown a flat head, working as Illustrated In 

Pig. 3.r''a. Coolant 0 flows from the coolant passage to the cavity 
between middle 2 and lower 3 bottoms cf the head, whence through 
screw Injectors 6 It enters the combustion chamber. Component P 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 Is connected to the combustion chamber by connecting ring ^ 
and also directly by welding to the Inner shell of the chamber 7.

Pig. 3.25. 
bottom; 2 - 
bottom; ^ — 
Injector; 6 
Inner shell 
8 — chamber 
10 - tube.

Plat head: 1 - upper
middle bottom; 3 — lower 
connecting ring; 5 — fuel 
— oxidizer Injector; 7 — 
of combustion chamber; 
housing; 9 — Inlet tube;

In Pigs. 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. 3.2^»b.

Fig. 3.26. 
Injectors.

Plat head with spray

Spherical heads have found application chiefly In high-thrust 
engines. The merit of such heads Is structural rigidity.

In Pigs. 3.24d and 3.27 are shown a diagram and external appearance 
of the spherical head of the RL-10 oxygen-hydrogen engine.



Fig. 3.27. Spherical head with 
spray Injectors.

In Pigs. 3.2^d and 5.'^ are shown a diagram and cutaway view of 
the spherical head of oxygen-alcohol engine of the A-^ missile.

Tent heads. shaped like tents (see Fig. 3.24e), find application 
in low- and medium-thrust engines 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.

#4e9. 

^ ^ 9 -

Pig. 3.28. Precombustion chamber of 
tne head of the engine- 1 — 
oxidizer feed tube; 2 - central 
spray injector; 3 — upper row of 
swirlers; ^ — lateral spray injectors; 
5,6— combined spary injectors and 
swirlers; 7 — inner shell of 
precombustion chamber.

li»0



Placement and Mounting of Injectors on Head 

acement of Injectors on the head should promote fulfillment 

o the basic requirements Imposed on carburetion while ensuring 

reliability and technological effectiveness of design, which 
basically is reduced to the following. 

1. Most equal possible distribution over the cross section 

of the combustion chamber of the ratio of components a and flow 
intensity r. 

2. Least possible Inclination toward appearance of unstable 
burning. 

3. Protección of combustion chamber walls from burnout. 

*. Protection of combustion-chamber head from the Influence 
Of high heat flows from the flame front. 

5. Convenience of feed of components. 

Investigations have shown that the distribution of ratio and 

flow Intensity of components obtained directly at the head for practi¬ 

cal purposes Is preserved along the entire combustion chamber and 

nosale of the engine. In turn, Irregularity of distribution of . and 

r over the cross section of a chamber affects specific thrust of 
an engine PyÄ (see section 3.6). 

Let us consider the basic schemes of Injector placement. In 

engines operating on single-component Injectors In order to ensure 

good carburetion uniform alternation of fuel and oxldlser Is necessary 

Injectors. Therefore It Is possible to distinguish the following 

basic patterns for fuel and oxldlter Injector placement. 

Checkerboard placement. For which fuel and oxldlser Injectors 

are arranged In checkerboard fashion In alternating order (Pig. 3.29.). 
The deficiency of this method consists In the fact that the number 

of fuel Injectors Is approximately equal to the number of oxldlser 
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injectopi. Since the mass flow rate of the oxidiaep le usually 

2-4 times greater than that of fuel, with such placement the 

flow rate of each oxidizer injector is considerably greater than that 

of the fuel injector, which can worsen carburetlon, since the 

powerful stream of oxidizer mixes poorly with the relatively weak 
fuel spray, knocking it aside. 

Honeycomb placement (Fig. 3.29b). Here each fuel injector 

is surrounded by a group of oxidizer injectors, making it possible 

to have a greater oxidizer than fuel injectors. The difference 

in flow rates of the oxidizer and fuel injectors is less here than 

with the checkerboard arrangements, which provided better atomization 
and mixing of fuel components. 

Concentric placement. Here belts of fuel and oxidizer injectors 

are alternated (Pig. 3.29c). In certain designs such arrangement 

simplifies the feed of components to the injectors. An example of 

concentric location of injectors is the head of the oxygen-hydrogen 

engine (see Pigs. 3.24d and 3.27). Here in concentric belts are 

groups of injectors, consisting of two fuel (Hg) and one oxidizer 
((>2) injectors each. 

^afrain injector placement: a) 
checkerboard; b) honeycomb; c) concentric; x - 
fuel injector; 0 - oxidizer injector; e - fuel 
injector for creation of near-wall layer. 

Two-component injectors can be placed in any arrangement. It 

is necessary only to consider the possibility of appearance of unstable 

burning and the necessity of protecting the head from burnout. 
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bur , ü*“” C n* 1*“t pr0B0Un« th» »PP**r»nc. of un*table 
rnlnf, both alngl,. t.o-compon.nt Injectore ara aonetlnea placed 

ln ordara, oonatltutln, dlffarant combination, of th. abova-mantloned 

arrangement», and attempt, are alao made to extend the proceaa of 

burning aomewhat over the length of the combuatlon chamber. At the 

end of chamber It 1. dealrabl. that there be a heterogenecu. tone, 

" * r?,fír ** po,slbl* longitudinal high-frequency combuatlon 
notability [t]. Thla la attained by a certain alternation of Injec¬ 

tor. with different flou rate, and .pray angle. (1.,., r.„g,). 

Per protection of combuatlon-chamber walla from burnout a 

protective near-wall layer, overly rich In fuel, and conaequently of 

lower temperature than the flow core, la created. It 1. nececaary 

to note that a near-wall layer with a great aurplua of oxldlter 

alao would have a temperature lower than that of the flow core 

and would apparently be a fully aatl.factory protective layer, but 

the danger of appearance of local aeata of burning at the wall In 

the oxldltlng medium and burnout of walla due to oxidation of 

metal la the reaeon the fuel-enriched near-wall layer la uaually 

created. Por thla purpoae on the head there either la placed a 

apeclal peripheral belt of fuel Injector., aa In Pig. 3.29 or 

the outer oxldlter Injector, are replaced by fuel Injector.. 

The peripheral fuel Injector, uaually have longer range and 

lower flow rate than the main Injector». The »pacing between 

peripheral ("protective") Injectera and their poaltlona are »elected 
ln auch a way aa to enaure uniform thlckneaa of the near-wall 

layer about the perimeter of the chamber. Local Increaae In thlckneaa 

of the near-wall layer lead, only to Increaaed loaaea of thruat 

without Improving protection of the walla. At the aame time exceaalve 

thinning of the protective wall l„,r or It. puncture by .trema, of 
oxidizer should not be allowed. 

In laying out the Injectors It Is necessary also to provide 

protection for the head Itself from burnout, which might be a result 

of high thermal conduction from the flame kernel. From thla atandpolnt 

tone, of atomlcation and evaporation are zonea protecting the head 
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fPS« Uri* heat flow», but with great dletanee between injector» 

there oan be eeotlone of the aurfaee of the head not eufflolently 

proteoted from the Influence of revere» current» of hot product» of 

eonbuetlon, which oan lead to burnout of the head. Such danger 

arleee with the application of two-component injector», for which 

the flame front It nearer the head. When .wirier» are u»ed the lea»t 

distance between Injector» 1» u»ually determined by the sise of the 

Injector Itself and alto by conelderatlons of strength of the head, 

weakened by the holes drilled for the Injectors, varying from 

12 to 30 mm [27]. Spray Injectors are given the same spacing. 

Plow rates through the single-component Injector vary from 

30 to 300 g/s and for peripheral Injectors can be less. The flow 

rates through the two-component Injector can reach 2.5-3 kg/s. with 

cooled heads it Is possible to considerably increase the flow rate 

through one Injector. Tests of heads cooled by fuel, with flow 

rate through one Injector of the order of 20 kg/s, gave satisfactory 
results [67]. 

Por protection of the head from burnout It Is possible to use 
different heat-resistant coatings [69]. 

Fuel is fed to Injectors either through special channels 

(see Pig. 3*24b) or by way of formation in the head of different 

cavities for fuel and oxidizer (see Pig. 3.24a, c, d), ensuring 

approximately identical pressure drop in all injectors. 

Hejfls with supply of components through channels are structurally 

more complicated and usually are heavier than those with separate 

cavities. The lower cavity, usually for structural considerations, 

is fed the component that cools the combustion chamber. 

Mounting of injectors. When injectors are made in the form of 

ssparats structural subassemblies, the most widespread method of 

mounting is soldering. Threaded connection and beading are also 
used. 



Plaemnt on a head of various auxiliary devices (igniter, 

scavenging devices, etc.) is undesirable since they reduce the useful 

area for placement of injectors and upset the unifornity of fuel 

distribution. In addition the points at which these devices are 

mounted are less well protected from heat fluxes, thus creating 
the danger of head burnout. 

3»6. Influence of the Head on Carburation end 
specific TOTUSt 

Investigation of the operation of ZhRD showed that the quality 

of the carburation process and specific thrust depend on the design 

of the head, its shape, and the location and type of Injectors. The 

placement of the Injectors likewise Influences conditions of burning 
and heat exchange in the chamber of the ZhRD. 

Let us consider certain analytical schenes making it possible 

to conduct quantitative appraisal of the influence of injector 

placement on development of processes of mixing of components and 
on parameters of the ZhRD [8]. 

Qualitative Picture of the Process of Carburetion 
in the Chamber of the ZhRD 

After entering the combustion chamber the oxidizer and fuel 
are mixed in both liquid and gaseous states. 

One of the basic factors determining the mixing of components 

is the mutual location of oxidizer and fuel injectors. After the 

oxidizer and fuel leave the injectors there is collision drops 

of components and merging of them in addition to partial interpene¬ 

tration of atomized stresms, .promoting mixing of components near the 

head. Most complete mixing takes place when injectors with crossing 

streams are used. However, even with parallel axes of injectors, 

as a result of the meeting of spray cones at a certain distance from 
the head, mixing and merging of drops also takes place. 

Let us examine, for example, how the mixing of drops of components 
fed by swlrlers occurs. 
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Lit ut assume that fuel and oxidizer Injectors are alternated( 

as Is shown In Pig* 3.30. With the crossing of spray cones of 
coapoMnti at point A part of tho ooiiiponont. mergo Into one bundle, 

«hile part of It Interpenetratee through the epray oone end continuée 

ta move In He former direction. The degree of "penetrability" of 

the cooponente depende on the dletanoe between Injector., With Inereaee 

of the dletanoe between Injector, the degree of penetrability Is 

increased. However, for small distances It Is possible to consider 

the sprays Hpenetrable. Therefore we consider that with the first 

Crossing of spray cones at point A merging of component 0 and Into 

one bundle AB occur., with very Insignificant penetration, leading only 

to certain expansion of the bundle. The direction of bundle AB Is 

determined by the momenta of oxidizer and fuel. 

Pig. 3.30. Mixing of drops of components: 
a) momentum of oxidizer greater than that of 
fuel; b) momenta of oxidizer and fuel equal. 

If the momentum of the oxidizer is greater, the bundle is 

deflected in the direction of injector P, and at point B secondary 

crossing of the bundles of components occurs. Here a spray of the 

mixture of components, limited rays BC, forms (Pig. 3.30a). With 

equality of momenta of components the direction of the bundle 

after crossing at point A remains axial (Pig. 3*30b). 

Thus, as a result of the mixing of streams of components emanating 

from swirlers merging and partial interpenetration of drops takes 

place* Depending on the momentum of components, the streams cross 

at one (point A) or two sections of the combustion chamber (points 

A and B)* In both cases over the cross section of the chamber the 

"sphere of mutual influence of streams" during the mixing drops 
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1« United primarily by the spacing between Injectors, and at great 

distances fron the axis of the Injector the Influence of the given 

Injector on nixing Is snail. Consequently, if the placement of 

Injectors In the head from the very beginning does not ensure 

uniform relationship of components over the cross section of the 

chamber the nixing of drops will smooth out this Irregularity basically 
only within limits of the spacing between Injectors. 

The second factor promoting mixln* of components Is turbulence, 
appearing during evaporation of drops. 

The Intensity of turbulence here Is Influenced by: 

a) the difference in speeds of drops and gas; 

b) outflow of gases forming during evaporation of a drop 
normal to Its surface; 

c) Irregularity of intensity flow over the cross section of 
the chamber; 

d) difference In rates of evaporation of drops of components. 

Let us consider the influence of each of these causes on 

mixing. As was noted above, directly at the head evaporation of 

drops starts as a result of reverse currents and radiation (see 

Pig. 3.4). While the amount of gas forming as a result of evaporation 

is still small drop speed wK is greater than gas speed wr. With 

evaporation of drops the speed of the gas increases and in some 

section of the chamber the speeds are levelled, i.e., wr - wK (point 

M in Pig. 3.6). The quantity of evaporated components here attains 

10-35$ of the total quantity. With further motion of drops and 

gas the drop speed lags behind the gas speed, and accordingly the 

speed of the gas directly near a drop (or of the gas near formed 

bundles of drops) also lags behind the speed of the basic flow of 

gas wr. The difference in speeds promotes turbulent mixing of 

the gas surrounding the drop (or bundle) with the basic flow of gas. 
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Presença of the stream of gas normal to a drop and forming as 

a result of evaporation of the drop also promotes turbulent mixing 

of gas with the baslo flow. 

Nixing of gas as a result of the shown causes occurs basically 

at dlstanoes of the order of the spacing between Injectors H. The 

Influence of this mixing we can consider on the basis of the 

corresponding law of distribution of components around the Injector 

axis. 

During mixing of gas nonuniformity of distribution of flow 

Intensity r results In the flow of gsses for distances of the order 

of the chamber radius, since even after the leveling of r at distances 

from the axis of a bundle equal to the spacing between Injectors 

nonuniformity of r over the cross section of the chamber remains. Here 

gas flows to sections, In which flow intensity r is less. However, 

this process does not render decisive Influence on change of distri¬ 

bution of components over the cross section of the chamber. 

The distinction in speeds of evaporation of drops of component 

is also evident In turbulent mixing of gases. During the outflow of 

gases from drops the gases do not entrain liquid drops, and therefore 

when there is considerable difference in the rates of evaporation 

of drops of components (for example, of liquid oxygen and kerosene), 

there Is a change In distribution of v and r, since the gases of the 

component evaporated earlier try to distribute themselves more 

evenly over the cross section. However, due to very high Intensity 

of heat supply to drops In the chamber of ZhRD the rates of evaporation 

of drops are so high that the difference In time of evaporation 

of different components Is very insignificant and does not succeed 

In significantly Influencing the distribution of v and r over the 

cross section of the chamber as a whole. » 
4 

Thus one may assume that the mixing of components as a result 

of evaporation, just as during the mixing drops, occurs basically within 

• the limits of dimensions of the order of the spacing between Injectors. 

Insignificant propagation of mixing of gases during evaporation over 
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larger distances can be allowed for through proper selection of the 

law of distribution of the component around the injector axis. 

After termination of evaporation further mixing and combustion 

of components occur. However, up to defined chamber lengths full 

mixing in a chamber, i.e., complete levelling off of the composition 

of the gas over the cross section of the chamber is not realised. 

During further motion of the products of combustion through the 

noszle distribution of the relationship of components remains 

practically unchanged, first, due to the fact that the time of their 

presence in the nozzle is small, and secondly, because the intensity 

af turbulence in the flow core in the nozzle is considerably less 
than in the combustion chamber. 

Thus if uniform composition of components over the cross section 

of the chamber were not ensured at the head by the injectors, the 

turbulent mixing of gases in the combustion chamber and in the nozzle 

would only smooth the "peaks" of distribution of v and r between 

injectors (Pig. 3.31), but does not eliminate as a whole irregularity. 

It is obvious that the greater the length of combustion chamber and 

nozzle, the less valid this conclusion, since the flow of gases 

through the chamber and nozzle certain mixing nevertheless continues, 

but up to a defined length of combustion chamber and nozzle for 

approximation one may assume that the composition of separate streams 

of the products of combustion leaving the nozzle is different, 

where this irregularity is determined in the first place by the 
lo'ation of injectors on the head. 

For appraisal of the distribution of v over the cross section 

of a chamber it is sufficient to consider the distribution of v 

obtained as a result of mixing of drops at the head upon exit of 

components from the injectors. Here the influence of turbulent 

mixing of gases can be considered by means of the corresponding law 

of distribution of a component around the injector axis. 
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Fig. 3.31. Typical distribution 
of V over the cross section of 
a chamber: 1 - neglecting 
smoothing of peaks; 2 - average 
values of v. 

Distribution of Components Around the Injector Axis 

Let us examine the head with swlrlers. For simplicity of analysis 

we will take checkerboard placement of oxidizer 0 and fuel T injectors 

(Fig. 3.32b). 

Fig. 3.32. Formation of bundles of mixture of components: a) two 
injectors; b) checkerboard layout; c) honeycomb layout; d) injectors 
e - oxidizer injectors; + - fuel injectors; 0 - points of formation 
of bundles. 
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We will also consider that momenta of oxidizer and fuel are 

equal. Consequently, after the crossing of torches at point A the 
bundle will be axially directed (see Pig. 3.30b). The crossing 

of torches of two adjacent injectors 0 and F follows hyperbola 

AjAAg (Pig. 3.32a). The projection of the line of crossing of 

torches on the plane parallel to the head will be straight line 

A^Ag. 

After merging of oxidizer and fuel on the line of crossing 

A1AA2 drops have component velocities directed vertically (along the 

axis) and horizontally. The horizontal component of velocity will 

obviously be directed from the line connecting the axis of injectors 

to points Ax and Ag. As a result at points ^ and A2 bundles of 

the mixture of components are formed. 

During the interaction of injectors arranged in checkerboard 

fashion merging of the mixture of drops into a bundle occurs at 

points A^ A2, A^, Ajj, where in each of these bundles there will be 

merging of components from the crossing of spray cones of the four 

injectors surrounding the bundle (Pigs. 3.32b and 3.33). 

% 

Fig. 3.33. Formation of bundles at 
head with checkerboard placement 
of injectors: e - oxidizer injec¬ 
tors; + — fuel injectors; o — points 
of formation of bundles. 

With honeycomb placement of injectors (see Pig. 3.32c) bundles 

will be formed at points Aj, A2, A3, A^, Ag, and Ag. 

In all cases of drops nearer the wall than the axis of the 

injectors nearest to it strike the wall (see Pig. 3.32d). 
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Bundles of drops formed In our esse st points A2, A^, end 

Aj| move persllel to the ohsmber axis. Here the bundles expend both 

ts e result of entrainment of drops by gas and as a result of 

certain very slight penetration of drops, and also as a result of 

the evaporation of drops of components. 

For approximation we will assume that at sufficient distance 

from the head the distribution of components around the axis of a 

bundle follows a certain law of distribution, close to Gaussian 

law (Fig. where the value of root-mean-square deviation of 

oxldlser or fuel from the axis of the bundle Is proportional to 

the spacing between Injectors H, l.e.. 

(3.83) 

where 0 - flow rate of component In bundle; r - distance from axis 

of bundle; dG - quantity of component In area dF at distance r 

from axis of bundle. 

Fig. 3.34. Accepted distribu¬ 
tion of component around the 
axis of a bundle. 

Let us examine the distribution of a quantity of oxidizer 

around the axis of a selected Injector. The oxidizer fed through 

the Injector was distributed equally between bundles A^ A2, A^, 

and A||. Each of these bundles, furthermore, received oxidizer from 

Injectors B1, B2, B^, and B^ (see Fig. 3.33). The quantity of 

oxidizer at the axis of the Injector examined by us Is determined as 

the sum of the quantities coming from bundles A^, A2, A^, and 

Aj| (Fig. 3*35, curve 1). 
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^8* 3* 35« Distribution of componsnt 
around Injector axis. 

Distribution of component around the axis (curve 1) also follows 

a law close to Gaussian (curve 2). Therefore with sufficient degree 

of accuracy It Is possible to consider thnt the distribution of 

oxidiser around the Injector axis follows curve 2, l.e., obeys 

Gaussian law, where the root-mesn-square deviation of the component 
s piorortional to the spacing between Injectors H: 

-¿r-* . (3.an) 

where (fy - flow rate of component through Injector; dCfy - flow 

rate of component through area dP, normal to the Injector axis and 

at distance r from the axis; k - proportionality factor, determined 
through Integration of equation (3.84): 

^ ráréf-àjáfjrg^âr. 

whence 

•-Ö5- (3-85) 

Taking into account equation (3.85), we express the law of dlatri- 

bution of the component around the injector axle by equation 

(3.86) 

If the BoMntua of drop, of one of the conponenta la greater 

than that of the other, then, aa waa shown above, at point B bundles 
of components cross a-second time (see Pig, 3.30). 



I 

Analysis shows that the secondary crossing does not Introduce 

essential change, and expression (3*86) remains valid for appraisal 

of distribution of the component around the Injector axis for both 

checkerboard and other Injector arrangements. 

Quantity of Component Reaching an Area of Cross Section 
from a Single Injector 

Let us Isolate In the cross section of the chamber an arbitrarily 

located area and determine the quantity of component 0^, reaching 

It from Injector B, located at distance r from the area (Fig. 3«36). 

From equation (3*86) 

«--âfeJÎ*"'*'*»- (3.87) 

Fig. 3*36. Determination of 
quantity of component reaching 
an arbitrarily selected area of 
the chamber cross section. 

2 2 2 
Since r ■ X ♦ y , 

(3.88) 

Expression (3*88) after reduction twice by H/? can be written 

In the form 
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If w® introduce a function of form 

then, considering that 

where z x|H/7, and designating 

we obtain: 

v*”5?r 

(3.90) 

(3.91) 

(3.92) 

Then expression (3.09) can be rewritten: 

♦ l# (*'.*>-• (»-.Olio (m)- • (*,,)! (3.9^) 

Numerical d*t*rmlnatlon of ani require, the ability to calculate 

'T^90'- f0r ^ VtlU" °f Slnce lnt*er»1 (3.90) l„ finite 
fon. 1. not expre.ied through elementary function., for calculation. 
«. u.e Table M of value, of ¢(.) for different value, of ». 



Table 3.1. Values of function ¢(2).10^ 

With change of 4 from 0 to • function »(♦) changes from 0 to 1. 
Substituting in equation (3.93) values of ♦ j * . 4 . * 

«na determining from Table 3.1 correeponding’valu« of finctioi2 

»(♦). we o«n, using formula (3.94), determine the quantity of component 
reaching the area from injector B. 

In calculating distances x1# x2, y2 it is necessary to 

take them with their sign, and the condition (taking sign into 
account) *2 > y2 > ylt 
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Relationship of Components in Plow Core 

and fuelÄoCOrdanCe "IT f0rmUla (3,9ii) <ïuantities of oxidizer a0 

section «re»"of ZTT^ 8'le=ted 1« the cro.s 
«U! b. e”al the e,,amber ”Ctl0n fr” ^ am 1„ of the Injector! 

0, 

0, 

u- 4 

''■“'í' jE - e(v I)|[e _ «(Vl)J (3.95) 

Ih. «an V.1«. of the rel.tlon.hlp of component. p...ing through 

^ ^ (V.) - • (.,.,)1 [♦ (V.) - ♦ (V,)| 

<v- “Ia*. 1‘(v.)-*(vi)|*<v.r (3.96) 

If flow rates through all Injectors 0 and T are Identical, 

a^, a^f 

and expression (3.96) will take form 

(3.97) 

•f 
(3.98) 

Formula (3.98) gives us the average value of the relationship 

of components passing through the arbitrarily selected .r^ oTth. 

chamber. Here the dimensions of the area were not limited. 

linear^ PraCÍ1Cal CalCUlaWon8 “ 18 sufficient to take 

tL .hap T he"’ °f th* irea e<,Ual t0 th* 8Pielng bat’,88n ^«tor 
layout Ca" “""‘"h f°r eï8ry 88l8'‘8d injector 

Relationship of Components v0T in the 

Near-wan Layer 

of J\r*d ab0Va, 411 dr0PS °f COmpon'nt. exceeding the limit, 
line connecting the axe. of th. extreme Injector, strike th. 
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wall. Since In striking the wall all drops remain within the limits 

of the area, one may assume that the quantity of component reaching 

a near-wall area of width x2 - Xl (Pig. 3.37) will be equal to the 

quantity of component In a strip of infinite length (i.e., y2 - •). 

Pig. 3.37. Determination of vCT. 

When y2 • • function 2) - 1 and the expression of (3.95) 

for the area located at the wall will be recorded In the form: 

Ç0e,l*(?**)-*(?jr.l)l ((1 — • (f,,l)|. 

Hence the ratio of components in the near-wall layer 

-•(*„!)( 

' (3,100) 

Just as during determination of v for average sections of the chamber, 

during determination of vCT the size of the area (x2 - s^ Is 

expediently taken equal to the spacing between injectors. Formulas 

(3.95), (3*96), and (3.99) and (3.100) permit determining flow 

rates and the relationship of components with account be taken of 

all injectors, in a head. However, as one may see from Pig. 3.35 
the Influence of injectors apart from the area by a distance greater 

than three spaclngs is very insignificant. Therefore during calcula¬ 

tion of the shown parameters it is fully permissible to consider only 
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injectors distant from a given area (in middle of the cross section 

or at the wall) by no further than three spacings. 

Usually arrangements of injectors on a head have axial syimnetry. 

Therefore there is no need to calculate flow rate and the relationship 

of components for all sections of a chamber, but it is sufficient 

to calculate only for one sector of the head (for example, with 

checkerboard layout for 1/8 of the cross section). Since the influence 

of a large number of injectors located at various distances is 

considered here, for practical purposes It Is convenient to perform 

calculations by using a scale diagram of the Injector layout and 

measuring distances x2, x1, y2, y1 directly on the diagram. 

Example of calculation of relationship of components 

Find the relationship of components at the wall In section No. 

1 of the combustion chamber head of an engine. A plan view of 

injector placement and the location of the selected section are 
shown in Pig. 3.38. 

•Pig. 3.38. Solution of example: 0 — 
screen injectors rai + - fuel injectors 

T; 0 - oxidizer injectors 0. 
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Plow rates through the Injectors: screen fuel 0p 3 ■ 10 g/s; 
fuel Op ■ 33 g/sj oxidizer O0 - 90 g/s. 

Solution: We consider that the section is reached only by 

components from injectors located at distance Drawing an 

arc with radius equal to 3H, we define the region containing injectors 

influencing the relationship of components passing through area 

No. 1. We see that this region contains 13 injectors. 

Por convenience of further calculation of data on flow rate, 

distances, and values of auxiliary functions for these injectors is 

given in Table 3.2. 

Having determined all necessary data, we calculate the relation¬ 

ship of components in section No. 1 (3.100): 

►rl* <?*•>-♦ <?..i)| (I-• (?,,,)!" 

+ I*S.6#+ 2*0,IM + 3-1,38 +1,03 + 2*0,733 ' 

It is possible to determine the relationship of components in any 

other section analogously. 

Geometric Method of Calculation of Relationship of 
Components Over the Cross Section of a Chamber 

Calculation of the distribution of the relationship of components 

over the cross section of a chamber is quite labor-consuming. 

Therefore for tentative calculation of the distribution of v and r 

over this section it is possible to use simplified geometric method, 

the essence of which consists in the following. The entire area of 

the head is split into sections. As limits of the sections are 

usually taken lines connecting the centers of oxidizer injectors 

(Pig. 3.39). Por each of the sections we determine the number of 

included oxidizer i0 and fuel ip injectors. If part of the injectors 

are on the boundary of sections, the i0 or lr can be and fractional, 
since in this case the separated section receives only part of a 

component from a given injector. 
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^ b) 

^ by^geom«rl™roethod? °f 100Sl V*lu« 

Relationship of components v and flow i 
by formulas: Intensity r are determined 

2*tOf ' (3.101) 

(3.102) 

z?x:tXT :r.::rrhrinjector °f ^ F ctivexy, Fyw - area 0f section. For an examni« i.«. .. 
examine sections 0 0 o o (via ? m \ P ®t us O^jOjO, (Pig. 3.39a) and (pig. 3.39b) 

only uTlTtlff/" eSCh °f the 0XldUer la fed 
For th. K °W* Whl1* ,ectlon 0l°2°3°i,°506 receives 1/3. 

i/*.*. Tir,T.\th: ::mbtr °f °xidiw i0 wm be l/i» „ il . , ¿ injectors i wii 
ini*/.* a respectively. The number of fuel 
Injectors lr . i for both 8ectlons> ruel 

The relationship of components the near-wall lever i. - , , 
analogously (see Pig. 3.39b). Por section °»lc“l«ed 

Por section AgA3 

^T+T+T 
i j_ is 

’ a + i + a “T; l: v«t Mr’ 

In this method no allowance is made for th# inei.— 

located beyond the limits of the section although IT lnJ#Ct0rs 
•bov. (... pig. 3.35), iuoh lnfluenc, ‘V“ note<1 

affact, the relationship of component. In the near-wall 
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elr nf nr th* 8*°"*trlc Mth0<1 of ctleulatlon of Ol.trlbutlon of 

r.uZ hió oVr ”Ulble re,Ult, and f0r of th. 
,hlp of Oompon*nts “ ‘»o »»n 1. entirely uneult.ble. 

Complex 0 

th. 2Z “ 1198 b**n e*ttbU,hed th»‘ 1« «ny of the eectlon. of 
‘ *rZ*é r8Utl0n,hlps of imponente „ .„d fIow lntenelty p 
letrlbuted nonunlformly. In other eord.. m certain sectlL 

Devlatl“*8»V *n<1 r <,lff*r fr0n Cileulited »»•■•»«o value.. 
Deviation In aome section of value, of v from th. aver«. (moet 

tZrâtly 0PtlmUm) '"Mn8 that ln the” ”ctlon» combustion 

ZZZZlZ:0"081“0" °f " “ - «ffer 

., ■-Zzrz.z :.“"‘:r.rü zz? :: 
to the biggest value of p . ,„ optimum, l.e., corresponding 

ggest value of Pyfl> specific thrust In sections where 

andUth V <,lff*r fr°m 0PtlmUm ln elther imectlon will bs lower 
»nd the specific thrust of th. combustion chamber on the who . 
obviously, will also decrease. h0le* 

rH* “p=•“ 

..ctíor « fî„dCZonent;; “d lnt#n,u»*««>•> of th. 

value of’complex , Iver«“* T *n8lne and the C0Bput#d 
complex ,. 2 ..n P “Z * ‘r? .:alUa °f Sp*ClWd thrust and —«i - cZZoir 

P m&fL 
F* 0k % (3.103) 

(3.104] 

Wh#re ?yu * ■Pacific thrust for the true reletion.K^ - 
.. -,-...,. „„.... „ 
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G — total fuel flow rate; 8^ — value of complex 8* corresponding to 

composition of components passing through 1-th section. 



CHAPTER IV 

COOLING OP ZhRD 

Heat Exchange In ZhRL 

Organization of chamber cooling is .one of the most importur.t 

problems in designing the ZhRD, and as compared to other types of 

heat engines is complicated considerably by peculiarities of the 

process of heat exchange in such engines. 

The first peculiarity consists in that the process in the 

chamber of the liquid fuel rocket engine takes place at high 

temperatures (3000-4000°K and pressures (to 100 [atm(abs.)] 

and more). Since combustion products move through the engine 

chamber at very high speed, the coefficient of convective heat 

transfer from hot combustion products to chamber walls and convective 

heat fluxes qK, reaching in the critical section of the nozzle 

20-60*10 kcal/m h (23.3-69.7^10^ W/m^), increase sharply. 

The second peculiarity of heat exchange in the ZhRD is the 

high level of radiation in the combustion chamber, which leads to 

large radiant heat fluxes q^.. 

As it is known, the emittance of gases is proportional to the 

absolute temperature in degree of 3-3*5, and therefore at the shown 

temperatures in combustion chamber and nozzle of the ZhRD large 

heat fluxes are caused by radiation q^, which for conventional 

propellants reach 20-U0I of the total heat flux to combustion 

chamber walls. With reduction of the temperature of gas in the 
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noKle the relative part of radiant heat flux decreases. 

The third peculiarity of heat exchange consist, in that powerful 

total convective and radiant heat fluxes to the chamber wall cause 

s temperature to reach impermissibly high values. Therefore in 

the ZhW> materials possessing heat resistance and greatest possible 

thermal conductivity should be used - but this, however, is very 

I"1'“1* ‘ln°' heat'r'alstant materials, as a rule, have comparatively 
low thermal conductivity. y 

The fourth peculiarity of heat exchange is due to the conditions 

of application of the ZhHD as a propulsion system for flight vehicles 

(rocket, satellite, and aircraft). Therefore it is not rational to 

use special liquid for cooling such engines. Usually the ZhHD is 

cooled by one of the components of fuel by passing it prior to its 

entry into the combustion chamber through the cooling cavity. Such 

principle of cooling complicates chamber design and imposes additional 

requirements on fuel components, since the quantity of the component 

passed through the coolant passage is limited by its flow rate. 

In addition to the Indicated chief characteristics of the 

ZhHD on the whole the process of cooling is also Influenced by the 

kind of fuel, type and assignment of engine, and its design. 

Thus the application of a low-boiling pair of components (for 

example, oxygen + hydrogen) means that the chamber is cooled 

basically not by liquid, but gas, resulting in additional requirements 

being Imposed on the engine design. The application of nozzles 

with central body sharply complicates the problem of cooling the 

ZhHD in connection with increase of the surface of the combustion 

chamber, and eapeclally the perimeter of the critical section, in 

which heat flux is greatest. * 

A number of specific problems in the organisation of cooling 

of ZhHD arise during the use of different types of fuels, applica- 

ion of different chamber designs and coolant passages, and during 

the use of différent forms of cooling. 
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These problems will be discussed below In greater detail m 
corresponding sections. greater detail In 

The temperature of the chamber walls of the ZhRD can be held 

within permissible limit, by one of the following methods: 

1. External (or regenerative) cooling. 

2. Internal cooling. 

3» Mixed cooling. 

Radiation cooling. 

5. Ablation cooling. 

6. Shielding internal wall, with heat-resistant coverings. 

7. Protecting walls from burnout by accumulation of heat. 

Heat Exchange In the ZhRD with External Cooling 

We Win e0xrlrnet0thUn<,her8!and ProCe8Se3 °f he8t eXOh“Se ln ZhRD 

cooung in lf fa0t0rS the «"«tlvene.s of 
cooling i„ reference to the most widespread method - external cooil, 

A typical diagram of development of the oroces» nr h... 

;■ “.. r r 
T2 - temperature of combustion products T . 

chamber wall on the hot-ga. side Jù? T" °ff 

of chamber wall on the coolant side ("liquid-’wlnf T tZ l 
Of coolant. wan;, — temperatuz 

Heat is transferred by convection and radiation from hot 

combustion product, 1 to combustion-chamber wall 3. Thus It 1, 

;r; r° *nthat the totai speoifi'heat nux from i 
chamber walls q£ Is composed of two specific heat fluxes : 

167 



convective qK and radiant q^, i.e.. 

(4.1) 

where 

^-«r(r,-rr#t). 
(4.2) 

Pig. 4.1. Diagram of the process 
of heat exchange in the chamber 
of ZhRD. 

Thanks to thermal conduction heat is transmitted through the 

chamber wall and then by convection to coolant 2, passing through 

the cooling cavity. 

At the initial moment of operation of an engine, when chamber 

and nozzle walls are still cold, part of the heat flux goes to heating 

the chamber walls. Such are the cooling conditions of the ZhRD for 

which wall temperature and heat flux into the liquid coolant change 

with time are called nonstationary cooling conditions. 

As time passes equilibrium is established. Here the entire 

heat flux from hot combustion products to chamber walls is removed. 

Prom this moment (under given engine operating conditions) the 

temperature of the gas and liquid walls of the chamber and heat 

flux through the walls remain constant. Such conditions are called 

steady-state codling conditions. 

We will subsequently examine only steady-state cooling conditions. 
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Dependence of TriCT on Coolant Speed 

The speed of liquid coolant w affects the value of the 

coefficient of heat tranefer from «all to It where with Increase 

of this speed ojk also Increases« 

With the same specific heat flux qt and temperature of liquid 

T* the temperature of the wall on the liquid side 1W.CT Is determined 

by expression 

(Tai^T 

which after conversion takes the form 

(4.3) 

i.e., with Increase of a* temperature TKtCT decreases. In turn 

heat flux Is transmitted through the chamber wall by thermal conduc¬ 
tion, l.e., 

(4.5) 

where y - coefficient of thermal conductivity of the chamber wall 
material, whence 

TVot"*#» (4.6) 

Thus for the same metal wall thickness 6CT and specific heat 

flux qr the temperature of the gas wall Tr>CT will be lower, the 

lower the temperature of the wall on the liquid side T« 

However, with decrease of Tä#ct total heat flux from gases to 

chamber wall will increase somewhat as a result of the decrease of 

Ti\ct whl?b leads again to growth Tr#CT, Tä#ct, etc. 

Plnally, steady-state cooling conditions after increase of 

speed of the liquid coolant are established at smaller T„ and 
F • C T 
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"«•Of thân Prior to the Increase of speed (Pig. 4.2a). Thus the 

temperature of the gas wall Tr#CT in great degree depends on the 

speed of the liquid coolant: the greater the speed, the less is 

Tr*OT* Consequently, necessary Tr#CT can be maintained by increasing 

the speed of the liquid coolant w, for example, by decreasing the 

cross section of the coolant passage. 

Pig. 4.2. Dependences of Tp.c?: 

a) on speed of liquid coolant; b) 
on coefficient of thermal conduc¬ 
tivity of metal X; —— at high 
values of w or X. 

Influence of Surface Boiling of Liquid Coolant on 
the Value of Tr#CT 

In the process of heat transfer from the wall of the combustion 

chamber to the liquid coolant two cases of the relationship 

between Tä>ct and the boiling point of the liquid Ts at a given 

pressure in the cooling cavity are possible: 

'KT/, r.tT>r,. (4.7) 

In the first case ebullition of the liquid in the coolant 

passage is impossible. In the second case the liquid coolant can 

boil on the surface of the liquid wall of the chamber. If the 

mass of liquid here has temperature below Ts, bubbles of vapor 

formed on the surface of the liquid wall bubbles of vapor will be 

washed off by the stream of fluid and condensed in the colder flow 

core. Thus these bubbles, agitating the stream, will increase the 

heat transfer from wall to liquid, i.e., am will increase for the 

same speed of the cooling liquid. 
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The increase of due to surface boiling will lead to the 

same results as an Increase of due to an Increase of speed, 

i.e., to a decrease of Tr#CTwith a certain increase of total 

flux qr. 

Conditions of cooling of the wall in this case can be improved 

without an increase of the feed pressure of the liquid coolant for 

increasing the speed of its motion. However, intense boiling on 

the surface can lead to such vigorous vaporization that the bubbles 

of vapor, not being washed off by the fluid, will form a solid 

film of vapor on the surface of the wall. Since vapor conducts 

and transmits heat poorly, in this case the coefficient of heat 

transfer aÄ decreases sharply, leading to the reverse result - 

to increase of Tr^CT and, possibly, to burnout of the wall. 

Dependence of Tp#QT on the Thermal Conductivity 

X of the Material of the Chamber 

As can be seen from relationship (ij.6) 

for the same values of Tä#ct, 6CTand qr the temperature of the gas 

wal1 Tr.CTWlU be lower» the greater the coefficient of thermal 

conductivity of the wall material A. However, even here with 

decrease of Tr.cTin accordance with expression (U.2) total heat 

flux qr will increase, as a result of which Tr.cTls again raised 

somewhat. In this case (Just as in the case of lowering of 

with increase of o*) steady-state cooling is established at a smaller 

value of Tp'CT, than would be the case for the wall with smaller 

value of A. 

As follows from expression (H.5), the curve of temperature drop 

through the wall of an engine with growth of a will be more sloping. 

Since qz increases somewhat, Tä#ct will also Increase (Jl.A). 
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Time th. line of change of temperature through the wall for 

T*™ 8re?!er X lntersects the Un* of «»«»ge of temperature 
through the wall oorreaponding to amaller X (see Pig. 4.2b). 

Consequently, for the manufacture of chambers of the ZhRD n is 

expedient to use materials with greatest possible coefficient of 

thermal conductivity x. However, as a rule, such metal, rapidly 

lose their strength with temperature Increase. 

Dependence of Tr#CT from Thickness of Wall of 

Engine Chamber fiCT 

Prom expression (4.6) it also is clear that with constant 

f*.ci “O «t the temperature of the gas wall T. .. will be lower 
the less the thickness of the wall iCT. 

Although with decrease of Tr,CT heat flux ,,, according to 

expression (4.2), increases somewhat, steady-state cooling conditions 

ZhRD*: ?“ "lth “miUer • Oon«<-ntly, th. chler.“f 
ZhRD should be made with smallest possible wall thickness i0T. 

The Influence of Pressure and Température in fho 
Combustion Chamber on Values of T 

r.CT and q 

With increase of pressure in the chamber the density of the 

gas moving in it is increased. In connection with this the 

coefficient of heat transfer from gas to wall c, and the value of 
convective flux ,H ... „.¡j, lnci.ea8e. r 

A. increase of pressure in an engine chamber will also lead 

to growth of partial pressures of components pH 0 and pco the 

radiation of which makes up the radiant heat flux to the wall 
Qu («®e section 4.8). 

Thus an Increase of pressure leads to an Increase in total 

specific thermal flux tothe chamber will , and, in accordance 

With formulas (4.4, and (4.6), to an increase of VcI and Tr.0T. 



It Is true that with growth of Tr#CT heat flux qr somewhat 

decreases, but a new steady state Is established at new, greater 
values of Tr#CT and qj. ‘ 

Thus increasing the pressure in the chamber of an engine, 

other things being equal, leads to an Increase of T_ and q . 

With an increase of T2 convective and radiant heat fluxes 

increase, which, as does an increase of pressure in the chamber, 
leads to growth of T„ and q„. 

r.CT 

Therefore frequently for ZhRD working on fuels with greater 

calorific power Hu more intense chamber cooling is also required. 

Influence of Dimensions and Shape of Coolant 
Passage on TrtCT 

With decrease in the cross section of the coolant passage 
coolant speed is increased. 

The Influence of the shape of the coolant passage is due to 

the ribbing effect. The presence of longitudinal or helical ribs, 

corrugations, tubes, etc., increases the surface of heat removed 

from the coolant side. The latter leads to Increase of the 

effective coefficient of heat transfer from the liquid wall to the 

coolant, and consequently to a decrease of Tr#CT. The degree of 

influence of the ribbing effect on TpiCT in great measure depends 

on the thermal conductivity of the material of the inner shell of the 
engine chamber (see section l*.H). 

Influence of Engine Operating Conditions on Tn 
r • CT 

During operation of ZhRD under different conditions of chambers 

cooled by one of the components rated conditions are usually those 
of greatest thrust. 

During transition of an engine to operation at lower thrust 

the pressure in the combustion chamber p2 drops and T2 decreases 
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somewhat, as a result of which heat flux q£ decreases. However, 

with decrease of thrust there Is a simultaneous decrease In the flow 

rate of the coolant component, and consequently of the speed of the 

coolant through the passage w and of the coefficient of heat transfer 

from wall to liquid ax. Since the cooling surface of the chamber 

remains constant, the decrease In flow rate of the coolant can lead 

to such growth of Tx that the coolant can boll. 

Thus with reduction of thrust, In spite of the decrease of 

heat flux q£, the temperature of the gas wall Tr<CT can Increase. 

Therefore, If an engine must operate with variable thrust, It Is 

necessary to check out cooling under conditions of low thrust. 

Having examined the basic factors Influencing the effectiveness 

of external chamber cooling, one can make the following conclusion. 

For decrease of Tp(CT with external cooling one should Increase 

the speed of the liquid coolent. It Is desirable that the chamber 

be made of metals with greatest possible thermal conductivity and 

with least wall thickness and maximum cooling surface. Cooling 

must be effective under engine operating conditions. 

If It Is Impossible to ensure permissible value of Tr>CT by 

external cooling alone. It Is necessary to decrease heat fluxes to 

the wall, or to employ additional other forms of cooling (Internal) 

or to protect the wall with heat-resistant coverings. 

4.2. Methods of Cooling the ZhRD 

External Cooling 

The simplest arrangement for external cooling by one of the 

components of fuel Is shown In Fig. 4.3a. The liquid coolant enters 

collector 1 and passes from It Into the coolant passage. In flowing 

through the passage the liquid cools the walls and is Itself heated. 

The heated liquid leaves the cooling jacket and enters head 4. As 

was already pointed out, with external cooling the chamber of the 
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engine Is usually cooled by the components themselves. The liquid 
coolant can be fuel or oxidizer.

OMlMlt Otldlttr

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

It Is necessary to note that for every fuel and chamber pressure 
p^ there corresponds a minimum thi'ust, below which external cooling 
alone becomes Insufficient. The cause of this Is the fact that 
with decrease of nominal thrust (with constant p^) the necessary 
volume of the combustion chamber decreases In proportion to the 
total consumption of fuel, while the cooled 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 D^p, other things being equal, normal 
to the wall convective heat flux q^, according to formula (4.l8l) 
increases In proportion to 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 - 20 kg/cm^ (%1.98 MN/m^) the 
quantity of heat going Into the coolant Is approximately 2% of the
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“i “" ? hMt 8enerat,i- For th« «ngln« of the A-« 

^' r*i.ng *‘hrU,t °f 25 T (*0,25 MK)* thl* he“ “»“«»• or 
I!’*-*:* ‘h* gr“ter th« thru*‘ Of « engine, the more 

easily external chamber cooling is accomplished. 

full riC07r*ble thrU8t ind pre"ur" th* ‘he rete of 
tta\T °f fUel lnt° Pr0<,UCts of oombustlon. the .mailer 
the volume nece.sery for combu.tlon of the eeme quantity of fuel 

^ ““ «"aner the eurface that mu!t be coole* L. 

effee«*1' °f mlnlmUm thrust* for »hlch ¡external cooling Is 
fectlve la lower, the shorter the conversion time. 

fUel' thl8 llBlt 18 «»"»“«-ably below 500 icg 

“• -- --- 
\ 

».r.--- -: --- - j cooling. Here one of them cools the nozzle 

Mb) *2 1 th# 8eCOnd 00018 the combustlon Chamber (Pig. 
Mb). Sometime, th. second component is used for lowering the 

eZI-r^r 00mPOnent dlrectly =0011^ the Chamber of the 
engine and Is itself heated (Pig. t.jc). External cooling by 

~r° Cin be iPPlle<' dUrlng the U8e as fuel or vapors 
low-bolllng components (for example, oxygen + hydrogen) The 

apeclflc character of such external cooling consists In that the 

::: - 18 ln U^ld in the initial section Of the 

by gZzzrthe Bain part °f th°chamber 8urfap8 

conn1" ri*L 8'7 18 giïen an eia"ple of a almpllfied arrangement for 
cooling a chamber with a low-bolllng component - hydrogen Liqlld 
hydrogen enters pump 6 and nasses from * 8 Llquld 

-, It 1. evaporated, so Z^rZ^hZZr^* 

t. whlch 18 heatei in the -°888 

zhRD oTrrr-thar*hive been proje°t8 prop°8in«tha of 
0f hlgh thru'ts •>» "ata*- 1" »«ch a way that the water In the 
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coolant pasaage la heated to the boiling point [25]. 

here entera turbine and la uaed to drive fuel pimpa. 
The steam formed 

Internal Cooling 

to J I T C 8 WtU t'mp‘rature Tr.CT 1« reduced thank, 
to It. protection by liquid film or ga. layer of temperature lowered 

a. compared to the core and created on the Internal aide of the 

Such layer uaually la called the near-wall l.v.r 

If for external cooling the problem la reduced to finding how 

It la poaalble to more effectively remove the heat entering the 

wall, not protected from the Influence of gaaea heated to high 

temperature, then for Internal cooling by way of creation of near¬ 

wall layer of reduced temperature heat flux Into chamber walla 1, 
reduced. 

The temperature of the ga. In the near-wall layer 1, reduced 

becauae of the artificial enriching of thla layer by one of the 

component., which In thla ca.e la al.o the coolant. Uaually auch 

component la fuel (although the protective layer could alao be a 

near-wall layer with a aurplua of oxidizer). Por Internal cooling 
it is possible to use water or gas also. 

... Th* 5urplus °f for creation of the near-wall layer 1, fed 
either through Injector., located about the periphery of the head, 

or through apeclal belt,, which can be located both directly at the 

head of the chamber and in the cylindrical and noazle parta of the 
chambers. 

With aupply of aurplua fuel through peripheral Injector. 

(Fig. k.lta) mixing and combuatlon of components take place at the 

nroduets" h/h ^ ^ of a “"-"«H layer of combuatlon 

of aucT. Pr0teCtS th* W*a fr0m hl8h helt flux- Tha ^vantage 
auch arrangement of Internal cooling la impllclty of creation 
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of the protective near-wall layer without complication chamber 

design. 

Pig. 4.1*. Creation of the near-wall 
layer for Internal cooling: a) with 
the help of peripheral Injectors; 
b) with help of cooling belts; 1 - 
oxidizer; 2 - fuel; 3 - chamber wall; 
4 - boundary layer; 5 - near-wall 
layer; 6 - peripheral injectors; 
7 - liquid coolant; 8 - bents of 
coolant supply. 

However, with increase of chamber length the economy of this 

method of cooling worsens, since the farther the section of the wall 

is from the head, the greater the erosion of the near-wall layer. 

Por certain engines it is more economical, but structurally 

more difficult to apply internal cooling by passing coolant through 

special belts (Fig. 4.4b). 

When the coolant is fed through the belt, the mechanism of 

protection of the wall from burnout can be represented as follows 

(Pig. 4.5). Under the influence of high heat flux the liquid is 

evaporated, and above the layer of liquid is created a protective 

layer of vapors of liquid and combustion products (if combustion 

takes place in the layer). 

Thus, in essence, are obtained two protective layers: liquid 

and vapor. The entering liquid, entrained at high speed by the 

stream of combustion products, spreads over the chamber wall in a 

very thin layer. 
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Pig. JJ.5. Diagram of the protective 
action of internal cooling: a) supply 
through cooling belt; b) sweat cool- 
ing; 1 — coolant; 2 — porous wall; 
3 - liquid layer; 4 - vaporous protec¬ 
tive layer; 5 - stream of combustion 
products. 

Owing to evaporation, the thickness of the vapor layer above 

the liquid grows in the direction of motion of the stream of 

combustion products up to the section where the liquid is completely 

evaporated. Following this section there is a gradual decrease In 

the thickness of the vapor layer as a result of its mixing with 

the basic flow, i.e., erosion of the screen, but the intensity of 

erosion of the vapor layer is relatively low, and therefore the 

protective action of the layer is preserved over relatively greater 

distances. 

Since the density of the coolant vapor is many times less than 

that of the liquid, the thickness of the vapor layer also is 

greater than that of the layer of liquid. Furthermore, inasmuch as 

the thermal conductivity of the vapor is many times less than that 

of the liquid, the thermal resistance of the vapor layer is several 

times higher than that of the liquid layer. 

As a result of the Joint influence of these two factors the 

protective layer can be considered the vapor layer (or the mixture 

of vapor and products of combustion). 
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In Pig. 11.6 are given data from experimenta on change of heat 

flux In different eectlone along the length of the chamber of a 

ZhRD aa a function of the per-aecond flow rate of the water uaed 
on internal cooling. 

Thua, for example. In aectlon No. 8 (critical) with a flow 

rate of water of up to 1 g/a heat tranafer to the chamber wall 

remalna practically unchanged, since all ateam formed here la washed 

off by the gaa stream. With further Increase In the flow rate of 

cooling water a ateam screen la formed and heat fluxes to the chamber 

wall decrease noticeably In direct proportion to the coolant expended 

on the screen. However, for coolant flow ratea higher than 18 g/s 

there la no further noticeable decrease of heat fluxes. The cause 

of this phenomenon la that as soon as the liquid film reaches the 

examined section and, thus, the entire surface'of the nozzle from 

the coolant supply to belt section 8 Is covered by the liquid film, 

further Increase of coolant flow rate does not change the surface 

of the liquid from which the formation of the vapor protecting the 

given section of the wall occurs or the thickness of the protective 
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:r;hr.T/bov‘the Mamineti 8eoti°n> Thi» t» i„cr.a.e 

no ,^il n!SS °f the U,Ul<1 liyer• WhlCh' “ »« mentioned, h«, 
g flcant Influence on heat exchange. Thue the baelc problem 

orrrr °f'nternai c°oiing is creiM°n °f • »t^i* or steam at the wall. 

* variety of Internal cooling 1. eo-called sweat oooHn„. In 

th7h*nb#r waU 18 "»O* Porou. material and the coolant 
pae... through the pore, evenly over the entire surface of the chamber 

the plrl win! ,Uld in<1 885 Can be US8d ** 

With porous internal cooling for creation of a reliable 

‘"“J8"1''10“4 quantlt* ooolant Is required. There Is 
o to make the entire chamber of porous material since a stable 

aereen of steam can be created by using a porou, cooling belt. 

The deficiency of available porous materials is that during 

eng ne operation the pores can be rapidly obstructed. Therefore 

flowSfri!Ldlffl0Ult t0 °reate POr°US "aterlal wlth time-constant flow friction over its entire surface. 

In cert»!« designs of ZhRD Internal cooling Is carried out 

either by means of peripheral Injectors In the engine head or by means 

special cooling belts made In the form of a annular slot or 
row of holes in the combustion chamber (Pig. I1.7). 

Sr 

üfsA7* of belts for internal 
cooling: a) belt of holes; b) slot belt. 

Apparently, It Is possible to so organize Internal cooling 

that it will ensure operation of the engine chamber for the necessary 

time without burnout. However, with Internal cooling alone it 1, 
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necessary to use such a quantity of coolant that part of it remains 

unburned, and losses of thrust are comparatively high (see section 

3.6). Therefore the combination of internal and external cooling, 

mixed cooling, utilized in the overwhelming majority of ZhRD is the 

most expedient. 

Nixed cooling makes it possible with a use for internal cooling 

1-3# of the total fuel consumption to realize reliable protection 

of chamber walls from burnout with comparatively small losses of 

thrust. Here Internal cooling is accomplished by means of both 

peripheral injectors and by installation of cooling belts. 

In Fig. 4.8a is a diagram showing the arrangement used to 

cool the RZ-2 engine, while Fig. 4,8b shows that used in the engine 

of the A-4 missile. In the first case the near-wall layer is formed 

by way of corresponding placement of injectors, and in the second 

four cooling belts are employed. 

Fig. 4.8. Examples of mixed cooling arrangements: 
a) Internal cooling by means of cooling belts; 

1 - coolant; 2 - near-wall layer; 3 - fuel; 4 - 
cooling belt. 

Other combinations of all the above-described methods of external 

and Internal cooling are also possible. 

Radiation Cooling 

In engines having large values of P2/P3 the nozzle there is a 

sharp decrease in density and temperature of the products of 

combustion, which in turn leads to considerable decrease of 
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convective and radiant heat fluxes. Here wall cooling can be 

provided by means of heat removal from the wall by radiation into 

the surrounding medium (or vacuum). 

Such cooling is called radiation cooling. With radiation cooling 

wall temperature î^T can be much higher than the thermodynamic 

temperature of the stream of combustion products. With growth of 

Tq? radiant heat fluxes from the wall Increase as a result both of 

growth of Tct of increase in the degree of blackness of the wall 

«CT* As a result of strongly increasing radiation of the wall into 

the surrounding medium (or vacuum) intense cooling of the wall will 

also take place. Furthermore radiation from the wall into the 

products of combustion can be higher than radiation of these 

products and the direction of will be from the wall to the 

gases which also leads to certain cooling of the wall. 

During radiation cooling owing to equilibrium between supply 

and removal of heat from the wall certain equilibrium wall temperature 

^cT.p is estimated. If values of TCTip do not exceed those 

permissible for the given material, pure radiation cooling of the 

wall is possible. With values of TCT#p larger than permissible 

additional protection of the wall by means of internal cooling or 

heat resistant coverings is necessary (for details about radiation 

cooling see section 4.13). 

Ablation Cooling 

Ablation consists of the processes of evaporation (or 

sublimation), fusion, combustion, and destruction of the surface 

layer of a body, accompanied removal of material by a high-speed 

gas stream. 

In ZhRD wide use has been made of ablation cooling, by which 

protection of walls from burnout is provided by putting ablating 

coverings on the Internal surface. 
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Since during ablation cooling there is ablation of the protective 

covering, such cooling le sometimes called cooling by removal of mass. 

Ablation cooling Is used very effectively and widely for burnout 

protection of the chambers of upper-stage engines, and nozzle caps. 

However, for prolonged operation of a ZhRD the weight of the 

heat shielding material Is rather considerable, which is a serious 

drawback to this method. The second deficiency of ablation cooling 

is change of shape of chamber and nozzle due to ablation, and sometimes 

due to exfoliation and breaking off of material. 

Other Methods of Protecting Chamber Walls 
from Burnout 

A very effective method of protecting the chamber walls of ZhRD 

from burnout is to heat-resistant coverings on the fire side. 

K. E. Tsiolkovskiy suggested that the inner walls of these chambers 

be covered'with graphite, tungsten, or other heat-resistant 

materials. 

In Pig. 4.9 is a diagram of the ORM-9 combustion chamber, 

developed in 1930, in which was used ceramic thermal insulation 

based on zirconium and magnesium oxides. In the nozzle part of 

the chamber was a copper insert for accumulation of heat. 

Fig. 4.9. Combustion chamber of the 
ORM-9 engine. 1 - ceramic covering; 
2 - copper Insert for accumulation 
of heat. 

The basic deficiency of ceramic coatings consists In the fact 

that ceramics crack under the Influence of hlgh-temperature flux. 
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Por the chambers of the ZhRD of the long-duration (of the order 

of several minutes) it is very possible to use a combination of 

close-grained heat-resistant coverings (0.1-0.i» mm) and flow-through 

external cooling - combined cooling, with combined cooling it is 

possible to manage without internal cooling and its related losses 

of thrust, but it is difficult to satisfy the stringent requirements 

on the covering imposed by conditions of operation of ZhRD. The 

covering must have a high melting point, resistance to thermal 

shocks, low thermal conductivity, a coefficient of linear expansion 

close to that of the base material, good adhesion to the chamber 

material, and satisfactory anticorrosive properties. 

In Table 4.1 are given the thermophysical properties of certain 

refractory materials. 

Combined cooling frequently is created naturally in existing 

ZhRD as a result of deposition of soot on the inner walls of the 

chambers. It has been found that chamber cooling is improved here. 

Protection of chamber walls from burnout for a certain time 

can also be provided by applying materials with high thermal 

conductivity. In this case the heat entering the chamber walls, 

thanks to their good thermal conductivity, spreads rapidly through 

the entire mass of material, is absorbed as a result of heat capacity, 

and thus is essentially accumulated in the walls. Such method is 

therefore called protection by accumulation of heat. 

The use of accumulation of heat is expedient under such engine 

operating conditions when short-term operation is followed by a 

prolonged period of cooling. 

To ensure efficiency of an uncooled chamber for a prolonged 

time (60-100 s) a combination of heat-resistant coverings and heat- 

accumulating materials ip frequently used. In Pig. 4.10 is given an 

example of the construction of the wall of the nozzle part of an 

uncooled engine chamber. 
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Pig. 4.10. W..11 of uncooled 
nozzle: 1 - tungsten; 2 - 
carbide layer; 3 - graphite; 
4 - ceramic; 5 - plastic; 
6 - metal frame; 7 - sheath 
of plastic filaments. 

The internal (fire) wall 1 Is made of a thin layer of tungsten, 

withstanding high temperatures (to 2700-3300°K), and fulfilling 

only the function of heat resistant protective covering. The 

graphite layer 3 Is the basic accumulating layer. Intermediate 

carbide layer 2 serves for prevention of diffusion of carbon Into 

the tungsten shell and accumulation of gas between the heat-resistant 

wall and the heat-absorbing layer. Ceramic layer 4 and plastic 

layer 5 are heat-insulating layers for protection of the metal 

load-bearing frame 6. On the outside of the wall Is an additional 

sheath of plastic filaments 7. Por the uncooled sections of 

chamber or nozzle the possibility is also being Investigated of 

U8ln« ßorous materials with a filler of fusible materials. Under 

the Influence of high heat flux the filler Is evaporated and sweats 

from the pores, result In formation at the wall of a protective 

cooling screen. 

^.3. Process of Convection Heat 
Transfer rrom the Gas to the Wall 

Dynamic and Thermal Boundary Layers 

With the motion of a compressible liquid with high speed along 

the wall of a combustion chamber and nozzle of a ZhLD, on the surface 

of the wall dynamic and thermal boundary layers will be formed 

(Pig. 4.11). 
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Fig. 4.11. Boundary 
layers: 1 - dynamic; 
2 - thermal. 

In the dynamic boundary layer under the action of forces of 

viscosity the speed of motion of the flow decreases from the speed 

in the nucleus of flow down to zero at the wall, where It is as 

though the gas "adheres" to It. In the thermal boundary layer 

the temperature of the gas is changed from values In the nucleus of 

the flow to values at the wall Tr#CT. Depending upon whether there 

is heat removal from the surface of the wall or not (heat-insulated 

wall), the nature of the change In temperature is distinguished. 

With a completely heat-insulates wall (¿ometlmes it is called 

Impenetrable) quantity TraCT in an ideal case will be equal to the 

stagnation temperature of the nucleus of the flow Tq0 (Fig. 4.12). 

With heat removal from the wall Tp#ct will be lower than T00, which 
is determined by the intensity of heat transfer from the surface 

inside the wall. 

In general the thickness of 

be greater than, smaller than or 

dynamic layer 6. 

Fig. 4.12. Change in thermo¬ 
dynamic temperature Tq and 

stagnation temperature T00 

over the thickness of the 
thermal boundary layer: 
- for a heat-insulated 
wall; -with heat removal 
from the wall. 

the thermal boundary layer A can 

equal to the thickness of the 

In the boundary layer both laminar and turbulent flow can take 

place. Accordingly, we will have a laminar or turbulent boundary 

layer. At flow rates qommon for a ZhRD, on walls of the chamber 

and nozzle a turbulent boundary layer will be formed. With this on 
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the main motion it is as if there is superimposed disordered 

pulsational motion, so that at every given point the flow parameters 

(speed, pressure, etc,), do not remain time-independent, and frequently 

and nonunlformly are changed along and across the flow. As a result 

there occurs a shift and mixing of particles of liquid (or gas). 

These travelling particles are usually called turbulent moles or 

m°lg8 of liquid. Although the magnitude of pulsations of flow 

parameters io insignificant and in all is several percent of their 

mean values, the pulsations, have a decisive influence on processes 

of friction and heat exchange. 

Averaged and Pulsational Motion 

Due to the complexity of the pulsational motion a strict 

theoretical calculation of parameters of turbulent flow is impossible, 

and therefore regularities of it are Investigated for time averaged 

values characterizing this flow. Here the turbulent flow is examined 

as consisting of two forms of motion: averaged and pulsational. 

Thus, if, for example, at the given point the time averaged value 

of the speed is equal to w, and the value of the pulsational speed 

is equal to w', then the speed at the given point during the time t 

•-•+< (4.8) 

where 

•—rT"* (^9) 
% 

Analogously, all the remaining flow parameters can also be represented 

in terms of averaged and pulsational values.1 

Additional (apparent) turbulent frictional 
stresses and heat transfer 

The presence of pulsational speeds affects the averaged motion 

in such a way that in it is as if the deformation drag is increased, 

i.e., there appears a certain additional, apparent, viscosity. 

Actually, when one examines in the boundary layer a line parallel 
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to the axis (Pig. 4.13), then the component along the y-axls of 

the momentum flow through a unit area per unit time 

■V-c«». (4.10) 

In conducting the averaging of speeds, we will obtain 

The mean value of the momentum flow will be equal to 

7,-a(OT+*7+»?+77). (4.11) 

Since according to rules of averaging 

(4.12) 

then 

*#-•••+•^7. (4.13) 

That la, owing to pulsations the momentum flow is changed by the 

quantity The transfer of the impulse component through the 

area parallel to the x-axls is equivalent to tangential stress; 

consequently, the magnitude of additional turbulent (or apparent) 

stress owing to pulsations 

S*— (4.14) 

•O) 
afltf I 

Pig. 4.13. Momentum 
transfer with turbulent 
pulsations. 



This streis has a positive direction along the x-axls, in 
which one can be certain of the following reasoning. Particles 
of liquid, which due to transverse pulsations enter into the element 
from below (v1 >0), move from a region with averaged speed w and 
therefore cause a negative pulsation w»4 Conversely, particles, 
arriving into the element from above (V < 0), i.e., having larger 
w, cause a positive pulsation w'j consequently, product w*vi always 
has a negative sign, and the additional turbulent stress vn*«—fT? 
is always positive, i.e., it has the same sign as does the laminar 
stress 

0.15) 

The full tangential stress of friction t can be expressed in the 
form of a sum of two components expressing laminar and turbulent 
friction; 

0.16) 

Together with tne secondary stress of friction with turbulent 
motion owing to pulsations, an additional heat transfer also 
appears. 

Since mechanisms of heat transfer and momentum are similar, 
then, not repeating aforementioned reasonings, the expression for 
the additional convection heat flow will immediately be written 
in the form 

(4.17) 

where T¿q — pulsation of stagnation temperature. 

As is known, convection heat flow with laminar flow is equal 
to (when Pr - 1). 

*9 *9 
(4.18) 
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The total heat flow, caused by laminar processes and turbulent 

mixing, can be expressed In the form of the sum of two components 

(4.17) and (4.18): 

Expression of secondary stress of friction and 
heat transfer through the length of the 

path of mixing 

By analogy with molecular friction the secondary stress of 

friction 

(4.20) 

where e - u»We - apparent Kinematic viscosity. 

To calculate e Prandtl proposed the following simplified scheme 

of flow. If one were to return to Fig. 4.13 and examine the two 

layers of liquid at distance Ay, then the turbulent mole, travelling 

due to pulsation from one layer Into the other, maintains at a 

certain distance the component of momentum in the direction of the 

x-axls. 

This distance, at which the mole of liquid preserves its 

properties In the direction of the x-axls. Is called the length of 

path of mixing and is designated usually i. Thus, If Ay ■ l, then 

particles proceeding from the lower layer into the upper preserve 

the horizontal component of speed w^. The difference between the 

average speed at point y2 and average speed of particles proceeding 

here from the lower layer will give in this place pulsaticn of the 

speed 

(4.21) 

If l Is small, then A»,»/««/**, and then 

(4.22) 

192 



Considering pulsation v' » w', we can express t in the form Typß 

Similarly, the length of the path of mixing can be expressed as 

tMi*’ Assuming in equation (4.17) ✓-/*»/«* where u 
the length of the path of mixing for energy, and considering i ~ 1^, 

we obtain 

“ ir,e7£-fr/ ^ Çí (4.24 ) 

Structural Diagram of the Turbulent Boundary Layer 

A structural diagram of the turbulent boundary layer is shown 

in Pig. 4.14, The initial section of it is laminar. With an 

increase in thickness of the layer, the laminar layer is turned 

into a turbulent layer. The limiting thickness of the layer «* 

and length of the laminar section depend on parameters of the 

boundary layer, M number, state of the surface of the wall and 

critical value of the Re number 

Pig. 4.14. Structural 
diagram of the turoulent 
boundary layer: 1 - 
laminar sublayer; 2 - 
turbulent layer. 

Uhder appearing turbulent boundary layer near the wall there 

remains a thin layer in which the laminar flow is preserved. This 

layer is called, a laminar sublayer. 

The thickness of the laminar sublayer ôj^ is determined by 

the critical value of the complex 
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(4.25) 

wh«!» tjaM. «mm and num — speed, density and viscosity, respectively, 

on the border of laminar sublayer. 

For an Incompressible liquid the experimental value o - 11.5. 
* 

In examining equations characterizing the magnitude of fractional 

stress (4.16) and convection :ieat flow (4.19) in reference to the 

given diagram Df the boundary layer, let us note that in the turbulent 

part of the layer the value of the first terms in the equations 

shown is small as compared to values of the second components. 

And, conversely, in the laminar sublayer the magnitude of the 

frictional stress and convection heat flow is determined only by 

first components, since here because of the absence of turbulent 

mixing second components lose their meaning. 

Calculation of the Effect of Dissociation 

As is noted above, in the turbulent boundary layer heat is 

transmitted due to the shift in moles from sections with high 

temperature into colder layers. The process of heat exchange in 

conditions of the chamber of a ZhRD is complicated by the fact 

that heat radiation toward the wall occurs from the high-temperature 

flow of dissociated combustion products. Therefore, with movement 

of mole» not only physical heat is transferred, but also the 

reserve of energy contained in these dissociated combustion products. 

With the cooling of the mole in them reactions of recombinations 

occur, which are accompanied by an additional liberation of heat. 

This even more intensifies the process of heat exchange. If it is 

considered that in the boundary layer the composition of combustion 

products remains balanced then the total amount of energy transferable 

by the mole can be estimated by the magnitude of the change in full 

heat content of this mole in extreme points of its path. Thus, in 

the presence of chemical reactions the role of the temperature will 

be played by the total heat content 1^. 
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The expression determining the total convection heat flow, 

caused by laminar processes and turbulent mixing in the presence 

of chemical reactions, will be written in the form similar to 

expression (4.19): 

'■"t“-"*''- f21*26) 

where I¿00 - pulsation of full heat content of stagnated flow. 

The presence of reactions of dissociation or recombinations, 

which follow after a change in temperatures and pressures in the 

boundary layer, greatly hampers the problem of averaging of the 

equation of state and quantity /.-/.<r.t), since the value of the 

gas constant R depends on the composition of products of combustion, 

which is itself a function of temperature and pressure. Therefore, 

with the averaging of the equation of state it is necessary to 

examine additionally the question of whether the composition of 

the gas, calculated with average temperature, coincides with the 

average composition of the gas at a given point of the boundary 

layer. 

In order to simplify the problem V. M. lyeviev produce introducing 

the concept of effective temperature Tg^, which is determined from 

condition 

(4.27) 

where T and R - temperature and gas constant of the dissociated gas; 

Rh - gas constant of undissociatsd combustion products of the fuel 
of the same initial composition. 

Since, obviously, RH £ r, then T^ ¿ T. 

Thus, by using in the carrying out of all calculations a higher 

effective temperature T^, we consider this to be the intensification 

of heat exchange in the boundary layer of the flow of dissociated 

products of combustion, which takes place owing to the flow of 

reactions of recombinations. Here the heat capacity 
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¡'•rift- (*•*>> 
tfftctlvt stagnation tanperatura of tha gas having tanparatura 

T«#' 

(^.29) 

"k*™ CP »♦.op “ ÄV#PÄi* hast eapaelty In tha ranga of tanparaturas 
T8$"Ta$oo* 

Integral Relations of Energy and 
Impulses ror tne Bounaary Layer- 

Initial Equations 

Equations of the turbulent boundary layer with an axlsynmetrlcal 
gas flow have the following form:* 

1. The continuity equation 

-a 

2. The equation of motion 

Mg ¡SL Xff - O i * S|rf> 
éM+T»T' 

where 

(^.50) 

(^.31) 

3. The equation of energy 

(^.32) 

(^.33) 
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where 



*• W>» MMtion of (UU taking into account aquation (*.27) 

(*.») 

5. Bquatlona axpratalng the dapandanca of 
conduction on tMporoturo 

vlacoalty and tharnal 

»hart cu and c> - X - con*tanta. 

(♦.35) 

K "#r# r " th# #horttBt dl,t*nc* fron the axla of the conbuatlon 

n^cli * i1V*n POlnt ln*ld* th* ‘•“»«•'y ivar, . »c v- 
projection, of avar^d apa.d on th. x- and T _ 

*rcn frictional foret on an arta prtptndleular to the axla« q _ 
convection heat flou noraal to the wall) L and li - totîl 

•tMPatlon heat contant «d It. pulaatlon* SSi»., álitMC, 

0t th* Ch^*r *nd y - aiatanc. alon, tnt nomal to tha surface. * 

The boundary conditiona are the following: 

!• W'»« y ■ 0 (at the wall) 

Ik-iu 1-¾ 

2. When y ■ 6 

««o (w - apeed in nucleua of the flow). 

3. When y ■ a 

V01*1 'tMB,tlon h,,t con*.»t of th. cor. of th. flow 

of ü(x)£ Í00 îx)«"'*“* ,1C0‘ l1“ Ch“b,r “d "o«*la, valuóa 

tlon and T ,*/*í ! ,lnC* 1* ltno,m fro« th. calcula tlon, and Tr<#t(x) la uaually aaalgn.d. 
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4. Conditions when x « 0 will be examined below. 

Integral Relations of Energy and Impulses 
for the Boundary Layer 

On the basis of Initial equations (4.50)-(4.35), let us derive 

the Integral relation of energy for the boundary layer.9 

Multiplying equations (4.50) by Inoo and (4.33) by r and adding, 

we obtain 

Wirfrrf -LÍÍ'fr'atf , ifttri. (4.36) 
a* ' 4» *9 

Let us multiply equation (4.30) by the total stagnation heat 

content of the core of the flow TnQ0. Since Tn00 does not depend 

on X and y, then 

, «('if_0 (4.37) 
*a a» 

Subtracting from expression (4.37) equality (4.36), and Introducing 

designations Iqq ■ ^noo ’ ^00 *" ^noo ” ^ct (w^ere ^ct — 

heat content of gas at Tr#0T and pressure p in the given section), 

we will obtain 

-ÎÔIÎ. (4.58) 

Let us integrate equation (4.38) within limits of the thickness of 

the thermal boundary layer A: 

(4.39) 

With the boundary conditions accepted by us, the second term of the 

left-hand side of equation (4.39) is equal to zero, and the right 

side is equal to RqCT, whence 

J ¿ [rgV (L- 
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or 

¿J'«»fe-y (4.40) 

Let us reduce equation (4.40) to a dimensionless form, for which 

we will divide and multiply the left-hand side by corresponding 

characteristic values not dependent on y: the distance from the 

axis to the wall Is R, the density on the boundary of the laminar 

sublayer Is and the speed in the nucleus is w. Furthermore, 

both sides of equation (4.40) will be divided by ¡T^ - coefficient 

o viscosity of gas at a temperature of the nucleusT^} we obtain 

(4.41) 

The quantity 

'“Jí-ÜÍ1-£■)'» (4.42) 

is customarily called the thickness of the loss of eneTr [79]. 

Let us give the Ree number in the form 

Re,— 
*4» (M3) 

Substituting expressions (4.42) and (4.43) 

we obtain " 
into equation (4.41), 

— IRei/Wod«-^. 

Differentiating and multiplying both sides by L/RTq, (where L - the 

arbitrarily selected characteristic dimension), we obtain 

+Re,£ÍÜ.)+ReliíUÍ¿ 
■«* ii 

where x = x/L; ÏÏ = R/L. 

(^.^5) 
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Since we are free in the selection of a characteristic dimension, 

then we will subsequently take for it the critical throat diameter 

DKp* 

Then in equation (4.45) 

In order to reduce equation (4.45) to a more convenient form 

for integration, let us produce the dimensionless complexes: 

; (4.46) 
IS4N 

*1—(4.47 ) 

(4.48) 

where p00 and 900 - pressure and density of the stagnated core of 

the flow; wmax - highest possible speed of the core of the flow 

with expansion down to zero; 

(4.49) 

where cp - average heat capacity in the interval of temperatures 

Considering the characteristic dimension DKp and substituting 

expressions (4.46) and (4.47) into equation (4.45), we will obtain 

the integral relation of energy 

Re, . 
** 4* Ar (4.50) 

Conducting analogous transformations of equations (4.30) and 

(4,31)1 we will obtain the integral relation of impulses 

(4.51) 
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Here Re^ - Reynolds number obtained on the thickness of the loss 

of impulse t; Re^ and $ are determined from expressions 

'“/tÜÍ'-t)'* (4.52) 

Re»«4|u£L; 

complex 

/ 
the dimensionless quantity 

where 

(4.53) 

(4.54) 

(4.55) 

"•-t/t £('-*)* (4.56) 

(4.57) 

T mslu. (^.58) 

As we will subsequently see, the solution to the system of 

equations (1(.50) and (1(.51) under certain conditions can be reduced 

t~ the solution of one of them. 

For this we must set the connection between quantities enterin« 

into these equations (AT; Aw; Re0j Re,). 

The Connection Between Re0, AT, Aw, and Re, 

In order to find the connection between the indicated values, 

let us find the expressions for them in terms of quantities known’to 

us For this it is necessary, in the first place, to determine veloci 

and temperature (or heat content) profiles in the boundary layer. 
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In accordance with the structural diagraa of turbulent boundary 

layer, let us examine separately the motion and heat exchange In 

turbulent and laminar parts of the layer. 

Turbulent part of the layer. In examining this part of the layer. 

It Is possible to disregard the first components in expressions 

(4.16) and (4.26). Then from these equations, by introducing the 

length of the path of fixing I according equations (4.23) »nd (4.24) 

and considering expressions (4.28) and (4.29)* will obtain* 

(*•59) 

(4.60) 

where 

(4.61) 

To obtain velocity and temperature velocity it Is thus necessary 

for us to assign this distribution I, t and qB across the boundary 

layer, so that it is possible to integrate equations (4.59) «nd (4.60). 

Calculations show that, although depending upon the assigned distribu¬ 

tion t, different dependences i(y) and v(y) on the section of boundary 

layer are respectively obtained, and the numerical difference of the 

final results with different profiles of t is small, since the change 

in l as though compensates the change in t. 

Furthermore, profiles t and qB in the turbulent part of the 

layer should be assigned in such a manner than on the boundary with 

the laminar sublayer they take the corresponding values and 

qÄ (Let us note that in the laminar sublayer it is possible 

to assume ^^(y) - const ■ tctj 4K.Jiaii(y) " coni* ■ Qo*)» 

The law of the change in length of the path of mixing will be 

defined by the Karman function. 

(4.62) 
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! 

where h - empirical constant (h ■ O.38-O.4). 

Modifying the substitution of Dorodnitsyn, let us introduce 

the new variable 

*1-4- ür*' 

Then the quantity of the path of mixing from equality (4.62) will be 
expressed as 

—-»»I 
JL -L 

(4.64) 

where 

a— 
1 + — 

9m.) 
* 9m. ** 

(4.65) 

Substituting expressions (4.63) and (4.64) into formula (4 59) 
we will obta'n v h 

(4.66) 

Considering considerations mentioned above on the selection of 

the profile t and proceeding from conditions of the convenience of 

integration of equations (4.66), the profile t will be assigned in 

such a manner that the following equality will be satisfied 

'Constai?! 
(4.67) 

Then equation (4.66) can be reduced to the form 

* *•!*? (4.68) 

(We place the minus sign from considerations of physical meaning). 

The integration of equation (4.68) gives 
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Ü_Et-, 
*1 *Ol + *)j 

where b - constant of integration. 

(4.69) 

Integrating expression (4.69) and determining the constant of 

integration from the condition that when w = w; rç = we obtain 

the equation of the velocity profile in the turbulent part of the 

layers 

T“1+itoV^ ^-70) 

where 

(4.71) 

— thickness of the boundary layer in plane x-tj. 

Using expressions (4.63), (4.64), (4.68), and (4.69), from 

equation (4.60) we will obtain 

«’i 
(4.72) 

Let us assign now the profile qH in such a way that there will be 

satisfied the equality 

eß JM ' 

where Cp value of cp ^on the boundary of the laminar sublayer. 

Integrating equation (4.72), we will obtain the equation of the 

profile of temperatures in the turbulent part of the boundary layer. 

where- — thickness of the boundary layer in coordinates x-rjj 
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Vs t0 the COTS«eratlon of the motion In the second 
(laminar) part of the boundary layer. 

subiaSfr 161 us deteraine the thickness °f the 
mined h tí“’ F the Case 0f en lncomPressitile liquid it is deter- 
mined by the conaition of Karman: 

PjMt 

where 

(^.75) 

a-11,5. (4.76) 

Substituting instead of t quantity 

and (4,76), we obtain 
from conditions (4,75) 

l*MM V ( I y 

- coefficient 
w^re ReJiau - Reynolds number of the laminar sublayer- . 

of Viscosity on the boundary of the laminar sublayer"’ 

flow «te »ecanSbe0f ^ ^ ^ lnC0”P™s^le ^-1-14 the mass 

in the Ío " eXPreSSed by Unlt Width °f the sublayer 

•»«.»a 

From a 

4 

comparison of expressions (4.77) and (4.78) 

(4.78) 

fjM (^.79) 

in caseTS flow'»?f°r *" lnCOmpresSlble 

•{“"Wir 
'0*. 

Kmm 

Let us introduce a new independent variable 

(4.80) 
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(*.81) 
P 

Considering that in the laminar sublayer - tct ■ const and 
qR n8jM m qCT • const, on the basis of equality (4.15) and (4.18) we 

can write: 

(4.82) 

Integrating equations (4.82) and (4.85), we obtain 

■-2b-1; 

(4.85) 

(4.84) 

fr. 
Cpt+fPuM 

Je. 
*p tpiPûtu 

(4.85) 

where 6 - thickness of the laminar sublayer in coordinates x-qj 
qjiaw 

and t00Jiaw ” on the boundary of the laminar sublayer. 

Using expressions (4.81) and (4.84) and considering the initial 

equations (4.54) and (4.55), let us define 

Ptm 

When n » 0.7 we assume (T^Aa^jiaii)1’11 " 1» ^ then from «Quation 

(4.86) we obtain 

(4.87) 
Wêê* 

Substituting the obtained expression into equality (4.80) and 

considering condition (4.67), we will obtain 

t*M^**MN 

(4.88) 
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In plane x-y the thickness of the laminar sublayer 

(*.89) 

Let us convert quantity T^j/T^#Jiai( entering Into equality (4.80). 

In accordance with expressions (4.29) *nd (4.61) 

9s-' 
fr-tt ■f 

(4.90) 

where cp cp - mean value of cp In the Interval of temperature 

T3<J)"T00 * 

Dividing the numerator and denominator of the right side of 

equation (4.90) by T^q and Introducing the designation 

(4.91) 

whereîp e$.cp~ value of cp 9(¾in th® of temperature 
and considering «?> afcoo 

(4.92) 

after transformations we will obtain 

fr-w ♦ 0 "“ff-w) 

(*•95) 

where Let us define now quantities Wjj^/w; 

t00Jiaii/^00i 100^00 ent«**ing Into equation (4.93). Prom expression 

(4.84), replacing tct according to equation (4.6?), and using 
equalities (4.71) and (*.88), we will obtain 
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Similarly, fmm equality (4.85), replacing qCT according to formula 

(4.74) and according to formula (4.88), we obtain 

r-v- 
Prom equations (4.74) and (4.85) we obtain 

(*.95) 

(*.96) 

Substituting now expressions (4.94), (4.95) and (4.96) into 

equality (4.93) and the obtained expression for T^/Tg^j,^ - into 

formula (4.89), using expression (4.88), after transformations we 

will obtain the firmal formual for 6^^ [quantity ß2(w/w)2 will be 

disregarded]: 

(4.97) 

where 

«• 
y([^ 

(4.98) 

Knowing now 6jiaM, we can determine the constant of integration b 

in equations (4.70) and (4.73), The length of the path of mixing 

on the boundary of the laminar sublayer 

(4.99) 

On the other hand, we find from expressions (4.64), (4,68), and 

(4.69) when w-ô^9-9..... and considering r/R •» 1: 

(4, MM+b). (4.100) 

Solving equations (4.99) and (4.100) jointly with respect to b, 

taking into account equality (4.97) we obtain 

‘-Mà-') (4.101) 
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or 

(4.102) 

Quantity b < and consequently, b « 6 and A. Therefore, 

in sums (6 + b) and (A + b), which enter into expression (4.70) 

and (4.73), quantity b can be disregarded. Then, considering 

equalities (4.102) and (4.88), we obtain 

• + * 
♦ai*, 

(4.103) 

Substituting value W# from expression (4.71) and considering that 

according to equality (4.35) we obtain 

where 

,+ * ’ 

(4.104) 

Re,—If?»" , 

By similar transformations we will also obtain 

(4.105) 

A + l ’ 
(4.106) 

where 

(4.107) 

Comparing formulas (4.105) and (4.107) with equations 

and (4.43), which determine Ree and Re,, we obtain 
(*•53) 

Re» »Ret 
(4.108) 

Re»-Re*-i. 
(4.109) 

209 



Having velocity and temperature profiles in the turbulent part of 

the layer and laminar sublayer, let us produce conjugation of the 

corresponding profiles by substitution of *aaM/v trom e<*ufttlon (^9^) 

ftnd (6riJiaii + b)/(6 + b) frora «quation (4.104) Into equation (4.70). 
After transformations 

ita-ejjfcsjsi. . (4.110) 

Similarly [see equations (4.95), (4.106), and (4.73)]. 

(4.111) 

Values and a^ entering in equations (4.110) and (4.111) 

can be determined in the following way. According to equalities 

(4.29), (4.61), and (4.91), using equation (4.92), (4.94), and 

(4.95), the expression for can be reduced to the following 
form: 

T^-TVcr+O -TfJ (4.112) 

Expression for a^^ can be obtained from equation (4.65). Omitting 

the transformation, we will obtain the final dependence in the form 

With known or given quantities Tp#CT and ß, ¢, ÇT, solving Jointly 

equations (4.112) and (4.113), and can be found by 

knowing them one can also determine Re. and Re-. 
A 0 

Using all dependences obtained above, we can turn now to the 

determination of quantities AT, Aw, Ree, Re*, and c Interesting to 

us in terms of quantities known to us and in terms of. i and $T. 
According to the equation of state (4.34) 

(4.114) 
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(0 ulrrr8 T,r,U!“°n {l,Mh t>kln8 lnt° Mcount expressions (h.114), (4.74), and (4.71), we obtain 

(4.115) 

riuwAT: e~"(:-54)’takin8 int°account (4,114), (4.71), and (4.67), we obtain 

-.-11¾ (4.116) 

lo determine Re^ and Re we will find prellmlnarlly the 

nnT;::LefT.deteralnin8 the thickn*sses - - - - 

-Íw-tMiC-t). (4.117) 

where - thickness of the thermal boundary layer In coordinates 
A«TJ, 

Substituting Into expression (4.117) values w/w according to 

InTlew of the ‘"'í0^00 aCCOrdln« t0 (4.73). considering 
in view of the smallness of b that (6 + b) • b and (A + b) • A, and 
also assuming 6 ■ a, we obtain 

Integrating by parts, we define 

(4.118) 

a ""ir(*” *)* (4.119) 

Similarly, from equation (4.52) after transformations we obtain 

(4.120) 

211 



To determine Re^ and Reg, we substitute Into equality (4,108) 
expressions (4/uo) and (4.120) and obtain 

(4.121) 

and Into equality (4.109) - expressions (4.111) and (4.119), then 

Ra»i (4.122) 

Similarly, determining preliminarily HT and from equation 

(4.55)# we will obtain the expression fur the dimensionless value 

1 I 

Thus, we obtained dependences (4.115), (4.116), (4.121), and 

(4.122), which express variables entering Into the Integral relations 

of energy (4.50) and Impulses (4.51) In terms of quantities known 

to us and In terms of i and ÍT, Substitution of these expressions In 

equations (4.50) and (4.51) will lead to a system of two differential 
equations with two unknowns ( and (T. 

The approximate solution of this system for the general case 

of motion In a boundary layer can be found; however, for practical 

calculations of heat exchange In a ZhRD It Is more convenient to 
use the approximate but very simple dependence 

V-t-fld (4.124) 

The use of dependence (4.124) permits reducing the solution 

of the system of equations (4.50) and (4.51) to the solution of 
one equation. 

4.5. Solution of the Intexral 
neiation or Energy 

Earlier we obtained the following Integral relation of energy 
(*».50)1 
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^+r,.í£ü+*,í<£_LJ5l^. 
at Pm 

Examining expressions (¢.115) and (4.122), „hlch determine 
Re and A_, let us note that auantitip«? T B . * 
intn th0= * , quantities T3ÍtJiai|, and ® entering 
mto the e formulas are functions TPt0T, 0, 5 .„d ¢,.. Consequently 

considering dependence (4.124) connecting ? and ¢,, we can say that 

Res and A, are functions of only three quantities¡ T , ß, and 

Ar-/,(f„t. fi,,,). 
(4.125 

The Joint solution of equations (4.115) and (4.122) with the 

assigned different values of Tr>CT permits excluding ¢, and finding 

the connection between Ree and A, at different values of 0. 

Expressing this dependence graphically it is possible to select 

the approximate formula of the connection between Ree and A,. 

lg Re In- T5.7nee °f the °hange ln Tr,CT " 0‘1} e ' 0'°-8' and 0 * 

^-(1 + 1,57^) in _ 

■+r+A»r^r¡ 
Let us introduce the following designations! 

(4.126 ) 

1 + 1,57?:«?; 

;r=lr f-_l«— J_*r' 
•'-dri1+^-+0^. 

Then formula (4.128) acquires the form 

(4.127) 

(4.128) 

. (4.129) 

(4.130) 
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Let us substitute expressions (4,128) and (4,130) into the integral 

relation of energy (4,30) and reduce It to the fora 

(*.m) 

Let us introduce into equality (4.131) Instead of ÏÏ and Too 

quantities ÏÏ/2 ■ H and « 

(4.132) 

where c effective heat capacity in the Interval of temperatures 

(\üt‘ *t00^ We con8lder 11 t0 be constant along the length of 
the chamber« i.e.« not dependent on x. 

Substituting equality (4.132) Into equation (4.131)» differen¬ 

tiating and dividing everything by aT» we will obtain 

MO - f„j| - » .fc A (*.155) 

For the convenience of the solution of equation (4.133)« we denote 

(*.15*) 

It Is easy to be convinced that 

(*.155) 
and 

HA-Mr. (*.156) 

where 

(4.137) 

With the practical range of the change In ^ within 7-15« the 

change In kT corresponding to dependence (4.137) !• snail and amounts 
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to 1.32-1.15. Therefore, it is quite permissible to consider 

k,, » const = 1.2. Substituting equality (4.135) and (4.136) into 

equation (4.133), we obtain 

or 

*r+Mr<l»K0<l 
Pm 

dsr+Mr ■ , Jftt- ij—dx 

whence 

'UrKDOV a*r- [Z5(l -fr 
•r An 

Integrating equation (4.138), we find 

where BT — constant of integration 

(4.138) 

(4.139) 

When X « 0 

(4,140) 

Determination of zT in Conditions of a ZhRD 

In reference to conditionó taking place in a ZhRD, it is possible 

to mate the following simplifications of equation (4.139). 

1. The constant of integration BT characterizes by itself 

the boundary layer on sections lying up to the beginning of the 

reading (i.e., up to the point where x = 0), The whole preceding 

analysis of heat exchange in the boundary layer in no way considered 

the influence of the mixing and burning on the development of the 

boundary layer. Therefore, strictly speaking, we should consider 

the beginning of the reading to be the section in which combustion 

was completely completed. However, in this case we will have 
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remaining constant BT, which we cannot determine, since we do not 

know the influence of processes of mixing and combustion on the 

development of the boundary layer. 

In order to exclude the problem of determining BT, let us 

assume conditionally that combustion occurs only in a certain 

narrow, "effective" flame front, lying immediately behind the 

zone of evaporation and mixing. With this, disregarding the 

initial section of the laminar boundary layer 0), we consider 

that in the indicated section of the effective flame front there 

immediately starts the formation of a turbulent boundary layer, 

on the further development of which along the length of the chamber 

processes of mixing and combustion have no effect. 

Taking now for the reading point the section where there 

starts to be formed a boundary layer, we therby exclude from 

consideration constant BT,.since at this point BT - 0. In carrying 

out practical calculations, the position of the effect flame front, 

i.e., the reading point x ■ 0, can be determined, considering that 

the length of zones I and II (see Pig. 3.2) consists of 25# of the 

length of the combustion chamber. The possible error in the 

determination of the reading point does not have considerable 

effect on the value of maximum convection flows in the nozzle and is 

therefore not dangerous. 

2. Let us take the assumption about the constancy of temperature 

of the gas wall according to the length of the chamber and nozzle, 

i.e., we will consider fr.«wrr.«/P*«-coiut Such an assumption does 

not correspond to the real distribution of Tp#0T along the length 

of the chamber of the ZhRD; however, as we will see later (section 

4.7), the error appearing with this in the determination of qK 

can be easily corrected, and the assumption of constancy Tp#c* permits 

greatly simplifying the problem of the determination of zT (and, 

consequently, heat flows). 

5. In accordance with equation (4.Í27) when Tp 0T . const 

and bT - const. 
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4. Prom equation (4.129) we see that when TrcT - const quantity 

aT still depends on ß* However, since in expression (4.139) quantity 

aT is contained in power (kT - 1) « 0.2, then the effect of the change 

^n-rr”,°n t-h® change in ß is small and with Integration of the right 

side of expression (4.139) it is possible to take also 

cowt. 

5. In the preceding analysis we assumed Pr ■ 1. For products 

of combustion of a ZhRD Pr - 0.75-0.8. Since this distinction of the 

Pr number from unity appear in the final determination of convection 

heat flow, we will examine the influence of the Pr number on qK below. 

Taking the assumptions noted above and considering that Re 

does not depend on x, formula (4.139) after transformations takes 
the form 

(4.141) 
I 

Let us examine the obtained expression. As we noted above, x - x/D 

where x is the coordinate counted off along the generatrix of the ^ 

contour of the chamber and nozzle. In the calculations it is more 

convenient to calculate with respect to the coordinate counted off 

along the axis of the engine x^ (Fig. 4.15). 

From consideration of Fig. 4.15 it is obvious that 

rfx— 
CM* (4.142) 

According to well-known formulas of gas dynamics (see, for example 

[1]) entering into equality (4.141), quantities ß, p/^.. and D 

are defined as 00 

where i-i - velocity coefficient: 

-O-WF; (4.143) 
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I 

I 

I ! 

Z5*-X_. 
in 

MT MT 
(4.141() 

Replacing in reference to conditions of a ZhM th. .aa k .. 
k by the index of th* 4flori+ adiabatic index 
Í4 142( end (h 1),,1 laentrope n and substituting equalities 
(4.142) and (4.14J) mto formula (4.141), we wlU obtain 

r"í¾h•î¢(,-f,)5^^B,•, 
a 

éXi 

cot y 

Calculations show that a change n a 

effect on quantity zT, since the effect of^he^ch^ge^V 

integrand expression and on quantity Re d.t . ^ 1 ** °n the 

(4.46), is the opposite. Therefor." witTa uff^Lt d í,tP”Ml0n 
«curacy it is possible to assume n„, . i 2 *"* °f 

Prom expression (4.144) we se» th»+ 
MMn.iM.1 luticfl m th. not,,. qu„tUï , d '"'“i*"6 “*«, «*- 

w.. m.,), „ .mitST: - f, 
the complex xp* Accordingly, 

(4.145) 

Taking into account relation (k 14c;^ 

formula for the determination 0't zT ln the ¡Z t0 Present th' 

(4.146) 

For the convenience of determining f(B) m Append!, r ™ =. 
there is given an auxiliary graph of the d > n Pl8‘ 1,1 
values B. 7 th* deP«n¿ence of f(B) on 

AS can be seen from expressions (4.127) «d (4.129). the complex 

¡^igrr-/(^..7. B). 
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and therefore for easing the calculations zT it is convenient to 

represent this dependence graphically (see appendix. Pig, I,3, 1,4). 

Determination of zT for an Engine with 

a Cylindrical Combustion Chamber 

In the determination of zT for an engine with a cylindrical 

combustion chamber, it is expedient to divide the integral in the 

right side of (4.146) into two integrals, i.e., 

-¾ + (4.14?) 

where xR — distance from the reading point ("effective flame front" 

to the end of the cylindrical section of the combustion chamber 

(see Pig. 4.15). 

If the chamber is not high-speed, then for its cylindrical 

part it is possible to assume p/p00 « 1, ß . const. Then the first 

integral of equation (4.14?) is easily solved: 

(4.148) 

where ßK and Djj - values of ß and Ü in the combustion chamber. 
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of th!°î!nld*hrln? that ZOnee 0f e™Por««on and mixing occupy 25¾ 

íi-0,75Zi, 
f4.149) 

where 

T —¿L. 
^ 0» 

Since In the combustion chamber ß is small and ß2 « 1 then 

“""I- “ «»■■»"«•*»).=. o„.,.,:.. - 

P-l/ Saul 
r *m+ 1^+1/ /, "jÇ"* (^.150) 

Substituting equally (4.H8) into expression (4.147) «.d using 

ependences (4 142,. (4.145), (4.149). «d (4.150), L mill obtain 
in final form the formula for determining i, for a cylindrical non- 
high-speed combustion chamber: 

■4»r[^*î íS<õJ. 
(4.151) 

11,6 ’ .Calculation of Convection Heat Rrrh.n-. 

Using expressions obtained above for Re„„, 2 * „„h , 

on. can determine the magnitude of conv.ction°he.t fío« q . ” 

owever, for carrying out the calculations the basic formulas In the 

ependence are expediently obtained In a more convenient form. 

Determinat^ofaEffective Stagnation 

9$00 

Although the determination of effective ♦ 
1» sufficiently clear from its formal te”P"ature in general 

Its formal expression (4.27), let -us give 
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the order of calculation of the effective stagnation temperature T a 

in reference to conditions in the chamber of a ZhRD. According 
to the indicated formula 

(4.152) 

where T2 and R2 - real temperatures and the gas constant of products 

of fuel combustion in the chamber, which are determined by conventional 

methods (see for example, [2], [25]); RH - gas constant of undissociated 
products of fuel combustion of the same composition. 

In the determination of the composition of undlssoclated products 

of the combustion, the system of design equations is considerably 

simplified, since equations of reactions of dissociation dropout. 

Thus, with the application of a four-element fuel with H, 0, N, 

and C as a base, it is possible to cite the prepared formulas of 

determining the composition of products of combustion for a particular 

case when at a < 1 oxygen suffices for the full oxidation of carbon 

but is insufficient for the full oxidation of hydrogen. In this 

case the products of combustion will consist of CC>2, HgO, Hg, and 

N2. Calculation formulas for the determination of partial pressures 

of undissociated products of combustion will take the form 

POOt* 

P»,o: 

--ft_ 
I + « ÜLt.vH» ■ _3_ Nf+ vN* ’ 

Cr + vC0 7 Cf + vC* 

*(t Má 
jig + 3 N,-f vN. * 

C, + »C, 7 Cr+ vC* 

Am, 
I I B 8 2ti 

CI_+_vC. 4 

+ g a Nr+1 
Cr + vC, 7 Cr + y 

3 Nt+vNi 
7 C VC. 

I g vH, 3 Nr + vt 
Cf + vC# 7 Cr+ v( 

(4.153) 
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Having determined the compoeltion of undlaeocUted produete 

of combuatlon, let ue find for them fL, end with reepeet to expreeelon 

(4,15*> - Tl*00 ^16)^ 

Hg. 8.15. Dependenoee o_ .. . ñ t a 
P »••CP* 

ftM^inn of »«»Ponente for fu HH03 ♦ 201 MgOi,) ♦ Tonka 250. 
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D«t«rmln»tlon of tho V«luo of Effootlvo 
Hoot Ctptelty o * 

An tximlnttlon of th* aforo mentlonod formula« ahova that 

innd!teraiíiMh*,B dlff#r#nt vtluti of cp ^ formula (4.49) 
(f .<[ , 1 1* th* *v,r4«* ln th* mt.pv.1 of trap.r.tur*. 
"t* T*X>0‘> 1" «Proiilon (K.90) aud d.p.nd.ne.. o 

It 1. th. h..t cp.citjr on th. tound^ or th. w 

o t olVr”"0* ln °P »* U *“U’ u u conv.ni.nt in curpln,' 
“l»tlon. to u.. on. n.M v,iu, 0f .ff.etiv. h..t eapaeltv 

«Id thorofor. in furth.r c.lcul.tion. w. win ui. c t«Mn .t th. 
moan temperature T • (ft$oo ♦ T )/2 P **' ^ at th 

cp p.ct7'** 

Quantity c can be determined directly by formula (4 28) 
To calculate th. d.p.nd.ne. cp ,, on .ff.etiv. tLp.m£.¡ « u 

pro,,uc* » »".modyn^c calculation of th. co^o.ition 
f dl..oclat.d product, of combuitlon of th. uiicmd fu.l .t 

«ff.r.nt t«p.r»tur.. and calculât, th. appropriât. ..lu.. 0f 

.r .V"’-"*“"' ,ft,r WhlCh, by U*ln« f0~u1« (0-28). « 1. poaaibl. to oonitruct th. unknown d.p.nd.ne. (... pig. b.16). 

V*.. r;r-rrT»“ 
coapoaltlon of product, of conbuation dl^. ll ** 
of dynamic vlscosltv u m * rmlne the coefficient 

»..i, * 

f-E". 
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whtr« - viscosity of components of the mixture at the selected 
p1m1 

temperature [7]# [25]j — weight part of the component, 

where m^ — molecular weight of the component. 

Usually value T is assigned within 1000-1400°K, since for 

higher temperatures there is no data on the viscosity of components 
of the mixture. 

The found value u at the assigned temperature T is calculated 

on the coefficient of dynamic viscosity at temperature Tmjoq 
according to the initial formula (4.35) when n ■ 0.7: 

(4.154) 

Pig. 4.16 gives values of for fuel (80# HNO, + 20% N204) + 
+ Tonka 250. 

Conversion of Formula for the 
Calculation of ReQ0 

According to equation (4.46) 

The density of the stagnated flow Pqq according to the equation of 
state (4.34) 

(4.155) 

The maximum exit velocity by formula (4.49): 
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where cp #^cp - mean effective heat capacity. 

According to the well-known thermodynamic relationship. 

W*»—(^.157) 

Substituting expressions (4.155), (4.156), and (4.157) into equation 

(4.46) and considering n^ = 1.2, we will obtain 

few (4.158) 

Inasmuch as in the graphs and information tables the coefficient 

of viscosity is usually given in the form of p.»10^ kgf»s/m2 and 

pressure PqQ — in [atm (abs,)], the calculation formula (4,157) 
can be thus converted: 

MOMl 

Gs*riO*)Ki5, 

or in the International Unit System 

(^.159) 

where D„ In a, p0Q in N/m2, in ».s/in2, in JAg-deg and 

Vo ln K- 

Determination of Convection 
Heat Plow qR 

By knowing Re00, we can determine by formula (4.146) or (4.151) 

the change in zT along the length of the chamber and nozzle of a 

ZhBD, and then by formula (4il34) - *T. Since in formula (4.134) 

is not expressed in evident form, then for determining it is 

convenient to use the auxiliary graph ■ f(zT) (Pig. 4.17). 

Substituting into equation (4.47) value AT, expressed by ^ 

and b, from aquation (4.128), and having replaced T.. accorilng’to 

equality (4,132), we will obtain for the determination of convection 

heat flow: 
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I 

O-fr.tr) 

#4 (4.160) 

Let us replace p00 in equation (4.160) according to fonwla (4.155) 

P/Poo according to formula (4.143), and Instead of speed w we will 
substitute its expression 

and then we will obtain 

(4.161) 

«i-1 (4.162) 

Her. q, i. expre.eed in keel/»2» and - m kgf/ta2. Chuiglng the 

dimension of q, end pQ0 end considering nM . 1.2, .ft.r celculetlon 
of the constant coefficient, we will obtain 

where p00 - in [atm (aba.)] 

(4.163) 

Pig. 4.17, Dependence 

Quantity ß(l - 3 ) , as was mentioned above. Is the function 

ü * D/b*p. P0*1 the convenience of calculations ln Appendix I on 
Pig. Z.2 an auxiliary graph of the dependence ß(l - ß*)^ » 

and auxiliary graphs of the dependence ß and (1 - ß2)6 on D are 
given. 

e 
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Calculation of the Effect of the Pr Number 
and Final Calculation Formula for 

Determining q 

Formula (4.163) is obtained by us in the assumption Pr - 1. 

In reality for products of combustion of a ZhRD the Pr number is 

Pr ■ 0.75-0.8, and therefore to obtain the final calculation formula 
we uiust Introduce into formula (4.163) the appropriate correction. 

In accordance with formulas (4.2) and (4.47) and taking into 

account equality (4.132), the coefficient of heat radiation from 

gas to the wall ar is equal to 

Considering 6 • A, the number Nusselt of the boundary layer will 

determine in the form 

A_M «»»*» 
1 * 

M 
Pr. (4.165) 

where X and \x - coefficients of thermal conduction and viscosity 

of gas at a certain average temperature along the boundary layer. 

Substituting value ap (4.164) into equality (4.165) and replacing 

P/?00 by fe’TWäwf«» we will obtain 

where 

Introducing we get 

(4.166) 

(4.167) 

As is known, with motion in a pipe at low speeds (i.e., ß) heat 

exchange is determined by a dependence of the form 
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Ntt-Pi“/^ Tt*¿ 

In general, taking Into account the effect of 0 on heat exchange, 

it is possible to write 

r,«. »• (4.168) 

Examining approximately the motion In the bouniary layer as 

the motion In a pip. «hoa. diameter of which Is proportional to 6, 

and substituting the value Hu from the dependence (4.168) Hit 

expression (4.167), we obtain 

(4.169) 

whence, considering that Tcp Is proportional to Tr>ct, and Re Is 

proportional to Re0, we will obtain 

Ai«PrM/i(Rei. TV,,, (4.170) 

Comparing expressions (4.170), (4.160), and (4.128), we obtain that 

taking into account the influence of the Pr number 

(4.171) 

Thus, a decrease In the Pr number of products of combustion 

leads to a certain Increase In heat flow. In conditions of the 

operation of a ZhRD (Pr - 0.75-0.8) the correction for the Influence 

of the Pr number is equal to 1.15, !•«•* 

(4.172) 

introducing this correction Into the numerical coefficient of 

formula (4.163), we will obtain the final calculation formula for 

determining the convection heat flow: 

(4.173) 

228 



or in the International Unit System: 

w/.*. 

where 

If in the calculation of heat exchange in a ZhRD it is necessary 

to determine the coefficient of convection heat radiation from 

gases to the wall ap, then with the known qg it, in accordance with 

equation (4,2), will be determined by the expression 

Effect of the Boundary Layer on Heat Exchange 
and Calculation qK with Internal Cooling 

The aforementioned method of the calculation of convection heat 

transfer assumes that between the core of the flow and the wall 

there are no intermediate layers of gas with parameters different 

from parameters of the core of the flow. Such a case is fully 

possible when walls of the chamber of a ZhRD are protected by 

thermorésistant coverings applied to the internal surface of the 

walls so that the necessity in internal cooling drops. However, 

with the protection of the walls by internal cooling, between the 

core of the flow and the wall a protective boundary layer of gases 

of lower temperature will be formed. 

As was shown, this boundary layer can be formed by both installing 

on the head special peripheral injectors and with help of feeding 

internal cooling through cooling belts. An analysis of the effect 

of the distribution òf injectors on vCT and the method of calculation 

of the distribution of vCT along the perimeter of the chamber are 

given above in section 3.6. 
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; 

With the supply of Internal cooling through the belts, very 

approximately one can assume that below them along the flow there 

will be formed a boundary layer with the relationship of components 

where 0« and 0. - flow rate of fuel and oxidizer for r.oxji o.oxji 
Internal cooling; 0r CT and Q0 CT - flow rate and oxidizer through 

the annular the wall whose thickness Is equal to the spacing between 

the Injectors. 

With a boundary layer near the wall there will be formed a 

boundary layer whose parameter are determined already by parameters 
! 

of the given boundary layer. 

If the thickness of the boundary layer ôjjp is quite great 

as compared to the thickness of the boundary layer A, then one can 

assume that convection heat transfer in the wall occurs no longer 

from the core of the flow but from the boundary layer. 

In this case the aforementioned method of calculation of 

convection heat flow remains acceptable under the condition that 

by effective stagnation temperature of the core of the flow Tg^oo 

is implied effective stagnation temperature of products of combustion 

T8($00t whlch is obtained with the relationship of components in the 

boundary layer vCT. In conformity with these values and vCT, 

it is also necessary to take quantities RH, cp ^ ^ and u0o* 

Calculations show (Pig. 4.18) that in the boundary layer 

temperature is very close to the temperature of the undissociated 

gas Tu, determined also undeh the condition of constancy of full heat 

content; in the range of temperatures usually taking place in the 

boundary layer (1700-2200°K), in practice temperatures Tg^, TH and 

T coincide. 

« 
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Fig. 4.18. Dependence of 
of T, Tm, and on heat 

content for a fuel of 
oxygen +95* ethyl alcohol. 

Proceeding from this. In calculations by definition of convection 
he.t flow», with internal cooling th* *ff.ctlv. »agnation temperature 

of the boundary layer can be taken a. equal to the temperature of 
product, of combuitlon with given vM of the boundary layer. 

Depending upon the di.trlbutlon of vc? .long the perimeter of 

the chamber, di.trlbutlon of temperature of the boundary layer and 

convection heat flow along the perimeter «f the chamber will be 
changed accordingly. 

Figure *.19 give, graph* .»owing the effect of the change In 
vc, along the perimeter of the croi. .ectlon of the chamber on the 
magnitude of convection heat flow q . 

The calculation of the cooling of a ZhRD, obviously, should 

be conducted under the most difficult conditions for the wall. 

This mean, that In th* cae* of a .creen of cooling with a aurplu. 

of fuel (oCT < Ojmp,) the computed value w0T ahould b* th* large» 

of It. value, along the perimeter of the chamber of the engine. 

With thl., obvloualy. In place, with «maller value, of v0T convection 

heat flow, and total heat removal from the «urface of the chamber 

«id nozzle of ZhRD will be 1*«« th« their computed value, determined 
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with the greatest (i.e., the worst) value of vCT. But this 

inaccuracy will proceed as if it is in the safety margin of cooling 
of the chamber. 

Pig. ^.19. Effect of 
the change in vCT along 

the chamber on quantity 
qr 

Order of Calculation of Convection Heat Flows 

Let us assume that geometric contours of the combustion chamber 
and noscle are known. The fuel and relationship of components 

in the core of the flow or in the boundary layer are also known 

(in case if there is a boundary layer). Then the calculation of 

convection heat flow can be conducted in the following order: 

i. Let us divide the chamber and nozzle lengthwise into separate 
sections. The nozzle part, depending upon the expansion ratio, 

is usually divided into 12-20 sections. The combustion chamber is 

divided into 3-4 sections lengthwise. If, however, the combustion 

chamber is of cylindrical form, then sometimes tne entire part of 

the chamber from the effective flame front up to the beginning of 

the narrowing part is considered as one section. For every section 

we determine the average dimensionless diameter T5 and average angle 
of inclination of the generatrix y, which for the given section 
are considered constant. 
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2. Let us assign the distribution of temperature of the gas 

wall along the length of the chamber and nozzle of a ZhRD, 

For the simplification of calculations, usually In the first 

approximation we consider Tr#CT constant along the length of the 

chamber and nozzle. 

Here it Is convenient to take the value Tp CT as the average 

between the maximum allowed material of the wali by value T and 

expected value Tr#CT in the chamber or on the section. For steel 

walls the mean value Tp#0T - 600-800°Kj for walls of copper or 

alloys with copper as a base the average Tn _ ■ 400-700°K. 

By determining the values of heat flows with Tp#CT constant 

along the length, we determine the final values of qj at the assigned 

distribution Tp#CT along the length of the wall with the help of the 

conversion formula (see aection 4.7). 

If In calculating qK It appears necessary immediately to assign 

the distribution Tp#CT along the length of the chamber, then values 

and the character of distribution Tp>CT in the first approxioation are 

selected according to recommendations discussed later (see section 4.12^ 

3. Let us determine cp g^tCp, and RH. The order 

of determination of the values shown is stated above. In the 

pretence of . boundary leyer ».lue. T,**,. c .nd R,, 

are taken not for the core of the flow but for parameters of products 

of combustion with the relationship In the boundary layer v 

Determining T^j^qq, we find the distribution along the length 

^t.ct "Tr.CT^8$00 neceM*ry for further calculation auxiliary 

quantities bf, bj, and I/mW. 

4. According to formula (4.159) 

For the Isobarlc chamber p00 - pgj for the high-speed combustion 

chamber P00 - p^. 
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5. Let us calculate the quantity zT along the length of the 

chamber and nozzle. According to formula (4,146) 

In the calculation of z^, with a cylindrical combustion chamber let 
us use formula (4.151): 

In the given formulas quantities ö*’* and f(E) are found 

by auxiliary graphs (see Appendix I, pig, I.1-I.4). 

6. On the auxiliary graph (Pig. 4.17) let us find the change 

In tr-(/(*r) along the length of the chamber and nozzle. 

7. By knowing according to formula (4.173) let us determine 
for every section 

We find velue ß(l - ß2) by the auxiliary graph (see the appendix. 

Pig. 1.2). 

Determination of Convection Heat Plows by 
Criterlal Equations 

As we see, the calculation of convection heat flows on the 

basis of the solution of a system of equations of a turbulent 

boundary layer Is a very laborious problem. Therefore, sometimes 

for obtaining the distribution of specific convection heat flows 

along the length of the chamber of the engine criterlal formulas 
are used. 



To determine qÄ the application of the criterial formula of 

Gukhman-Ilyukhin [73] is the most widespread: 

Ni-O.OlWPeMt^j&Lj*" 

After the substitution into this formula of values of criteria, 

we will obtain the following formula for determining the coefficient 

of heat transfer from gas to the wall [25]: 

o,-74,3c,„Jâ-J''“ kcal/m2h.deg (4.174) 

or in the International Unit System: 0,-0.020^^^-w/m2deg, 

where Cp CT kcalAg’deg (or J/kg*deg) and guCT kgf/m*s (or uCT N.s/m2) - 

heat capacity and viscosity of products of combustion at the 

temperature of the gas wall; G - fuel consumption in kg/s; D - 

diameter of section in m; T00 and Tr#CT - stagnation temperature 

of the flow of products of combustion and temperature of the gas 

wall in °K. ” ' 

By knowing ar, we determine the specific heat flows by formula 

The order of calculation qK by criterial equations and an example 

of the calculation are discussed in detail in work [25]. 

^.7. Conversion of Convection Thermal Flows 

As can be seen from the preceding, the calculation of convection 

heat flows is a laborious problem. Therefore, considerably more 

convenient is the method of the conversion of data according to 

convection heat flows for the "base" engine well-known to us into a 

projected one. 

To obtain formulas of the conversion, let us find the approximate 

connection between qK for two geometrically similar chambers of a 

ZhRD, which are different in dimensions, pressure in the chamber. 
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form of fuel, and relationship of components and temperature of the 

wall. Let ua examine the expression (4.146). For geometrically 

similar engines In similar sections (i.e., in sections where Ü 

are Identical) the complex 

(4.175) 

will have an Identical value. 

In formula (4.175) quantity zT is connected with by the 

dependence (4.134). Approximately 

Substituting here value zT from formula (4.175), we will obtain 

(^176) 

Substituting expression (4.176) Into equality (4.173) and replacing 

Re00 by formula (^.159), we will obtain the following dependence 

for the determination of qK: 

ifw (1.107. 
(4.177) 

The quantity entering in formula (4.177) can be approximately 

rwprasantad In tha font 

Substituting this expression into formula (4.176) and uniting the 

constant factors into constant k., we will obtain 

(4.178) 

e 
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Comparing the convection heat flows of the "base" (index I) engine 

and the engine geometrically similar to it, we will obtain for 

similar points, in which E and, consequently, complex B are identical, 

the following relation: 

í-irêr©"Âfâ5âÈr*(%rfer- (4.179) 

Introducing in it the designation 

*— (4.180) 

We will obtain the formula for the conversion of heat flow: 

.T”(s) (?) 7- 
(4.181) 

Quantity S depends on the kind of fuel, the relationship of 

components and the temperature of the gas wall. For each fuel it 

is possible to calculate auxiliary graphs of the change in S depending 

upon Tr^CT and the relationship of components v. For certain fuels 

such graphs are shown in Fig. 4.16 and in Appendix II (Fig. 11,1-11,5) 

Formula (4.181) is obtained for geometrically similar engines. 

However, it can be used also for approximate calculations of 

engines geometrically not similar but similar in form. With these 

values of qK and S for both engines must be taken in sections where 

ÏÏ are identical. It is convenient to use formula (4.181) also with 

the necessity of the conversion of heat flows in the same engine 

but at different values of Tr#CT. In this case, since p00 and D„ 

remain constant, the formula of conversion has the form 

where and S1 — values at some rated temperature. 
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Radiant Heat Exchange In a ZhRD 

occur.1" Z 'T™ ”dUtl0n 0f of occur.. A. 1. known, th. r.di.tlv. .nd .b.orbing .bUity of «... 
en «ring Into th. co^o.ltlon of product, of conbu.tlon 1. dlff,r.nti 
th. gr..t..t r.dl.tive wd .b.orbing .blllty l. po.«....d by 

rrsr*'ln the fir,t pi,e#' “ur—V - 

dl.t2:/4dl:tl0n “d •b,orptlon of «•■'* h.. th. following bade 
dl.tlnctlon. fro« th. r.dl.tlon wd .b.orptlon of .olid.. 

Solid. r.dl.t. and ab.orb energy of all w.velength. fro« 
^ - 0 to X . 00 and ga.e. - only m définit. Interval, of w.vel.nath. 

ÍZlZ olT tîeh ,re dlff*r,nt f0r dl"*rent «••••- Such radiation or abaorptlon la called «elective. 

Solid. In their «ajorlty are opaque for thermal raye, «d one 
...U« that their radiation «d .b.orptlon occur In th. .urface 

*. *“*' r,dUtlon “d «"»orptlon occur. In a volu«e. Here 
2 "d *ítlV* “d •b,ortln« “•illty of th. ga. .r. determined by 

quantity of nolecule. of ga. occurring In th. volu«.. At ■ 

tHh. th* qU“tUy °f "0l‘CUlM of «“ Proportional 

by thl 1^ 0YITT\°J *“ P *nd VOlU~ °f «“ by th. length of the path of the ray i. ni. trtr„t x 

th 0i,th* rV 1 d*P*nd* °n th* f0" of the volu« occupied by 

SfirsT-T,bii 4 2 ^—- * - - 

t0 --1 — for g«,., th. radiation «d 
abwrption of water «por .« proportional to T> «id of carbon 
dioxld. - proportional to T3-5. mu., for ca.. of radiation of the 

«mcd TT r C0ÄU,tlOn ln —furnace« the fouLln, 
girled for»!., for d.t.ndnln, th. radl„t heat flow .« obtain^ 
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wh.r. partial preaaurea Pj,^ and pco¿ are taken ln kgf/cm2 and the 

length of the path of the ray i in m. Here the total radiant 
he»t flow 

f.-fjNaO+fjCO.. (4.183) 

These formulas can be used for a tentative estimate of quantity 

qj, In the combustion chamber and nozzle of the engine. However, 

at high pressures taking place In the combustion chamber of a ZhRD, 

the use of emperical formulas (4.182) insufficiently admissible, 

since they are obtained at atmospheric pressure and temperatures up 

to 2500°K. Therefore, a more strict method of the calculation of 

qj, in a combustion chamber will be given below. 

Table 4.2. Length of the path of the ray for 
A 4 4. _ * 

Pom of the gas body m 
sphere with diameier D») 
speric combustion chamber 
with diameter D». 

M 

cylinder with diameter D*, 
infinitely long; radiation 
on the lateral surface. 

0.S 

cylinder with »length 
h - Dk; radiation on the 
lateral surface. 

M 

Cylindrical combustion 
cha«#>er L|!/DK 1 

14 
t-s 
>4 

SJ 
•a» 

Ml 
S.S 

Por convenlenc- the ba.la of calculation of the radiation of 

***** l* th* S**i«n-Bolttnann la«. Here the radiation and abaorptlon 

of gaa, referred to a unit aurface of volume occupied by, are taken 

proportional to the fourth power of abaolute temperature. 
t 
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In general the radiant heat flow In the chamber of the engine 

from gases to the wall Is determined by expression 

•«.* Vo (¾)4, (4.184 ) 

where Tr and Tr#CT - temperature of products of combustion and gas 

wall, respectively, in °K; e0T#8$ - effective degree of blackness 

of the wall; Cp - degree of blackness of products of combustion; 

c0 " ^*9 te*!/»» h»deg (5.67 W/m^»deg^) — radiation factor of an 

ideal blackbody; Ar — absorbing ability of gas at a temperature 

equal to Tr#CIJS. 

The first term of equation (4.184) determines the radiation 

from the gases to the wall and the second - radiation from the 

wall to the gases. The order of the determination of e«« «a. e 
and Ar will be examined below. ^ 

Formula (4.184) should be used in the calculation of q in 

engines having high values of Tr#CT, for example, in the application 

of various kinds of ceramic or other heat-resistant coverings. In 

engines with copper or steel cooled walls not having any special 

heat-resistant coverings, Tr#CT is comparatively small, and 

therefore the role of the second term of (4.184) is also small; 

and, consequently, the radiation of the wall can be disregarded. 

In this case formula (4.184) will have the form 

(4.185) 

Since the magnitude of radiant heat flow is determined in the 

first place by thermodynamic temperature, along the length of the 

nozzle a sharp lowering of values of (¾ alweys takes place. Figure 

4.20 shows a typical diagram of the distribution of q^ along the 

length of the chamber of the engine. Into the entrance part of che 

nozzle there occurs a sharp drop in values of qa, and in the super¬ 

critical part they are negligible as compared to values of q in 

the combustion chamber. Therefore, in calculations of radiant heat 

flow it makes no sense to determine qj| for every section of the 

combustion chamber and nozzle, and by finding values of qa#1 in the 
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combustion chamber, it is possible with a sufficient degree of 

accuracy to take the following distribution of qa along the length 

of the chamber and nozzle; near the head * 80# of the value of 

on Sitial section of the combustion chamber with a 

length of 50-100 mm q^ increases up to the value of q^ K and further 

remains constant up to the section of the subcritical part of the 

nozzle, where D - i.2DKp. In the critical section 95 - 0.5¾^ 

in the supercritical part of the nozzle in the section where 

D - i.SDgp, qjj . 0*iqa#jf and in the section where D - 2.5Djp 

qJ! " 0,02<1j.k* 

Fig. 4.20. Distribution 
of qA along the length 

of the engine. 

Determination of e0T#8£, er, and Ap 

Values of er, and Ap depend on the degree of blackness 

of the gases, components of products of combustion, and also on the 

degree of blackness of the wall of the chamber. Let us examine 

the method of the determination of these values given below. 

Determining the degree of blackness of products of combustion 

Ep. As was shown, from the number of gases comprising the products 

of combustion of a ZhRD, only the radiation of HgO and COg is of 

practical importance for the calculation of qj,. Therefore, it is 

assumed that the degree of blackness of products of combustion c 

depends on the degree of blackness of water vapors eH 0 and carbon 

dioxide egQ^ and is determined by expression 2 

•r—•N^+aoo.-amoico,. (4.106) 

The last term in expression (4.106) means that the radiation of the 

mixture of HgO and C0g is somewhat less than the sum of the radiations 
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“Vr 8“•,* ,lnce th* baaM ot r*41»tlon tnd .b.orptlon for R 0 

Z XTSI ITU,‘ ”1,r*fore'th*en,r8y of th* 
i cZ::;^ h2° u p,m,iiy ^th* c*i*cn dioxid.. 

Th. dagr«. of bUckn... of ..t.r v.por. cH 0 1. . function of 

tenp»r.tur«, p.r.n.ter (p l) Md pr...ur. In th? chutber. Tttln. 
into account all thea. factor. l. d.t.ralnad by fornul. 

■m—i— 
(».187) 

»hara V»“ /17,(/^ - dagraa of blacknaaa of HgO whan p^ o and 

tha'affiZ?'01’ »»««icfnt ttólng l?to account 
the effect of pressure on eu n 

HgO • 

The value of +%ßmRT. (Pu#i)] is determined from graphs of Fl« it 21 
obtamad by ^a 0f axtr.pol.tlcn of data of HoJl Ld ^ban ' 

8*). Th. dapandancy i. rapra.ent.d on Pig. 4.22 

- v ■■ ---- - - -- 

To calculate by fom.1. (4.187), it 1. po.albl. to uaa 

an auxiliary graph of th, dapandanc. (Fig. 4.2,). 

Tha dagraa of blacknaaa of carbon dioxide «../ir la 

d.taraln.d fro. graph, represented on Fig. 4.24 (ec d^!da 

insignificantly on pressure), ^ 

Determining and by formula (4.186) l,t ua find tha 

degree of blacknaaa of product, of ccmbuatlon. a . 
r* 
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Determination of effective degree of blackness of the wall
£^m. »/».• 'the presence of a radiating gas the effective degree
0T« 9Cp

of blackness of the wall is greater than the usual value of
the degree of blackness of the wall Eqii, and still depends on the 
degree of blackness of the gas e^:

(4.188)

where ep — degree of blackness of products of combustion (4.186); 
^CT “ degree of blackness of the wall with respect to the radiation
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of gatos and depends on the material of the wall and state of Its 

surface. Since frequently the walls are covered by carbon black, 

then in this case Independently of the material of the wall, it is 

possible to assume tCT • 0.8. If, however, the carbon black on the 

walls is absent, tentative values of tCT for different materials 
can be taken from Table 4.3. 

Table 4.3. Degree of blackness 
CT 

different metals. 
for 

Nsterlals 

Aluminum oxidised at 600°C 
Polished bronse 
lough bronse 
Tungsten 

Brass oxidised at 600°C 
Copper oxidised at 600°C 
Molybdenum 
Oxidised nickel 
Niobium 

Alloyed steel 
Oxidised steel 
Steel greatly oxidised 
Ground steel 

Titanium 
Chromium nickel 
Cast iron oxidised at 600°C 

Determination of the absorbing ability of gas Ar. Since the 

temperature of the gas ic not equal to the temperature of the wall, 

and since the gas absorbs selectively, then in general ++A* Howeverj 

with technical calculations it is possible to take where e* - 

degree of blackness of the gas taken at a temperature of the gas 

WÄl1 Tr.cr Wlth thli li determined by formula (4.186). 

Determination of q^ in the Absence 

of a Boundary Layer 

In the calculation let us consider known the dimensions and 

form of the chamber, the cosqposltlon and temperature of products of 

combustion, the pressure in the chaaiber and the temperature of the 
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ff,**“- thM# «»t«. 1t 1( P0i.ibl, to ..t«bli.h th. 
following order of donation ,,. h th* 

P«th of tir«,1"! t0 Tabl* 4‘2' 1*t “* <Ut,"ln* th* length of th* 

of 4*ter,ln* by forBuU (^186) th. degree of bleckne.e 
or gas in ths combustion chamber e 

p* 

the ,tCT ’ 0'8 ln th* Pr*'*nce of c,rbon hl'ch on 
of cerbnn hl f f1"* *0» ««cording to able t.j m the ebeenee 

the di e , “ flnd th* d»*«« «i backn.ee of tns wall t0f#i^ from formula (4.188) 

t. to the c... of . high value of Tr.ct let u. deter»:ne A . 

chJ; ,1-4 U,d*ht*ralne,r4dUnt b*“ n°** ln the combuitlon 

«dÎ LÍ T* L i0' heât-re,1,t*nt which 
.. r.c*» ^«t u* calculate q,<K from foneula Í4 184> in 
the abaence of covering, the radiation of the wall wlll h. ii ^ , 
and ws calculât* a .. _ will be disregarded. 

caACUAate qM from the formula (4.185). 

r: r“^ ~ ^ 
^termination of (¾ in the Preeence 

Of a Boundary Layer 

-C-rrrr™ irr.irrrjr-r t 
dn do.. th. cor. of th. flow, tola ayer pay. th. row 

rm.par.nt aereen between the core of the flow and th. wall. 

energy ««„ant dated by the boundary layer it.elf i. 
c-ddvely low due to It. low temperature. ^tTh. 

preceding fd'^ * T“*^1* P,rt °f th* ^^t energy proceeding from th. core of the flow to th. wall .me. a the 
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composition of components of the layer. Just as In the composition 

of products of combustion of the core, the basic radiating and 
absorbing gases H20 and C02 predominate. 

Thus, the boundary layer lowers the radiant heat flows in the 
wall of the chamber of the engine by 30-600, 

Let us examine the simplified method of the calculation of the 
Influence of the boundary layer. 

In usual limits of the relationship ifcT/v ■ 0,3-0,6, the 
decrease in intensity of radiation into the wall can be taken as 

constant, and then the expression for the approximate calculation 
of qj, will be 

(4.189) 

where q, - specific radiant heat flow in the absence of internal 

cooling (4.185)1 eCT#|^ - effective degree of blackness of the wallj 

O.65 - coefficient considering the decrease in intensity of radiation 

with Internal cooling; 9 — coefficient considering the decrease in 

intensity of radiation of t.he core of the flow because of a decrease 

in the surface c< the radiating volume of products of combustion 

as compared to the surface of the combustion chamber absorbing the 
radiation: 

_XV—*w 
Ai 4; (4.190) 

where DK - diameter of the combustion chamber; H - spacing between 

the Injectors; — length of the combustion chamber to the critical 
section. 

Thus, having determined the magnitude of the radiant heat flow 

in the absence of internal cooling in the order mentioned above, 

we find the final value of the radiant heat flow taking into account 
the boundary layer qI#CT by formula (4.189). 



^.9. PetTinlnatlon of Heat Trtrufer from 
the wan to tne cooling Liquid 

Heat is transmitted from the wall to the liquid coolant by 

means of convection. The magnitude of heat flow from the wall 

to the coolant Is determined by expression 

(4.191) 

where aÄ- coefficient of heat transfer from the wall to the liquid; 

Tg'Of — temperature of the liquid wall; Ta — temperature of the 
liquid. 

The coefficient of heat transfer from the wall to the liquid 

Og is most expediently determined by using the crlterlal equations 

obtained as a result of the analysis of experimental data on heat 

exchange in channels of a different section. In reference to heat 

transfer in the coolant passage of a ZhRD with high heat flows the 

application of the formula of M. A. Mikheyev [84] is expedient and 

quite reliable: 

Ms-OimiUfttep. (4.192) 

In the given formula the determining temperature is the temperature 

of the liquid coolant Tx, and the characteristic dimension - 

equivalent (hydraulic) diameter of the coolant passage d8. 

Substituting into formula (4.192) the expression of Nu, Re, 

and Pr, we get 

where Og - coefficient of heat transfer from the wall to the liquid 

in kcal^2«s«deg (W/to2.deg); *g - in kcal/s*a*deg (Vyfa.deg); gpg - 

in (or Ug in N*s/fc2); % - in kcal/kg.deg (J/kg.deg) and >* - 

in kg/m-5, respectively, are thermal conduction, viscosity, heat 

capacity and density of the liquid coolant taken at the average 

temperature of it on the given section; d# . equivalent diameter of 
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the croaa aection of the channel In m calculated from expreaalon 

(*.194) 

where fÄ - area of croaa aection of the channel ln m2j JI - total 

(molatened) perimeter of the aection Independently of what part of 

this perimeter participates In the heat exchange; 0 - coefficient 

conalderlng the direction of h*at flow and the temperature difference 

Experience shows that with the heating of the liquid, l.e.. In 

the direction of the heat flow from the wall to the liquid, the 

Intensity of the heat exchange Is higher than with the reverse 

direction of the heat flow, l.e., with the cooling of the liquid. 

Furthermore, the Intensity of the heat exchange also depends on the 

temperature difference, l.e., on the value TÄ#0* -TÄ. With an 

Increase In the temperature difference *.he coefficient of heat 

transfer Og with the heating of the liquid increases and with 
cooling decreases. 

The dependence of heat transfer on the direction of the heat 

flow and the temperature difference is conditioned by the fact that 

the field of temperatures and viscosity in the boundary layer and 

thicknesses of the actual boundary layer with the heating and cooling 

of the liquid are different. This dependence Is considered by the 
coefficient 

i*-1») 

where mu* W«? - viscosity, heat capacity and thermal conduction 

of the liquid coolant, respectively, at the temperature of the liquid 
wall. 

For conditions of cooling of a ZhRD quant ¿y ß la changed 
within limita of 1-2.5, 
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L»t ui reduce the expression (4.193) to t more convenient form 

for calculations 

According to the equation of continuity 

(4.196) 

(4.197) 

where 00xa - coolant flow rate per second through the cooling 

Jacket In kg/sj fx — area of cross section of the coolant passage 

In m2. 

Substituting expression (4.197) Into equality (4.196) and 

designating 

we obtain 

(4.198) 

kcal/n2»s*deg. 

Depending upon the accepted system of units Og will be obtained In 

koal/m2s*deg or W/ta^deg. To determine Og In kcal/m2h*deg frequently 

this formula Is used in the form 

* •“»v'»2»»'*««. (».WJ 

Complex Z, as we see from formula (4.198), characterizes the 
physical properties of the coolant and Is a function of the 

temperature. Values of complex Z for different components are shown 

In graphs of Pig. 4.25« where also values of the product of complexes 

ZP are given for different components obtained when TSc0T ■ 200°C. 
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4.10. Forms of Coolant Passages of 
(Chambers of a ZhRD

Figures 4.25 and 4.29 give different forms of coolant passages 
of the combustion chamber and nozzle of a ZhRD.

Slot Channel

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

Furthermore, with small quantities of coolant and the necessary 
speed along the coolant passage, the width of the s].ot 6 is

OXJx

Obtained very small (0.8-1,5 nun) 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. 4.26b). 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 ohis a



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.

rostavka

e)

Pig. 4.26. Forms of coolant passages; a) smooth 
slot chsmnel, b) slot ch«mnel with Inserts, c) 
slot channel with forgings, d) coolant passage 
with ribs, e) coolant passaige with screw channels, 
f) coolant passage with corrugations.

A variety of the slot coolant passage Is a slot channel with 
forgings (Fig. 4.a5c). Here In the external shell of the chamber 
of the engine there are forged (usually In checkerboard order) round 
or oval deepenlngs - 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.



The equivalent diameter for the slot channel according to formula 

(*.194) 

Here a decrease In the volume of the channels owing to forgings or 

separate Inserts will be disregarded. 

A common deficiency of chambers having a slot coolant passage 

Is, first of all, the Insufficient ability for heat removal of 

high heat flow appearing at high pressures In the chamber when using 

hlgh-calorie fuels, etc. The reason for such a relatively low 

(under conditions of operation of a contemporary ZhRD) effectiveness 

of heat removal In slot ducts is the Insufficiently developed surface 

of heat exchange on the part of the coolant and the difficulty in 

the fulfillment of the internal wall with widely spaced fastenings 

thinner than 1.5-2 mm, which also limits the heat removal. Furthermore, 

the rigidity of the chamber with slot coolant passage even with 

separate fastenings is Insufficient. 

Coolant Passages with Ribbing 

The best heat removal and also the possibility of decreasing 

the thickness of the Inner shell of the chamber Is provided by 

ribbing of the Inner shell. Furthermore, ribs usually serve also 

for the fastening of Inner and outer shells. Th* obtained braced 

shell with frequent connections possesses great rigidity and strength. 

Examples of such a construction are coolant passages with 

longitudinal or screw ribs and with corrugations shown on Fig. 4.26d 

e, and f. In the case of providing the full contact of the insert 

with the shell, the effect of ribbing can take place and with the 

Installation of Inserts (see Fig. 4.26b), although the effect of it 

is negligible. An Increase in heat transfer from the wall to the 

coolant owing tó the effect of ribbing also takes place and In 

tubular chambers. 



Figure 4.26d gives a diagram of a coolant passage with 

longitudinal ribs. The longitudinal or screw ribs with a thickness 

of 1-1.5 mm ere usually obtained by means of milling of the channels 

along the generatrix of the chamber of the engine or along the screw 

curve. In the ribbed coolant passage the heat exchange is improved 

not only because of the increase in cooling surface, but also owing 

to the possibility of the fulfillment of a thinner inner shell with 
&0T of the order of 1 mm. 

The equivalent diameter for a channel with longitudinal ribs 
is equal to 

<■ 
■ ,, 
8 Sfs + tggg) 6 4* Ifia 

On Fig. 4,26e a coolant passage with screw channels is shown. 

The screw channel can be both single-filar and multifilar. 

The main advantage of the screw coolant passage consists in the 

Increase in motion rate of the coolant along the passage, which 

permits Increasing heat removal. Thus on the ZhRD "Walter"4 the 

motion of the coolant along the helix (twist) was provided by a 

screw channel on the external shell. Obviously, in this case an 

Increase in heat removal occurred only because of the Increase in 

speed of the coolant and not owing to the effect of ribbing. 

Figure 4.27 shows a cross section of a nozzle of a chamber of 

the engine ORM-45 where a twist of the fluid was created by a screw 

thread carried out along the inner shell on the part of the depth 
of the coolant passage. 
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With the noted mérité of ecrew channels, the deficiencies of 

such ducts are the great laboriousness of their making and the 

considerable Increase in flow friction of the duct. 

Therefore, usually screw channels are made not along the entire 

length of the combustion chamber and nossle but only on those sections 

where it is necessary to provide the greatest heat removal, most 

frequently in the throat. With this to decrease the laboriousness, 

the screw channel is frequently made simply by means of installing 

of spiraling various kinds of inserts or wire. 

The equivalent diameter for the coolant passage with screw 

channels will obviously be determined Just as for the straight 
channel: 

* ■ •+*» 

Figure 4.26f shows a coolant passage in which the channels are 

formed by an insert of thin band [12], For simplicity we will call 

such a duct a coolant passage with corrugations. In the obtained 

shell corrugations simultaneously play the role of ribs, which 

increase heat removal, and fastenings, which increase the rigidity 

and strength of walls of the chamber. With a quite high frequency 

of corrugations, it is possible to use a thin inner shell, which 
also Improves the heat exchange. 

The equivalent diameter dB for a duct with corrugations is 

calculated by formula (4.194) in reference to the geometry of the 
obtained channel. 

Approximately dg for the coolant passage with corrugations 
(Fig. 4.26) can be determined by expression 

(4.200) 

where aCp — distance between the ribs along the center line of the 
"useful cross section" where 
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(4.201) 

where zp - number of ribs of corrugations. 

in practice« with a sufficient degree of accuracy« It is possible to 

consider a._ « a* cp cp 

Fig. 4.28. Determination 
of d. for a coolant 

passage with corrugations. 

Tubular Chambers 

In recent years there has been widespread use of the so-called 

tubular chambers made of a set of tubès soldered to each other 

(Fig. 4.29). The tubes can be of round, oval or rectangular section 

and are located both along the generatrix of the chamber of the 

engine and also along the spiral. Tubular chambers with spiral 

winding (Fig. 4.30) have not received widespread use, since along 

with complexity of their manufacture the flow friction of the coolant 

passage of such a chamber is very high. Furthermore, with the 

spiral winding of pipes it is difficult of provide a smooth contour 

of the inner surface along the longitudinal generatrix of the 

chamber and nozzle. Therefore, for tubular chambers the longitudinal 

location of tubes is characteristic. 

The most widespread form of the section of tubes is the 

rectangular or trapezoidal form with rounded angles. There are 

used both copper or aluminum tubes and tubes made from heat-resistant 

alloys. The thickness of the tubes, depending upon parameters of 

operation of a 2hKD and the material, lies within 0.3-1«0 mm. Usually 

250-330 tubes are placed along the perimeter of the combustion chamber. 

To Increase the strength of the tubular chamber along its length are 
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placed several force rings — bands, and on the most stressed sections 
of the chamber over the tubes frequently there Is put a solid lip.

Ft==
IsJ. ) o o o c, 

[O o o c.

Fig. It.29. Diagram of tubular chambers; 
1 — rectangular tubes; 2 — tubes with 
ribbing; 5 — round tubes; 4 — two-row 
distribution of tubes; 5 - spiral tubes; 
6 — duct of U-chaped profiles; 7 — force 
lips or winding; 8 - U-shaped profiles;
9 - places of soldering.

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 
Is possible (see Fig. 4.29a).

The basic advantage of tubular chambers, as compared to other 
designs of the coolant passage. Is the gain ir. weight. Furthermore, 
tubes maintain high pressures In the duct and provide good heat 
removal by the coolant both owing to tne small thickness of the walls



¥'

and due to the effect of ribbing.

The difficulty of the malting of chambers with the ? ongltudlnal 
distribution of tubes consists In the fact that along the length 
of the generatrix the tube should have a variable section (Pig. 4.51). 
The profile of tubes for chambers having a nozzle vith a high expansl'^n 
ratio Is changed especially considerably.

Fig. 4.51. 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 (Pig. 4.52), Is very difficult constructively and Is used 
comparatively rarely.

Fig. 4.52. Tubular 
chamber with a variable 
number of tubes.
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,,f v*'l8ty of tubular chambers la chambers comprised of U-shaped 

orofn ,#* 4,29b> °Ver Wblch p“,e, • coolln« Mdlum. The 
prom., .r. gathered in the form of a chamber, are soldered aloÜ 

generatrix and are covered on the outside by a force winding^ 

Peed of the Coolant to the Coolant Passage 

the eÜÎ T0™“" °f fMd °f the e00l*nt the perimeter of 
«ne« îrV““8* 18 V8Iy lBport,nt’ *ln<=8 otherwise there cw 
appear the danger of burnout on sections where the flow rate of the 
coolant will be leas nominal. 

, . 1° en,U” the Unlforalty of the coolwit feed, at the entrance 
into the coolant passage combined collectors are installed (Pig. 4.33). 

* h\ D1?grams of coolant feed: 

of th1” th,‘ T“ °f the (888 5.<0 the uniformity 
of the coolant feed Is ensured by feeding it to a coUector on six 

equally located tubes, which complicated and rendered heavier the 

construction of 'the whole Installation. Subsequent experlenc^ow, 
that one to two feeder tube, is sufficient. »psrience show. 
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I 
The eelection of the place of location and form of the section 

tí the collector Is determined by design-technological considerations. 

The entrance collector Is usually set In the nozzle part of the 

engine* Thus, on Pig. 4.33a, b, and c the collector is set directly 

near the section of the nozzle. If cooling conditions are allowed, 

then for a decrease in the overall dimensions of the cross section 

of the engine and weight of the construction the collector is 

displaced in the direction of the throat. 

The coolant proceeds from the collector into the passage either 

through slot (Pig. 4.33a) or through holes made in the external 

shell (Pig. 4.33b). In passages with longitudinal ribs or corrugations 

the location and dimensions of the holes should provide the entering 

of the coolant into all channels of the passage (Pig. 4.33c and d). 

In tubular chambers it is frequently expedient to locate the 

entrance collector directly near the head of the chamber (see Pig. 5.3), 

Here the coolant from the collector enters into every second tube, 

passes through it up to the end of the cooled part of the nozzle 

and, returning back through a tube located in series, proceeds 

directly into the head. Such a method of separation of the coolant 

is frequently called "two-way" or "in two movements." With such 

separation of the coolant hydraulic losses in the coolant passage 

are somewhat increased, but then there is no need in a well-developed 

section of the collector in the nozzle part and the length the main 

supply lines of the cooling component decreases, which leads to a 
lowering of the weight. 

With the location of the tubes shown on Pig. 4.32, the motion 

of the coolant through every.other one of the tubes is used only 

at the entrance part of the nozzle. In the most thermally stressed, 

critical section the coolant moves through all tubes in a direction 

toward the head of the chamber. Such a separation is sometimes 

called "sesquipasa." With the distribution of the tubes in two 

rows (see Pig. 4.29* 4), obviously, it is convenient to use the 

second row of tubes for a reverse motion of the coolant so that the 
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component moves into the inner row of tubes through all the tubes 
in one direction. 

^•iie Cafeyj-aiion of Heat Transfer 
in a KiDDea copient pasaago 

Coefficient of Ribbing 

In the presence of longitudinal ribs, corrugations or soldered 

inserts the heat transfer from the wall of the chamber of the engine 

to the liquid coolant increases because of the effect of ribbing 

of the surface. It is convenient to consider such a change in heat 

transfer as the introduction of concepts of the coefficient of the 

effectiveness of ribbing and effective coefficient of heat 

transfer taking into account ribbing oÄ , which are connected by 
the dependence 

•»*“%**• (4.202) 

By knowing and aa#p for the assigned ribbed coolant passage, 

further cslculstlons of cooling will be made as for the usual smooth 
surface, using the coefficient 0¾ ^ Instead of a 

Let us find the expressions for determining the coefficient of 

effective ribbing [75]. The calculation diagram will be presented 

in the form of a flat wall with ribs (Pig. 4.54). Let us assume also 

the following! the coefficient of heat transfer a. Is constant all 

along the perimeter of the coolant passage, the temperature of the 

coolant ^>0T along the section of the passage 1. identicali the tempera¬ 
ture of the rib at the base, thermal conduction of the ribbed wall 

X does not depend on the temperature and Is equal to some mean value. 

Every rib will be examined as a rod of finite length L - 6 • 

heat transfer from the ends will be disregarded. Then. Inasmuch« 

the temperature at the base of the rod Is equal to T_ a„ the 

temperature distribution over the pitch of the rib and heat flow 

through the base of the rib Q will be detemined by these expressions 
[841: 
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i—à «MwO-i-jM 
Ch N’liu 

Qi" — 

Here kmTmM—Tm\ t-Ty—7m; — temperature of the surface of the rib, 

uhich Is variable along its lengthj x — distance from the base of 

the rib; X - thermal conduction of the material of the ribbed wall; 

si" 

f and n .- area and perimeter of the cross section of the rib. 

Pig. 4.34. Calculation 
diagram for determining 
Tjp and Oju.p. 

In coolant passages of a ZhRD the thickness of rib b is 

considerably less than its length 1. Therefore, 

a _a/+*É 2 
7 ~*7 • 

whence 

? 

The quantity of heat Q returned to the liquid from the ribbed 

wall on the section equal to the spacing of the ribbing (a + b) 

is determined by expression 

where a - transit between the ribs. 
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Since the surface area of the gas wall 

^r.«t«(û+4y, 

the specific heat flow q 
¿j referred to this area will be 

Designating 

and 

expression (4.203) can be copied in the form 

(4.203) 

(4.204) 

(4.205) 

Vi=a »1« (r .. - T \ 

where 

(4.206) 

'1'“.Tí+rfí/(;) (4.207) 

. ®xpr«sslon t1*-207) is the formula for determining the coefficient 

P ?' S °f rlbMnS- POr the calculation 
^*55 gives the dependence of f(Ç) on £.5 

/W;»A 

Fig. 4.35. Graph of the 
dependence of f(£) on i. 
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formula Since according to expression (4.202) ■ aR#p, 

(4.206) can be rewritten in the form 

(4.208) 

i.e., we obtain formula for the determination of q^,, which is 

similar to formula (4.191) with the difference being that instead 

of as enters effective coefficient of heat transfer taking into 

account the ribbing ox>p. 

Effectiveness and Optimum Geometry of Ribbing 

By analyzing expression (4.207), taking into account equality 

(4.204), we see that the effectiveness of ribbing at the fixed 

value ax depends on the thermal conduction of the material \ and 

geometry of the ribbing. 

With an Increase ln X Ç decreases, and f(Ç) and Increase. 

The reason for the growth in is the fact that with an increase 

in X thermal resistance of the rib becomes small as compared to the 

thermal resistance of the heat teansfer to the coolant, and the 

temperature of lateral surfaces of the rib is compared with the 

temperature of the base, owing to which the heat exchange is improved. 

In the limit when Ç 0, f($) -♦ 1 and according to equation (4,207) 
rjp will be equal to the ratio of the area of the ribbed surface 

to the smooth surface, i.e., the geometric coefficient of ribbing 

Instead of T)p always gives oversized values of otj^p, and only in the 

case of very high thermal conduction of the material will the values 

of T)jp and T]p be close. 

For clarity Fig. 4.36 gives calculation graphs of the change 

in temperature of ribbed steel and bronze walls taking into account 

T]p, taking into account only and neglecting the ribbing. Since 

for a steel wall the thermal conduction X is comparatively low, 

then the value of i is great (usually more than two) and noticeably 

differs from qp. Therefore, the calculation taking into account 

only T)p leads to decreased values of the temperature of the wall. 

For a bronze wall for which i is small and values r)p and tjf are 
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similar, results of calculations with or with T)p are also similar. 

Prom the graphs it also is clear that the calculation of cooling 

without taking into account ribbing gives in both cases sharply 

different resultsj thus, with ribbing calculation must always be 

conducted by taking ribbing into account. 

Pig. 4,56, Calculation 
changes in the temperature 
of the wall with calcula¬ 
tion taking into account 
and neglecting ribbing: 
1 - neglecting ribbing; 
2 — taking into account 1^; 

3 — taking into account 
only tip* 

The geometry of ribbing (i.e., the relationship between a, b, and 

60xji) also affects its effectiveness.6 With an unsuccessfully 

selected geometry of ribbing, instead of the intensification of 

heat transfer its impairment can be obtained. Actually, at value 

b > 2W(S) in equation (4.207) n < 1# i.e., heat transfer from 

the ribbed surface will be worse than that from a smooth surface. 

The boundary of the rational application of ribbing 

by the relation 
is determined 

touJW-b, 

or, taking into account equation (4,205), 

»rcthw* 2»,„ 
•* * * * 

where 

(4.209) 

“Kir- (4.210) 

On Pig. 4.37 by formula (4.209) there is plotted the region of 

the rational application of ribbing (shaded) depending upon m> and 

t>0o/b> from which it is clear that for quite high ribs (60XJl/b > 2) 
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there will be T)p > 1 under the condition 

<«?-*£< i. (4.211) 

Pig. ^.37. Region of the 
rational application of 
ribbing. 

Let us find the dependence between the width of channel a, 

thickness of rib b and coefficient of ribbing at a fixed depth 

of the rib ß0XJi* To simplify the analysis, at first let us examine 
the particular case £ ¿ 2. Such values of Ç are characteristic with 

steel corrugations of ribs (X * 20-50 kcal/m h.deg) (23.5-58 W/m.deg). 

Here, as one can see from the graphs of Pig. 4.35, with a sufficient 

degree of accuracy it is possible to consider f(£) ■ l/£. Then, 

substituting f(£) - 1/Ç into equation (4,207) and introducing m' 

according to expression (4.210), we will obtain 

%-^T- (4.212) 

Let us Introduce designation <• i¡Then expression (4.212) 

can be written In the form 

,+.l2 
\—TÇ7— i4-215) 

Prom equality (4.213) it is clear that when z - 4/¾2 there will 

be T)p ■ 1. With an increase in z, i.e., with an Increase in the 

relative thickness of the rib b/a, we obtain < 1, i.e., the 

ribbing becomes irrational. With a decrease in z value > 1, but 

when z ■ 0 again we obtain ^ * 1 (which corresponds to a smooth 

wall without ribbing). Consequently, in the Interval 
( 

•<*<£ 
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there is a maximum (Pig. 4.38). Let us find its optimum value 

from the condition ~-o. 

Fig. ^.38. Character 
of the dependence tv 
on 2. p 

Taking the derivative, we will obtain 

*+«/*-1-0, 

whence 

"”0.5« (v^Tî—«). (4.214) 

From formula (4.21K) It Is clear that always 

b < a. 
i.e., always 

The width of channel a Is usually determined by technological 

onslderatlons and the magnitude of permissible flow friction 

According to.equation (4.212), with the observance of condition 

(4.U1) the effectiveness of ribbing will be higher the less a Is. 

,, Substituting the value topt from formula (4.214) Into expressl 

( . 13), we will obtain the maximum value of the coefficient of the 

effectiveness ribbing for the particular case (Ç ¿ 2): 

1 (4.as) 
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In general the effectiveness of ribbing is also affected by
the depth of the rib 6 
Then, considering that z

'oxa< Let us Introduce designation "S = -^oxn/Si. 
b/a, formula (4.207) can be thus convert;

I +# (4.216)

Equating derivative diT^/dz to zero we will obtain the following 
equation for the determination of z

opt

(4.217)

Equation (4.217) was solved on a computer; the obtained values of 
^opt ^^®" equality (4.216), and the value ^ was

determined. Final results of the calculations are given on Fig. 4.39 
[75]. For convenience the reverse quantity tv is plotted along 
the axis of the ordinates.

nr-
i.0

9
Pig. 4.39. Determination of

\ opt'
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Th« ord«r of d«t«rnlnlng the geometry of ribbing will be examined 
with an example. 

Sxaople of the calculation of ribbing 

Determine the number of riba n, thickness of the rib b and 
effective coefficient of heat transfer aBap for the cylindrical part 
of the coÉbustlon chamber. 

Given: diameter of the combustion chamber« Including the 
thickness of the Internal vail Dx - 250 ■sj width of the channel 
a ■ 2 «J depth of the rib &oxa ■ 2,8 mej thermal conduction of the 
ribbed vail X ■ 250 kcal^i h«deg (291 deg)j the coefficient of 
heat transfer from the vail to the liquid for a smooth alot channel 

- 1.2«10* kcal/a^^deg (1,595*10^ V/s2«deg). 

Solution. As yet the number of ribs la still not determined« 
and In the first approximation for calculation we take Og equal to 
the value obtained for a smooth slot (o¿). 

V« determine: 

i-*-?-* 

Frca VI«« *«39 «hm V ■ l.t mi «? • 0.ÍJ8, m find 

fach thlekneae of rib eorrtapenda to the ambe r of ribs 



I 
! 

? 
« 

Sh« coefficient of heet trensfer ax for e ribbed channel, 
obvlouely, will differ fro« of a enooth channel, alnce In connection 
with the obetnictlon of the paaaage by riba the apeed of the coolant 
Wggg will Increaae, 

in accordance with equation (4.196) It la approximately 
poaelble to aaaume 

Imt ua determine the epeed of the coolant through the paaaage blocked 
by the rlbe woxs#pt 

From Fig. 4.39 when V ■ 1.4 and mzz - 0.477 

mt- 

She naher of rlbe 

naher of rlbe differ« little fra the number of rlbe obtained 
fee fleet appralMtlcn. Therefore» we finally take b • 0.5 hi 
^ mM • f«43. She effective coefficient of heet radiation 
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t0 th* eOOUnt t,klng lnt0 4ccount th* «-ibbln« l. 

1.41-101.3.41 kCftl/ll2h. deg 

(>• 12.10^ 
Heat Transfer in Tubular Chambers 

Tht expressions obtained above for the calculation of heat 
transfer from the ribbed surface can be used with approximate 

calculations of heat exchange In tubular chambers. Here the 

calculation diagram of the heat exchange in th. tubular clumber 
be represented in the form shown on Pig, 4.4o 

Fig. 4.40. Calculation 
diagram for the determin¬ 
ation of a 

«•fp 

Let us consider that 
internal surface. 

the heat supply occurs only along the 

-in r ..? y °f heat t,pp,d by the «xtemal frsme or covering 
will be disregarded, and ». will consider It equal to aero. Thu.* 

aU the proceeding heat Is removed to the coolant through the 

surface COO'C. Having developed the upper wall of the tube 

(section O'C), we will obtain a conditional diagram for the 

calculation of heat exchange In the tubular chamber, with this 

2“ ^ of th* ^ “cm u •I“*! to the length of the section 
°° C‘ . thickness of the rib Is equal to doubled thickness of 
Mia tube b ■ 26gp. 

th* ehmDtl • 11 considered equal to th. Int.nul 
width of the tube on the given section. 



Zf on« wer« to take with respect to TÄ, Tg QT and X the 

same assumptions as In the calculation of heat exchange In the 

ribbed coolant passage, then It Is obvious that with the designations 

accepted In our conditional diagram all the formulas (4.202-4.208) 

obtained above will remain correct. Consequently, for the tubular 

chamber 

(4.218) 

(4.219) 

where coefficient of heat transfer from the wall to the 

coolant for the tubular chamber; ax — coefficient of heat transfer 

for a tubular channel obtained by formula (4.192); T)p - coefficient 

of ribbing determined In designations accepted on Fig. 4.40 according 

to formula (4.207). 

Just as In case of the ribbed coolant passage, there can be 

formulated the problem on the determination of optimum dimensions 

of the tube. However, Its solution is greatly hampered by a large 

number of factors affecting the relationships between dimensions of 

the tubes. The particular question of the determination of optimum 

thickness of the tube, depending upon conditions of heat exchange 

and strength properties of the material Is examined In work [13]. 
The problem of the distribution of temperatures In the wall of the 

tubular chamber Is examined In work [87], 

4.12. Calculation of Cooling of a ZhRD 

Order of the Calculation of Cooling 

In the designing of a cooling system of a ZhRD, at first there 

Is determined the construction of the coolant passage, method of 

cooling and basic dimensions of the passage, and then by calculation 

means It Is checked whether there Is provided cooling of the walls 

of the engine. The checking calculation of the cooling of the 

chamber of a ZhRD Is conducted In the following order. 
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1« We divide the combustion chamber and nozzle lengthwise 

into separate sections. Usually in the nozzle part we take 12-20 and 

in the combustion chamber 1-4 sections, depending upon their form. 

In certain cases for obtaining specified data, we divide into 

separate sections places of the Joint of fastenings (corrugations, 

ribs, etc.), and also sections having a specific form different 

from the form of the whole coolant passage. After the division with 

respect to each section, its geometric parameters necessary for further 
calculations are determined. 

2. We assign the temperature of the gas wall TTiCT constant 

in length and determined the values of convection heat flows qÄ for 

every section. The order of the determination of qÄ is given in 

section 4.6. If there are data on the distribution of qK for the 

base engine, then it is not possible to conduct a special calculation 
of qK. 

3. We assign the distribution of Tr#CT along the length of the 

chamber of the engine, and by formulas of conversion (see section 

4.7) we determine the distribution qK. With this as the initial 

values it is possible to take following values of Tp CTt in the 

throat of the nozzle 1000-1300°K for heat-resistant steel, 700-900¾ 

for standard construction steels and 500-700¾ for walls of copper 

or its alloys; at the outlet of the nozzle (depending upon the 

expansion ratio of the nozzle) 400-700¾ for steel walls and 300-600¾ 

for copper. In the combustion chamber and at the entrance into 

the nozzle Tr#CT is 20-40# lower than the temperature of the walls 
in the throat. 

If there are no preliminary considerations about the character 

of the distribution of Tr#0T. along the length (data of similar 

constructions, etc.), then in the first approximation the distribution 

of intermediate values of Tr#CT can be considered linear. However, 

if values of Tp#CT for similar designs of a ZhRD are known, it is 

more expedient than for the first approximation to take these 
values. 
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4. V« determine tht dütribution of radiant heat flow* q, along 

the length of the chamber and noazle (see section 4.8). 

5, We determine the total specific heat flow into walls of 

the chamber of the engine (section 4.1)t 

6. We check the sufficiency of flow rate of the coolant for 
the removal of heat proceeding into walls of the chamber of the 
engine. With the steady state of cooling, all heat entering into 
Myii« of the chamber of the engine goes for heating the coolant. 

The equation of heat balance 

(4.220) 

where q. and AT. - total heat flow and surface area of the wall of 
*i 1 

the 1-th section of the chamber of the engine) Q07tff - flow rate of 
the coolant) TK and - temperatures of input and output of the 
coolant) Cgp — average heat capacity of the coolant taken at a 

temperature of 

From equality (4.220) we determine 

r_-iy*ir. (».»a) 

The temperature of the input of the coolant Tn is considered 
equal to the greatest poasible sablent température at which operation 
of the SURD (for exople, 4§ti°C) is assumed. The adequacy of the 
quantity of coolant is deterainsO by the condition £ Tg* ***** 
f - boiling point of the coolant at the outlet pressure from the 
coolant passa*. If is greater than T§, then it U necessary 
either to cool by two components according to the diagram of Fig. 4.4 
or to decrease the total heat flea into the mall q^ by means of 
a*lificaticn of the internal cooling. 



7» We determine heating of the coolant and average temperature 
of the coolant on every section. With che known temperature of the 
entrance of the coolant the heating of it is determined from the 
equation of heat balance on section 

Ktfl—'P'mO'mm.l “ Tjl, (4,222) 

where - average heat capacity of the coolant on the i-th section. 
Hence 

'■"“ac+r.*- (4.223) 

The temper.ture of the coolant on (action T_ . 1. defined aa an 
average i * 1 

(4.224) 

8. We determine the coefficient of heat transfer from the 
wall to the liquid on each section. (The order of the determination 
of the coefficient of heat transfer a,,, aa#p , ox a, — for 
different foxms of the coolant passage Is given In sections 4.9 and 
4.11.) 

9. We determine the temperature of the liquid wall for each 
section. According to equation (4.191) 

r—(4.225) 

where a^ - coefficient of heat transfer from the wall to the liquid, 
which Is defined for the given form of coolant passage, i.e., o-, 

a*.p* or 

10. He determine the temperature of the gas wall TL 
T.OT 

According to the heat-conduction equation 
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whence 

T — ■ - 

(4.226) 

where öCT - thickness of the internal wall of the combustion 

chamber and nozzle; X - thermal conduction of the material of the 
wall at the average temperature of the wall 

i 

Values of thermal conduction for different metals are shown in 
Fig. 4.4i. 

mtm 

g 
' m mm^Êm — 7— — 
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r— ““ ■— — — — — 
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— 
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— I - 55 E ‘1« __ 

trm WtH 
Fig. 4,41. Thermal conduction of 
metalst i - silver, 99.90; 2 - 
copper, 99*90; 3 - molybdenum; 

. , _t?ngite2* 5 - niobium; 6 - 
nickel; 7, 8, 9 . construction 

~ «tainless steels; 
12 - titanium. 
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11« We check the coincidence of the assigned temperature of 

the gas wall with Tr#CT obtained according to formula (4.226). 

If the divergence of values Tr#0T is more than 5$, we assign 
the new distribution Tr#0T intermediate between that assigned in 

the first approximation and the one obtained (but closest to the 

latter), and the calculation starting from No. 3 is conducted again. 

If value Tr#0T on some section exceeds the maximum permissible for 

a given material, it is necessary either to decrease the thickness 

of the wall or to improve heat removal from the wall to the liquid. 

If this is impossible, it is necessary to decrease the heat flows 

Qj owing to the intensification of internal cooling. 

Example ' f the calculation of cooling 

Produce a checking calculation of the cooling of the chamber 

of an engine operating on components (30# HNO^ + 20# NgO^) 
and Tonka 250. 

Given: pressure in the combustion chamber p2 « 65 kgf/cm2 
(6.37 MN/i:2); temperature in the combustion chamber Tg ■ 3070°K; 
flow rates of components G2 - 48 kg/s; diameter 

of the combustion chamber D8 ■ 240 mm; throat diameter Djjp - 122 mm; 
diameter of outlet section - 439 mm; length of the cylindrical 
part of the combustion chamber LK ■ 276 mm. 

The contour of the combustion chamber and profiled nozzle is 

shown in Pig. 4.42. The external cooling is by fuel; at the internal 

wall of the chamber of the engine by the corresponding location of 

injectors on the head a boundary layer is created with the relationship 

of component y0T ■ 1.943) the thickness of the boundary layer is 
equal to the spacing between injectors H - 15 mm. The coolant 

passage is made with corrugations; the number of ribs of the 

corrugation - zq; it is variable in length and on the sections 
is accepted as the following: 
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Th« height of the clearance of the coolant passage 60x. and 

thickness of the inner shell ô0T and corrugations b are constant and 
equal to ■ 3 nm« CCT ■ 1 mm, and b ■ 0.1» mm. 

The inner shell is made of stainless steel and the corrugations 
from construction steel. 
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Prom the thermodynamic calculation the partial preaaurea necessary 
for calculation of qa are also knownt PH 0 - 22.4 kgf/ca2 (2.2 M0i2); 

PC02 " 7*7 (0.75 MN/%2). 2 

Solution. The calculation of cooling Is produced In the order 
stated above; all data of the calculation are given In Table 4.4. 

1. We divide the combustion chamber and nossle In length Into 
14 sections, as was shown on Pig. 4.42. 

Por simplification of the calculation we will not separate into 
separate sections the places of the Joint of corrugations. Prosi the 
drawing of contour we determine for each section the necessary 
(for further calculation) mean values of the Internal diameter D, 
the cosine of the angle of Inclination of contour cos 7, the distance 
from the effective flame front *f and the length of the section »^g 
the axis AXj, and we calculate the dimensionless values V and 
(lines 1-6, Table 4.4). ~ 

2. We assign the temperature of the gas wall T. M ■ 700°k 
constant In length, and In the order discussed In section 4.6 me 
determine for each section the values of convection heat flow q -q* 
(lines 7-17). The values necessary with calculation 11700 

R»' cp.s*.cp ^¢00 for oup ®hen ifeT . 1.943 aredetermlned 
from graphs of Pig. 4.I61 

We calculate value Re^ from fomula (4.159)« Rs^ . 4.94.1(1 (if 
for some fuel there are no auxiliary values the shown oan be calculated 
in the order given In 4.6). 



t 

3. Ht At sign th# distribution TPc0T in longth, and according 
to fonmlas of eonvoralon va data ruina tha rtal valuta of convactlon 
boat flow (lints 16-20). A changa in qt in langth of tha chantar 
and nossla la shorn in Pig. M2. 

*• VO dataruina tha radiant hast flova qr Va find qa#g in 
tha eonbuation chantar, naglaetlng tha boundary layar 

Binet tha langth of tha path of tha ray will ba 

tJ4 

Va find tha dagraa of blackness of tha gaa in tha conbustlon 
ehanbar a,. According to fig. t.21 whan T# • 3070¾ and pg «i • 3.3, 
tha dagraa of blackness of whan p8 • 1 will ba ^ 

Da ta ruining fron tha graph on fig. 1.22 tha exponent 

According to foimla (*.167) or tha graphs of fig. *.23 va find 
«^0 " d9«rt9 of blackness of KgO with tha paranaurs of operation 

of tha chaObart 

tta dagraa of blackness of OOg according to tha graph of fig. *.2t 
*M tt • JOTO0» U MWl m 0.05». 
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Knowlni ‘HjO *** «cOj ««cordini to foraula (1.186) «• nod tht 

«it dttrtt of bloelntM of produe ta of coflbuatlon la tht ehMNrt 

htfi««MK-Mntuni .1101 

Corn l dar Inf *.no dtgrtt of bUeknaaa of tht «oll • • 0.8. by 
fomilo (t.188) dtttralna tht tffoetltt dtfrtt of hUelnooo of tht 

Mil aft 

Slnc* mlu ^ *•» ehMb«r ta«* «jetan»! eooltac, «* *tll «Uncu« 
tta («cota tara ta forma« (t.iSk) mM tatanlM tta -‘g-ltult of 
radiant tant n«r la tta eoataatloa chantar accotalnc to (*.18S) 

n^y.Mtaniugpjf.■«.« nwAM.ni **>>. 

ta datamln* tta «alaa of radiant taat flo* la tta 
etataor takln« lato account tta boundary layar o. . a,. n* 
coefficient *• ««taldarim tta dacraaaa la lataaalty of radiation 
accord lac te forma« (b.190) la equal to 

Itan accord la« to «apraacloa (I.189) 

ta dataralaa tta dlatrlbutlon q, alone tta lanctli of tta coabuatlon 
chantan near tta haad 

la tta throat . 



to tm Metía» «Mn V . «.9 

»MMji <Mwn» 

fnetot Uw «npb of distribution Hj, «lent tto Imgth of th# chaaber 
of tho uglno (too Vlf. %o%t)# no dotoraint tht valu« of q. for 
tvtif Motion (im« a), 

9. Wo tetonlM tht total boat flows 

fblaoo qz aro glvan in lina 92. Th« chan«« in qz alon« th« length 
of tho ehMfcor and notai« it shown on Fig. Ms. 

6« «• chock th« adequacy of the quantity of th« coolant. V« 
consider tho tenp«ratur« of th« input «qual to +50°C (323¾). Then 
according fórnala t.22i th« to^«ratur« of the coolant outflow 

4r<,"T£TO4<t,,llrc<>l,'l>>> 

i.O., T_< T.« 
• WÊtm W 

7* Vs d«Mmin« heating of th« coolant and average t«wp«rature 
of It on each soctlon (lino 23-27). 

8« M dot«min« th« coefficient of h«at transfer fron the wall 
to tho liquid, taking into account rlbbli* o^p (lines 26-40). The 
cooplex 80 and the coefficient of the mal conduction of corrugations 
If nom do to mined on tho assuaptlon that the tenpe rature of the 

llqpld mil Is constant and equal to 200°C (473¾). Such an assumtlon 
foes not considerably affect tho value 80 and ( and, respectively, 
•sand n^p, since in the region of the change in (line 42), 
’Tg.tf ^ the nore so 0, proportional to (Pr,^)*0'25, and 
•lao I, proportional to (x8)"0#^, are changed very insignificantly, 
fhna, according to tho auxiliary graphs of Fig. 4.23 or fomulas 
(4.193} and (4,196) 80 • const • 0.044, and according to the graph 
of Fig. 4,41 Xf ■ 60 keal^i h*deg on all the sections, m the given 



example the Impairment of value ,., owing to the Increase In thennal 

realatance at placea of soldering the corrugation. Is not considered. 

9. We determine the temperature of the liquid wall by formula 
(4.223) (lines 41-42). 

10. We determine the temperature of the gas wall obtained 
under the assigned conditions of cooling (lines 43-46). 

11. A comparison of the obtained TPjCT (line 46) and assigned 
(line 18) shows that the divergence between them does not exceed 
50, and therefore we consider the calculation final. 

4.13. Certain Special Cases of 
cooling amp 

We will examine the special features of radiation cooling of 

a ZhRD, cooling by low-boiling components, and cooling of a ZhRD 
having a nozzle with a central body. 

Radiation Cooling 

Above in section 4.2, radiation cooling is examined as one of 

the methods of cooling a ZhRD. Such cooling can be expedient for 

a ZhRD with a large nozzle expansion ratio and a prolonged operating 

time (for a comparatively short time of operation ablative cooling 

is more rational). Radiation cooling can be applied in those engines 

which are set on the external surface of the vehicle. The basic 

problem in the calculation of radiation cooling is the determination 
of the value of the equilibrium temperature of the wall T 

' OT.p* 

Determination of TCT#p during radiation cooling 

In the general case the following balance of heat fluxes 
occurs during radiation cooling (Pig. 4.43): 

(4.227) 
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whtre q and qa. are convection and radiant fluxes in the wall of 

?*** ChÄmbe^, qK.H &nd qji.H ftre convection and radiant fluxes 
into the environment. 

Equation (4.227) is also the fundamental equation for determination 
of the equilibrium temperature of the wall T 

CT.p 

Fig. 4.43. For calculation 
of radiation cooling. 

The values of heat fluxes entering into it are determined as 

follow«. The convection heat fluxes from the gases to the wall 

and from the wall into the environment are equal, respectively. 

♦h*«r(r^.-rref); (4.228) 

(4.229) 

where Ts$00~JUBt as ln Preceding calculations, is determined from 
equation (4.27) with a component ratio vCT in the near-wall layer 
(if there is one) or in the flow core. 

The coefficients of convective heat transfer from the gases 

to the wall and from the wall into the environment, 0 and a , are 

determined by the known formulas of heat transfer, taken In reference 
to the given conditions of heat exchange. 

Xh the particular case,’ when values of q at some given T 

on a certain section of the nozzle are already known from calculations 

of cooling of ZhRD, It 1. possible to determine c^, by the formula 

fl-, 
* Tm-Tr." (4.230) 
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r-“ C^eUUtl0M 10 th* «»t approxlaatlon It 1. 
o consider o,, to be Independent of the «eil teuere ture. 

During engine operation In veeuua condition«, obviously a 
•nd. accordingly, q, , .re equal to tero. “"«»Ur. «, 

equation Tl&T * ^ ^ q* U by equation (4.184) or «pproxlnstely by .quêtions (t.182) m (*.l83) 

en.hn.e4 . Ts by th* «>e«odjm««lc teaperature T. . of the 

t.«p.raturePT '** Ïra“! ^ T” °f Tp*CT ^ th* «i*11“"“ 
th. «ui «d artera. * * b0th 

The value of the radiant heat flux 
determined by the equation 

Into the environment la 

♦--Vk' 'Xml* 

where e0I i. the degree of blackness of th. wall neterlel. T1 
Is the externei equilibrium wall temperature. ***•» 

With a sufficient degree of eccuracy It Is possible to consider 

Ik th* *XP“<‘,<1 •*pr,M1"» heat flu* in quation 

wail timperatura? “'for '"SraT™1"* ^ ^ °f ,<,Ulllbrlu- .. TCT#p for different sectlona of the nostle if 
the greatest «all temperatura peralsslbl. for th. glven raurlU i. 
■»own. it is possible to find the section, start J frl^i^h 
nossle unit can be rad. without special c^om, 

^ 0fwîuCÂtu0îe,qUUlbr1’- 

Determine the equilibrium temerature of th* 

of « ZhHD made fra. chrome-nickel alloy. The parater, 

which determine the heat exch«^ m . glv.n .ration are as folLST 
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Ql**01 Bosslt áitmfr O ■ 0,3 ■§) «ffvetlvt atafMtioQ îwjnii 
tnrt ia th* atar-waix Uvtr T^qq • iBOO^Ci ootffieiaat of hoot 
tNMftr 0,,-850 keoVk^.«H (»1 H • 0 (teot 
tronofor la voeoua)9 lho thoraod^Boaic toopomtoio of tho flov 
eovt • 1000°»Í »ortlol prooouroo of 1^0 m< 00^ ovo 

goltttloa. Ut uo oxprooo tho voluoo of tho boot flusoo oatorlat 
late oquotlon (1.887) throufh tho oqulilbrlua ttoporoturo of tho voll 
^Of.p* ior »Älch vo vlll dotorolao «0f#lo oad «r oatorlat lato 
oxproMlon (4.l8t). Tho loagth of tho path of o rop vlll bo 
dotomlnoO oo for o eylladrleol ohoU of laflalu longtht 

(ai^o«o4Hya.oiab 

Ho Vlll dotondao o^q oad tç« . Proa tho gropho la Plft. t.81 

1.88 Ot H|#0 - 1000¾ 

tho croph la Plf. t.8t . 0.033. 

Vo do to mino Op bp foraulo (b.ltt)i 

Conoldorluf that thoro lo ooot 
of bloefeaooo lo tokoa oo oov 

Thon bp foraolo (t.l8V) 

tho latovaol voll# ito 
0.8. 



♦ 0 -•mNI-M-MU ♦ (I -MCI -•.nMlotJI. 

Um rodUat boat flux tram tht eoabustlon products to the wall will 
bo dotorvlnod according to aquation (t.l6t)f considering Sj, • drt 

lbs sl#i of qa (1.0., the direction of boat flow) will depend on the 
relationship between TB#C sad ^T#p. 

The connective beat flux Is 

»•%r«»-rtN)-aKaB-W. (*.233) 

Ve will determine the radiant beat flux from the external wall into the 
environment. 

According to Table t.3 the degree of blackness of the external 
wall Is 

Considering Tetsp to be Identical over the thickness of the wall, 
we find qJ#| bp equation (t.831)s 

Placing tbs expressions for qR, end qJ#B In the equation of 
balsaee (*.887), we will obtain 

or 
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Zt li Bost convenient to solve the obtained equation graphically. 

Constructing the dependence of the right and left parts of the 

equation on we will find the unknown value of the equilibrium 
te^erature of the wall (Pig, 4.44): 

fa^-inrK. 

for appraisal of the magnitudes of the heat fluxes we find qa, 

4*» end 4j'K. Pro« equations (4.232), (4.233), and (4.234) 

f-S.UI.Ni 

[■inus sign indicates reverse direction of flow (from wall to gases)] 

•.-«•nan-uis)-i.ti.iflihMiViin.4Moc hm: 

Comparing the obtained results, we see that in this case the value 

of qa is very snail as conpared with qK and q^ and is equal to 

approximately 10£ of the radiant heat flow into the environment. 

N»4» 

* 
Pig. 4.44. Por the example 
of determination of equilibrium 
wall temperature T, OT.p* 
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of equilibrium wall 
temperature on T8(|)qq. 

Frequently during rediatlon cooling the fraction of q. can be 

even smaller. Therefore during rough calculations of radiation 

cooling It Is possible to disregard radiant heat transfer from 

combustion products to the wall. If « is also possible to disregard 

convection Into the environment (during operation of ZhSD In vacuum 

or In a very rarefied medium), then equation (4.227) Is simplified 

^ Tr.CT “ ^CT.p m ^CT.p ^ expanded form, taking Into account 
expressions (4.228) and (4.231), has the form 

(4.235) 

By solving this equation, using !n» as a parameter. It Is possible to 
construct the graphic dependence of Tc, on T^j this allows 

immediate estimation of the expected value of tV. (m the absence 
a_ and a Wpi» ii Jie\ ct,P 

Analyzing the values entering Into formula (4.227) and the 

graphs in Fig. 4.45, we see that TCT<p also depends to a considerable 
extent on the degree of blackness of the wall, The equilibrium 
temperature of the wall Is Inversely proportional to the 

of eor Therefore during radiation cooling It Is better to leave 

the external radiating surface, since degree of blackness of a rough 

surface Is greater than that of a polished one. m certain cases 

It is even expedient to create special grooves on the radiating 

surface. Increasing the apparent degree of blackness of the surface 
by 50-100)8 [86]. 
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External Cooling by Low«Bolllng 
Ccapónente 

' During operation of a ZhRD on low-bolllng components (for 

example« Og + Hg or Fg + Hg) It le Inpoeelble to organise external 

cooling of the chamber walle by the liquid component alone« In view 

of the very low boiling pointe of both the fuel and the oxldlser. 

The coolant« upon entering the coolant paesage« le quickly turned 

Into vapor and further external cooling of the chamber le then 

produced by cold gae (vapor). The problem of reliable cooling of 

the chamber walle of the engine le Beverly complicated by the 
following factore. 

During the traneltlon of the coolant from the liquid Into the 

gaaeoue etate the coefficient jt heat transfer from the wall to the 

gas le less than the of the liquid coolant. 

The specific volume of the gaseous coolant Is considerably 

greater than that of the liquid« and Is strongly Increased with a 

rise In temperature (by two-three times). Therefore It Is sometimes 

necessary to make the cross section area of the coolant passage 

variable In length so that In every section of the duct the speed 

of the cooling gas will ensure a value of corresponding to the 
arriving heat flux. 

The complexity of solving the problem Is aggravated also by the 

fact that under the conditions which obtain In a ZhRD the cooling 

of the chamber walls by a low-bolllng component occurs In the near- 

critical and supercritical regions of parameters of state of the 

coolant. Moreover« In the near-critical region a sharp change occurs 

In the physical properties of the coolant« rendering a strong Influence 

on heat exchange. Thus« for example« the heat capacity of hydrogen 

In the near-critical region Is Increased by 5-10 times. 

Xn comparison with other low-bolllng components hydrogen has the 

best cooling properties« since It has high values of heat capacity 

(approximately 5 times greater than that for water and four times 

greater than that for oxygen). 
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POMiblt rtglona of «tito of hydromn 
during ita uaa aa • coolant for 

a ZhRD 

. . .f" *h* ,*n,r*1 CM* «“"• Of phaa* aqulllbrlia p. 
haa the for* daplctad on Pig. • *(T) 

fl«# t.t6. Cum of 
Phaaa •qullibrlun. 

The cum of phaa. aqulllbrlua. OK, haa finita Imath and 
*"*"*!*,V'rr110*1 Polnt corra «pood ln» f0, 

to th. full, daflnad ».lu.. 0f t^ratur. T, «d pm.«« p^ 

At valuaa of praaaura and taapa ratura hi*., th« „meal th. 

* * “*• 1* 10 th* "A10" of aupare rltlcal paraaatara of a ta ta 

tr«,sitire8lr U l* n° l0n**r I"™1“«»!» to talk about tha ptaaa 
tranaitlon of a aubatanca. alnca tha aubatanca doaa not haaa a llould 
and caeaoua phaaa boundary and thara la no fundanantal dlatineti JÎ 
batuaan liquid and na t* 4. “ dlatlnottan „ H s ' Althou* It la difficult to rltuallia 
dlatlnctly auch a nadlun, l«klng boundarlaa. It la aecaptabla to 
conaldar that a aubatanca in thi. raglon conatltuta. a c^mm. 
of group, of nolaculaa «th dlff.rant danalty. ^«dlnTSTÎH. 
lua. of praaaura and tanparatura, tha aubatanca la In a atata 

fm*tht0 T!0“! °r Cl0Mr t0 th* Uquld- » Mrottn 1. ax^d 
fro« tha point of via. 0f it. uaa aa a coolant for ZhRD, th. duLa. 
which characterize, tha atata of hydrocan (Flf. MT) can ba aonauii±L 
tentatively divided Into th. foUowln« flva w*on., 

é 

1. Region of boiling. 

2. Region of the neer-crltlcel state. 

3. Region of atata of hydrocan at a praaaura eonelderably 
exceeding th. critic« (»..2.8 ktf/c.*) „d at a c<n».r.tlwÍÍ low 
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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 subcrltlcal pressure.

At present 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 
a- for different hydrogen states.

state of hydrogen.

During calculation of cooling by hydrogen for determination of 
Ojj In the first approximation It Is possible to use formula (4.192).

Order of calculation of cooling by a 
low-bolllng component

The calculation of cooling by low-bolllng components Is conducted 
by the method of successive approximations. For this the combustion 
chamber euid nozzle should be separated along their length Into 15-20 
sections and every section should be calculated consecutively. It 
Is possible to propose the following order for the calculations.



, V.^ ““ 4umb"tl00 of tMpcratur* of Um gu wU [«tel 

irri of,u>* »“• »• »tm«« 
4i,mbuti“ * *.*.«*«, *«* 

X ind^hirkM«*»^1 *!* Tr,0T’ *1*0 ‘•’O ttowol eooductlTlty 
*4 thlekMM «g, of tb* Intomol MU, UUnln» th* tmtrotur* 

of th« liquid wull by foraulA (4.229)t 

tho valu* of X ii ukm for avoraf» taaparatur* of tha aaU 

3* DtUrali)« th« vmlu« of a- n«e«s««ry for 
totol h««t flu«. By foraul« (4.191) 

«■•■oral of th« 

TÊkê th« «Alu« of ^ A« Ararat« for «och raetloot 

(*.«) 

Tmm 

i*« - Inlftj mtr • outl« t/out flow] 

». D»t«rain# coolant prahaatln« ar«. and the ta^aratura of 
coolant ou trio» on each »action. According to foraula (».8») 

(*.8J7 

•»••r. - heat exchange aurfaca area on a glam »action, c . - h* 
capacity at .can valuea or praiaura an« taaparatur. on a glam .act! 

Tmmm-Tmm+àT',, 

«93 

tooting *rm, fmd 



t 

I 
I 
I 

3« find tht coolant prastur« ?ox*,n 00 th9 into tho first 
Motion. 

6. Fron tho fornolao for eoleulation of oa dot*min« th« tpood 
of coolant which onauros a ralua of «qual to that obtalnad 
bp oapmsalon (b.236). N«an valu«« of coolant towpcratur« and 
proaauro on a given acction am ua«d in th« calculation«. 

7« Blowing coolant «p««d wOTa> d«t«min« th« dirnnsiona of th« 
flow ««otlon of th« coolant pa««ag«t 

whom th« valu« of poxa is taten with «vorig« paramt«rs of «tat« on 
a given ««otlon. 

Sine« tte dlamt«r of th« coolant passage over th« clrcuafemnc« 
of tte croas section of tte engine chanter Is known, th« determination 
of fpjQi usually reduces to determination of the height of tte coolant 
passage 

8. Oetemin« tte loss of pmssum 4p1 on a given section and 
tte preasum of tte coolant on tte outlet of the section. The quantity 
4pi is node up of local losses (4p^)f losses on friction (dp«p)« and 
also Iosms of pmssum as a result of acceleration of gas on a given 
eectlon (4pw)i 

SA-âlW+âAf+ter (t.259) 

Tte order of determination of and dpv 1» fiten below, 
in Motion 6.6. It is necessary to note that the magnitude of friction 
looses during notion of hydrogen along the passage (dp^) is 
ooopamtlvely snail, due to tte low viscosity of hydrogen. 

feowlng dpi# determine coolant pmssum on the outlet of the 
. sectioni 

(*.ao) 
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Pu» U 

Fig. 4,48. Change in 
Poxa' an<^ height of 
coolant passage tube 
during cooling by hydrogen. 

A» can be seen, the calculation of cooling by low-boiling 

cooponents is considerably complicated not only by difficulties 

connected with determination of o, for different states of the 

coolant, but also by the fact that, in contrast to cooling by dropping 

liquids, the calculations must take into account the compressibility 

of the component and the influence of pressure losses along the length 
of the duct on the process of heat exchange, ' 

Figure M8 shows typical graphs of the change in coolant pressure 
and temperature and also m the are. of the passage section (height 

of channel 6o„) along the length of duct during cooling of a can-type 
[tubular] chaaber by hydrogen. 

Heat Exchange in Nozzles with a Center Body 

ttie of basic difficulties in using nozzles with a center body in 

ZhHD la the complexity of organising the cooling of such a nossle. 

9. Conducting consecutive calculations for all sections, 

th* *eCePt*blUty °f th# obt*lMÍ "«Hf and if necessary 
correct or repeat the calculation. If the calues of f0I. (or G ) 

o tained on separate sections difficult to fulfill m practice, thi 
®ia va..ue of Tr<ei is corrected and the calculation is repeated. 

, Kn0>'lng th* pr"8ure l0« over the length of the entire duet 
(IdP1 ), determine the pressure Pom,.*,, of the component at the 

combustion chamber inlet (Fig. 4.48). If the obtained value of p 

differs from the given value, the calculation 1. repeated with a S"'““ 
value of coolant pressure toxa,M on the inlet. 
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! 

th * ^ eo“pl#xlt1®8 ar« c»“»*« In the first place by the fact 

section“ TT t0 th* USUal Zhm *ith * no28le« »he critical 
section «id combustion chamber of an engine «ith a nom. with a 
center body have annular form. 

Due to this shape the perimeter of the critical section and 

or: :vhamber is sharply increased. Elementary calculations 

show that for a nozzle with a center body the perimeter of critical 

. tion (place of the most intense heat exchange) is increased by 

5-10 times. Furthermore, on one side of the critical section there is 

ZS.8 SharP eí8e’ the C00lln8 °f WhlCh 18 ln lt8elf » complicated 

lar„!hehSUrf!ee ^ “ annUl*r COmbustlon chamber is also considerably 
ger than the surface of a chamber of the usual shape, which leads 

o an increase in the total quantity of heat output on the section of 
the combustion chamber. 

r.v.,r\lar8e perimeter of the critical section of the annular shape 
;ly hampers the creation of a reliable near-wall layer for 

internal cooling. The area occupied by the near-wall layer in the 

»d hM r°! 8r0WS ln proportion t0 th« Perimeter of the section 
and this leads to its obstruction. Especially strong obstruction 

occurs with large diameters of the center body, when the annular 

critical section resembles a narrow slot. In this case in the section 

general no place is left for a reliable protective near-wall layer. 

Cooling of an engine with a nozzle with a center body is addition¬ 

ally hampered by the fact that such engines have two independent 

LT!?*8’48?! (8ee Plg- 2-21> - °ver th. contour of th. center 

ri07" he eXt8rn41 co,,tour- Depending upon the type of nozzle 
one of these ducts ensures cooling of the chamber ahead of the 

critical part and the second provides cooling of both the chamber 

•nd the transcrltlcal part of the nozzle. This presence of two 

coolant passages strongly complicates input and the subsequent 

separation of coolant along the passage. 
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Calculation of cooling of notalea 
with a center body. 

Calculation of cooling for notai,* with a enter body can be 

conducted In the earn, order at that for the utual noxtlee. Me will 

note only certain pecullarltlea In ualng the calculation forwulaa 
obtained above for detemlnatlon of 

During calculation of cooling of round noxtlee we eelected the 

the critical throat dlaneter Dgp at the characterletlc dlaenilon, 

which in this cate la lapoialble becaute the critical (action 1, 

annular. However, we can (elect aa characterletlc a oat other 

of a nettle with a center body - for exaaple, the uaually given 

value of the email diameter d of a toroid or annular chamber (Mg. t t9) 

Effective 
flame front 

Fig. M9. For calculation 
of cooling of a nozzle with 
a center body. 

Hien in the expreaalona for calculation of t. the dlaenalonlaca 
length of the aectlon x «d diameter of the center body B rtll^qual 

a-fi 

_ SlnC*.^e U,U41 relatlonehlpe which determine 0 and 
P/P00 aa f(B) are Inapplicable for a nottle with a center body 
formula (t.l*) alao 1. Applicable „d cUcuUtlcn ” ^ be 
conducted by formula (4.141) (with conatant T. ) 

"•Of; • 

where ; 5 1. the apead of the flow "core" near the chamber 

wall, i.e., flow rate along the rarefaction wave Aident to a given 
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point of the contour; p Is the pressure near the contour at the given 
point; by and a^ are determined by equations (4.127) «nd (4.129).

We will obtain the expression for RSqq (4.159), replacing Dj^ 
with the new characteristic dimension d:

Rew-
UST at: (4.242)

The formula for determining Is obtained from formula (4.160), 
after substitution of the values of pk and w from expressions (4.155) 
and (4.l6l) and calculation of the Influence of the Pr number by 
formula (4.172) in a form analogous to equality (4.175):

_ _ _ .CA IM 0

('•.2*0)

where p Is the static pressure near the contour at the given point.

Footnotes

^Rules and methods of averaging are analyzed In detail In works 
[94], [137].

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

®The derivation of Integral equations, their solution, and an 
analysis and obtaining of dependences for determining q- are conducted 
on the basis of works of V. M. lyevlev [77], [78].

♦See work [25].

®It must be noted that due to the accepted assumptions expression 
(4.207) gives oversized values of T]p. Furthermore, with the calculation

^ coolant passage with soldered corrugations values of
Tjp are obtained even more oversized, since the additional thermal
resistance at soldering places of corrugations to the v»all Is not 
considered.

®A detailed analysis of the effect of the geometry of ribbing 
on Tjp Is given In the work of V. S. Zarublr. [76].
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