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CONSTRUCTION AND DESIGN OF ROCKET oN3INZS.

7. A, Volodin,

Page 1, . ‘

It is approved by the Ministry cf th2 iigher and secorndary special

rincation of tha USSR as tha taxtoock far +he technical schools.

Page 2,

In the textbook are givan comaca survay/coverage, th2

classification and short rocxet-mctcr characteristics and thair
vorking mediuas/prepellants. Is oricefly prasent2d thz histery cf the
development of rocke+ engines. Is examized the *+heory cf thernmal
rockat engines and are presented tne bases cf construction and design
of the rocket engines, whica workx on the liquid and solid chemical

propallant, Is given scae information aoout *he nuclear and

elactrical rocke% engirgs.
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Ta2xtbook is intendszd for tae stidying mackire-rkuilding technical
schosls, It can be usaful to tae tecanical-enginrearing woarkars of

rcck2t 2ngine constructica.

Pag~» 3,

Pr=%acas,

Iz last 10-15 years is vijorously devaleped rocket and scace
tachnology, Are created differsat cypes of the highly efficiant
rockat 2nqgines, which wcrk on the iijuid and solid chemical
propallant, are developed/processea nuzlear and electric motors. In a
aumber of cases in ore rockat appazatus simultaneously are used %ha

engines of different tyres.

At present there is a sufrficiently numercus li+terature according
to the theory, by the censtruction/dzsiygn and according to the design
of RD, However, ur*il recantly thei€ is no texthbook on the rocket
engines for the technical schools. Targat of this book - to completa

this gap/spacing.

Textbook consists c¢f four rarts.

In the first part ara jivan tae ganeral informaticn about the
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rockat angincs and *he rock2c ippace:iszs (princiole cf thair

"y

fsc+t/saction, classification, tha parameters, thn fi<ld of
apnlication, atc.). Furtheramor2, are given the classification of
werking medium/oropellants of g0 and ta2 r~quirements, prasen+ted to

+ham.

[1 tha sacend par* froa ta2 pesition of +ae gsrnarzlized conceos
"thermal rocke:t engine" is exasined th2 theory chemical anad

rorchemical RD.

The third part of tha taxvocox is I:3dicatzd to

construction/design and desiyn cf the chemical rocket engines (first

of all of liquid ocnes), whica at present undervent great development.

In one fourth is given sowe inforaation about noncheamical RD.

All parameters in the taxtoccx ar2 given in :the international

syst2m of units (to system of 5I). The figures, civen in %*he Lock,

for tha educaticnal goals ara carzied >ut simplified.

The author expresses deap appreciation tc¢ doctor of tachnical

scienc2s, Prof. G. B. Sinyarav to aoztor of technical sciences M. R.

Gnesin for tha considerable atianticn to the publication of present

+ex+book, and also for tha valuaple obsarvaticns whose account mads
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it pdssible to considarably improve his guali+y,

Paga 4,

During the review c¢f tha manuscriot 2f +he book G. B. Sinyvarev
communica“ad *o the auther tae npuzoer >Z coriqginal materizl: r1:~-~riling
to the classification, the metacas c¢f zalculation arid or--=risan ¢f
*he angines o0f Aiffaront typas. Tacs3 dpsarva*isns and ma<-cials war<

used for the wnrk above the 20Ok«

ot
>
W0

During the writing of soma chapt2rs of t2xthook wera useful

obsarvations of eng. N. VY, Ivaaov ard Cand. of tech. sciences Ye. 1A,

Ivan'kova. Grea* assistanca the author they showed/rendered with
accomplishing of calculations or aag. ). T. Veclodin, arnd in ¢he
formulation ¢f the figures - eny. T. I. Ivanov. By all to tham %he

2u*thor axprasses his gratictude. : !

Tha author with “he appraciatiol will take critical observations
and wishes about an improvement in the bcoks which should be sent to
an addrass: Moscowv, B-€6, Ist 3Jasaanrnyy st., 3, publishing house

"Mashinostroyeniyew,




Part I.

ROCKET ENGINES AND ROCKET APPARATUSES.

Chaptear 1.

GENERAL INFORMATION ABCUT THZ RCCKET ENGINES.

§ 1.1. Reaction forces. Genaral conc2pts about jet engines.

Jet engin2 is called the 2angine waich creates force for

displacinrg tha apparatnus in tha pach spacz the energy cenversicn of

its svn or external source into the kin2tic energy cf thz stream of

substance., For the wcrk cf ja@t engin2 can be used hoth the substarnce,

placad sn board thes apraratus, and =avironmen%, i.e., the medium in
which works the ergine. Th2 stream of the substance, which ascapss
from the jet engine, is callad exhaust jet, and the fcrce which

appears as a rosult of its cutflow - r3action forca.

Tha parameters and the state of aggregation of substance hefor=

+he utilization in *he engina (i.e., piren* substance) anrd in oxhaust

o i
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jet usually substantially ar2 distinjuished.

Parent substance cf exandust jet can ke found in the gasceous,
liquil or solid state and nave a tampacature, equal %o ampiant

temparature, Exhaust jet is aost frejuantly the hiqh-temperature

n

mix=ura of gas=s, The type of che utiliz=3 substance ir many resozic*

is Ada*termined bv the *ype of 2t eagina,

On2 of the basic ccmponents ¢f any jet engin# is ctambar/camera;
in its initial part the sunstaace 1s saifted into the stats which it
nus: have into exhaust jet. For examola, in the seri=s/ruamber of jat
engizes liquid chemical grops3llant is supplied ipto *%he
chamber /camera, in ini*ial part of winich (in the combustion chamber)
it burans, isolating heat and forming gJiseous rroducts. The final part
nf *h2 chamber/camera, callad aozzie, 32rves for accelerating tha

combustion products.

Page 6.

Tha2 jet engines, utilizad at prasint, are *he broad class of %h=z

engines of +he most varied designation/purpose. The region of their

use/apolication constantly is axpandad.

Por *he creaticr cf reaction rocrc2 they are necessary:

3




. : a) =ha subs*tance whicn in =he fara cf exhauds® de+ is throcwn out
from +*h=2 2nqgine; the substance indicata2d we will subsaquently call

workinj medium/propellant; H

by +ha source of rrimary 2n5eryy, dhich is cenverted in<s #3h=2

¢} engir2, i.2., the device, which ensures the conversion

indicate~d,

By working medium/propaellant or its composite/compound componant

part they can be:

a) the gaseous or liguid environmant, for =2xample the atmosohere

of the Earth and other plansts cr watar;:

3 b) the substance, placed 1r tne special capacities (tanks) of

apparatus or is diraeact in the angime chamber:

¢c) the mixture of the 2nvironmeat (for example, air) and %he
substance (for examples, keroseansa), supplied to the chamter/cammara

from the *tank of thae arpraratus (this substance can ke also pnlaced
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Airas+ly in +he chamber/camera).

Primary energy is stocked on pooard the apparatus in any source

or is accepted frem +the external sourca (for example, from the sun).
P

Te +thz smalles+ degres d20ena cn thz =nvifenx=s~% 2~ J3%
angines, in which is werkinj tas pody and “he scur~: ¢f primarcy

erergv “hay ars plac2d cn tha apparatus itself. Thsv ar= used

axtensively on +he £flight venicles, called reckats; therefors such
je* angires isola*~ 3intc the sagparat: class cf recket enginas (RD).
Rocket 2ngine is *+he only typa cf ths 2ngine which car work in any

gaseous and liquid mediua, and also in the vacuum (vacuum),

As a rasult of the cutflow or =xhiust jet from *the rocket engine
the mass of apparatus in the majoraty of the cases rapidly is
changed., Therefore rccket-propaliea levice is +he bedy of variable

maASS.

Rocket engines differ significaitly frem the systems which
consist of engine and motor, waich dava2lops reactior force. Example
is the system "aviation gas-turtine 2ngine+propeller"™, in which the
motor (propeller), given by enjyine, accelerates the incident by it

airflow, as a rasul+ of which is cziefat2d the reacticn force. The

prncasses, which occur in the angire and th~ moxor, and also th=

. — e
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thrcuch +h=2m, tc a

[{}}

workiny medium/orop=llants, wnich take vlazc

£

considarable degrea Aiffer frca each othar. Therefore ¢his systzm is

called the enginre of indirect reactisr.

Rocket engines are united into th2 unit strictly engine (for

=¢xampl2, combus+ion chaamber) aad wmctzr (for examels, rezzla),

Pagea 7,

Reaction force 3s created as a resul: of increasing moticn »f working
medium/propellant, morecver is working the bcdy, which takes place
through the engine and the motor, on2 and the same. Therefora rccket

engines are called alsc tae enjinas of forward reaction,
§ 1.2, Basic *ypaes of rocxet 2angines.

Bafore examining the classiticatisn and *he basic parameters of
rcckat 2ngines, let us dismantle/sel2c: the simplest diagrams and tho
oparating prihciple of most characteristic cnas of them, Lot us
introduce the conc2pt aktour tha engine installation (DU), which
encompasses the source cf primary en2rjy, tank with the working

medium/prcpellant and esngina.

DU with tha liquid prcpallacrt roc<2t ongire (ZhRD). AS tha

€ et er s S

e i, ‘ T , , — PRSI 2 =~ = =% = 5%




- tha conversion of their heat 1nto th2 kinetic energy leads tc th2

DO CruEENED> PAGE 10

workinj mediunm/oropellant 12 ZaRD sost fraguently are used +wo lijuil
spacially salec%2d substancas: cxicizer ard ccmbustible, oOxfidizar ani
fual, interacting wi*h each otner, call chemical €fu=l/propellan:, or

i+ is simple by fuel/prcpellant. Jxiiizar and combustible are

orop=1llant comoonents,

#ith *h=2 cours~ ¢f tne c2acracn o burning in *he combus+ion
chamber occurs convarsicn of 9rimairy (shemical) enecgy cf
fuel/propellant into the aeat, as a result of which are formed the
combustion gasas, «hich have high temparature, The accelaraticn of

combustion products in the nozzle cf caamber/camera as a rasult of H
creation of r=action fcrce.

Pig. 1,1 depicts the siaplsessc diajram ¢£ DU with ZhRD.

Installation consists ¢f champar/cam2ra 1, fuel tank 3, of oxidizer
+ank 6, of tank/balloon with cospressel gas 4 and valves 2, 5 and 7.
Comprassed gas during valve Opaning 5 3nters frem the tank/kallenn
into the tanks, as a result of which the pressure in then
incraasas/grovs. During valva openany 2 and 7 fuel and cxidizer beqgin

to entar chambar/camera and in it bpejins the process ¢f burning.

Solid-prooellant rccket eagine (RDTT). The rockat angine, which

works on the solid €uel, also relat=s :0 tha chemical engines. SoliAd
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chamical fnel/propellant is th2 ranistad aixture of oxiiizer anl Suyal
which in the form of charys 1s plac2i iirectly $n ¢he combhus¢icr
chamber, 1€ tha process of burainy ir 3IDTT has scme diffarances fron
the process of burning in 4aRD, taenh ta3 processes cf expanding *+ha
cembustion prodncts in tha nozzles of RDTT and ZhRD in many resnects

are analoqous.

Fij. 1.2 shows *he siamplest aaajria 5 ROTT, It censizss rf
housing 2, nozzle 4, sclid-proypellarnt jrain 3 and igniter 1. Buring
the suoolying of ccmmard/crew to the ijniter occurs the ignition of

*he solid-propellant grain waich ouras from the surface and ars o

formed the products c¢f ccmbusticn, vhich escape behind the nozzle.

DU with the Nuclear rockat eagiane (YaRD). The wnergy sourc= in
tha nuclear rocke* engines are tha ra2actions, which take place with a
change in the nuclear structuri, iacluding of fission reacticn of the
nuclei of substance vwith the larye atoaic mass (for axample, the
isotopes of uranium); in the prccess of these reactions is isolated a

large guantity of heat.

Page 8.

Pige 1.3 depicts the simplest diajrams of DU with YaRD.

Ins*alla*ion consists ¢f auciear reactsr 1, tank 3 withk the werking

’
~ B . —— -
Ay I} ARy s . )
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aediva/prepellant, pump S5, valve 4 ancé turbine 2., wcrking body €ronm
*Le “ank is pumpe? 3iprtc nuclaar riecter in which is placed ¢he
fissionable matarial, Flcwinjsoccuirinj/las+ing +hrcugh the rsactor,
vorking body vaporizes and is ngated t> the high temperature by *has
heat, isnlated during *he nuclaar fission of fissionable matarial,

Th2 jJazaous oralucts of <hae vazsrazazineg -7 isr¢iac wedium/orenallant

el

flow ou+ behind the nozzle, creat.any *ac :i-,

The power, necessary ror tne weck of nump, is transmitted vo it
*bPcough tha shaf+ frcm tha turoins. In turr, for the werk of turbinae
tc it is supplied certain quantity c¢f jaseous products of the

vaporization of wverking medius/gropellant, selacted /takan behind the

nozzla.

Engines exanmired atove nave :thes ganeral/commor,/tctal special
featura/veculiarity, ccnsisting ia the fact tha*t in them primary

(chemizal or nuclear) energy is convar:ed first intc the haat, and

then into the kinetic jet enargy. Thara<ore ZhRD, RDTT and YaRD

relate to the class of ttermal rocket 2ngines.

D0 with the electrical rocket engine (ERD).
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bibh b

tew,

* F"J. 1. 1. Plg. 1.2. Figo 1. 3.

Pig. 1.1. Simplest diagram cf OV with ZhRD: 1 - chamber/camera, 2, 5,
7 - valves; 3 - fuel tank; 4 - taaks/ballcon with ccrpressed gas; 6 -

oxidizar tank.

Fig, 1.2. Simplest diagram of RDTI: 1 - igniter; 2 - Fkousing; 3 -

solil-propellant grain; 4 - nozzls.

Pig, 1.3, Diagram of DU with YaED: ' - nuclear reactor: 2 =- turbine;

3 - tank with working medium/grcpellant; 4 - valve; S5 - puap.

Page 9.




Blsctri=zal rockat ~ngires airffsr sigzificantly from tha therzal by

tha fact +that for dispersing/acceierating ¢the working
medium/propellant in the motor electrical RD is used elactrostatic or
alectromagnetic fiald; with 1ts Lelp tae alectrical erergy is
| corvartid into “he kiretic jet 3nexgy. Therefcre werkirg body
mlactrical RD must pessess ia sxnaust jat *he sorcific al=schzical

oropvaerties,

For producing the electricali ena2rjy, utilized for acceleratirqg
the working medium/prepellant, necessary is *%he source 2f primacy

|energv,

Basic units of DU with ERD ana nuclaar source cf primary energy
(Pig. 1.4) are nuclear power plant ], tank 3 with the working
medium/propellant, device 5 for tne cr2ation of alectrically charged
par+iclas and device 6 fcr taelr uisSparsal/accealereticn with the aid
of electrostatic or electromagneétac £i21d (motor). The discharge

velocity of working medium/propsliant behind the nozzle elactrical D

is considerably (by an crder) acre thaa in tharsal cnes.




1YW

Pia, 1.4, The simplest diayraa czr LU with BRD: 1 ~ =arc<spallceor with
+*he comprassaq gas: 2, 4 - valvcs; ? - =ark wish ¢h~ uworking

medinm/oropellant; S - device fcr th: :sreaticn cf olactrically

chargaed particles: 6 accelaratiug iavice of electrically charged

particlas (motor); 7 - nuclear [fpower plant.

8 1.3. %ccket engina thrust.

Thrust of RD - this is tha torc2 4ith which the engine acts on
rock2t apparatus, causing its displacea2nt/acverent in tha space, or

to *he stand on which ie astaplisaed/installed %¢he 2ngine.

Rocket eangfne thrust in tae vacuun, Let us first exaaine the
casa of tha vork c¢f engine ins tie vacuum (out of the limits of tha
atmosphere of the Earth and otaner planets). Such conditions are

charactaristic for RD ¢f 3space veaniclas (LA) and many roccka*s.
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Concapt "vacuum" can be ccnnec*:d with ucper berder cof
atmosphare, namely, it is possicle *o consiler *hat with an increase
in altitude of flijht of LA che piessuc2 ¢f the atmcsphere beccmes
aqual %o zero whenr aercdynamic Iesisting forces are decreasad to *the

negliqgible valies.

12t us esxanina the darivation ¢f :a1e formula of thrust in the
vacuum based on “he exampla of rock=t ioparatus with ZhRD (Fig. 1.5).
Thrust in the vacuum let us 3esignat: P, In order to simplify ¢he
derivation of the formula of tarust RD, let us accept the following

assunmptions.

1. Flov of gas during moticn alcnj chamber/camera
unidimensional, i,e., gas movas in parallel tc¢ axis/axle of
chamber/camera, moreover in @ach cross secticn of chamber/camera gas
velocity with respact to entirs cross saction is identical. Actually
aas velocity over the crcss section is not strictly identical and,
furthermore, gas in the nozzle moves not ornly in the axial, but
vartly, due to the cemplex nozzle cenfiguration, and in the radial

directinn (Pig. 1.6).

Page 10,
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2, Plow of gas in chambar/camera H2irg steady (s+tationary),
l.f4, PATamatars of gas in eacn o1 its crecss sactions 2o nect chang-»

in *he course ~f ¢ine,

3, Neaqligible by sgpead of moticn 7% liquid propellant in *2nv

W: 3lona its axis/axle (spzed inuicat2i is lcw).

L2t us accapt the directicn, copnsite to +the direction of *hs
mo*ion of gas, for the [csitiva. Let 13 examine the fercas, which
effect or tha part of *Lke gas flow, which is loca*ed within the

chambear/camera. Such fcrces two (Fig. 1.7):

a) the force of sclid cnamber walls. This force is ejual in
magni*tude to tha interesting us reactisn ferce c¢f P and is oppesite

to it in the directicn, i.e., it is 2qual tc -P:

b) the forca of gas flow, which is located bevond nozzle exit
section (thils cross section 1s cailed alsc nczzle edge). The
paramatars, which relate to nozzie exit section, we will designate

infex %“c4w:

p. - gas pressure in nozzle 2axit s2ction;

by




J- = nezzle axi+ area;

¥, - gas velocity in the cross section indicated, etc.

The force in questicn is 2aqual to osrcdnct  feper i+

'J
0
N
“
r
(1]
0
ot
]
—ad

to the side, ooposite tc the direction of the meticn cf gas.

During the design cf the forces 2xamined to the longitudinal
axis of chambar/camera we optain ccmpasite fecrce P, effecting on th»
gas flow, flowing on +te chamber/camara,

P:=—P+fcpco (I. I)

Let us introduce the followiny dasigraticns:

1) Muay = initial mass of f£lagh® vahicla (to thz start cf

sngine and of tha start c¢f apparatus);

2) Mwon ~ the finite mass or apparatus (after 2ngine cutoff).

{
i
!
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' Fig. 1.5. To conclusion/derivation of equation of rocket angine

thrust (based on example cf rccxketr apnaratus with ZhRD) .,

Key: (1), Posi*iye direction.

Fig. 1.6, Arrangament of jas juts, which €scape/ensue from nczzla: AW

- spaed loss to nonvarallalisa cf gas j3+t cf axis/axle c¢f neczzle.

Fig. 1.7. Porces, which effect on flow of gas, which is located

within chamber/camara.

Page 17,

Value Am=mMgq—Mwon 1is aqual t5 th? mass of fuel/prop=allant or

reaction products, spent by enjine for the time of its vork.




A ctange in *he merentum J2f wass An equally

sensa of +he vector c¢€ sgeed W; arnd Wo

Am[(—W.)— (=W,
or am(W.—W,)

Accerding *0 thecram C¢i "iILatill The nCower

Piat= — Am (W —W,).

(let n1s consider tha

v1lss, which aros»

is e7ual to a charnjy2 in the juac:tity of its mection.

Taking into accocunt assumptior Ws=0, we chtain

P2=—Mw/c
At

er *aking into accour* equatica (1.1

Am
—P+fcpc=";; ce

‘A
Aenca P=-AT'" W+ fep.-
Por the case of wcrk of Ro in vacuum P=PFPp

Pu=:—": Wc+fcpc-

With the work of engine on invariable mode

Am .
— == m = Const,
At

Therefora

T *h2 *+ime Ar as resuls 0L Ta=z acca a*ticn 0f ¢he r2jectad ma
for *h=2 +ime Ar as a resul acc2lera%icrn of ¢the r2jectad ss,
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whera m - mass 1 flew rate for ta: *iae urit (1 g),

FOOTNOTF 1, In *he textbcoks and othac technical becks, created
without *aking into acccunt the systam of SI, frequently is used “he
weigh* flow ra*e par sscond, mofeovr: it they designate Dy lettoar 35,

In +he nvaervwhelming radicrity of tae casas i4 is nocse convsnisns

Yy

inst2a? of *he weigjht cn2s to use th® rpass parase sul= o

ot
»
(o]

s as

>
t
W

simolification #a sguaticns and indepardarce c¢f prass frem the faorces

of gravi+tational fields, ENDFOUTNQTE,

Consaeguan*ly, reocket enyiae thrust ir +hzs vacuunm

Pn’—""‘lwc"'icpc- (1.2)

Page 12,

Por the series/numbter of caiculations it is converi=2n%t to
expr2ass *hrust in the vacuua more simoly:
Py=mW, ., (1.3
whery W.p - affactive e@scape valocity, Vvalue W,; can be datzrmined,
after substituting axpression (1.3) into equality (1.2)
AW+ f o pemmW, .
Henca
W, =W L, (1.4)

One should emphasize that thrust irn ths vacnum - “his purely reaction
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I'h

orca; it is actual thrust craracteristics of RD, sincz i% is wholly
determined hy *h2 preccesses, waica ¢ccur intra-chamrer/intra-camera
and leading to an increase in che wmomentum of working
medinm/propellant, The thrust Jf trermal rocke+ 2ngines in the vacuunm
is expressed also by tte eguaticn

Pn=Kprfx;v {1.5)
vrars Kp - #hrust coefricieat in th2 vicuum, which shews, in how
often +he +hrus+ i the vacuum cf mcrc2 “han product Pufep. i.=.,

P,
Kp=—"1, (1.6)
Pt
whara px =~ gas prassure in thi coambustior chamber (it is mors

accurate, a%* *he nozzle entryj;

fww - area of the critical (smallest) cross section of nozzle.

Thrust cecefficient in tne vacuun - dimensicnless quanti*y, which
depends on the chavacteristics cf nozzle. Value Kp increasss/srows
wi*h an increasm of the ratio of pressure in *ha cress section a* the
nozzle entry and in nczzle axic section, and also with th2 decreas:

of losses in the nozzle. Usually Kp=12+22

Rocket engine thrust when amoient pressure is rpresent,. Lzt us

determine value and diraection of tn2 Sorce, which affects on the

engine from the side o€ the envircnment.




chambar/camara is =qual and 1t is =qual tc tht prassure cf <he
undisturbed envircnmen+, For egawgie, fcr *he angine, which works in
*+he a*mosthere of the Farth, tae pressure indicats? is uniquely
determined by heigh*altitude h asov2 i*s surface, and for tae

engine, which works in the watar, 0y submersicn depth of apparatus.

pressur2 a*+ height, altitude h 124 us designa%2 px and the

+nrus+ which daveloos FD at nhergut/altitnc=s h, throuqgh P

L2t us incidan*=ally ncte cpac d1tirg *he mc+icr of rocket
apvara*i1s in *ba atmcsvhere of tas Eactt¢n ¢r ancther planet on *ha
tcusing of apparatus acts the aarocaynamic drag, which brakes the

mo+ion of apparatus.

L2t us determine resultant forc2 of pressure on the oxtarnal

surface of chamber wvwalls.

The resultant force ¢f tha evenly distributed amtient pressur=

on anvy closad vessel is egual tc zero.

Page 13,
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But chamber/camera is vessel witi th2 openingraperturs, namaly wish
cpen exit section with an arsa ct ’@1 Therefors “hke agquilibrium of

forces of ambi2n* nressur? is Jdisturbed: appears “he force, equal *c¢
tha oroduct of area /¢ to tae amolent pressure Pr Let us desigra«?

the force indicated, caused by the pr2sence of the baroma2tric

croesyra of +ha ar-rsateza, Pegpn

Consaquern*ly,
Pssgn="Pnfc (1.7
As it 3s nnt d3fficult to se2 from Pig. 1,8, force Peapn is
directed to the sida, cpgosite to the sense of the vector of reaction
force. Therefore taking into account egquality (1.7) thrust at the
arbitrary heightsaltitude h
Pr=Py—prfe (1.8)
cr #aking into account equatican (1.2)
Py=mWe+fc(Pe—pa)  (1.9)
Corsaquertly, recket enjine tarust in any mcde of its operation
vhich is characterized by ccnstant flow rate/ccnsumption of the
vorking mediua/propellant ﬁ, it takes the different values with a

change in pressure pn i.,e, f£ligav altitude cf vehicle.

Bquaticn (1.9) exrresses the thrust cf any rockat engine wit
i*s work at the arbitrary heightsaltitude. The thrust indicated doas

rot depend on *he flight speed of vehicle and with an increase in
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fie

al*itnude, i,2,, with +he decrcase of prassur2 pa *to & cartain

extent increasas/grows, what is the 3dvantags of rocket =2njinss

1
14

compariscn with tha je* engines, wuich use as the wcrkirn

medium/propellant the envircnmant.

Fffective Aischarce velocity &t *h= arbi*rary beighe/aleinain
is =7ual to
W, =2 (1.10°
m
or taking into account ({1.3) and (1.8)
W,,,=W',_,—-M. (.1l
m
It was above indicated that iaportant rock2t-mctor
characteristics is *he thrust 1n vacuumn Pz Por “he engines of tha
flight vehicles which are started rrom the EBarth either from the
surfice ships, high value nas also thrust a+ the lzvel cf s=a, cr

+hrust in Tarth P..




Fig. 1.8. Diagraas/curves of taa
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enrvirorment (atmosphere) ca tha external surfacsz o
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ot

he walls o<
cylindrical con*airer with tae cpening/aper=urs with an araa =°¢

in ona botton,
Page 14,

If wve designates the pressursw of thes a*mosphars at thae level of
sea ps then in accordance witn egyuation (1.8) thrust a*+ the level of
sea

P3=Py — pif. | — (1.12)
er *akirg into acecourt eguatica (1.2)
Py=mW.+f.(pc — ps), (1.13)
i.e., due to the presance of tne gressure of the atmosphere thrust at

the level of sea is not the actual characteristic strictly of engirae,

Rocket engines are characteraz2i not only by thrust, but also by

povar,
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boC

Most important power rocket-mctdr characteristics is the power
of axhaust je~, This is net pcear, diractly utiliz2d for the thrus:
apnlication., Por the case of wozk an the vacuum th2 pcwer of axhaust
jet .
- mw?

o

N etp. n

Trn apy enqine n~%t cc..- zozp0s%s csrtalin pact of the source
power of primaryvy enerqy A, J1etermina2d by the efficiency of engina
N. Therefore for any rccket 2a3lne

New. n
Ny = —

In the chemical rocket engines (Kh3D) the source of primary
energy is the fuel/prepellant. Taerefore thair primary powar is
drtermined by the consumtticn of fuel m and by chemical anarqgy Euun
of that containing in 1 kg. of fuel/propellant, i.=.,

Naeps=mE xay.

For the work of all noachesical (nuclear, solar and 2lectrical)
recket engines con board the vanicle necessary is the sourcs cf
orimary energy. With the increase of the necessary powvwer coefficient
of exhaust jet of such engines respectively (taking into account the
affiziency of snginea 1) it is nacessary *o increase the source
pover of primary enargy. Therefcra its mass and dimensions for the

creation of the large fpcwer of exaaust jet cf all types nonchemical

RD, aspecially a*+ low valuas H: peccms exaggeratad, vhich makes the

L-—"—"-"'—“-“_._’__,,ﬁ,_._.*__k ,
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charactaristics worse of rocket vanizla as a whcle and +o 3

corsijerable dnagree lirits tas range of the u+ilizad thrusis cf

engines inAicated.

&€ 1.4, Specific varametars of rccke*t e€i1gines.

-l -

mest Smpor*ar® raram=c3rs ¢f 3L include: a) specific

impulse; h) ¢the specific expanditure/consumcticn of werking 3

mediun/crcpellant; c) the specific powar of exhaust jet and 4) the

specific mass of engine.

page 15,

Seecific impulse, Is distainguiskel mess and dersity speacific

impulse.

Mass specific impulse /m is callad the impulse/momantum/pulse,

oer uni+ cf *the mass (1 kg.) of werking medium/propellant,
I e
Iyl=—m—' 1.1-7) ]

If +ha *hrust of engine P 1s constant during entire operating

time of engina r, then the iapulsa/memntum/pulse, developed with

; engine, is equal to
[ =P, (1.16)

Substititing aquality (1.15) an 2juation (1.16), we ob*tain

== an

T m m'
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L J
vhers m - mass €flow ra*e por siccac of werking m=dium/prop~llan<,

FOOTNOTE !. Bguatinn (1.17) 1Ls conveni2ntly usel in the theoretical
analvses; §% parsly explains taa uirilization cf a terr "sgpecific

+hrust” (*thrust, whick falls <3 tae 2xs:niitic-scensamoicn of

%]

warkirg mediym/prepellant, ajual co 1 < /s). EMWDFCOTVOTE.

If with ¢the work cf 23njias 1vs thzust chantes, “hkan car chanqe
also specific impulse; in this case i3 used the concapt "average/mean
speci fic impulse® /y1. If £3r tha *im2 of testirg r the angine
+hrust changes according to ch3 law 5f P=f(v) (Fig. 1.9), then the
value of area under curve P=f(r), numarical equal tc tha value of

<
in«egral (Pdﬂ is total jat Ziraing; let us designate it /.. Than
&
,r

/yl.cp= z:v
vhere Am - total quan*ity ol wWorking nadjum/propellant, spent by

engine fcr the= operating taimj.

AS can be seen frcm Pig, 1.9, value /: can be written in *he

form of +he aquation

/:SP”T‘

wvher2 Pop - mean-integral thrust valua for production *¢ime of

enginea,
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Piag., 1.9. The qraph of a canaaje 1in the thrust of 0 ip tiae 2?=¥(r': ~
- *otal operating +#3ime cf ®D; r' - ronant of s~varazticn ¢f zTcckat
frem tF~ launcher; r'' - pomsn: Cf supulyingjy cemmand/cr=w te 4h?

disconrec+icn o< RD,

Paje 16,

In accoriance with equacion (1.17) the specific impulse of RD
deperis on ambient pressure, since it influences thrus*t. Therefore :in
the mos% general case specific impulse 1t is necessary to lesigna*e
Iy3», by underscoring thereby its uop3nience c¢cn height/altitude h, sc

that equation (1.17) acqguires the rclloding €crm:
Py

lyor="" (1.18
or taking into acccurt egquatica (1.7
[yanem W Lee=2n), (1.19)
On the basis of egquaticns ('.10) aad (1.13)
L ar==Wy (1.20)

The greatest specific iapulse of 3D is developed with its work
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in ¢he vacunm, Srt-cific in_uls2 1a vicuia fyam  is ¢he mos+% important
parametar of RD, characteriziny tne sfZ:ctiveness c¢ ¢he applied
vwork’i ng ma2djum/orop~llant and :he perfactiona cf +the

construction/dasign <€ enyini,

Tacing fmcc amssare ggaations (1.13), (1.1 and (1,20 sce=cific

imonl e dn % 3tiar oand 3t tae levsl 0F sea
P

,","ns—’:"; (1.21)

=W Bl (1.22)
m
P,

/’“37’, (1.23)

/yl.:-Wc + L (P;'- £) "W..s‘ (1.24) ]

Although the value cf specific impulse at tha level of sea is
not the actual charac*eristi: strictly of engine, it thay usa

extensively, whick is explained by *ha following reasons.

1, Many erginres operata (<crx cut) under “errestrial conditions,

i.e., a* rressure p,

2. Specific impulse at tha level of s2a can be designz4d
accoerding ¢o results of benca :est cf 2angina ¢n lavel (1.23). Thrus+
lavel P and *the nmass floe race ¢z the working medium/crooellan+ m
can be measured in *he fprocess cf ocench tes* c¢f engine with the

sn€fjclantly lov errer.
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T e

3, Conduc+inqg tes*s cf 3njages or 2arc*h/3rcund whken p.—0, i,a,
with safeqguard of vacuum around eoyine chamber, is vary

} hindered/hamperad,

Savs 17,

There¥ore specific impulse in the vacuuad is determina2d via
conversicen, us'rg as the inicial value a spacific impulse at “ha
lavel of sea, 12signed according to th:z results of rench tes%t of

engine.

The dimension of specific impulse can be detarmined frem

agnatien (1.18):

P s B ) u.cﬂfe‘]
(I.4)= (m) Tz cen] =[ poy VN

XKev: (1). kg/s. (2). Noes, (3)« kye

Ir the sys*em “KGSS the force and mass flcw rate havs a

dimension kgf and k3/s 1t.

POOTNOTE t, Here and subsequently as th2 unit of mass in the old
r system of uni%tv we select kxilcyram (kg), bu* not kges2?2/m (the derived

uni+t of mass in 4¢he system 4KGs5S). ENDFOOTNOTE.

—_— e ———
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Tharefore the dimensinr ¢f 3pascirzc Irnulse in %his systen

27 im) Bz cex] Wk |7

Kay: (1)e kg€, (2). kg/Se (3}« Kgos. {(4). k7.

_ [Pl Dk xl-cex "

However, in the *+echnical literiture freguen<tly is 1ussi ano+vhar
dimension - s, which s valid coriy £or ths weight srecifis =+

firing, which works a+ the leval c¢I se:z,
Py

ly:.: =TT

7

i,n, for the thrus*, per unit of weizht flcw rate per szconi of th=

working medium/propellart G,

Pl Owr) 6

{{ya.s]= (G] arxl'_ce—xi—: cex).

Key: (1). gqf. (2). kgf/s. {(3). s.

The axpression »f specific impulse at the arbitrary heighty/alti*uie

and those in the vacuum in the seccrds is artificial, conventicral

method, since in this case, for exanmpls, the thrust in ¢h2 vacuunm,
exor2?ssed in +the kilegrams of force (kygf), is carried t¢ the flow
1 ra*te per seconi of werking madium/propsllant, exrressed in the units

of weight on the Earth.

The value of specific impulse substantially affec*s the“

j axpenditure /censumpticn of the working melium/propellant m, necessary
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for the creation o€ the prescribed/z2ssijrL

e

{1.18) i+ follnws +tha+* wita tn3 1ncrsasa of szecific inpulsa
s j of

for th=2 creation of cnre anu th2 sawe thrus+ ig decreas=4,

3 thrus*t. Freca a2quation

valny

o

Dansity specific impulse is callea the igpulse/mcmentum/pulse,

PR

which falls ner unirt vclume (1 x3) 0f tae woarking madium/sconal se-

TJ'
{
y&.06 ="1;_

/
or i+ !s analodqeous wi*h egquaticn (1.13)
1
Py oo
I)’l.v5h=-_‘—' Lo

v
»

whar? v - volumetric flcw rate per saccad c¢f workia:

medium/orepaellant in +te n3/s.

Page 13,
On the basis 0% equation (1.25) diaension /.- in the
of ST
v (= 1Pel __ IA] () 1 cox 1
RO L] U cox] —{ Moo

Xay: (1). m3/s. (2). Nes,

and in the system MKGSS 1

(Pa) =(h(xl‘} g\[ x[-cex ‘]

(v] (sH[a'cex) 2

[Iyz.oo a) =

Key: (1). kgf. (2). V/s. (3). KGes.

sys<en
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FOOTNATE 1, Hnra and subseqiently eg th: velnas uni® in 4he Jimcnsion
nf specific volnme imculse in tne ¢1d syst2m cf unity we selact lizer

(L) , bu* not m3 (volume unit in the systam MKGSS)., ENCFCOTNOTE,

Density soecific Jgpuise i1s ccnnected with *he mass spacific

imonls= vish %%w2 £0llnwing rzlaticrnship/ratic:
/y.\‘ (.f‘x=/y1h€'_‘ '\1:6]
whars “~o¢: - density cf workinj meaiuam/pronellan* (fuel/dpropallant

in k3/n73,

Soecific expenditure/ccnsumption of wor@%nq nedium/propellant.
Th2 specific expenditure/consumgtion of working medium/propellant is
callad the quanti*y of working madium/propellan*, axpendad by rockat
enqgine in 1 s on 1 n [ 1 kgf ) of the developed with it thrus+,

c,.,,=;"f. (1.27)

As can be seen from the comparison cf a23uatiorns (1.18) and (1.27),
parame*ers /yxx ard Cyzn ara inversely proporticnal values., Therefor-
Cyan has in the system cf SI dirension kg/(Nes), and in the systen

MKGSS - kg/(kges).

The specific expenditure of rccket engines is considarably mora
than in the sangines, which use as the working medium/propsllant *o
anly +the substance, placed on acara the vahicle, but also the

anvironmen+,
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Tha soecific =2xrenditure of tne working medium/propellant of jet
engin2 (VRD) is aqual *c the ratio of tae fusl consumption m; par
s2cond to thrust P Tte air flew rats through VRD many times exceeds
fuel consumption, however, since air is taken from the atmosohere, it

in *he specific sxperditurs V3o taev 4> no% include,

Irto *the specific expendicure of -ocket enginess enters entire
nass of the rejected werkiny madium/propellant, since increasingly

working body is located on the vehicle itself.

Due to the high specific axperditure *he ocperating time of many
rocket angines is ccmparatively smell: it dces not usually exceed

several hundred seconds.

The specific power cf axhatst j2t. The specific power of exhaust
j2t is called ¢he power cf tha strean 32f working madium/propallant,
per unit of +he reacticn force cf engine, i.e., for tke case of tha
work of engine in the vacuun

New.n (1.28)

Ncﬁ:yn A= P.

Page 19,
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The specific power of &exhiaust jzt as any =2pecific power, has

ow

dimension of W/N in +he systea cz SI aal kgem/(sek3y) in “h2 systen

MKGSS, and in +he reduced form ik Lcta systems - m/s.

Substitu%ing axrressions (1.3) and (1.14) in equation (1.28), we

ob*ain
\ mWs ., W

= — L N (1 20
crp.yanm 2mW3 . 9 b

Prom aquations (1.29) aad (l.<0) with *he entirs obviousness i+
f0llows tha*t wi*h an increase in values W,y ard /..,

increasas/grovws the ncwer of exhaust jat, which falls on 1 N [1 kqf)

14

of r2action forca, i.,2., increase/yrov the =2xpenditures of pcwer for
the work of the engire c¢f the prescribed/assigned thrus+=, Value
anm{ characterizes a difference in all types of RD in the
r2lation +to the experditures of pcwer and *cga2+her wi4h values

and lyan - *he effactiveness of the uziliza*ion ¢f enginas in “he

flight vehicle.

Specific mass of FL., Spacific miss of RD is called the mass of
#ngine during i+s work, par unat tne tarust, developed wi%h i+ in the
vacuum, i,e., if we designate sfecific mass cf BD .gm, *hen

=T 1.30)
Fa=T, (1.
vhers mm - mass of engine duriny its +crk, which encompasses rot

only dry mass, bu*t alsc the amass ot working medium/prepellant, which

+akes place with the wecrk on mains and assenmblies of enjine,

= et - -t
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In oronor*tinar *¢ *he conscruction-2ngineeriny perfecticn of earnh
+vpe cf sngine its specific mass desceads, which mikes it possible tc
increas= +the flviny range of rocket wi:z:h the same mass cf payload or

to increase the mass of tne paylodu of rocket with the sama distarcs

ty

nf s+g fliqhe, "he agrreximate vaiuts 3 4Lhs gonerific mass of

1iZferzn*% tynex of D are shown lu'THble 1e1 (se

)
“

1.’))-

§ 1.5, Nther paramaters ¢f rOCKet enjia2s.

Basidas the thrus* and th3 specific parameters, rcck2% #nains

characterize fnllowirg data.

1. Type of working medium/grogellant. Each BD they d2sign for
the completely svecific wcrking meacium/propellant, utilizedl €or
creation of thrust, mereover focm it %> a consideratle degree depeni
*he specific parame“ers of engine and tae effectiveness of i<s

usesapplication ir +he rocket vehiclea.

2, Oparating +ime c¢f engine v. Usually fcor ZhRD it doas not
exceed 7000 s, but for FDTT - 150 s. Tha 2ngines of scme %ypaes of
rockat vehicles must be included repeated or multiple. For such

enqgires are given no* cnly the tigme of con*inuocs operation upon each
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inclusian/ceonnackien ard the nuampar >f inclusisns/cennzctions, btut
alse +he raquired or vpergsissible vime interval betwear tha

inclusions/connecticns.
Page 20.

3. Thrust ranje. Fcr the accouwplishment cf th2 objective of
zock2t vehicle frequen+tly appears tha aeed in a change in *he thrus+
1=vol of its operating engine relative to rated thrust. Nominal is
call2d the thrust which develops the 2ngine with that expenditure of
working medium/prop=2llant, for whcm is designed th2 engine. I%* shonld
be noted that rated thrust cf RL 1n th3a Earth and in the vacuua has

different values. By changing tae expeaditure cf working

m3dfum/propellant it is possible tc respectively change tha engine
thrust with its work both cn one arnd taie same and at any f
height/altitude. The thrust range cf R) is Leen given in the |
parcantages of rated thrust (for axaaple, 10-100o0/0) or by the

relation (for eoxample, 10:1), which shows, in how often the thrust

level of engine can descend in ccaparison with its nominal value.

4, Pressur? of gasecus wcrking melium/propellant or gaseous

reaction products prcpellant coapcnents at nczzle entry and at

output/yield frem it (p, and p, anto bar [kgf,ocm2]).
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valua p. and nczzle exit section is pralimirarily examined 3n §
1.3, Concant "nozzle exit secticn" for the Aiffer-nt tyres of rocka:
angines has i¢s value, For tae crawnbars/camaras thermal RD nczzla
exit section is the nozzle euge, 1.e., the final cress section of its
solid walls, af*er which gas flcw rlows out intc the envircnment., In
+hie cross secticn is finished tha macianical reactior ¢f 713as flow
1nd nozzle liners., Nczzle exat section 2lectrical 3D is the crecss
saction (or surface), aftar #hich ceasis the r=ac*icr Lestween

elactrostatic or electrcrmagnetic field of mcter and flow of the

working madiuom/propellant, waich ascapss from the mcter.

Chambar of thermal RD can be conditionally divided into two
parts, In its initial part to the workinyg medium/prcpellant is
suoplied the heat, while in chemical R0 occurs the chemical reac4ion
of burning or decomposition of fuel/propellant. This part of thas
chamber/camara is the chaamber/camara of hea%*ing, and in connectior
with chemical RD - by ccmbusticr chambar or deccmcosition, Herz ir
essenc2 is £inished the fprocess c¢r heacing working medium/propellant,
and for chemical RD - rprccess of purniag cr dsccmoosition of

fuel/propallant.

In the final part c¢f the chaamkec/camera, which, as has already
been indicated, is called nozzle, cccurs the expansion cf the gaseous

products of heatiny working medium/propzllant or chsmical reaction




DoC =

produc*, Cross secticr at tha unczsl=s 2atry s *+kr crosz =-cticn,

which divides *thes» twc parcs.

Chamber of electrical Ru also can be conditiorally divided ir«o
two parts. In “he ini®ial part scrking the bcdy is rrepared fer th2
subsagu=n+* disversal/accelaraticn, for waich i* usually vaporiz-=s, is
h2ated and is ionized., The final pert of the chambar/camera is =272
motor, in which is acccrrlisnedi/rsalized the disparsal/accalecaticn

of electrically charged particles c¢f th2 working mzdium/pron=llart.
Page 21,

Tha parameters cf the products of heating werking
medium/prepellant or chesical rsaction product a+t the nozzle antry
subsaquently w2 will designate by irndex k "' (p.. Ty o Wi -and so
forth) in conirast tc the parameteis at the nczzl? cutlz* whick ar~
designated, as has already been indicat2d, by indzx s "¢

{pe» Te. s W and so forth).

5. Total impulse of thrust /: in Nes [kges] or in kNes [Tes],
As bhas already been indicated, toe value of the to*tal iampulse cf
thrust is numerically equal to area undar grapk P=f (r). In zero tinme

(r=v') it is necessary tc select the momer%/*crgu2 cf the start of
Y g9

the vehicla (sae PFig. 1.65).
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6. Imonlse/memar+ur/culse cr ccrsa2jience loo. $n Ves [kies ) o-
in kVes[Tes ], The impulse/acaentum/vulse of ccnse juenc2 is callad ¢he
imoulse/mementum/pulsa, devaioped with 2ngine af+ar tha deliverv of

*h2 commani *o its inclusicn/cconec*ior r'' (gee ?Pia., 1.9). Jsually

Anting «te dasiqanr A€ RT tney attem;* %> decreas-~ vzl [ 3nF
especially its spr=ad, siac2 in tnis rcisa is “decreassd thz scat=ser of

the veloci+ty »f vehicle after 3ayine catoff, which facilitatsas

accomplishing mission ctjacravs.

Thermal tyoe nuclear, solar aad elactrical RD additionally
charactaerize by the source powar (receiver) cf crimary energy, vwhich
is convarted into the teat and is us2d for hea+injy cf Jsorking
aedium/propellant, and YaRD - also by type cf nuclear fuel/opropellant

(For example, fissionatle material).

§ 1.6. Classification of rocxet engyines.

By the final goal c¢f all processes, which *ake place in the

rock2t aengines, is the cresation of the greatest kinetic jat enerqgy by

accelerating the working medium/prcp2llant in scm2 manaer or anoth=r,

Rocket engines classify accordiig to the typa cf “heir grimarcy
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eraryy %0 *he chemical, nuclear, solar and electrical, and also

steam-aqas (Fiq, 1.10),

Chemical energy pcssess, as nas already teen indicatad, the
substancas whick can enter into tne -hamical rsactions, which *ake
~lam= yirh ko liberaticn of heat ard th2 ferration of jas=ous
"Io1cn3. ASs a result cf cneaicali reactions car b2 form=2d4 also <he

orndncts in *h=2 liguid cr soiid stata, what is usually undasirable.

Tha =2xamplas of such chamical raactiors are the r2action of +he
rzaction of oxygen (cxidizer) ana hylrigyen (fuel) - tha reaction of
oxidatinn or burning

%q+memo

and the decompositicn reaction or geroxide of hydrogen

H,0, » H,0 + = O,

Page 22.

Chemical rocket engines are the only type of familiar RD whose
working medium/propaellants (progeilant componen%s) are simultaneously
the source of heat and mass of the r: jacted substance, which in this

case are the reaction prcducts cr th2 reaction cf propellant

components,
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The initial components oZ casmizal fu=2l/zrcnallans can hH»2

R
PO

liquid, solid, aas=2nus, gal-lixk: and fluidized (23)., In chemical R’D
{ can b2 used one, *wn are consideracly lzss frequent than thres
E propallant components, th2ir initial state of aggregation can be one

and the same or different,

Th~ rock~%t snrqines of nybria tuszl/propellant (2DGT) werk ¢n ths
orop2llant comoonents, which have aiffarant initial state of L

aqgr2qga*tion. In R/DGT i* is possipie tc use a sclid-liquid, 1liquid-

: gas 3and solid-gas fuel/propellant, Hcwaver, in a2ssarce at present ar»

desveloped DU with RDGT cn the ajyorid p-opellant (Fig. 1.11),
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ral/cemmen/tccal crassificaticn ff reocket anqgines,

K2y: (1)« On %he l3guid propeliaasc. (2). On sclid fuel. (}).

Chemical. (4). Nn hybrid fuei/piopellant., (S). Cn gaseous fuel, (6).

Oon gal-like €nel/propellant. (7). Sclaz. (R). On €luidized

fuel/propellant.

divigsion). (11).

(9) . Radioisotcpa. (1J). Nuclear (with ceactor of

Nuclear., (12). Taersonuclear, {(13). Anninilationn.

{14y, Thermal, (15). RBlectrical. (16). Elactrcs+tatic. (17).

Electromagnetic.

(18) . Steam-gas. (19). On ccld gas. (2J). On thre+
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Page 21,

Ir *he chamher/~amera Ccf suca RJul

e
—
(1Y
G
W
ad

crmparan% «he nrarellarts d3uaaly L =2l

.

(13

comzon3nt is sunelied inso Tae

+ank/ballcocon or ¢he chamkter/caaera.

is *he anerqgy of *harmal agitatioca and pot=ntial

7as. For the thrus* agprlication 1a gas 3D i« is

iriv» away gas, i.2,, in thea clte jrimaly an2c-gy

canvaread dirscely (wi*hcut tha ratermediatre

311 oth~ar thermal, and also elactrical D) inte

araryv,

For +he work of SRD (sosac rvock2t enginas),

sedium/propellant,

corcentra*or of ex*2rnal enery;.

AndTecT

in

Ir these engin2s primary

fcras ¢f 2m3z3v as

tha kinatic

PR ——— S

ve charj= of solii

3i 1 of +he gpecial feod systaa,
Tha steam-cas RD (Fij., 1.12) wcrck 2n +he cell co het
Wigh-prassure (vaoeT) gas, pleviodsly storedl up

the gpacial

of ccapress=zd

Therafare gas F[ nave simple ccnstructicn/lesiign.

ERC and YaRT c¢n

boarl the rocka* vehicle necessary t> nave nc* cnly stcred up working

but also tna source c¢f prisary energy or the
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n2rqy - is ererjy of ti~ =zlectrcragneeic radiaticen of +he
snury it i+ is nnssible te¢ use Ler heating of werking
asdiim/orop=1lant, for example, via th:r focusing 5f solar rays/beans

on any absorher of hea* througn wnacnhn it flcws/cccursy/lasts.,

“a.

Into commasiticr ¢f DU wiza sclar R

&)

Fig, 1.13) 2ntar tan< wi<h

=ha working m3:lium/nrcrellant, tac absorbsr ©f heat - hea*t axchanu:zro,

raflsctor for the focusing ¢f sciai rcayss/b=ams cr tha aktsorber ani

chamber /camera,

In +hermal type ERL alectricai erargy it is converted in the

special devices into tte hsat. Such devices they can be:

1) the ohaic rasistance (resistor)which with the course of

electric current ics heated to tTne high temparature (Fig. 1.1u4);

2) the electric arc, #shica also isolates during its excita+ion

heat (Pig. 1.15).
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Pig. 1.11, Fig. 1.12.

Fig. 1.11, Diagram of CU With &duéI: 1 - tank/rallocn with conmrressed

gas; 2, 4 - valves; 3 - tank wita iiguid oxidizer; © -

sclii-prepallan* grain; 6 - injecting 12vice; 7 - housing.

Fig. 1.12. Diagram gas RD: 1 - =ank/balloon wi+th corpra2ssed gjas; 2 -

valva;: 3 - nozzla.
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fhEw osupdiwids daba She mogizisn sue3 aad tha s laemros oamer 3o,
3
Iarking b2y ‘s Trated vy trne bzag, L3clat:l by 2asisior v

alzcsizic arc, *o Ane 4r the 9taer timnbaratucte, af+ar which hzasin-t

Is possibl2 “he usesapplication = ta=rmal fyps ¢ 73D wit

3
f
0

2xploiing wires (sze ng. 4d),.

In *he eolar=rical recgit 2nyiLes the <lectTical =n=rgv is '1s- 3

2lecurostatic or =lactromagnatic fi=ld. Wi+th resosct tc this ®”D
indizatad subdivils intc tae eirecticsziticz cnes and th:
~lactrimagratic eres, Werking pedy °f £3D (wi*h =2xcevtion of +harmal

2n>s) mus* poss2ss fn +he mctor the zlzctcical rropsrtiss,




ne

Figq, 1.13. Diatram of MU wita 3alL: 1 - assorber of heat - h-at
~xchangar; 2 - ==flactcr; 3 - turopanz; 4+ - nezzle; 5 - cirn*rifugal

-

onmn; 3 = valvas; 7 - *ank wicn liguil worxinag mediinm/cremellarntk, ¢
237, 1,14, Diacram of DU wita Is351s+5C Vs 1 = z2l=ctric now2r =Ci1rc3;

2 = zalay=-gwitch; 3 - *ark/ballcon wita compressed 7as; 4, 4 -

721vas; & = *azk wi*h ligquid worxaiuc maiium/proesllant; 7 - rasistor

{zl=2s4ric heatar in +he form of ovauwiz C2sistance); 3 - nozzle.

*ig., 1.15, Diagram of DU wiza zlectric arz RD: 1 - +ark/balloon wizh

~cmprassed gas; 2, 4 - valvas; 3 - *aink with 1iquii werking

ia

madium/oronellart; 5 - relay-swsirca; 6 - claciric pew-r source; 7 -

o 2

nsylatar: 8 - ca*hoda; 9 - anodae~RozIzZl=.
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Paze 25.
Tn *1e method 2F disversinj/acceler2tiny tre working

mxiiamsoren2llans 5F ZPL in prizncipl: sney 13 £fer <rop %hR®D, VaRn,

sePp 2nd qgas D, in which workiagy ta~ roly s accel=rated 33 a resul=+

< - ~ - .-y - = -~ . - - . < “ - -

~ “1 = =TT rrTELrn O TA3lides 27tacinon 2and nebem=ial o ens ~r
= = 3 - - - - T e .- - - - . 2 ~ - . - -} Lt v

Jooareas « n= *he KIL3l2C Je: 3nzfgys inopartticular, tha hig:

valnas 2f =sr=cific “mpuls: of £5D1 can pe onsured wistcont hesatingy of

w2rkiny me~fiunns/noep=llant ©d tne aicoa campera%iure,

TONTNOTE t, Sudsemquertly by cae escccrical rockat engine (ERD), 1f

are 2abssn% so=c~'al s*+*irpulatioas, azr~ uadarstocd all tyoes of ERD,

axc=pt thermal ~nes, Tharmal type of ERD call alsn %the elzctcctharmal

rnckat =ngines (ETRD) T23]. ENDFCQTNDOTE.

Ph2 affackiyen~ss cf appalatus wich any type ~f ERD %c¢c a

o
=
b
(3
9]
=
(2]
O
14
(o]
'n

corngidarable degree drrerds on the chacacteristics cf
2lactrizal enargy, It must posseéss larjs spacific outout powsar, i,-,,
with tha large electrical power, proiuc=:31 by sourcs ver nnit of mass

and voluma,

Tha major advan*aces of ERD are high discharge velocity W. ani,
coreg2quantly, larg2 specific ampulse, 3ut ERD just lik=2 SRD, it is

inexoselient to create fcr odtilninyg th2 high thrusts dur %0 nacessacy




in =1is cass powsr ‘rnereéase Of Tihe sdource £ elzchrtical erzcqy (2T

the razsaiyer »f ey+arral 2nerjy)auad, conszquen*tly, alsc i4s mass un
e +13 values, ro* admivrad Zrom tes DOint 6f vi-cw cf +h=
charicteristics of reckzt apparatus i1s a whrolsz,

Y37 3ssary srecific primary pcest 3L D0 wisk pOD i dascronined

iccoriiny %9 ¢he o jnaticn

. W
4\ "‘P"v‘= - = ’

’ 2"1. Cl\'n3y

wher2 10,,— efficiancy ¢f the accelerator (motor) 2% FRD; My, —

aZffisiancy ¢f th>? source of elsctrical arsrgy (pow:ir unit).

If the ef€ficiency cf acceleratcr nas sufficiently high values

(approximat2ly/examplarily 0.5-0.6), then due %o the special working

conditions in outer space the efrficizncy oF the source of electrical
anerqy i+ 3s usually low (approximat=ly/excaplarily 0.1-0.2). High

valuys W,y and low valugs fyex Jive Tis2 ts *he lazge neczesary souzce

(3]

prwer 2f elecirical ererqgy and sourc: of primary energy of rockat

w

ppara*us wi*h ERD,

s a recul+ of *he largs specific impulse and the low thrust thz
sxpenditnre/consump*ion of working mzdium/vropellant cf BRD is vary
low. Therefore the time ¢f continuous operation of ERD can be very

larna (0€ vp %n several years).
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In =h= naelear roecket "R Jjiles €1 2« 1372 *hc o cr-zgy o of

e

radijsactive Azcav, d¥vicion anit nuclzac fusicn 2% sr:2cial subseancas,

and also annih®latinn,

=4

Dazomnositinn/decay o radicisccopss, which *akes nlace

PN

snarn-ansnusly, i3 *he esousce of pser, W, fn wrtich is used 4t oeraray
N !

cf radinac*tive l2icav, are cailed radioisctnpe.

2 25,

Te]
j)
Q

Th? nuclear fissd

]

n of fissiorapl: mat=rials occucrs irdar

condi+tionsg, ar+ificially creat2d in th2 fissien-4ype ruclear

ceactors, in which are used thz sups:ances with +he larays atem'c

mass. RD wi*th +he fission-tygpe nuclszar w=2ac*or fraguaptly call

simply nuclear.

nj the raaiocactive a2cayv and +*he division is

Voo

Nuzlear mass dur

jecraased ("aass Ax:f-~c+my,

——

Th? syn+thesis (merqgingscoalesceic2) cf *hr nuciei of substarnces
with th= low atomic mass can occur undar the effec« ¢f the very hirh
tamparatures., Tha fusicn reacticn arl the ~ngin~es, in which it
£lows/nzzurs/las*s, call tharmonuclear, The example to theTmonuclear

fusisn ie thes mucons membrane Of hcavy aydrsgen (leuterium) with “ha
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eloctrinally charged/lcadec parts of <

w

- 1 . - .~ 3 -~ . LN
~lecylez and asttns, B

~ach yolnume sl-~mars ¥+ slectricaady nriziz’,

Ta spacial faatures/oeculiaraty ol tacrmeniacliar Znsicn 1lias in
*he fac* *hat %+ha mass c¢f£ the prcauct auclei c¢Z helinm %o %ae

nnatiz2abla valu2 s lewer cnan the mass of =h

{7
'l
O
th

iriciel ruclsai
hydrag=n, The "mass defect iadicated" in the presence of +h:

thernoanclear €usions is significantly more than jurirg ¢hs

radf~aystive d3cay ¢r *he nuciaar rissidz, With Irspec* +: this a2g 2
rasul® 5 *harmannclear fusion is isdolazed a ccasiderahly gr=a=-r
aquantity of hea*., For the satcjdera 2% plausibl: workinag coniiticns

o€ »agire blrck high-*expariczice Li123M3 mus“ ke held far from its

walls wi*h *h> a+d nf +pns pagjnuetac fiali.

In1 contras+ *9 fiaggion reactich of nuclei *he *thermonuclear

“nsisn dnes no* lead *o the radicac*tiva: con*amination o€ <ha ang

}-

r=2

compan n*s and wocket apparacus, ol anvircament.

Thazmenuclear “nsicas OCCUX ci. 271) Su= an? cther stars, Jrier

R A ity P

P L,
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e -

arrificia! ~aniitiors +ne tnaracnuclzac zusicn is
azcraplishad/roalized at presaat chly in th= ferm of explesicn 4
“harmnoanclear (hydrogsr) bDoans., Cor*rol canability ¢Z thzrmeonuc
fusion is the very first task of cont=aporary applied nuclaar

ohysics.
M tescgien af arpinilacicn &dPd2aTs during 4he =sapplying nea
paiticla of substance (for axamnle,

posi*rons).

“he cha~par/mamera arnihilator)
(for example,

2lectrons) and narticles of the antiaatter
1> copnzctier ~f tha parcticies ii1lica%ed *he eperqgy, which is

Yith
cantainad ip their mass, compla2telry is converted into the radiant

enerjy on the relationship/ratic
E=mc3,

- raiiant energy; m - 1nitlal cast mass; ¢ - spe2d of ligh+
m/Se

o
&

whers
in +ha vacuum, equal +c apprcxisacely/:xemplarily 3e108

aga 27.

'Q

isoia*2d in *he presance of %he ruclear

YarD, in which the heat,
r2actions, is used for heatiny oi working medium/prepellant, is

callad nuclear angines wita =a2 aneat transf-r “~ +he working

medium/oropellant, Ar heat 2xchangje YaxD.;{|Exhaust jet of YaaDdD canr b=

“ka nicture of +he products of the r21sted nuclear €fuel/prop=llant
ar” called nigeyrs,

Sucrh Yald ar

ard wntking m=23%um/nreorellane.

st ieieibitiiit:
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Is ro* 2x2la?»? “hke possioility 33 dssignirt of ¢re puclear
2nainre3 whosa axhaus* j&t consists ~f wne puclear par+*icles, which
ar~ dh+tained Auring *he radioactive 13:1:ayv, divisier eor nuclear “usicr
213 ~or exampls, ars xpown tae yrcj2:ts of radinisosore sail - ¢h-
Thskas anxfrs yRish rregtas arus: a3 1 reauls of fh: natlaar
Iammapositicn ~9 vha cadicisotore, waiza cnvers patarial of sal

{from *ne nlas+tic or %he detal), ald tiu: zAtma*ien ~F «he zrnisetrenic

(R 1)

174 0% ag=varticlasg (a*+tcmic nuclei ~f az3liumy,

2hoton, or gquantum, are caliea 7alD whose exhaust j2t is no= +h=
£1low of molecules, icne, atcms or thair particles, but +he flow of
ohn*sn3 (2lectromagnetic juanta, or lijht guan+a). In *he nhoten
engiies the rest enerqgy (mass) cf rucl2ar fuel/nropellant ceonmpletaly
‘s c¢onvar«ed Sn+to ¢he radiant e@neigy, i.e., cheten enginas crra=a

thrus® as a resul® of *he radiatiorn/21ission.

Diaarams ~¢ DU wi+h thermcnuclear nhcecn 2rd annihilasinmn o€ 23D

are denict2d in Pig. 1.16 and 1.17.

Photon envines ponssess thaoratically maximum charactaristics
amony all types cf RD, since 2xbaust jet, whict is light gnanta,

possassas *he maximally attainacle cp22] (speed of light in the

vacuum).
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2w (W Tyz2 NE . (). SpeZliav MAsS. (). Special
faaryzag/naryliarcities ¢f 3D, waocn 203 dzt-orainiag effrssivaness o7
“ha‘z 133/a9n1%ca* 9N £ COCK2T agpaCAT13. (4). Yes, (5). Kj. (»).
<ges, (7). We (8), n. (9). gL, (lu)s 20ssihil?*cy of chantirg *hrus+
~var a wils Tangr., (11). Simplicicy 2f corstruction/desian, (12).

Posihility 0f ~tamairca Tnast. (V3). Possihiliey A6 sl

(9]
!

~ith ¢hrests, (14), SAac. (15) . ExzzIcas sippliciey

O

onstriction/d23i1n, (16). Very nigh r2liability. (17). 4i<n

e2l31-phage reactor, (18), tasrnas tyva., (13)., Hdigr values, (20).
Passibility nf Adrsgigniny of ai,h onrus:is. (21). Possibility o€

con*inaous oneration, (22). 20ssioility of utiliza=ion ¢f woTkirng
medium/propellant with lc# value u. (23). Electrestatic. (24).
Elachkramagnetic, (25). Pessipiliv; ¢of continuous (of up to saeveral

) operatian, (26), Absencs ¢£f n231 in heating of Wworking

<

~ar

]

mzdium/oroosllan% =20 high temperaturz, (27). Spacial
feaaturas/peculiaritiss cf BRD, 4hicn lianit *“heir useyapplication ir
rocka* apparatnsis., (28). Deyrae amastacy., (29). Comparatively low
valu2 :Jﬂ Ans £o0 small guantity oz hzat, which is isola+ed in +he
oresanc2 of chemical reactions, ana larcge value u of chamical
maaction preducts. (30). Thay aze mast2red and eoxtensively are used,
{31), Th=2y are mastered; thay are us>d -ar-ly. (32). Lcw valuz. (33).
Largs sorc! fic nass., (34). Low tncust. (35). They are mas<arai; they

are nsal *n a=+«dificial Earth satelidfces and in space vehiclas for




ar2a+*ion of 1nw *hous*s, (39). COoaplzdity o at<iswmern

mrsts 9f fiemisrahls magerias, (o), DarjETouws rz i oasd

(39), Th=v ar= mas=¢rc¢; SsgarTfate ¢0311 5 1 TIn o indl

De=pandance of narame+>3rs or b ci sclas distanca (for

maesrvai; unierq1o he-ch tosts| Separfit2 2D are used in

L-w valys 0% ams-~l--a*fc¢n, 4nicn dci1iizcs Tocket 3nonaza

~E ), (24}, ATs mastered; unisrgyc bznch TAsts

in actificial Farth satellitas anu spaz2 vzhiclses,

Tage 3).

In contrast to bheat excnangje ¢f Y313D radjioiso*coe

and ohaten niuclear or

s
I

h ~xn=zas+

wl

Snes, anl aiz> Y3i3D wi

cersig=s 0f «ha flow ¢f ruclears pai*iclzs, 1o no< nead

‘rtermediata accelevating d=vice vl :xazus*t Hde%t: the i

snclaar par*iclas, rreir aixcur: ¥i*1 :the working r=24i

|4

alsr of photons is =h= result 0f the course cof rucl=ear

*ask consists only of aiving to exsaust jet the requir

Apraratuses cin be movel 1n vutar space, using sc
32%1 (Fio, 1,1%), I+t creatss effort/iccce *» thr appar

ragule 0f &ha -23lan+

cr ¢f sunceams oy the surface of

sheet (sail). In order tc obtain tac ¢graatest thrus=,

Te (3T . Tian

ce/ominzian
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poc = R
frar *hae crqinss drdicated J21ue cdavelopment
The ansragy s>ircs “2r +he WweI< 0L VRI L, as has
indicazed, the chemnical reaction or nsucning in whic

kerosene)

in*erac*s with th2 atmospneric oxygen

arlerwent* onlv

1
1

2D,

alraadv penn

h the fuel (e.g.,

{oxidizan).




sail:

1 - @xgati2i/3canned sail; 2 - cayload.

o
IREIL

ax$ial-fFlny comnressor:

e

Fij. 1.19. Diaaram nf “urbojat enganz;: 1 - &iffusar; 2 - »ultistags

3 - annular ciymszustien cramher: 4 - &grbin=;

~ 4a% aozzle; A - injrcter of fues injarziicn.

Pig. 1.20. Diagram of ccmpressoriess (lirect-£{levw/ramiet)

VRD: a -

33 €fusar; b - combus*icn chamber; ¢ - jet nozzle.

vitrogan, which is ccn+tainad in tae 1iz, do=2s rn*% accept
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naveimipasian fn +h- memoTicen ¢ oouriltg, b
h=a*, 4hich ig ignla*eA iar wn3 Cwac*iol pIncass, and *oqgz+vrsrn wiss 1

Ather wagoticn gagsays Slcws out frga thr anaoian Daz T

“ka haightzalricuia of £3-50 <a.

V3D are subdivided usin; the methrd of air comgression hefors

3

i*s sunoly in%~ ths copbustion chawbsz to *+he ceomeTesser 2nres and 4 he )

comprasserless cnpes, ]

I1 comorsssor of VRD tna3 air if compressed hy “he svecial
1garagate, call=d cormgresscr. Ccmprsssot (axial or carerifagal) is
rntated by t*e gas *urtine waicn 1s 2s%aonléishzd/’rs%alled on ~nos

shka s with *ha ccmpresscr (Fij. 1.19 ., Turbine weriks cor tas r-zactinz

N 4
[s

3
o]
rh

ornduc*s of raac+ic: fuel aad 1ir. suchk 2nqgires arzs usad for th=

fiigh*

N

a* a velocity, which does not 2xceed the local valoci%vy of
saun? a% +he givan heiaghtsalcituas mora thar four timss, 1.2, “c

y=u,

Compr=ssorlass VRD, calied a.=c direc*-flew/Tamijet, aze usai a-

tha ~rdigher €ligh* speed (M=5-10), Th2 iir, which =nccunters €5 **h

erainz, ‘s como~assed into its diziuso:s (Fig. 1,20) as a -asult of




“hn= orikingy, with which the a1ir sgeel 1s lecreazed, apd ies rnracanra

and ~=moaratuce incrrasc/grod.
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33pecal Inferma*icn Abcut F3CKaT 4pparitusas.

2.1, Pi»lds of avonlicatica of rock2: ipparatus=s,

Rocka* apgires in the ovardaelriny majorizv of <72 cases acs
i frta1d4ad Zor *he highk-spzsd £1i ke va2hiclas, which “nclud2 cths Jquii~d

hallistic missilee, AA Juidwd aissilzs (ZUP) ard antimissils

# nissilss, rocket-carriers, space arnd czther rocks+ vehicles,

Th2 guided hallis+ic missiles iaclude tha rockets, which the

significant part of the trajectcry aftar 2ngine cutcff move over ¢hs

iner=ia, PFor =axampla, if we disrejerd/naglect the 2ff:ci/action anf
*hae qravita+*ional polas ¢f *tae sua aiad mcon, then in ths
gravitational fi2l4 of the Earta rccket moves over *he curve, which

‘s +ha part of the ellipsa (Fij. 2.1); =his curve “kay call

§ae

ballist

o

C. '

* 7n *he place of start tallisctic missiles are subdivided into %h=
1round-based ones and *he ship ones, walle on *the “iring dis*ance %o

the rockets of low, pmedium and larye distarnce.
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ATmy Torks+ts ar~ meved tcjctacC Wwith the trnco fcrmatiens anid

varticinata in <hweir ccmkat Op2Taticns/proc2sses.

Strat=2gic missiles ar

18

of meaainm ilistance anil larg< distance;

lat+*ar/last rockets call also intasrcontinsrtal, Th»

]

gtarsivy/lanneting o€

n

“rat2yic aissiles can be Acoccarlisheiysmeallized
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AL *a2 commanis/craws frem tois Saayls z2

wajing war as a whole,

bage 32.

zu0P are used f£or the dastruccioa >f thz aircraft of <he en=my

and 7¢ antimissile missile - £or orjanizirg +he anti-ballistic missla

sys+t:m (PRN), i.o,, £for %ne protsction Zrcr the rockets of sn:amy,

Tarrisr rarke+s serve for was stictingslaunchipg of artificial

rar+th satelli%t~s (IS7) and othar spac2 vekiclas (KA). Taes?t rockats

accorciinrg “o device and operating principle ar= sinmilar to th2
stratsjic missiles and can dafrfer zroa them in terms cf ta2 nose

saction (payload), *he flight trajectory, e:c.

By svace vehicles ars 152 apyaratises €cr th? flights %o the
moon and the planats of tne soiar systaim. XK\ wi*h tha crawv atoari,

t,s,, mannad KA, ace called spacecraf*. Ar= published scisntific
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. oteiazts of ¥ foar +*hre intersteliar Sligjats, in vactis:

1% sh*c ~f ona plansary 3y3T2a 2ave 119=b=rz 117,

Thaca 4e 3 lar3ye rumber Of cianr =yprs C€f <h: roci

and nearcefnl Adesigniaticn/purpose, irclilirag an+itank mi

! 1iscrafs rocka*rs Far tre fifin, 4t *he 1ir~rafe, en- ez
: : .
irveetigasiorn, hwailediesczensing seca~is, 17,
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- laurching poin~t; 3 - cu<oft FOLN § = “h2 highegs noint <pr +ns

3 {
-~ . ~

Tasazh~ryy /J = fmrac* »ogrit; A = "3wamad Fli - Tk A S A

32.2, D=sfanat‘cn/onrocsa of tag L

¥9]

i02s ¢f ree<s4 avrarisis:az,

Thz enqgirnas of recke: apparatusas accorsiing +o =he
1asiynatior/purvos= are suodividea in%» ths march oras and +ha

hslmspen, Snustairer engines wock casic zire ani commuaica*s o)

W

aopara*1s the requireil tctal impuls=. Vacni=r *r3inces Fozvy

thy
(94
b}
ot
-
v

oath control of tha me*ien SF agpparat s,

A (*ne

-t

uling IS7) havs aocara thy recokex enginas ~f 3iffiren=
i2siynation/puroose, Including cocrestiva, traking eaginas, anad alsn

crieatation systen argines and staviliza+inn o€ posf+ion of KA.

Tha corrac*ive enginas use rfor the cerrection {correction)

-:r2j2ctnrias of KA Aduring 1ts flagut wih *he switchsd-off sustainer

2pgina,

- A e ey —
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8rakingt sragin~s5 previde pbrakiuwd I3 XA (IS7), fer exampls, For
tha *rimmings A9 IS2Z “rcm the orpat, £o0T thz ar=ation cf +he
artfficial sa%=211i+2 of mocn or gpian2t, for *h- landing of KA or the

mcon 214 the planets, whkick d¢ nce hava suffici~n*ly dens2

Paga 33,

Tha orientation systam 2njines accomplish/realize the turr KA

th
1 4o

antatinn

sos
H
§de

r=lativ> to on~ or =he cther axiss/axl?2, nefcassary Ic¢ ts or

‘n ontar space before firinj; of tae brake and corr=ctive 2ngin-, for

pbe

orienting the antenna cf XA to the arnuad or ranels of th2 solar

Q

.

varel inp *he sua, Aurirg taa matiuy tve XA in crbkit, and s¢ fer*h.

The engines ¢f s%3pil;zdTl04 cyStem preven* rotation or anjular

oecillations 0f RA rwnlative 0 CLe CC th2 eo+h>r its axis/axl:.

Pi3. 2.2 12picts geoneral view ¢f autcma*ic interclanetary space
sta*ion (AMS) "Venera-4", launchea on 12 June 1967 and for +t2 firs+
time in *he his*ory of humanity of tnat carried out a smooth chuta
1nd thk2r direct measurements in tne atmosch=ce cf ancthar planat,

Togoethar with “he ing*rumarts ana th2 z2quipment into compoasisicn cf
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lew=-shrmust erqgin~s (micrcnctors) ¢r srjisrtatien sysrerm,

Prcket engines, in rarticular ZhRD {ligquid prcrellant rock=*
~ngin=], can be 1534 alsc as maih < Jin= cf aircraf*, Such ajccraf+

with #13 craw ars bhrard called Leoust=ulide yrhicles, Th: ncest-alit,

v~kizla=, capahle ~% carryzaj out &t nNraital €14
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suhsagar® landing, call space aizcrat

ot

servicing of orhi*al spacecrafct (sgac2 staticns): for the

daliysry/procuramers ¥ loel, sspreciment cf craw z2nd i.2.
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fia, 2.2, GenaTz2l view ¢f A4S "VeleTr-4": 1 - ~riimal cempar+asnt; 2
- eoriajtatien s-ngA= %o ¢ac S$Ti1I; 3 - corrective angina- installa-icny

4 - pizromnters »f orisptation 3ysi=a; 5 - cecurter for <ha cosmic-Tav

cticona

1
na.l

-

mid

vagearch; 5 - sensor ard wne roi or magnetemetar: 7 - s T

i

1

ant2annay; 8 - launch rmedule; 9 - n1ghly Yirsc*+icnal parcabelic artenna;

19 - golar panel,

Page 34,

Rocket engines (Zh3D or RJUTF (solid-propzllant roeck2t saginel) :
can bhe tha pile+ =sngires of aizcrart «4ith VRD fer the decreasa2 cof the
aircraft *ake-n¥f zo0ll, for a snort-time increase in the velccity 2¢ :

flight, e*%c, |




Tha *ynical enheratic OF singat-3%2 0 IcciTT LR TanI, atin-

War¥ ~n the RinTop~llarz, L3 1301C03 n o Eiag. 2.3,

a3 amne 3 S e a2 e ame m mem i ome
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, in =he coampcsitizn ¢

*sola«= instram=n-, *arx aadi go#er bavs, Irn %4z ‘as-ramen-

~omoaTtasnt Y= nlated *he :juillede £O7 th- svEten 7 ccnirel (S0) of
rocka* fligh*t and nf +%*a york 0Z an7iae, The basic velume of recke= }

occunizs ths fank ccmparta:nt (s2ction Witk +he *anks of oropellarn+

Tepporan*s) ., In *he <ergine, O ta: ws1kost, =cctier is placed 4he
2ngina2, Power bav can te end2d by eril rirc (frames/fcrmer), or wihich
Are assepbdled such actnating 2L2wnen4s of 577 ag d=% vanes or varniarc

enginss, Furthromeca, +c the foaaz/formar frndica*ad are fas*asned

oF

o2 oi rocxet on *le s=*ar*injy/launching

t.l.

nowar picks for +k2 inztallaz

(starting) devirca,

Let us examine the tasic nrass parameters of rocket,

Tha ipitial mi1sSS CL focKet Mge <call mass LOCKkets at *he momans

nE itz skar+ 9° relatiyely Z1x21 oz 19bile launchsr, i.e,, 2+ *ha
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Fia. 2.3. The *vpical schenatic or single-stags rccka* wi=h 7h7D

Whicr work on by Adnutle compoazat cha fuel /prepellant
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"diz2z tank; U - tarksballoon with tih=
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vlo~lipz; B - %+oZys* ccnstIucticn; 2 - Weakis~ (encine) sscticn: 1)
chamb=z/camera; 11 - TYA; 12 - coauli*/nanifeld of +he deliverv of
Zusl %5 +h= pumo c€ TNA; 13 - :condui%/meni®cld ~f the
suparchtargint/nressurfzation of fucl tank; 14 - prassurz reducer of

7285 15 - condnit/marifcld of :as suparcharging/pressuriza*icn of

Aaxidizar *ank.
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conna=c* *anks with +h~ chaabar/camera (=c *he cu=oif valves), 2

sn1ine cutoff,

longequen*tly, *he total miass of prepellant comronents is e3jial
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Fig. 2.4. Schematic of rocxet with one-

component ZhRD.

Key: (1). Volume of gas cushion/pad.




L

Th=2 unnivarsal quantitative charactaristic ¢f ballistic missila
is its charac*eris*ic velccity which i3 called zhs speesd, nacassarcy
for th? solutior 0f “h¢ ballistic prcblzm: the achicvemens of +hs

orescribad/assigred Adistanc2 or height/altitude, starting/launching

of sateallite to the designated orpit, 2tc.

Paage 354,

1,

Ui

Available characteristic velccity Vi, is the final soea2d cf

vackat L Which %+ acanir:s uader “ha follewing condi*ions:

a) ¥n *ha abs=ance cf atacsphar=, acnd conscquently, in *ha
absenc2 of *ha aarodynawgic drajs awnd tarust losses which occur in <hsz

oresarca of the atmospltere (sea2 y1.3);
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M) fn the anmanca ¢f Ca@ foices ¢f ®hs agravicitional fielis of
ntarstaz, meen 2nd oann,
: S17h eonditiecnsg are providéa during £iaiiny of rocker Ir out-rs

spac? far frem the nlanets and the sun., Th= gp==21 indica<=i can he

inktarm~inal a=rmardingy = the e.uct. .- 7 STl LT 3oz -
. AR I e 37
DDl ety 1307,

The equatian A< Teiclaovskiy can bz wmit4sn ir &%z fallcwing
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mw=w;“n(1+m”>. (2.2) '
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Tha aguaticn of Tsioclkovskiy ind

(e

A=2p=ands %he final speed ¢f rocket, The jree+ter zhs speel . and +h>

ro13%1i0n Mpaa/Meon, *he greater the rinal speed of focka* and th= wijzr
“han *1° pregihiliey 0f ies ut.llzericn £o7 the anliatdicn of (ifferant

ballistic oroblens, TIZ we accapt valus mgq invariable, than r=la%icn

Myuaq/Myon CAN be itncreased by Jdecreasiny the value my. Consaquantly, Zor
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.nipg the larg~ “inal spaed ci roackat udar %he conditin
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el 2ut abcve and, consagu=ntly, also *he lacge availabls=
charactaeristic velocity during the d2siyn of the erqgine (i< s mora2

accurate, enqgin~ Sas+allation) it i1s nicessary to at+tain:

a) *he larte axtavst gas veiccity betiad the nezzl» of angin<
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-
a1

e

+3 mass 0f TecK:it My aré, =herefcrs, an increas: in
#=1a*r3ion Myaa/Meor 33 1~ss err=ctave, €inze thz c=laticn ‘adicated in

aquaticn (2.1} will ccet under lcg sign.,

Lo

Duzing rocka* flicnts ia tae e*nasph=r2 ard in the spherz: cof
inflience of graviza=icnal £i2ics th2 Zinzl scte=d 0of rocka%t is lowsrT

#k2n {+3 characteristic valocity. vuriag th» £fligats irdicated

i
. g

g
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pbe

nzeagssary *o selact +he cprimal flight trejectoery, i.e., such
srajactory with which tte total lcssss o5f charac=aristic velocisy
hava small valus,

Vnp"' Vion = (: AV“P)mm'
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paga 37,

Por conduc*ing *he rocket alorag tas cptimal trajectory in its

zanprsition mus* k3 +the systeam, whichr crea*2s control forces, for
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3= +he sclntion ¢f meny ballistic preblems arc requi

+
w

substan*ially +he hiqgher values oI characteristic veloccities,

ror gquiding a satellite into crbit arcundi +he Far“h by rocke<

apparatus must be achieved/rsachsa tha2 spe=2l, grzater than ciccularz,

\Q

or ~rbital velrci*y: i+ cn tne suriace 5f the Far *o 7300
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m/s, and a* an alts*nde h=2900 kg - 7790 m/s.

1f rocke+ avparatus acjuires the escape velocity {(escape
velosity), *hen i+ eccapes tne pull of gravity cf +“he Earth and car
be 4irzc+*24 *oward *he moon, to other 2lane+%s, *+o sun and so forth

escape velocity on the surface c¢r th2 £arth is equal <o 11190 a/s, !

and a& an alsi:tyude h=200 xm - 11010 m/s3.
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Dus +n leosses 3x2mileC dddVe
necessarv chavactesistic velocity wus* be accordingly hijnhir: ferz
example, for the injecticn of L3% 1nto low circnlar orbit value V.
is equal *n 107°00-1020C m/s.,
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Tha very #2¢fective methoa cr ctralning the hiTnr valuas cf

Hadd

charan:arishin volacity cn ¢

}ae
N

S ta? uUuss,/2pplica+ &
~napdsitz/comoound (multistaje) rocks:t, This rocks+ consis=ts cf
and nora2 than s+aps/stages. duitistaga rockets are suhdividad incte

*h~ rocke*s with «h= cross and parall2l stagirng.

L2* us oxpla‘n *he spacial fsetures/peculiarities of work of
nmul*istaga rockets bascd cn taz exempls of *we-stags rockets (Fifg.

245)

Aith the work of DU of first £*age two-s*age roNcke® with *he

tandam staging (se= Fig, 2.5a) ic 2= nszcessary *o¢ corsids:s as on~

o
al
9

st=2pn/s~aqg2, which consists of the Lasic building bleck of Zirst stage

with DU and the nose section, 4hicn in this case is *he second

(e

step/sktage, %,~,, ** projects 1in thf role of paylecad for the basic
milding block of first stage. After th2 consumction of bulk of

prno2llant comoonents in the tanxs of DU of first stage its Fasic
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(s=ccund tin/Stag-”T

consists of hasic buildinj biccg and nuse secticn with tha vayleoad.

T40a=s3t37s rocka* wilth tae pafelies statin: {3¥ a2 Pl 2.%H) i3

actnally 1 31/2- bv s-aqe rcck2t. cI0n taz vary Htaianingy of k-

dapartmars/s~paratior ctf othsr casic builiing blecks of Zirs* s:ags -
bv hasic building bleck of a3z ssccrnl scszp/stace, L,e,, after *h=
dapac*mar+/s=anaration cf othar kaszc burliing btlecks ¢f Sirss s=ag=
‘n *h2 ccapositicn of rccxkew r2peil :h: basic bniliing hlock

indica*t3d and *he nose secticn (payload and sectisr 35Uy,

As is evident, +he effactiveaess 2 nul%istage zeck2ts is
exnlainad by the fac+ +rat durinyg thzir utiliza+ion it is possible *o
corsidarably ircomase relation Myge/Mues@ad, consequently, =ha

charac+taristic velerni+v ¢f rocket.
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*iq, 2.5, The scheamatics or th2 tJdc-3%232 rockn+3: a) with

ot
e

D
ot
v
[
o9
N
=)

staaing; b) wi=zh by parallel stayging; 1 = =2xrlesivs hel4s.

Kay: (1). Mose saction with ta2 jas*rumant compartman%t, (2). Secorni

s%2n/s*aqde. (3). Bazic tuildinj olccxks of first stajge.

52.5. Reguirements for the enjine 1instillaticns.

The power plant is effective for use in the rocket
venicle 1f 1t gives it a high characteristic wvelocity
for thilis purpose, the spegific impulse of the engine
should be sufficiently large, while the mass of the
engine 1s small. A reduction in the mass of DU is
achieved at compactness of its construction and by the
utilization of working medium with the large density.
Effectiveness of DU
increases/grows, 1f the unproductive expenditures of working

medium/propellant in tte period of engine starting are low, and af=er

ts 1isconnaction ir **e tanks reaains only a srall quantity cf

e




m1s2d wockira medium/rrcep=-liant.

27 must also orovide the scssitility 0f changying in =-pos- =0
sreaktion cf rffnr+te/“rrces and 48CULTIS/IOC TuUes for <he *Tasagcscryv
midanecs 0f rocke* vehicle, Jde2d 1o 2 caangz in %ths thrus< aopsars
wkan envine is *he 1ctnating 2izasnt oI tas syswtenm of conoool of

' w2 b o - .. - .y - < $ -~
Tomox3t vaRficole, As ~xarrls caa sSelve tas contrel gyshern 8 o+

6

apnicen* gelendi+y (Fn arpbraviated I¢rnm sys*=sm ¢ WKS). In
valocity is determinad oy 1nt2jraciny th2 aovnaren= accelara-ion,
i.2,, “ha #n*al acc=leraticn, ccmauricatel *c reocket vehizlas pv all
ac*ing on L+ farces (2nrgine thrisc, th2 asrcdynamic rssisting fcrcas
of rhe a*aposphere, e*c.), witn exception of the forces of

gravita*icnal f3el1s, The apoaren: acczlaraticn is measurad with +na

2id 2f “he spnecial irstruments (accelacdiseters), which farn

liel
Y]
1
ot
(e}
ty

-

41

O
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the contrel sys+tem. In flight of ccecc¢et vahicl» unlar conii<ion
the s*=nonqg gravitaticnal Z131d c¢f planac the avvaran* vailagity of
vahicla can considerably dizier trem speed relative to launching

point hy the surface of planet.

Tha work nf system ¢f R3KS lies in ta2 fac+ that at each peir+ of
poweral fligh%t *rajectcry the actual valua cf apparsnt veloci*y
Viewa 1s compar>d4 wi+h the prcjzammed value of apparent valocisy
Viawmp Valnes Viaxm are empedied 2nto th2 special control-systan

aqiiomant prioc 4o ~“he start of cawliszic missila, Tn tha cas=
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Ditech aral~ a1l 4P za;l: Letw2s2 lonagisqgdiinal o oaxis caockEts ani
1l~cal horizen a= *he pcint ¢ antersszciicn ¢f <h= surface oI nlan=:
#ivth +h2 line, which ccnpnects the cent2r of mass »~f reockst wish +hs
can*~r cf nlanst+,

Di*rh argle fa arrenjnd/locuted in range plan», i.=,, i=n
~radactnry nl'an= ~f haliistic aissila; th2 plane indica<ed i1s rass=2i

*hrounagh the launching ccints and inciiznca/drep in the Tocks

N
-
W
)
m

alse +#hTough *+he c2n*=er cf planset.

Tha crnrs= angle (¢r yaw) is callad the angle betwe3zax tha axis

nf rocke* and rangoe cvlane. Tae atti*udz c¢f roll c? rocka* is

jetermined hy the “nrning angle or *ane transvirse axes of rock=t

n

th

ot
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Areun?d ‘+3 lAanqistndiral zx:s itien ¢
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czcm thy salcnlateld or

axes/axlas i~dicateqd,
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T~ "n7¥n~ dinstallaticr ause ce irharent a2lso tha follew?na
3
3 qualisies,
1. Highk r2liabilisy, i.a., cfcvision of rezlianle eflici=ncvy
MMring presat Aiqe gnder Prlsiiiveusassiyrnid condisicns, Ispecially
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2. Simplicisy of ¢erstructicasdesiyn and diagram. I+ VY ayck

determirce ralfanili+v cf DU.

3. Hdiah manufacturability. rhe bricesses of minusactuca of parss
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?iq9., 2.A, Diaqram nf +he layout of the pitch angles, course anl bank.
Rey: (1). Porm. (2). Prcj2ction of rslling plane. (35. Centar of
mass. (8). Pi+tch angle, (5). Roll a%titude. (A). Projection c€ onlana
nf pitch., (7). Pi*ching rlane. (8). Projec*icn of nlane 3£ course.
{(9) . Rolling plane.

Page 41,

4, Convenience in operacion. ider2 are included:

a) simplicity, cheapness and th2 safety cf transpertatien,

s-ora3n, maliatenance/serviciag and repair;
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b) ZavulaeTabilé“y duriag cuwe 2uac

3
ct

tinr, Y.23,, drs:pzitivity sc
*%2 =xearnal atenciss, feo eoxaanple 42 :thz pellution/ccntanination of
ornnslli~t cemncnerts ard tvo difrelent ~rrors of the service
oarsonnal, *o tha effact of ccendataiecns of ocut~r space (for =xamole,
to *he 3°fect of micremetacritas), e€tc.

o Saalles*t 2as+e/valie and tane ol manufac<uss, This ra2la=--5 =o

.....

thes cost/valie o€ sizucmural satesials, fu~l/orersllarnt anl cquipmort

far th=: marnfactnre, *k3 assenanl; ard :a¢ *2sting o€ DU,

I

i

in%o cempesitica ¢ U apcer 33averal sustainer angines, th-n
th> gpraad nf +“heir thryst watn tae work in the basic
nodes/conditiocas, anrd also durinyg chr s:arting/lauaching ani the

13 econnaction mus* he lcw, OtharCwiss ayvears “*= larje nacturbirg
moment/%orqua, which must b2 compersatad, which leads to the

jporopriata lossas.

DT A€ comba* miseiles must ailow/issume long shelf-1ifa 4uring
“k2 significant cscilleticns/viprations of the *emperatura of “ha
atmosoh=2re, including vith tae2 canarged/filled tanks, In th= casa of
“he amergence nf *he necessity enjina 3tarting and missilas takeofs
mus® ba pravidsl ‘nte possibiy tna shorter time int2rval., This
cequiremen+ raquiremen+ has specaal importance for ZUR, s:rategic

ballistic missiles, which are Zcuna 02 uninterrup¢ed standby alacze,

Y

e g e mmie it
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Are2 vary scocific reguizemscs fcr to~ ceck== ngiacs of space
vahiclag, ¥or ¥) co+viral is the sustaiizr erngipr= of muliipurpose
Jasiyration/ourpose. It must allowsassime the possibilizy of
al+iplying, incluiirg cf zfcervaca prolenged (cf up to scvaral
r2aTI) flighe ‘na*e srace ander coadaitisns of weighslazrazzs, a~t o

possibili+y of a1 significant c2duction’/diascarnt in <h2 =Zhoust,

The examnla of rultiourpos2 andgin: is the sustainer engine of
tha "acnllo" svac~craf+, wnich 1s dssijned fcr X0
inclusions/connacticns with the ganeral/common/to%al dura+ion of

operation v=750 s. This enjine it proviiles:

1) to three traijectory corractions of ship bothk in fligh%t to tha

noen and Auring rweturn flighT;

2) braking ship during the appraach to the moon for the

indazeior in*o Arbi* of the satallat2 >f the mcor (r=360 s)

3) a change in the original alliptic orbi+ during the motion

azound tha moon *c “he circular (r=360 s);

B) start with the crbit of tae 3az3llite cf th2 moon for the
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£13gh* o0 %hs Far*h (r=150 s), ina als)y) scmz g+her

nperatiors/processas,

An 2rror in thrust impulss/mouwePatim/pulse, creatsdq hrake and
cerracting hy engiras ¢f KA, must Le livw for +the safequard of <he
nrassrihrd /assi el calculazed fiael 3deed. The Azviasion nf &:-
actual valuye nf &-4s sread frca cnc calculated mu3t bz small (in

certain casas not mor2 thkan +-9.,095 a/3).

(B
-

Tha construc*ticr/design of <¢ac 2njines, intend2d far 4h= landinag
0of XA on th2 surface of cthar planets, must allow/assume conductirng
chemical and *+hermal sterilizaczion for ths exceptions/elimination of

*he possibility of *the recordiay ot tarres*rial microorganisms %o

other nlane+s,
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§ 2.6, Short history of rocket enjinss.

Th2 first rocket vehicles were tha solid-orceellent rockets,
inventad in anciant Chira. Tne ticrs* in the verld scientific design
of rockat vehicle for the mannad £ijjh: proposad Russian
ravolutionary, member cf "Narodnaya volya", inventor N. I.

Kibal *chich (185371881). Being located in the prison conclusicn in
Petersburg for the participation in th2 attemp% on the tsar,
Kibaltchich during March 1831 developel the "Bhsign cf aeronautical
instrument”, in which were examined th2 device of sclid propellant
engine, control of rocket vehicle oy changing the angle of the slope
cf engine, programmed ccmbustica oehavior, th2 stabilization of

vehicla and o“her guesticas.

The bases of the theory of cosmonaatics and rockat enginearirg
placed brilliant Russian Sovist scientist-inventor - picneer of
rockst engineering and ccsaonautics K. E. Tsiclkovskiy (1857-1935).

In 1903 appearead his classical worx "iivestigation of outasr svacs by
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je+ Arives", in which Tsiolsovsxiy from the engine2ring positions for
thaq Ffirzs %im2 larivel tho laws oi the mcticn ¢f rocket as the bod?:s
n¢ variable mass, hased taa possioility of the utilization of rockets
for the interplanetary tlights, were indicated the rational ways of
tha davalopment cf missile constructiocl ard ccsmonautics.

Tar *he firsg* time 1n a3 wcild Tsiclkevskiy gave priaciosles cf
+ha thaory of liquid-prcgallant cockst 2ngines and wers indicated +the
elamants o€ *heir censtruction/design. By it they were examined ard
racenmandad +o +the ntilization darfrereat fuels/propellants for ZhRD,
As *he oxidizers it rlanred to tse liquid oxygen, ozone, nitrogen
pen+taxide, whila as *he €fuel - laguid hydrogen, methane,

hydrocarbens, benzene, gasolina, turpentine and c*her substances,
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Constantine Eduardovich Tsiclkovs«iye.

Page 43,

In the work, published in 1911 ~45, pg. 89-90], Tsiolkovskiy
indicatad the advantages of tha utalizaticn of nuclear energy in the
rockat ongine., In the sama worx Tsiolkovskiy wrecte: "It can be, with
the aid of the electricity it will b2 possible tc in the course of
time with give anormous speed tc tae ajacted frem the jet drive

par+iclas. ",

ki e o imtinss st o SR i inahdtitaing, —— aidinanics debdaltc a
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First ZhRD (although los sizes/3in=ansicns) were cr2ated and
*astad Amarican they were scieatific, one cf *hs picrezrs cf rocket 3

tachnicians by R. Goddard (1382-1345).

Experiments with the oxygzn-aydrccarben ligquid propellant
5cd4dard beginnings “n 1920, and cthe b2ich *as«s of 2%3D cn %hsz
oxvgan-ather/ester fuel,/prog2llant - in 1921, 16 Yarch &8 1326 in i

Wooster Goddard produced the first starting/launching of +he rocke+*

vith ZhRD (fuel-liquid cxygen ana gasoline), which reached the

altitula ¢f 12,5 m; the flignt lasted 2.5 s,

It is =arlier, in 1919, Goddazrd published the Look "hkthod of
achieving the axtraeme teights/altitudaes”, in which he presented
theory and design concefpts of aultistaje rockets., In 1923 the
questions indicated vere exaained py Gearcman scientist, cne of the

founiars c¢f rocket engineering and cosszonau%ics by G. Obterth (born ir

1894) , In 1929 Tsiolkcvskiy punlisaed th2 work 'Space multi stage
rockets", in which he develcped diagrams and thecry of multistage

rockats 45 ].

One of th~ pionears of rccket engineering is Yu. V. Kondratyuk
{1897-1942), In 1919 in the work zfiat, whe will read in order to
build® ji¢ it developed numbar oi ta~ basic prchblems, connacted with

the space flights. In the theoretical studies "@onquest of
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in*arplanatary spaces", punlisauvd ir 1329 in Novnsikirsx, Kondra=yuk,
without knowing abou* *ke wecrks cf Tsiolkcvskiy, originally derived
the fundamental eruaticns of motion >f rocket, In KXcondratyuk's works
are 2xamined the theory of nultistages rcockets, +the economical landing
of rockats on the vlanet with tne utilization cf atrospheric traking;
YondrTatyuk nrooeossi flijhts ¢o0 Tae MI2n and *ha planats with +he
injection into orbi* of thair arctiricial sa*ellites and tha subs=quian+

depar tment/separation aof tax23oif and landing spacecraf: as

ot

energetically advantagecus., Fu-thermors, bty them are proposad as the
fuels for *+he rocke* erginas scse uwetals, nmetallcids and their

bydrogen comocunds, for examgls aydroboride [20].

Large representa*ive of tha Soviat scheel of missila
construction was scientist and inventor F. A. Tsander [ 1887-1533). He
as early as the student years studied the transacticns of

Tsiolkovskiy and he was interasted in gJuesticns of space flights.

Page 44,

In 1924 Tsander published in tae journal ‘féchnology and life" the
articla "Elights/passages to cther planets", in which he presented
‘ts basic $dea - +he ccmbination of rocket with the aircraft for tha

~aked>ff from +the Earth with thi suosequant ccmbusticn of those nlacad

by +*he unnecessary on2s cf m3tallic parts (for example, the wings of
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aircra® anri tanks af+er tase prcduction/censumrction/gen:zraticn of

orrp2llant compenents) in tha cthriust chanber £o97 an increase in +¢h=

flviny ranqge of rocket [44]. Since 1924 Tsander stidied the idea of
solar sail, for the first tiae 2axpressei by B, Krasnogorskiy in thae
;; novel "on +the waves cf ethary/ester" (1913).

In 1930-193) Tsandésr construct~i and *as+=A4 in *h: corprissad

(0]

‘—,W.

asr with the gascline *ne firs: j2v 2a3ine COR-1, which ievalored

“hrus% frem 1420 mN {145 3£f] aad acra.

Ona? of th2 pioneers of rockat engineering, who mads the basic i
con+tribution to the develcpment of Soviet engine construction, is
acadamician V. P. Glushkc (it 4as oora in 1908) . Beginning with 1924
Glushko 3% publishas the sariassnumber of popular science and

scientific works on *he cosmonavtics.

on 15 May, 1929, on Glushkc's pronositicn in the gas-dynamic
labecratory (GDL) #n Leringrad was organized first group, and then
section, which began the creatica of 2lectrical and liquid propellant

rocket engines.

Glushko - builder c¢f tha £irst in the measure elec*rothermal

rockat angine (Pig. 2.7a)which was by it theoretically developed,

constructed and %*ested in SDL in 1929-1933. Engine consisted cf
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~hambez/canera with *he nozzle, invc 4hict wi*th spercial mechanisa
4ere sunplied the metallic wiras, which simultanecusly serv2! as tha
cordurn*+or of alactric current and 4s workirg mediumy/progallant. Wires
explod=1 with the =lectric currsnt (pulsed discharges nf

capacitor /condenser), The fcrminygy vapors cf metal flcwed out behind

“he nnz2la, creati~g +hrust. [aztiad of %he wirss into tha
chanbhas/camnera <o1uld ke supplizd tarcuagh injscter-electcodas ths
streans 0f tha alectrc-ccnductive 1ijuids (mercury, elactrolytes),

which alsc sxplecdad in ths cnamter/cam2ra with electric current.

In 1930-1931 under the manayamAnt/manual of Glushko in GDL was
develonad and censtructed ficst experimental Zh8D 08%~-1 {experimental
rocka* motor) (see Fig. 2.7b). It testad cr nitrcgen tetroxide and
*olusne, and alsec on liguid »>xycen and gascline, morecover in *he

lat*ar case %t develcrped tarust tc 1956 n [20 kgf ],

In 1930 Glushko he froposad aisd> sulksequently investigated as
the components of prepellant Za8D nitric acid, the soluticns of
nitrogen tetroxide (nitric tatrcxide) in the nitric acid,
tetranitrome+hane, pearcxide of hydregern, perchleric acid, berrylliuam,
+thres-component fuel/prcgpellant - oxygen with hydrogen and berylliunm,
powders with the dispersed baryllium. In Glushko's the same year wers2

developed special (shaped) nozzle ani heat-insulation coatings froan

zircoqium dioxides, arprlied to tro2 intesrnal chamber wall,
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Pig, 2.7. Engines, V. F, Glushkc's created in GDL: a) %+harmal type

€irst in the world EBRD (1929-1933): b) first Soviet ZhRD ORM-1 by

thrust 196 n [20 kaf] (1930-1931),

Page 445,
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In 1930-1333 #n ATl was craaced tha family ¢f Zh®D: from CRM,

ORM =1 *o 0ORY¥-52,

During Sepntember 1931 1an Moscow with the central ccuncil of
Osoaviaxim of +ha TNSSR was creited *h=2 grcup cf the s+udy of reactive

ro~isn (31D (THPI — 3zcup for whe S=n

[97)

v ¢€ Jet Pzntnulsionl) - *h:

public orgarniza*icr, whtica cssoinec %he ar+thusias+s cf rockz*ry.

[

Duzing June 1932 the sciuzien c¢f the presidium 0f the central
ceuncil of Osoaviaxim in Mosccw created the grour of the study of
reactiva motion (GIRD) =- sScisnciric research and 2xperimen%al design
organizaticn for the developaent of rockets and engines. Chief of
GIRD assigned S. P, Kcrclev (1906~1966), whe made the tasic

contribution *o the practical ccsacnautics.

Ia GIRD *the craw cf Tsander daveloped the design of engine
installation wi*h ZhRD OR-2 fcr boost-glide vehicle PR-1 (fuel-liguid

oxygan and gasoline; design thrust - 490 » [50 kgf)]).

On 17 Augnst, 1933, on the polyjyon/range in Nakhabino in the
environs of Moscow was launched created by crew M. K. Tikhonravov
rocket "GIRL-09% (Fig., 2.8) - the first Scviet experimental rocket,

Her engine worked on liguid oxygen, supplied %o ths chamber/camera

vith vaner pressure ¢f its own and the sclidified gasoline which was
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placel in the combusticn cnaabar, aeveloped thrus+t 245-324 n [25-33
x3f % Juring *he paidern flijht tne rdcket "GIRD-09" achiaved

haight/altitud» ~f acprcximacsly 4ul m.

F{=st ZhRD of +he ccnstructior/iesigr of Tsander (OR-2) was
nreparsy §n GI? <a Deceanbsz of 135:2, The puonils of Tsaniar, afiar
his 22ath cortinuing +lte matrar, i1ui<iated in him, reccnstructed
argina NR-2 - raplaced gasclina wiath ethyl alcchel for
=2Aucirqg/descendiing +he tempariture o% gases and facilitation of
cocling; in+troduced ceramic liningy chambers/cameras and appropriated

to it index 02 T23).

Tsander davelcped/rrocessed in GIRD from January 1933 also the
2ngine 10-ZhPD, which had to work c¢n liquid oxygen ard gasolire,
During Angust 1933 was changsd the ccnstructicn/design c¢f engine and
gasoliae was subs+ituted by alcohol. On 25 November, 1933, *cok place
the first launching/starting of createdi GIRD under Korolav's

management/manual rocket "GIRD-X" with engine 10.

With the resoluticn of the council of work and defense of the
USSR at the end of Octcber ¢f 1933 %n Mosccw on the base GDL GIRD was
created the first in tte vorld reactive/reagent scientific research
institute (RNII |(PHHH). - Scieatiric Rasearch Institute of Jet

Propulsion).

PRV N
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Sergry Pavlovich Kerelevw,
Page 47,

The chiaf of RNII was assigynad I. T. Kleymenov (1898-1938), assistan+
- S, P. Korolev, and frc¢a January 1934 - G. E. Langemak (1898-1938).
The collactive of RNII wcrked orn all basic preblems of rocke*

engineering, maintaining clcse ccnnection with Tsiolkcvskiy.

The collective cf the specialists in ZhRD, which grew in GDL,
developed in 1934-1938 in RNII a series of experimental engines frcn
ORM-53 tc ORM~-1N2 for %he work cn nitric acid and tetranitrcmethana
as the oxidizers and the first Soviat jas generator GG-1 c¢n the

nitric acid with *he kerosene and the water, that producad by hours
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innact nure 7Jas.

Zh3D OR%-AS (Tiag, 2.3), iaveacpal in *hn 2FNIT an? Wiaich passel
6ffizixl tests irn 133A, vas tha mcs* righly Adaveloved «nqgire c€ *tae
+ima, I~ worke? on *Fe rieric icia and the kercsenz and provided a
chapte 10 R shruss freox ool oa (S c1fl e~ 1T7F 1 M ITF 03T,
fpecifin de4 filcoirgy compesid 20890709 Nes Xy F210-218 ees/4¢3 0,
Iriiny alloved/assumed roth a@anuvas ardé autonatic starsinyslaunching
anl were withs®nod/maintained repeetesd (%C 50) rench %*efstz with ¢he

Jeneral /common/%o0+*al dAuraticnh ¢ 3u 1ia.

The collectiva ¢f RNII criatéc tha series/rumber of experimental
ballistic and wing2d missilas and engines to ¢them. In 1934-1938 wer>

modern “he flights of rany rockets. Ir 1939 vere carriead out +h~

4]

light tes*ts 0f the cruise rissile of 212 ccnstructions/dasigns of
Xornl=v with engine CR™-¢5, walle ar 1337-1638 - ground tests of
rocka* glidar 3P-318 cf the ccnstsuctisrn/design of korolav with the
same angina, On 28 Pebruary, 1340, pilot V. P, Fedorov coaple®ad

€light on this rocket glider with engine FDA-1-150,

In 1942 took place pilct s. Ya. Bang?%vandzhi's flight on the
first Soviet rocket aircratft Bl-1, on ¢hich was established/installad
tha+t daveloped %n the ENII ty L. S. Dushkin ZhRC D=-1-A-1100
{fusl /oropellant - ni+tric acid and kerdsere;: rated thrust 10788 n

r1n <3¢y,
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t ?i7., 2.8. Rocke®: " IRC-C9%,

Page 43,

Job superintendent cn ZaRd in GOL Glushkec continued this work in !
#ke ANII (1938-1918) ., Curing tais feriosd 2pceared of Glushko's book
“he "rnzkets, their device and usesapplication" (together with
Lanaemak, 1935) [24) ard "liguad propellant fcr the jet engines®
(1936) (121
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In 1939 was cr~a*ed the indeperient crgarization, which grav ir

1941 {intn axparimental design ocreau (I)KB) of ZERD,

In the 40's OKB developed the family of aircraf¢ ZhRD (RD-1,
Rn-t;%. RD-2, ?N-3) witn th3a pazp ze2d (fu=l/cprepellant - ni¢ric acid
ard kerosena), Eng'nes provid:zd wmultiplyirngs with a change in the
thrust ir +he Barth fres 2743 n [ 300 kgf] *o 8829 n [900 kgf .
Engines RD-1 and RD—t;; undecwant trnca finishirg and official tests,
and in 1943-1946 - about 400 jJrcunc ani fligh% tests on aircratt Pe-2
of tha ccnstruction/design cf Vv, M, Petlyakov, la-7h and 120R tha
construction/dasign cof S. A. Lavocukin, Yek-3 *he constructicn/design

of A. S. Yakovley, Su-6 and su-7 the cocstruction/design of P. 0O,

S\]khoyt

Qualitatively nev deve lopment Stage of rccket enginearing was
bequn a2f+er the Second icrld War in th2 USA and, especially, ir the

USSR.

Soviet specialists, beginaing wita 1947, developed several ten

types of powerful/thick 2ZhRD, which had extensive application cn %the

rockets of differen*t designaticn/purpose.
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To a numbher of these engyinas th2y relate ZhRD RD-107 (Fig. 2.10)
and RD-108, Th~y waere establisaedsarstalled rzspectively to first arnd
gsecond stage of the recket, with che aid o5€ which was launched on 4
Octobar, 1957, *he first in the world artificial Barth sa¢ellite. By
this starting/launching was estanlished the beginning of the space

aga in humandity's histcry.

ZhRD RD-107 and RD=-108 ware apoliad also in thz “hreas-stage

carriar rocke* "@est® (Fig. 2.11).

on 12 Apr!l, 1961, with the aad of the carrier rcckat "“east" vas
realizad the first in the world flight of the citizen of the USSR YU.

A. Gagarin aboard the "Vostok"” spacecraft on the orbit cf artificial

Parth satellitn,




Valanetina Petrovich Glushaxc.

Page “7.ﬁ&hko PD-214 and RD=-119 (F2g. 2.12), d~velored in 195:-1957
and 1958-1962 respactively, ara establisheds/ins+alled tc the carcier
rockat "Kpsnos". ¥ith *he aid of this rocket is launched a large

quantity of investigaticn satellates. '

- =




i3, 2.9. ZhRD OR¥-65 (GCL; 3ajins urndacvent cfficial <-<s<ts ia 1)24).

pasic data of ZhRD PD-1C7, BD~1C38, RD-214 and RD-119 are brought to

the given bmlow table,
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(15).

Nitrogen-oxygen.

dimethyl hydrazine,

(16) «

"Kosaos" second step/stage.

(o | {DKouncuewtn Tonansa { P
; Paxera- 8 | © | 3, (i
AP S ! . :
HOCHTEAD Oxucmre.u’ Toproyee | . :J‘ ; B i w T
. o
| | SLCREEO B
, | ’
. »Bocrox®, ! i | ’
P1-107 | nepsas x)v*i(::o“: ! Kepoenn . 3079 314 1000 D02
cTynens poa ‘ : bt
‘ (%) Gy | (# |
: «Bocrok®, |
+ P1-108 ! BTOpas To ke | . 3UkQ 3.5 SR
cTymenb
! : (4 ! (1)
r . ,
| !
! .Kocmoc*. i TMpoay :
i ' P1-214 nmepsaf ,A:’O’"o'ﬁ ’neppepna}G‘:\Triz 2589 Jodr TS T
, . | crymemy i KUCIOTHMR TE crHa |
1 ‘. N O R OO I
! ? 19) !
i K / b, ! (]’) ! Hecuu(s'ag- ‘ ! ;
| P19 | “wropas ' Jumell o prumdl g0 | oggpe | 081
cTymeND | | i o
I 3 , THApa3uH | l
, | | i i l
Key: (1). Rocket is carrier. (2). Praopzllart conponents. (3).
oxidiz2r., (4). Ccmbustitle, (5). Nes, (6). kges. (7). kn. (8). kg.
(9) . "Bast", first stage. (1J). Ligquid Oxygen. (11). Keroserne. (12).

w§ast" sacond step/stage. (13). Tae samz2., (14). "kbsmos" first stage.

Ccnvarted products cf kerosene. (17).

(13)« Liquid oxygen. (19). Unsymmetrical
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POOTNOTE !, Highest specific impulse in the vacuum amcng the known

o i

angines of this class, whkich work cn thz2 ni%tric-acid oxidizer and *he

hydrocarbon fusl.

e A A AL e AT A e DA

------ t, High2s*% specific idacgals: - =22 vacuunm for thes n¥vasan

espgines cf thes» using the nign-poilirngy fu=zl.
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Pid. 2.10. Sovia* oxygen-kerosane zhRD 2D-107 "Vecstok"™ with thrust

P,=1000 by kn (102 1] and specitic impulse /r22=3079 Nes/kg [314

kges/k3y ] (1954-1957): 1 - steerinj chambars/cameras; 2 - unit of
fluctuation and delivery of oxidizer; 3 - conduits/manifolds of
cxidizing agent of steering chaambers/cameras; 4 - simulated Lrackets
(constructions/designs ¢f engine are absent):; S - basic
chambers/cameras; 6 - power frame; 7 - jas generator; 8 - housing cf

heat exchanger on turbine; 9 - incak2 pipe of pump c¢f oxidizer; 10 -

rA TE———— —

av g ST
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intake pipe cf fueol CuamE; 11 - [r3ssur:z sansor

ir ccmbustion chambper;

12 - main valva of oxidizer; 13 - cxidizer Pip?s: 14 - main valve o=

fuel; 15 - €usl rpipes,
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Page 31,

2.12, Soviet oxyger-dimetnylaydrazine ZhRD RD-119 "Kosmos" with
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thrust fn=103 kn [11 T] and sp3cific impulse i+ 23452 Ves/ky

[352 kges/kg] (1958-19€z): 1 - st3eriry nozzles of pitch (se

0O
Q
18]
s

rozzle from eopposite side); £, 13 - stearing nozzles cf course; 3, 15
- s*3ering nozzlas of tank (seccnd pair of nozzles frem opposite
side) ; 4,5,11 - gas distributors with eslactric drive; 6 - comkbusticn
charher; 7 - cvlinler fcr ccapressed air; 8 - +urborvump 11i%: 9 - aas
genera%or: 10 - power frame; 12 - mcunting rirg of the steering
svs*tam (n *he corns*ruction/desiyn cf engines i+ is absent): 14 -

removahls silencer/plug.
Page 52,

on 16 July, 1965, was produced the startings/launching of
artificial Parth satellite "Protcn 1%, The carrier rocket of systen
"Prcton" is capable of tearing several times the large mass cf

payload, than carriar rccket “fast",

on the carrier rccket or sjsten Qﬁkoton" are usad newly
developad powerful/thick highly ertizient ZhRD, made in the most
modern diagram and which differ in taras of lcwv dimensions and high

reliability.

In connection with u0- year-annivarsary GDL and grown from it

experinantal design bureau (1929-1969) in Leningrad on the buildings
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of main shipyard and lcannovskiy ravelin of the Petroravlovsk
stability whers in 1932-1933 was placel gas-dynanic laboratory, werca

established/installed memorial faaels (Fig. 2.13).

Development of missile-space techiology in tha USSR led to the
crration of +ha new creativa cclisctives whese sracialis+ts Asvsloped
a whole seriers of in*erccrtinentalil rocs2ts, carriar rcckets, space

vehicles and ships.

Th2 Pasic stages cf tha mastery/alopticn of outer space are

raeflactad in the given below tatkle.
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Page 513,
l {’ Jdara 3anycxa paketru @ !
Llean KoeuMuIecKoro moaera ' s cccp s CILA
! ® f
g 3anyck nepsoro HC3 %) ‘ 4.10.57 ,' 1.2.58
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Key: (1). Targe*t of space fligat. (2). Date of launchirng of rocker, |
(3). Starting/laurching cf farst 152 [ . - artificial aarth

sa*elli%e ], (4). Star*tirg/launchiug >f firs*t artificisl satelli«e of

sun. (S). For +he first time KA reacaeil the Mern, (§),

Starting/launching first KA to side of Venus. (7). Maiden flight of

Tan 21b~3ard svacecra®+ ¢n orpiz Isd. {5,

W

rareins/launchingy firs+s KA
+n sida eof Mars, (3). Ccsmonauc’s e€xiz inzo Oper cuter svace. (13).

For 2h2 first *ime XA reached Venus. (10a). I* is nct realized, (11),

First soft landing of XA cn mccn. (12). Startingslaunching of first :

artificial satallite cf moon. (13). For the first ¢ime KA *cck direct

measurements in the atrcsphere ¢r Venus., (14). First flight around of

moon by spacecraft and its rsturn to th2 earth. (15). First manned

spacacraf+t docking and transitican/transfer of ccsmcprauts fres to.
(16). Por the first tire KA ccapleted landing cn Venus and
transmitted from its surface infcrmation. (17). Soft landing of skip
cn mcon with return +o0 the earth. (18). September of 970. (19). July
- 1969, (20). Landingy c¢n gccn autcmatic s321f-prepelled vehicle

{Lunokhod) .

FOCTNOTE !, Automatic station the "Zonl-5", ENDFCCTNOTE.

POOTNOTE 2, Manned spacecraft "Apollo-i" (with three cosmonauts
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abeard) . ENDFOOQTNOTE,
FOOTNOTE 3, Da+~2 cof matinjy. ZNDFCUINDTI.

POOTNOTE ¢, Autcmatic station "Luna-16", which ensured for the first

tima ip hunani+y's h“istcry <

-
(]

ayecmawi: sanclira of aocn accurni ani

its d2livery/procuraen=nt tc :i2 ¢ai*h. ENDFCCINCTE. ”

POOTNOTE S. Yanned shirp "apcllos>-11%, waich ensured the debarkation of
“he american astrcnau“s Armstrcry ard ildrin 20 July 1969 *o0 the

surface of ¢ha mccn., ENDFCOTNOTE. . h

FOOTNOTE &, Au*onmnatic station "luaa-17", which ensured for +he first
time §n the wnrld the delivery/rrocurement of self-rropelled vehicle

"Lanokhod-1" ¢o the surface of tas md01,

Page 5S4,

The successful completion of th2 programs of automatic stations
"Luna-16" and "Luna-17" indicatés tha beginning of gualitatively now
stage in the cosamonautics - stage of accomplishing extramely cecmplex |
spac? experimants wi+th the aid of tha automatic machines. Autcmatic
stations are very effective: fulfilliny in essence the same

functions, as *he manned ships, such stations they tave smaller
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cost/value, *they can wcrk yreater time, also, under more savere

o s L e

conditions than the marned spacecraft, ard furttermcre, ducing the

utilization of auntomatic staticns thera is rc need for to risk

cosmonants?! lifa,

e canntine
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Pig. 2.13. uemorlal ranel (bronze;, ast abllsred/xnstalled on the

buildiing of *+he Iocannovskiy ravelin of Petrcpavlcvsk stability in

Leningrad. i
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¥ Page 55,
Chapter III.

WORKING MPDIUM/PROPFLLANTS CF RCCKET SNGINES.

§ 1.3. General characteristics and tha classificaticn cf working

medium/oropellants.

Concept "Working medium of RD"™ is very wide. Working
medium/prepellant of RD is calied tha substance (in this or another

state of aggregation)wlich is used for the creation of reacting

forca, for the ingrees c¢f heat, for tha drive of turbine and other

engine accessories, etc.

According *o their desigjnation/pucpose werking

medium/propellants af RD are sutaividel in*c the bases, the

starting/launching oneas and the aaditisnal cnes (Pig. 3.1).

Basic are called the working mediia/prcpellante on which RD

vorks basic time, creatiny tarust by the rejection cf exhaust jat,

Exhaust jet is the flow of workinjy medjum/rropellant or reacticn
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products of initial worxing aediuaspropellants, moreover subs%ance in
axhaust jet by its state of ayjrejetica, cherical ccnpositicr and
parametars usnally Adiffers sijniricantly frem ini+ial werking
mediuvm/precpellants, wvhich ara lccated in the *anks cr the

chamber /casnera of 1D,

Startirg/laurching workinyg macium/propellants are used during
the starting/launchirg ¢f 30 (1p the iaitial ceriod). Thev ara
necessary; for exanrle, for the sterting/launchirg chemical ®D, if

basic prcpsllant compcnents ara not casable cf irdapendently en%ering

into the reaction,
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Pig. 3.1. Genaral /commcnstotal classification of working

33diun/propellan+ts of RL.

Key: (1). working medium/prcpellants of RD. (2). Basic. (3).
starting/launching. (4). Additicmal. {3). Sclid. (6). Liguid. (7).
Gaseous. (8). Being low-kcilinj. (9. aigh-boiling. (10). Crycgenic.
(11). Noncryogenic., (12). Workiny meiism/propellants of short-time

storage, (13). Werking medium/propellants of prolonged storage.

Paqﬁ. 56.
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the additicnal cnes inciuda thr working mediumypropallants,
which ensure the wsrk cf turbine, tank prescsurizaticn, th2s scavanging
cf chamber/cam=ara and ccnduics/manzfnlis, eopening and closing valvas

and ancthar work,

Purthermara, working m2a1a3/017v20lants are sabdisy® 7 ez

fcllovws.

1. Working medium/propallints whos=2 chenmical enargv is used in
RD, i.e., ccmporent cf chemical fuel/pcopellarnt. They are exanined in

§ 1.2 and 1.6.

2. Working medium/propellants whose cherical energy is noct used
ir RD (Pig, 3.2). They are not tns source of heat. Therefore their
selection produce only cn the onasis of the condition the most
complate conversions of the heat, appliad tc¢ the working
medium/prepellant frem without, 1ato tae kinetic jet energy. Table
3.1 3ives *he properties cf such <wrking madium/propellants (inert

gases, alkali metals, etc.).

As working medium/propellant of R) can serve alsc high-gressure
compressed gas, preliminarily charged/fillad into the engine chamber

and vhich escaves in the process of its work tehind the nozzla,
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Due ¢o the initial state 0f aygr=2jaticn working

medium/propellants of RL can b2 solii, liquid and gaseous.

On the temperature range :zhe reteaticn/preservations/maintaining
l3quid sta+te liquid werking mediua/propellants subdivide in%c thos»

nigh-boiling anA bring lecw-poiiinj.
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Fig. 3.2, The classificatioa of tae working medium/prepellants whese
chemical erergy is nct used in BD.

en RD ‘
Key: (1). Working medium/propellants, (2). Electrically neutral. (3).

Having electric charge. (4). Nct preaeaited in RD. (S). Preh2a+ed in

e e e S S s i o b e e e~

RD. (6). Without change in state of agyregaticn. (7). Wwith change in

sta%*? of aggregaticn., (8). Not icaized. (9). Icnized, but as a whcle

Mt e i

electrically n=utral,

1
1
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Tadle 3,1. Some properties of Workiny a2dium/prcpellants {351, 371.

i ‘X n-(:’]?(. | | v ] Ths I Tun | Moren- i

Pad () [':ecxan; “:u;- @ (IB MHIKOM COCTOR-| B TBEPAOM COCTON-: ‘ unaa |
odee Teao ! OHH3a-

| l Gop- | nomsp| =2 | i ({) (6) il 1 1IPH HOPMANBHOM AABACHII! [ " :::nc !
Myaa ! INA- ; KMONy : H < ! o

i vental (4) 0 (") ‘ (8’ (r e

Covit ()  He | 0 | 4,003 147 non 20 35 1 _ 0.5 (np adpaemn — o :
( ) , ; | ! ln})_}l) A5 1) ‘ 255 6apY,8). §,209 ’ 1,5R

¢ i B R . -, T <4 —

feow () ¢ Ne | 10 | 20,070 | 1204 (py27° 25 K)| - | 24,48 27,05; 27,25 | 21,539

i

|

|
Apron 04) : Ar ! 18
| ]

4
]
| 39,948 1 1400 (npu 97,15 K)| msomw 15 r\)} 83,75; 83,85 | 8.5 | 13,75 |
Kpunron 7g)| Kr | 36 f 83,800 "’155(npud-Dﬂ°°sz\)| - | 115,95 116,05 1 119,75 119,95 ; 13.995"
T i
l‘“e‘"’" (é)f Xe } 54 | 131,300 |3520 (npw 154", J15K) - 1 161,35 | 165,05 | 12021,
! | ¢
lAao-r ()| M| 7|, 0l3g808(npu7é7l5l()l — f 63,15 [ 77,35 | 14,54 ! l
i (Ig) | L l 3 | 6,939 | — l534(M8° 1560 452,15, 453,15 | 1623,15; 1643,15 | 5,39 | -%‘y
l”afp"“ (491 Na | 1| 22,99 | - 1972.5(npn273° 1%‘(’! 370,65; 370,95 | 1150,15; 1173,15 | 5,138 3
anh (n) RNEED D | perisisy? 3675 | 038,15 100,15 | 4,33 |
va6unn!é)J Rb | 37 | 85,470 [1475 (aprr811°.95K)] 1532 l 311,95 | 978,15 | 4,176 |
[ s | 55 | 132.905 | — 1873 1900 | 301,65 | 91,15 | 3,803 ’
?ryzb E) , lig | 80 | 200,590 | 516 i — i 934,98 | 629,73 | 10,434,
i # - — .
finza _@‘/)l o | — 118,016 [1000 (ipn 277215 8, - ! 273,15 | A73.15 T
’ !

Key: (1), Is working bedy. (2). Cnemical formula. (3). Order number
of element/cell., (4). kgskmcle. (3). in the liguid state. (6). in
solid state. (7). kg/m3. (8). at aormal pressure. (9). ionization

potential cf atom aating 1.

FCOTNOTE 1. eV - electrcn volt; 1eV=1,6021e10"19 jcule (3.8276e10 20
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cal.). ZNDFCOTYNOTE,

{10). Helium, (11), with. (12). (av prassura cf 25,5 Frars). (13).
Neon. (14). Argon. (15). Krypton. (16). Xenon. (17). Nitrogesn. (18).
Lithium, (19 . Sodium. (2V). Potassium. (21). Rubidiam. (22). Cesiunm.

{23). Marcurv. (24), Hatar,

Page 58.

Te high-boiling relate tha workinj medium/propellants, which
under operating conditicns on the earth/ground (at the normal
atmospheric pressure) have a boiling point cf highar than 2989

{25°C), i.e., they are under normai conditicns liquid [ 23].

Low-boiling are called tha working medium/propellants which
under standard conditicns have a poiliny point ¢f lecwver than 2989k
(25°C) ard are gas, Hcwever, some of taem can be employed as those
high-boiling during the maintenance >f a ccmparatively small pressure
in the tank (for examrle, ammcania NH;) or in the case of the high
freezing pcirt of working medium/prcpellart (for example, nitrcgen

tetroxide N,0,) - by preheating tae tank.

Low-boiling working medium with boiling point below 1739K are

separated into the grcup of so-calied crycgenic working
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medium/prcpellants. They include tae lower=2d4 gases: oxygan, hydrogen,

flucrira, helium, ni*rcgen, 3atc.

The high-boiling wcrking asedium/propellants, physically and
chemically stable during tae prclongsd (of up tc several years)
shel®-141fa, calls wecrker by th2 bLocies of orclernged storage,
remaining (and first cf all crycgeuic) - Ly werking

medium/oropellants of shert-tiae sterayga.

§ 3.2. General requirements for the working medium/prcpellants.

The general requirements, gresent2:d to all wecrking

redium/orcpellants, utilized in RD, include:

1. Aigh density. The yreaver the density of working
medium/propellant, the less the volume of caracity cr chamber/camera
for its arrangement/pcsition. 4ith an increase in the demsity of
vorking medium/propellant is decraased ths mass of tank ccmpartment,

vhich raises the characteristic veiocity of rccket vehicle,

2. Physical stability (stapility). Wworking bedy is physically
stable, if in +the range ¢f ambient temperatures, in which is employed
RD in *he composi*icn cf rocket veuicla, is providad its necessary

sta*e of aggregation. The usually inlicated range encompasses
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*emprrature from 2139k [{-609C ) to 333°%K [+£0°C. For examole, solid

fuel RDTT nust not bhe scftsnad at clevated *emperatures

&

o

- a
ne

Q

. .
e [ o

- b
- T -

envircrment, bnu% 1lijuid prep2liant camoonsnts mus=®

(3]
ot
o

o
homogeneity (not to te exfoliatea), not Jive sclid precipitatioer ani

not to varorize.

Liquid werking mediua/propalliants are physically staole at a law
tamperature of their freeziagy (cr, taza: one and ¢he same, ma2alting)

and *o high boilirg rcint.
Page 59,

The uses/aoplicaticn of wcrkiny szedium/precpellants, which do not
rD
A:aises in price

possess physical stability und2r coniitions
construction/design and cperaticn; for example, in the cas2 cf
aoplying the low-boiling (especially cryogenic) working

medium/precpellants thay are necessary:

a) +the heat insulation of tanks aad mains ¢f RD, which increases

the dry mass of rccket vehicle;

b) the system of cocling for aecraasing the losses of wcrking
medium/prcpellant to tte vaporizaraocn arior tc the start of rocket

vehicle, or the system cf the tcppiny 5f tanks for the
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completion/replenishrent of th2 lossss indicated;

c) the use/application cf structuzal materials, which pcssess

sufficien* impac*t *tougtpess at low temderatures.

Reguiremen* for ¢%re panvsizal s*tabilisy ¢f workir:

n

g

2 lae
~~TCe

?e iium/propellants is essantial in ess2acs fcr the coascat al

a

For the carriar recke+s ¢f KA and rer 3\ themselves the
us» saoplication ¢f crycgenic working axdium/propellants in view of
their high effectiveness frca cther parame*ers is nct crly justified,

but in the majority of the casas ny optimal version,

3. Chemical starility. In the vor<ing medium/propellant must not
cccur *he chemical reacticns, “kicn 1l21d to the liberation frem its

composition of othter prcducts.

4, Simplicity of stcrage, transport and cperation. Werking hedy

satisfies this requirement if:

a) the vapors of wcrkinj amedium/pcopellant in the mixturs with

the air are nonaxplcsive;

b) is working body and its vapors are ncntcxic (they are

nontoxic) and Ao no+t act on skin, eyes, 2tc., i.e., they ara harmlass
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for the service perscnnel;
c) working body dces not axzlcds inder +he influence on it nf€

impact lcad, §t is lecw-sensitivitvy tc zhe pelluticn/centaminaticn arnd

3¢+ 3s not aggressive with respict te ta2 szructural materials.,

1y

urtharmore, whsn selictiaj ci +o0xkins a2:=diun/pzcpellant it is
necessaryvy *o considar its cost/value a1l mastarcy by demestic

manufacture,

The working medium/fropaliants, us2d for the engines of KA, must

possess lcw sensi*ivity tc the ccsmic radiaticen.

8§ 3.3, Specific requirements for taf wdrking medium/propellants.
\
Requirements for the workiny meiium/prcpellants depend also on

the type cf the engine in which they are used,

Thea fuels/propellants, utilized in chemical R®D, must prcvide 1
large quanti*y of hea*, isolatsd with the ccurse of the reaction of
the reaction 1 kq. of rropellant compoaents, and the low molecular
weight of reaction products, aoreover it is desirable, that they

during *he motion alcng the aczzle wary in gasecus state, Ths

fuel/propellant, which satisfias these requirements, provides the
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high value of specific jet firinge

derking medium/prcrellants noachenical thermal RD mus: pessass
in exhaust jet analogors witn chemical RD lew mclecular veight, and
! also lcw values of spacific neats of paase transformations (melting

=1 raserizationm),

The werking ma2diun/prrop2llants, waiich satisfy these
=~quirements, provide the hijh values >f specific jet firing,

] moreover for its work prcves to be sufficient the presence onboard

+he LA of a source of tnermal 3nergy of a ccmparatively low power

and, therefore, relatively small aass.

Page 60.

The first raquirerent is isportant for all types thermal RD, the
second for some engines does not hava special importance. For
axample, nuclear fissicno of atoas in the reactor YaRD with their lcw
ganeral/common/total mass jJives a sijnificant quantity cf heat, and
problem consists cnly c¢f vworking body receiving and wvas
abstracted/removed heat from tae zone of reacticn and thereby it

provided the normal operating cvamperature of reactor.

Whan selecting of werkiny mediuas/>ropellant for the engines,

aaineith Sl il d dibaiiiitdiout , ] - ot
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which use its electrical properties, ace considered the special
fa2atures/peculiarities cf ¢ha icnizatisn of working medium/prcpellant
and subsequent dispersal/accalaraticn >f its electrically charged

particles. Por such workinj aseiiuc/propesllants they are necessary:

1) least nossible eneryy ccntent, n23cessary for the icrnization
{for the elec*ron detaclkreat frcm external atcm shell), i.e

e ey

possibly lower icnizaticn poteatial;
2) high electroconductivity in th3 fplasma state;

3) the relatively larger mass of a3lectrically charged particles

so forth,

Are very specific requireaents for the werking
medium/propellants of the photon engine: the frcducts of their
reaction must possess the ability of iatensive radistion/emission,
i.e., initial enargy cf workinj medium/propellants must most

completaly be converted intc the radiant energy.
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Page 61,
Part II.
THRORY OF THERMAL ROCKFT ENGINES.

Chapter 1V,

Real thermodynamic processes cf expanding the chemically active

(feactinq) gaseas, !

§ 4.1, Reactions in ¢the chemically active gases.

The processaes of expansicn occur differently, depending on

tamparature and compesiticn of gas or mixture of gases.

During *he expansicn of cold simpls gas (for example, hydrogen)
in it it does not occur any chaeamical reactions, i.e., the composition
of gas in different states does not change. This gas call chermically
inert, However, if we raise tha tJaperature of this gas, then in it

begin to flow/occur/last cheaical reactions, which it is possible to
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judg?, afiar conducting spectrai analysis., Fer exanple, in the casa
of haatirg hydrogen “c higa (0JdCu94) <eaperatur= in Ya?l ani therzal
type BRD in its composition apgears, b2siless molecilar hyiroasn H,,

alsc atomic hydrogan H.

Chanfcal reacticn rreducts ia *ne chamhers/cat-oTas chenical )
are rha mixtnre of differeant gases, heatadi tc 3000-uS500°K. At this
high temperature in the pixtur2 or gases occuc chamical th2

reactions, vwhich alsc leads to a canangs in its ccapcsi+ion,

Gases either the pixtures or gasaes, in which occur chemical
reactions, call chemically active, cr rezacting. In the process of
expanding such gases the reserve or thair chemical energy is

decr2ased as a resul* cf its partial ccnversicn intc thz hea+*,

Lat us oxamina as the exauple to chemically active mixture tha
fuel combustion products in thke canamber/camera chemical RD. Into
their composition enter the products not only cf comple*e (4,C, CO,,
HP, 2tc.), but alsc inccsplete comoustion (CO, etc.), cr oxidative
and combustible elements/cells in th2 molecular and atcmic ferm (0,,
Hyy 2, H, 2tc.). Ié sheculd be notaa that aven with the excess of

cxygan are ravealed the products ot incomplete combusticn and

unreacting combustible elements/ceils.,

)
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2age 62,

The above is =xclaineu Dy trne rsvirsibili¢y of cherical

reactions,

Ary chemiral cTaactjicn sandiel “n02 ja3-S €CCIiF ncrh i +hs
straiqk« line and ia +te cppcsite cirecticn. FCor exaarle, Tno
straigh%/direct anl reversesinverse reaction cf the reecticn of

oxya2n ard hyiregjen:

H, """'XT 0, - H;0; H,0 -H,~-— 0,

IJI»—-

1
or Hz'l"z— 0’ : H-_.O.
Tha compositicnr ¢f gasecus mixture dapands cn *he sveed cf cccurence
nf the straight/direct and revarsesrinvarsa reacticrs: if forward
reaction has high speed, then tke concantraticn of water vaoor in the

reaction gasas in the ccurse of time iacreases/arows, ard at *tre

greater rate of revarse reaction i1t is iocreased concentraticn of 4,

and 0?'

For further calculations is ot intarest the examination of *his
staty of *he mixture cf gases, in which the rates of straight/direc+

and revarse/inverse reactions are eéqual to each cther, This state is

called chemical equilitrium.
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‘TH= chami~ally equilibtriua sixturz cf gasecus rrecducts is
stra’ jh+/iiract and raverse/invarse ch2aical reacticns, its

comodsision a+t cerstants temperatule and pressure dces not change,

Intc this mix¢ure an‘er not criy tane produc+ts of *he coaplete or

» 4

irteanlate ragceinn ~f irizial wor«<in; aediiinmgrronallants
“he 3lameptsycslls of drizial 4cra.ns @ iium/poepellarts in tha

nolecular or a*anic fcrre.

The raac*ions as a result ct shich £fron +«he products »f %the
coapleta reacticn 2f werking aedaum/propellants are fcrrmed tha
aleman-s/calls of inritial working aediim/prepellants in the molecular
£orm or from the elerents/ceélls ot ipitial working medium/prcpellants
in molecular form - atcemic sutstances, call the reacticns of

1issnciation., They flow,/cccur/last vith the irgress of heat.

3agides chemi-al reactions, 1L th3 gaseous reacticn products of
vorking aediua/oropellants can flcw/occur/last rhase reactions and

reactions of ionizaticn.

Ptase are called *tke reacticns in course of which changes the
sta%» of aggreqat’on cf reaction prcducts, namely is formed the

cordensaed (liquid or sclid) phase. This process is accoampaniad by tha

libaeration of heat,
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Thae condensed sybstancs ia coctrast te the gas virtially does
19* change i*s volume witn a caange in the temrerature. Therefore it
canna* accomplish werk cf expansion, bit accepts participation in the
ohysicochemical processes, whica tzk2 place in the reaction preducts,
Tha 2ndansed suhstarnce alwass zakes ud by vatcrizaticn eor
accusnula*tas by c~riensation tne sawf sibstance, which is fcuri i =h=

vaooro1s s*tate and which participares in the reactions.
Page 613,

Therafore, if procass with tha pnase riactions continues at an
invariable temverature, the partial pr3ssures of substances in %he
mix*1re of gases always are zaigtain2d by invariable cags and equal

to th2 pressure of tte saturatsd steans.

The reactions of icpnizaticn agp=ar during heating cf gasecus
products to the high temperature (for 2:xazple, in the chamber/canmera

YaRD and ERD).

As a result of reacting <tne iorization of the atcms of any
chemical 3alement, whiclt takes tie tora

. 3 —"9‘_.e_+Euom
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vhers J3- - positivaly charjed/ilcaaed iocn;
e - alectron;

Esom - ionization energy, are formed icrs and electrons

(=l-c=ron jJas). These Teacticns ccgur 4imh %h= ‘agres

ry

neat

]

~
- -

8 4,2, Da*termiration ¢f tae composition cf chemicallv active gases.

According to law cf mass acticr taz chenical reaction rate is
diractly propor+ional *o tn2 concantratzions cf the initial reactants,
each of which is taken t¢ the deyree, 23qual tc¢ the s+toichiometric
coefficient with which tte substance 2nters into the equation of

chemical reacticrn.

The content of separata Jases ja the ccmposi*icn ¢cf gaseocus
products is expressad Lty tneir ccncentraticn cr partial prassures.
The aquation of chemical raacticn 1% i35 pcssitle to write in general
fornm

aM +6H 2 8/1-L2C,

wvhera M and1 H - th3 parent substaaces >f reactien;

L and & - the end products of r2actior.
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a, b, ¢ and 1 - s*cicnigmastric coiffinients,

Arceording +o law of mass iction tae ra*e of straight line and
ravarsa/inverse rasac+icn can pa written thrcugh “he partial pressursas
O0f the gaseaous substances:

1 V=K1 phs L=~ pirt,
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strafth+/direct aad revarsa2/1nverse reactions;

py and PE - par*ial gressdyres of the parent substances of

reaction;

|
Pn and ic - partial pressures of the end products of reaction; ?

@onstants K, and K, of different rceacticns have different values g
and increasa/grew wi*h an incra2ase in temperature, Consequently
chemical reacticn rate also jrows py increase cf teaperature. For

chemical of the equilitrium mixture of the gaseous substancas

Unp=Uaﬁp-
Pace 64.
(] R
or Pl K iy, 4. 1)

PPt K,




E
E
:
]

et LA

It b, b

L vace M

bpNnce

Pa*io K,/K, %3 called the eyiilidbrium cecns*tant of tha reaction,
exor*ssad thtouah the partial ones of :he pressure of the gaseous

subs*ances of reacticn.

£y

31ilibriun constants analcgods +4ita *h: zeaction rata censtants
are datarained by a *vre ¢ reactior aal by a temperature, at which

the reac+ion cccurs.

It is most convenient £or the thacmodynamic calculaticns
{especially fer calculaticns in electronic ccmputers) tc use
equilibrium constants ¢f the reactions of the dissociation twc- and
polyatomic gas2s to atcric; thase rractions call the reacticns cf

atomiza+ion.

In +he overwh2?lming majority chemical ED are used tha
fuels/vpropellants in wrich are inciuded the fcllecwing elements/cells:
oxygan 0, hydrogen H, carbon C, nitrogen N; is prcmising the
usasaipplication of flucrine P. The ejuaticns cf the atomizaticn of

*he combustion products cf taeir take the fcllcwing fera:

0,—20; HF - H-LF; l
H, — 2H; N, — 2 N: _
OH - O +H; NO — N-+-0; ! (4.2)

H,0 » 2H+0;  CO —C+O:
Fy—2F; CO, — C+20.
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Values 0f the 2guilibrium cons*ants c¢f the reactions are

intreoducszd i

3

handhack [ 18],

A
o
‘D

8 4,3. Zffect of tamperaturs and pressarte on the lissccia*ion of

nixturs of gas~as.

The compositicn of tha chamically active mixture of gaseous
products thermal PP is detarsined nct >nly by the composition of
working m=2dium/propellant (for chemjcal RD - by composition c¢f
prov2llant components ard by taeir ralaticnship/ratio), bu%t alse by

the conditicens of the ccurse of tne reacticns of dissociation.

With a +*emperature rise of gasedus products their dissociation
occurs more intensive. This must be considered Auring the thermal
design thermal RD, in rarticular during the detzrminaticn of the

+temperaturae in the chamber/camera chemical RD.

With an increase in the tamperature in the chamter/camara cf

hea* angjines first of all dissociate such prcducts, as H,0 and CO,
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with forma*ion OH, CO H,, O, Aith furtner *emderature rise
dissociat2 the molecular jases H,, 0, ani N, wi+th *he forma*iosn of

atomic gases.
Page 65.

As a Tesul* of *he ingrass orf h2a:t *“k~2 Jisscciation in the

chamber/camera chemical RD dacréases the total guantity of heat whict

is isolated in the presence of the chemical reactions. For example, '
*he combustion prodicts cf any fues/propellant, #hich censis*s cof

aleme2nts C, H, 0 and N, tegin ncticeably to disscciate with T>2500°9K,
moreover heat is atscrbted so intensively, that the teamperature of the ]
products of coabustion cf such fuels/propellants cannct exceed 360C°%K
(in the absance of disscciation it could be censidarably above).
However, together with a reduction/deascent in the temperature of

qJaseous products dissociation causes cartain positive effectsaction, !

namely: it decreases the apparent molecular weigh* ¢f mixture, since )
+he molecular weight of the forsed gasaous prcducts is lover than the |
mass of the initial prcducts of the reaction cf dissociation.

Howevar, in whole reacticn ¢f dissociacion impair the characteristics

chenical RD. )

In order to dacrease (to suppress) the dissociation, select

alevated rressures Pe(pe>100tar [=~100 kg/cm? ) and such ccmporent

PP J
: PO Wi » g
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2f fuel/propellant *he reactica products of which they hava a i
compairatively low “amreratura or struts with respect %o the

dissociation. To *he latter it reletes, in rarticular, hyirogen

flnoride HF - reacticn product cf thz r2action of fluorine ani

hydrogen,

o)
™
ot
)
)
-3
t 4
)
ct
b §
1]

l35scc

C

v

In contras* *~ ctazkers/cazeras cazaical
chamber/camera Ya®), ir whica 1s isclaz2d a3 significant gjuanti+y of
hea%, it is *he positive factor, waich ansures “he storage ¢f graater

2nergy of working medium/prcpellant at its limi4ed temperature as a

i |
‘
|
4

result of the increase ¢t chemical enecgy. The subseguent partial
convarsion of this energy inp tns prccess of expansicn inte the haa+
leads to the aooropriate increase in the kinetic energy of wecrking

medium/propellant and specific et firing.

§ 4.4, Equilibrium prccess of 2xpanding th= mixture of 7jasas.

In the process cf expanding the chemically active mixture of
gases in the nozzle cf chambar/camera zhermal RD the temparature of
mixtir? descends., Since each is gas mixture tendis toward state of
chemical equilibrinm, then in ctte aixtire of gaseous products during
its motion along the nczzle accur thz so0-called reactions of

recembinaticn, which are actually the raeacticns ¢f turning.

.- ey oz
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If during ¢he Aisscciation tne part o0f ¢h? heat cf gasecus

prolducts is conver=ed intc tae chewical an2rgy, thszn as 2 r£esilt ¢

th

raacting the recembina*icn, on the con:rary, thke cherical enercqy

D)
i h

gaseous produc+s var+ially is ccnvert2l in+*ec

2 4

ha heat, The ra2actioens
of the recombination of gaseous yroducts compensate 0 a cartain

axy*+ant of +he axnendityre ¢t tai¢ neat

N A I

a
.-
r
w
g ]
]
[a}
2

]
i

} e

ii

N

socia*ion orior t¢ *he nczzie ertry., Ti: lnccmplete relinmzuzzaotns
of *the expeniitures indicated i1s sxplained hy the fact that the heat
as a resul* of reacting the reccrranatisn during 4he rortion cf

jasaous products along tie nozzle i1s supplied tc ther a< 3 prassur?

less than P«
paage 66,

As a resul* of t*e rzccmbainaction >f gasecus prcducts during the

motion nozzle their cergecsiticn ccrLtiniously changss. In this case

are possible the following cases.

1. In process of expandiny gasedus products, during which their
teaparatura and pressure are dacrezsed, compesiticn of products
chang2s accurately in accordance with conditiens of chemical
equilibrium. This prccess of expansion they call equilibrium. It has
most iaportant value ir the thacry thecmal RC, since in most of the

cases the real process cf expansicrt in the nozzle of chaabar/camera
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is mos*t close precisely tc tne eguilibcium,

Byuilibrinm ~xpansicr 15 3nerc¢etically mest advantageous, since
as a result of *he reacticns cf recombinaticn during +this 2xpansion

most completely is used the charicel energy cf gaseous products. 1

The equilibriu: :rccess or expansion is actually expansicn with

tha dalivery of heat +¢ the jasecus produc*s, tre curve of precess is
arrang24/1oca*23 3n crerzdinatas ¢-v between +he curves n=k (adiaba+ic
proca2ss) and n=1 (iscltaric process)

1<np<k,

vher2 7 - index of the equiliorium procass of expansion.

The equation of tte equilitraium process cf expansion has the

form of

po"s =const. (4.3)
2. In process of expandinj reaction gases recombination doas act
flow/occur/last. This frrccess is called maximally unbalanced. The

composition of gaseous rroducts in this case does not change: the

partial pressures of gaseous prcduc*s are decreasad, but their
relationships/ratins resain the same a3 at the nczzle entry, although

F the *amperature of gasecus products luring their motion along the
P

nozzle continuously is deprasssd.
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55 The maximally unbalanced prccess of expansion in th2 absence of
kea+ axchange with thke ctambar walis i3 complstely aralcyous
adiaha~ic: the chemically active sixture of gaseous products hehavaes
in the maximally unbalanced process of e xpansion as cheaically inert

vorking body.

13 can be se~n frcx Fij, 4.1, work cf expansionrn £or- tha process

wi*h index k in cn2 anc¢ the saame irterval of fressures is less than

for the process with tte index 7,

. TaT e ——
o it dese At o 2 F
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n= YIP
n=k
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Uy YV, v;
v
Fig, 4.1, Tarwes ~f *Fo procszcsses ¢f the maxirallv unbalancad (1-2)

and maximally equilibrium to (31-2%) 2xpaansicnr 0f jgasecus procéuc+s.

Page 67.

During the maximally unocalanced expansicn gaseocus produc%s which
ascape behind the nozzie, take away with themselves the entirs
chemical energy which during the equilibrium expansion is converted
into the heat. Therefore this 2xpausion is least prcfitable from the

point of view of the energy engine characteristics.

3, In poroc2ss of exranding reaction gases recombination
flows/occurs/lasts only partially. This expansion is called partially
unbalanced; its curve is arranyed/locatad in coordinates p-v between
curves of equilibriues and maximally unbalanced cf the processes of

exvansion., It is depicte¢d in Pig. #.1 as dotted line 1-2",

§ 4.5. Pundamental aguations of the a2quilibrium process of expanding
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the mixture of gasas. A

Tha chenically ac*ive mixcture, th? keing mixture, which is tkh-=
mixtiar2 of perfect gases, is subject t> the equation cf state of the

parfact gas

N

=R.T, 1.

da

vhere2 p:, 0, R: -an1 T - rressure, d2nsity, gas corstant and temperatire

cf tha mixture of gases,

Gas constant R: is connected with the apparent molecular mass

B with the following ty relaticaskip:

4.3

Value p; can be determinad, 1f ar3 known pressure the amixturas
of gases p:, partial pressure P: ana molecular weight ui of each of
tkam, according to the fcllowing equation:

- 1 1-" .
Bp==_— Vmp,- (4.6
oS

During the motion cf the cheaically active mixture of gases
along the nozzle its ccepcsitior changas, vhich leads to a change in

values X: and #: i,e, ir contrast to the chemically inert mixture of

gases 'R, #const and  p, £ const,
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Por the equilihrius process of 2xjansicr value L. it i3 pessihla
to detarnmine frem twc rarameters ot state (fcr examplas, T ard p);
howvever, this determination 1n fractica proves tc pe sufficiently to

difficul+ ones,

For +he unbhalanced rrocess ¢ ~«pindirqg the aixtura o€ j3=ec
must be prescribeds/assicneda tha law, Wwhich licks the valu2 2. and

other parameters of the gixture of Jasqs.

Page /8,

Index ’5 determine from tne xnown parameters of tha aixture of
gases at the nozzle entry and at che output/yield from it. We use
equations (4.3) and (4.4) and let us Zulfill scae algebraic

convarsions, as a rasult we 4ill ottaina

g 25
n Pe o
Ig ReT eox
ReTepe

=
I
=

or taking into account relaticasnip/ratio (4.5)

n,= —p 4.8
g i ¢ Px
el kP

Lat us vwrite the eguation c¢f the mass flcw rate cf the gas

through arbitrary sectcr c¢f nozzla, vhich has area f:

m=foW. (4.9)
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La% us in*roduce *he follosia, designaticns:

fc = expansion ratio of jas in the nozzle;

e&p = crf*ical pressura 11ffer=a=ial;

f. - nozzle expansica ratio.

Por calculating tte paramaters inlicated are used the fclloving

aguations:
o Ly (4. 10)
P
- o 1 L]
e e el (41D
(np-+—1
= S
Fo==——, 4.12
] fa { )

\

Prom gas dynamics it is knowa that if is prcvided condition
P/Pp<ex» then in what cross secticn of nezzle it is rot possible tc
drive avay qgas to the speed, ejual to the local velocity of sound a,
i.e., in any cross sectican W<a; if nozzle has inswept and divergent
sec*ions, than the gas velocity duriig the moticn in the latter is

decreased, and its pressure incraases/grcvs, moreover nozzle does not

create thrust,

i
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und2r condition Pl =fwp the jat*tacn of *he flcvw cf gas in +h2
expaniing sectinn of nczzla sharii; changes “he gag velecity
continnes *o b» increased, and its crassure, *he tamperatura and
i2nsity - to be decreased., in thilis cas2 thke nczzle rrevides

stmersonis liatharye yalocrty Gh Tn gaane F AL SRS Bal B A

aczzle X% sec*icn) creatss tazust.
Page 69,

Undier cordition pu/pp=e¢,, the d2asity of gas p cortinuously
falls, and i+s speed alsc ccntirucusly jrcews, but valua p¥ in the
insw2o* and expanding sections c¢f nozzla changes iifferan<ly. In the
range of subsonic speeds (frca W};O ¥aan hfﬂx to qu=amwhen 7=h@
preduct pW incrnases/grcws witn aa iacr2ase in speed ¥; ian critical

sec*ion i1+ is maximal. In tha rangye > superscnic sc2eds (frca Wip ¢o

UW:)+h2 nrodnct oW with an incrsasd in the velecity is decreased.

I+ is thawed as on the basis ¢f 2quaticn (4.9)
fm
- LW L]
L ]
moresvar value m is ccnstant focr dach cross section of nozzle, the

nozzl2 mus% consist ¢f series-ccraected the inswept and divergent
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sactions. This nozzl=2 is caiied waval rnozzle (cz ia, his

tn

Swadish cnaginaar),

Nacessary nozzle exrpansicn Latid> /. decends cnly on index % arnd

exoansion ratio of gas im noczzl2 *-

-

)
i
2

Je—

1 1

In properticn ¢ an increase 1in necessary value & value §, i-
i3 nacassary to increase., At cac¢ and ta? sane valus & necessary
valu% f. the less, the greater the inisx np. Therefore the utilization

cf working medinm/prcrellants, waich 2nsure large index 7, makes it

posstibhle to dacrease the sizes,s/dimensions and the mass c¢f nozzle.
values f.=f(e, n,) are yivea iL appendix 3.
Tha nnzzle *hroat area can be calculezted frcm the formula

furp== na [ (4- l4)
Pr

where B8 - specific pressure impuise, 2xpenditure complex or the

complex B, determined according to the equaticn

8= b Rl

" 4. 13

?

value A,p<i=p=nds cnly on inuex 7y it are fcund bty the fermula




poc - wpuin FAGE ﬂ

A =}fﬂ_p.k

2 (Ao +1) 2ong—1)
b
» .

np+1

Page 70.

Complex B it is pessibla tc calculate frem equation (4.15) or to
Ag+armine experimentally (accordiug t2 the results cf 2a7ine

testing), using formula (4. 14):

y Pt
FE=——. (4. 17
: m
: A comparison of the re2al and calculat=d (ideal) values of

complex 8 can be used for the avaluaticn cf the parfection cf the

processas, vhich take rplace in the section cf chamber/camera before

+he critical cross secticn (se3 § 4.7).

Complex B for cherical BRD in esseonce depends cn composition of
fuel/propellant; for the bipropeliant it is determinred not c¢cnly by
*hs typa cf coamapen2n*s, bur alsc by the ccefficient cf their mass
r=2lationship/ratio x:

= ’;'lo‘ v (4. 18)
M

whers e and m. - mass cxidizar ccrsumption and fuel per seccnd

1 raspectively.
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Complex A can serve tc a ccnsiderable degree as +he

thermodynamic characteristic cf caemical fuel/rropallan<t.

On the basis of equatioan (4.14) it is possibla +o mak2 following

conclusions.

1. Yecessary area,fw iacr2ases with increase in flow of gjas (or,
that one and tha same ¥ expanditure of iritial working
medium/nrepellant), cf£ ccmplax g and with decreas2 cf necassary

pressure py.

2. Por increasing rressura p, necessary to increase expenditure

[
of m or to decrease area f_

3. Expenditure m and pressure px vary directly (if ve

disragard/naglact cer+ain dependence of complex f frecm prassure p..

Ona should emphasize that in accordance with =2quations (4.13)
and (4.14) the expansion ratio cf gas in the nozzle does nct depend
on its expenditure: with an inciease in the expenditure
sinultaneously increase/grovw values Px _and p. (and vice versa), but

relation px/pc remains invariable.

The equation of Bernoulli for ! kg. of gas, basad on the law of
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consarcva*tion of energy, in connectienr with cress secticn at the

nozzle entry (we accept Wi=0i1ad to its exi*t s=zcticn has *he
followina form:
W'.’
' €
. Z, n:lnc'_"Q—v 14.19)
dhara . - *ha +0n+3] enthalrcs 3o jzs, wrich is ~znacalizal,

params*ar, which includes casaalpgy, axd chazical 2nec-gy ¢ «Wczxing

(4]

medium/prepellant,

Page 71,

Tha total enthalpyv cf tae chemically activs aixture of gases can

be calculated frem the egquatica

in=CPT' '\4. 20)
vhera ¢’ - gpecific heat of che mixture cf gases for the isotaric
proc2ss taking into acccint ch3 coursa of the reacticns of

dissociation.

Gas enthalpy i is called tlke value, £qual tc the sum of its
internal energy u and rctential gressure energy ov (where v - the
spacific volume of gas), i.e.,

i=u¥pa‘

Gas 3nthalpy can be exrressed also by the eguaticn

i=cpT,
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whera (. - specific heat orf jas for the isotaric prccass withcut

+aking in*to acceun* *te course ot th2 raac*ticns cf dissociatinn,

i.e,, for *he chemically inert cas.
The relaticn of srecific neat cavacity ¢ and specific hzat fcr
isnchoric -Thcess o lg esiar ¢ th2 inlex cf =he adiata+cic trccess

=0
Cor \

At conditioa §.=0 all otaer parameters of gas have maxivally
possible for this “lcv values, i.e., are stagnation paramaters (T% pX
and so forth). In many irstances syeei<§g ie cohsiderable general
speed w;.so that the latter can we disregarded/neglected (i.e. to
count W,=0) withont sigrificant damag2 for the pracisscn/accuracy of
calculation, Subsequently undsr the parameters with the indax "to" we
will understand stagnaticn paraseters, but lower for siamplicity of

oresantation sign *,

The exhaust gas velccity oehind the nozzle can be deterained
from equation (4,19):
W=V I=1,. (4.21)
FPormula for calculating the exnaust gas velccity behind the nozzle
can be obtaired also frcom the ajuation of Bernoulli, written in the

following form:
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np RT =—;4— np RT
pp—1 " F 2 nR—1
Hence
w1/ 2 ‘1 _ Rl
¢ ], RT. (1 ~— .
. Ap—1 R,
Page 72,

On +the basis of equaticns (4.3), (4.4) and (4,10) it is possitla %c

vri¢e the following relaticnshifp/ratio:

RJ‘; —_— l .
N N (4.2
Therafore
= 2 11
Ve ‘/’lp — R (.l ;i"p“”"p) ) (4.23)

The analysis of e@uaticn (4.23) sncvs that speed w,is increased wi<th
an increase in values R, T, e and decrease in index np. But an increase
in temgeratureiThileads tc tae ccaplication of cooling
chambar/camera, and with the iacreass of the axpansion ratio of gas
in the nozzle and vwith tha dacrsase o>f index 7, are increasad
sizes/dimensions and mass of nozzlae. The:efcfé speed W. it is most
expedient to increase via an increase in gas constant R, (or, that
one and the same, by decreasing the apparent moleculaf veight of the

pixture of qgases iuy).

e - a5 s e ST ¢
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Tha saximum speed cf gas at prescrited/assigned values 7, R. anAd
T, can be achiaved/reached in the puraly theoretical case - in the
absenca of any losses and vhen e~»co, .and the latter is possible orly
for infinite nozzl« Ugeénh In this case cn the basis of ejuation

{(4.23)

W’c max — l ’/ 2"P

R.T,. 14.24)

np—1

5 4.6. Pnergy losses in the tkarmal rocket engines.

Prom the thermodynasics it is known that the cycle of any heat
eangina is called the sequence of the thsrmodyrazic processes, vhich
occur in the working medium/propeiiant of engine and which lead to

+he conversion of heat into the work.

Lat us examine the cycle of thermal rocket engine (Fig. u4.2)

with the following special fsatures/paculiarities,

1. Injitial is werking body (fcr chemical RL - rreopellant

componants) is liquid and is supplied into Ltarrel.

2. Nozzle exit pressure is ejual to amtient pressure (p.=p). This

sode/conditions the werk of tha nozzle of chamber/camera therasal RD
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call calculated.

4> will exanine case p.=p =0 zcr which ¢t2 nozzle, which
oparatas in the design cenditiorns, 1% has finite dimensions. Initial
pressure of working medium/prcpelliant Pa=Pec=ps.Into cycle thermal RD

antar Fanct fallAayint Sz2zic mTOo3n3el,

1. Proc»ss AB §s rrccess of 1i.cTeasirq pressur=s (cempressicn) ef

1liqnid working medfum/rrcpellant.
P’J.qa 731

2, Process BK §s rrccess of delivery of heat to working

medium/prcpellant when Ps=Ppx=const.

3. Process XS is prccess ot aquilibriusm expansion of gasecus
vorkiny madium/propallant with index k on pressure 7 uf to a

pressure of p

4. Process SA can be presanted only theoretically, if wve
consider *hat via branch/removal ¢f heat frcm gaseous working
sediium/prepellant, which has parametars p., 7. and Q. it vith the aid
of special devices is ccntinucusly condensed and is ccoled tc stata

A, At this case process (A wculé be evaluated as the prccass cf
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concression when pc=pa=const. in <4uich h2at it i1s abstracted/remcvad

€rew ®ha wnrkirg madiuw,rropellacc.

Araa ABKSA on certain scais aumerically is equal to the complete
(available) work 1 kag. ¢f vorkinj medium/prcpellant in the cycle of

thoarmal reotat angine; this cveie 1S taeorstical. It ioes not

conagidinr losz2

)

, W43tk exceéptica or %h2 less ¢f tkh

o)

tctal anthalpy,
taken away “ogethar wi+h the worxing madium/rrcrellant, which

ascapas/ensues frcam the nczzle.

L2t us examine the expeaditures of energy and loss, specific to

tha processes, which take place i1a the thermal recke*t engines.

Procass of the cempression ¢i working medium/propellant. If wa
olo* alonqg the axis v sgecific voiume >f 1liguid werking
mediym/oropellant, then area Asta is numerically equal to the work
vhich must be completed for ccajrassion ard suprlying the working

medinm/oropellan+ into the engire chamber.

Process of the delivery of aaat t> the werking
medium/propellant, In the actual engina the heat to the working
medium/propellant is suprlied aot in tae process BK, whils 4in the

procass BK; inherent tc it are spaecifi: lcsses, caused by;
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a) by th»2 disscciatior of gaseous prcducs:
b) by the dispersalsaccelardation >f gaseous prcducts prior *o

the nrozzle entry, which leads ce a drop in the frressure (in

accordanc? with the aquation of Barnoulli);

€) by *the fricticn ef wor«inj medium/prcpellant against %he

chamber walls (on secticn pricr to the nozzle 2ntry);

d) by the incompleteness of the course of ¢te chemical reacticn
of burning or decompcsition (for axample, in RD, the worker on the
bipropallant, in ccnnection with ctne iapossibility cf the ideal

mixing of components) cr the iacoapletaress of the transfer of heat

from its source to the vwcrking medium/propellant,
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&
Al 4
4 n=x
s X
/ m=np
£ Y EL c
Pe P: ia Jaz v T'E
0 U= Uy V=1, vilo v

Pig. 4.2. Ideal (ABKS) and raal abw8, cycles thermal RD.

Page 74.

Due to indicated losses the heat to tha working medium/rropellant
thermal RD is supplied nct in isobaric process (p=ccnst), but in the
process which by coordinates p=v is evinced by curve cf BK. The
losses of enthalpy in the procass indicat2d4 are deteramined by area

bRk. They cause the decrease cf specific pressure irzpulse 3.

Process of expanding the gaseous products. The tasic losses of

+this process are caused:

a) by the carry-off of the total enthalpy together with the
vorking medium/propellant, this ioss is unavcidatle beth with the
real and during the ideal cycls. Area CEOA is numerically equal to

the unused enthalpy indicated;
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b) by the nomnnarallelisa of tane streans of the working axle

centar of “h» nozzle (sece Fij. 1l.0);

c) by the fricticn of wor«inj maiium/propellant against <the

d) by the effect cf <tne tagerang porticn of th= nozzle (entry

loss intec *the nozzles);

e) by the inequilitrium of tae process of expansion;

f) by the branch/removal ot aeat of the wcrking

medinm/oropellant in wall of caamoer/camsra (lcss *c the

nonaliabaticity ef the prccass ci expaasion);

q) by the fcrmaticn of the ccadensed phase in the process of i

moving the working medium/prorallant along *the nczzle.

Tha losses indicated causa taw decrease of thrust coefficient
Ke.

§ 4,7. Rfficiencies of chemical rocket 2ngines.
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fa

osses in chemical RD estimdate by energy and b5y fpulse

affizjancias,

- - LT

Bnaragy officiancy (efficiency cf cycle and c*hers) characterize

Amtmvy YAazgzag wn ek an

iLe.

(Y]

Tha afficlancy cf cycle n, 13 ths satio ¢f the wecrx 3f cycla [,
“c chewical energy, whick 1s cortaired in 1 kg, of fuel/propellant.
The 2nacqgy indicated we will call net calorific power. let us

i2signate i% s “fﬂhen

ne=—tu_
leﬁ

(4.25)
The efficiency of cycle it is possible tc express also ty *he
formula
N = MMM, 14. 26)

wvhera n: - afficiency characterizing losses in *the chamter/canera

chemical RD, the lowering spacific pressure impulse B:

T - thermal afficiency consiaering the losses, connected with
tha carry-off of the tctal eantnalpy togather with the reacticn

products bahind the nozzle;

-
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M- - afficiency characteriziaj other losses in the nozzle, which

lead to *he Adacrease c€ ths tnrust co2fficien* cf chaasber/casara K,

Page 75,

Ef<iciancy n: es*irates tas decree of ccrcle*taness of the

¢ransforma*ion nf “he chesical snezgy 1 «3. ¢f fuel/propellant into

haat Q:

np=—2

= . (4.27
leé \ “i

Ef€ficiency 7 and N are aetermineld thes efficiency of the
L )

process of *he expansicr:

Mo p =" (4. 28}
Efficiency nap.characterizes the degree of ccrpleteness of the
transformation of the leat, which was isoclated as a result of

chemical reaction in tle chambar/camara, ir the works of cycle:

L .
“n‘p= u . 14,29

Let us axanmine thermal efficiency n, considering lcsses due to
*he carry-off of the tctal enthalpy by reacticn products as a result
of the finite Aimensicns of nmozzlg. Siace to ideal cycle are specific

only thase losses, then W=Nm where 7 - efficiency of ideal cycla,

In purely theoretical case (f—+oo; p.=pr=0;.aCe absent all fcras cf
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losses) entire/all heat, which €was isolated as a rzsulw of chenical

reactisn, 1% is conver%ed Zato the kinetic 2nergy of reactic:

(2 1)

produc*s (in*o *he kinetic jet zneray), i.e.,

cr 1 v3, of *he

fuel/propellant
WZ max
H as= s 1.30
cr
w'c max = ‘ ‘-2leb° (4 31)

Since in the case 2.—0, ir juestion then 1in accordance with eqguations

(1.20) and (1.4)
!/

ya lf a= uc \‘nlx
or *aking into account relaticnsaip/ratio (4.31)
! yamax=V2H 5. (4.32!

Tha ideal axhaust veloéity of the chemically ac*tive nixture of
gases 1is called the speed at which cansider.cnly the phenonmena,
connected with *he disscciaticn anc the reccebination, and tha
lossas, caused by the fipite digensions of nozzle, i.e., *he losses,
connected with *he nose c¢f the total enthalpy together with the
gases, vhich escapa behind the nozzlz. Let us designate the speed " .

indicated Rinetic jet energy is aequal to

Page 7h.

Thermal efficlancy is ¢he ralaticn cf kinatic et energy to the
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workinjy heat productivity:

w?,2
=t
Hpno

or *aking in*o accourt scuation (4. 31)

W: t
'b=
T -
x’: Bat v 8
3y +2r u*ilizatian ¢f r:ilaticasary (4.23) and (+.29) last=arc/last

agination i+t is pessible tc raduce to tas follewing form:

1 X .
7]‘—1—'£(—np.—l);;. (4.33)

Consequently, thersal efficiency depends cnly cn fha expansion

ratio of gas in “h2 nozzle and ¢n index 7

valus mt .is equal ve one caly for pur2ly *heoretical case

axamin2d above (_fc-*oo'. pe—0; ec—0).

EF ot

Tha formula cf the theorastical sp2cific impulse, which
corresponds +to the idea] exhaust velocity and ccensidering only
losses, estimaticn of efficiency n, can be cbtained from equation
(4.32):

!yt =V My . | (4.34)

The actual specific impulse, 1.2., the specific impulse,

considaring all fcrms cf lossa3s, is designa2d4 frce the eguaticn,

obtainedl by replacenent.Huo.in ejuation (4.34) by product NN e

/yL‘ = VQW,WQ'LH,.O. (44 35)

anmiiile s




race M

ey

narjy 2fficiency are us<i only for 3gualitative evaliaticn of
“h=> orocesses, which take plac: ia the chamter/ceamera of cherical

rocka*t angineg,

- -

.- C

)

3 ¢ Tore

w

~1la*iang aof chiicacts/camatas cherin

23

ly use pulse efficieuncies. Thzy estimate *;

3

conranian 3 losses of

ot

.

directly specific imrulse, namely trese losses are cf jreatast

intarest, Pulse afficiency desicnate by letter ¢ ané¢ they freguantly

call sinply coefficient ¢,

Pulse afficiency are coanactea with the appropriate afficiency

with the relationshic/ratio
== VY—‘. (4.36\*

Page 77.

Coefficient =< ig the relation c¢f specific pressure impulse for the

r2al chamter/camera and the chamber/camara, which wecrks withcut the §
lossas to the incomrleteness cf burninjy, the fric*icn also of other

losses

The coefficient indica*ed is called tha coefficient of completeness
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of spacific prassur=2 fmpulse (py cocfficiert ¢f completeness cf

expenditure complex),

If we use for the real chamber/camera and the chamter/camera,

which works without the losses,f&‘=”h" and fpa=/rfpa then

hs)

e ——
e ——

ol 4.38:

K.M4

Ty

Consaquantly, coefficient @ caaracterizes the lcsses, connect2d with
the imparfaction of frrccesses 1n tne combusticn chamber (or
decomposi*icn) chemical RD and leading to the decrease fressures in
the real chamber/camera in comparison #ith the chamkter/camera, which
vorks without the losses. Cogtfficiert ¢ is called - also by the

coefficient of comrleteress c¢f frassura.

The coefficient of nozzle % is the ratic of thrust coefficients

in the vacuum of r2al chamber/camara aad chamkterscamera, which works

vithout the losses to the frictica and other losses in the nozzle
Kp (4.39)

Taking into account cf equaticn (4.34) and (4.36) it is possible *o
writ? formula (4.35) for calculating the real specific impulse

through tha pulse efficiency ia the form

. /yl.l=?3@:/ylt' \440}

’

Usually value o, and ; sufficiently close tc unity: 23=0496-0,99;

9. =0,96 = 0,98, .
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Product . o is called the solidity ra*io of sp2cific imrpulsa and

designate o1 i.e.

or=73%2% b

Coefficient q; 1is egual to 0.92-0.37.
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Chapter V.

CHARACTERISTIC MOD=ES OF THE 403£ JF THAZ3MAL FCCKET ENGINES,

8§5.1. Characteristics of tharmal rock2t engines.

Aith +ha work of engins ia ztae coapositicr of flight vahicle
usnally chanqges £13gh+ altituds a ard, ccrssgquzsntly, also ambient
oressure p, Therefore it is necessary =0 daetermin= and to consider
the lependences of thrust and sgecafic jet firing on th2

haignt/alsi4nde of f1light 1.2, fuactions Pa=f(h) aad Ipa=f(h).

Ia chapter II i* wvas shown taat ta=2 prescribad/assignad
varameters of +rajectery of LA are9 provid2i by a change in the thrust
ofRD, for which respectively caanjes the mass flow rate of werking

madium/oropsllant (propellant ccagona2nts) m. Therafere iuring
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czlcula*iens 1nd rosrat+ion CC 40 cvae aijh valu~ hive *h= depandenc:s
.
n€ +hrus® anl so=cific impulse cn tht2 cozsting<icn o, i.13., Sunctica

Pr=f(m) anilyzn=fim).

Discharge characteristic. Taw expandi*iT2 (2hrct+le)

Shamameardabiam AF Lharmma]

1
O

CKk2T z257in2s Lo ¢all=si &he Jansrinrc=s -2
thair *arust on the mass £low Tat: pzr secoadl cf working
naisum/prapellant (orovellant comgonzn:s) a* constant valuas feo and

%, and “ar 72hon ar4d RDGT, furtasramors, When wx==const.

L2%t us vrite again equaticn (1.9)

Pr=mW¥ .+ f.(p.— Py)- (5.1}

A change of pressure px into th2 process of «“ork thermal RD
l2ads “o some changes in tn2 course cf prccesses in the
chamber/camera, Scr example to a cnang2 of dissociating the gasaous
oroducts and, ccnsaquantly, alsc values Ty Rk and W;_However, for tha r
majority +*hermal RD mass 1o« rate per seccnd of working
m2dium/propellanrt changes withirc coﬁparativqu small limits. Por such

RD it is possible to consider that tae discharge valocity W, on

depends on m.

Prom +he rema‘ning paramecers, a2ncaring eguatioen (5.1), on

o
consumption of m devnends only pressure pPc. Lat us determina this

dependence, i.e., functicn p.=f(m). Por each this nozzla (fo=const)
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axpansinn ratio *ha phase in nozzie & is =ons%ar=, In accnrdarcs

with equations (4,19) and (4. 14)

-3

. m o

e fup ‘:fxp

o
)
A

m.

La* us snhsti®ute expression (5.2) ir aguatinn (5.1 and le* 1s

11411 sAame corve-ainrg:
P, =(u';.;£) m— f .. (5.3)

Page 79,

All valuas, entering in bracket d> nct depeni on ceasumgtion of

L4 . » . []
m. Consaquently, the aquaticn of discharge characteristic is the

aquation of s+raigh® line (Fig. 5.1) which cnly for cass= Pléo (1. 2.

th

or th2 case of ¢h? werk of a3ngine #a the vacuum) tuns through the

rigin of coordiina*t=2s, ard in all remaining cases transverse axis P,

Q

SO that with &“:0 Ph=—fcph- 1

With significant reductica or flo« rate m thersal 3D can work
unstably or with +he wvwerk at tae level of sea due *c¢ largse
overaxpansion (see pg, 83) froceeds tha: flow breakavay of gas €fronm
the nozzle liners. In the lattar cas2 #ill change actual valu=2 Jo
i.g. it will be destroyed the 1ipatial coaditicn of discharge

charac*eristic, Therefcre its aguatiorn is correct tc certain leval of

[
a reduction/dascent in exgendature/consumpticn nf m.




voc = YD PAGE /@O

- m
Cla.zZZe?

th

Tha fico+iziosus section o

iz*ic 4~ Iszicta=d in PFiy. 5.1

. In actnality i3 tanis s:ctien curva *akxns the fornm,

Aapicted in Fig, 5,1 ard 5.2 as dot-iash 1line,

The anqgla of ¢he slcpe oI cuarac*:ris<ic L is 3371321 *0 arc+: 3,

Wwhers the factor of prepertiorailic; = i

‘h
v
—d
[>4
[¢]
-
t
[0
8]
r
w
O
-~
@
ot
w
o

exprassiosn in aqua*iecr (5.3). for this Zuel/rropellent (workina

medium/orooellan*) value a depanas ocly or valuss W. and f.. For =2ach E

*his engine varameters W, e and g can s2 ccnsidar2i taking in%o
account *he noted abecve assumptions coistants. Therefore its
iischarge characteristics, plotwed far differant heights/altitudes,
are thka family of the parallel lines (32 Fig. 5.1 . A difference in
the thrus* for the work in the vacuua and at the heights/altitude with

tha prassure ©of atmosphere /P» 1s 2qual to fepn.
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Vy 1
Ve tor~
":,/Q/ ; y . a.rLgmi
0 arciga, 7 ;
7 1 N W
“3 : TR 7
Vs 'fc pn m i ﬂ:‘ph arctga,
“ia. 8., Fije De 24
E Pia, 8,1, Diechargae charact2rists«cs tharmal RD wi+*h wcck in vacuun
and 1+ height/aleisnde witn grassure o

X2y: (1). Lower boundary of staole cperation.

Pig. 5.2. Discharge characteristics tharmal RD (.= const; differan+

values w,)

Page 10,

On the bhasis of equation (S.3) thrust in vacuunm (p,=0)

e

ph=(w'c+__—ff5)rh. ' (5.4

LT

With one and the same coamposition of chemical fuel/propellant,

and in *he case of norchemical thermal RD - wit+h cp2 and the sanme
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4orxiny mediuna/pron=allant and juantity >f appli=d hea%, *h: svecifi.

\

2]
1$ ]
N
ta
a
o ]
(b}
W
oF
(o
b}
.
N

o
7]
"o
N g
=
Ww
n

imnanle~ ~an be raised, incr:zasiay rczzl2 exg
shown in Ehap*er 17, with incr2ase /¢ increases the expansion ratio
of Jas in nozzle &c

Nirh Aars anmd b~ eape 312

.

. P -~ 3 1. “ = P E
1L.TIn LN CI TATT A TA2 speciTtic

“
G
AN

izoulsa can »7 ‘ncTrasii upca fanof:iz oo tha fual/yzcop=llant with
*he larjer heating peWwer (chemical R2) or uron +ransfier to wcrking
body with the smaller mclecular weiaht ani in the case of %ha

lelivery *o % of a greater juarncaivy of heat (rnonchemical thermal

’D) .

s

FPigq. 5.2 shows the discaazge charicteristics of hea*t angines
with® thae invariabla sizes/dimansions of nozzle with tha: work on
fuals/oprooellants with diffarent heating pewex=, Tha charac%=~ristics

indicatad precaed from ore and toa sama ficticicus poin%, sinace in

both cases f.prx=const.

Pige 5.3 Aepicts the discaarge chiracteristics of two engines,
which are characterized by only nozzle axpansion ratiou?m These
characteristics transverse azxis P, a2t 1ifferen%t points as a resul® of
a 4iffarence in values f.. Proa Pij. 5.3 it is evident that for one
and £hy same pressure Pr with a<a' to sore advantageous use nozzle 2,

and whan odm' - nozzle 1.
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Fo

3

the constructicn of dischargs chirac*=<ig<ic, hes3il-=s3 {
finding of i*s ficticicus pein: Jaer P,=0, % 30fiiz33 <o £ind or=
addit ional peoin*, 1% is most convaniznt to use thriust in the nominal

L“ati'\q, iogop pOlnt Ph=phuom ”i=”i'ou.

bt

L3* ns examinn *tre depindznce ¢ so0ccific ‘mgulse thernal 2D on

*he =2xpeni’tara/consumcticn 3f worxing mediumsocreosllant, i.o.,
function of tha tyoa/,,=f(m). Lat us divida left and tha right side of

squatiasn (5.3) *+*o =n:

/,.,.——-W¢+—{zi—-’f’—". (5.5)

This equation takes the following algebraic form:

b

b 1)
y=a—— &um lyan=8——.
Obtained Aependsnce /ya=f(m) 1s the esguation cf hyparbcla (Fig.

5- Q).

Value a is egual *to specific impulse in the vacuum, i.e., to the
maxiaum specific impulse of tThis eagini; it it is possitle tc obtain

from aqua*ior (5.5) fer condizican pv=0:

/

=y +fd (5.6)

fe

v.Q [
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Paas 81,

Consaquantly, with *+r~ gdaco2as2 oz vne 3axd-ndi*ura/censumdticn of
working medinm/proos’lant oz ccnditicn h=cons* spacific ja+ firing

iescanls, which is explained oy daviation from the neminal ra*ing of

ity wore,

Par+hermere, with th2 dacrease 2f »xp-nditurz/ccnsuaoticn »f M
and orassura p: in *he chambars/cawm<ras Zh3D is decreased an “npijector
pressure Arop, which makes <ne atcomizazion ¢ prooellan+t comporants
and “h= process werse cf their raactica. dowever, tha causad by thae

special features/peculiaritiss indicitad reduction/descent in thas

e

specific impulse is net considered by aquaticn (5.5).

I~ is expedient, but is considerasly mcre complicatedly this
powar chanqe, wi*h whkicn its spacirtic lapulse does not d2scend. Fer

this, for exampl=2, ZhRD pust prcvide tha following conditions:

1 Ape=const. i.e,, the constanc injzctcr prassura drop, which

makes it possible not +tc impair tne juility of *hs atomization of

propa2llan® compcnerts;

2) px=const, i.e., constaat prassur2 P« which provilas +he

' invarfable corditicns cf the course >f th2 chemical raactions of
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7323371720 1in *rre chankerycaancra;

N pe=p,, 4t sanistacrtica of *ais con

Vb

i=ien in <he cas2 ©of %tha

n

s

r
J

rlimy anec? fic da+ Siripg incraasas/Jrows. This modes/condition

J

vork 5% +he nczz2le nf champ2as/camera cill calcula%2d (s22 35.2).

Tor satisfactinn o coaditilon  Arg=const it 1z necgizzaizv -cC
~hanya Sha qischarga avea of iajecreors 4ith Tesoect to a chana= in
the nronallant cemoonent flow 3. 4i*h 1 reduc*ion/descapt in
axpendi~ure/consunption c¢f a of pressuce NP« it is lacreassd. 30 that
*he orassure px wWwould remain iavariepl:, it is necessary

simultaneously wi*h a reductions/dascan: in expenditure/consumption of

® to ra2spectively decrease tne nozzlz throat arca /w. In turn, for
Tata‘nitg/ores~rving/mairctaiaiag ta= disign ceniitions of *hs wecck of
nozzl2 with A3creasa f[ip zust D2 proportional reduced the nozzle exit

area ;.




Nischarsta rharactariszics

tharmial D, which are

charac=arized by ~nlv valuas i

X2y: (V). Nozzle,

Pagae 82,

A powrr changa wi*h tna ratantion/praserva“ion/maintaining of

invariabla prassures pgx is usad wry limited due to the larqge

e

complaxity of +his change.

I into compesiticnp of DU 2nter syweral <engines, then thrust cf
DU sufficien«lv simpoly can be jradually changed with the
disconnac*icn 0f s>parate enjines duriang the invariable mols »f

oparationr of ramaining.
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Pressure px in the cas2 of ths ac:oun*‘of +hz adopotel
assunptions dirsctly pzcporticnal to taz axpandituse/consumpticn c¢£
+he working medium/preorellaat

pe~m.
Therafors depandenc=s P,=f(p) 3and /,,=f(p) 2ar® analogous to

lependancas Py=f(m) ané Iya=f(m).

Altitude performance. In 31.3 it 4as shown that the “harnal
reckat angine, which werks in ore and <ha same mcde,/conditions
{*=cons%), d2valops di Ffareat thrust 51 the A2p=nience or fligh+

altitude LA,

Deapendence *hrus“s thermal RD on £flight altitude Pa =f(s) call

altitud2 performance.

L2t us write again equacion (1.3)
Pr=Py—fepp- - (3.7)

Values Pg and f. for each gavar eagine are constant. Tharefore
aguatisn (5.7) is reduced to tae eguation cf the type y=a-bx,
moreosvar <=p, The pressure of atmosphare P’ to a great daegreas
descends with an iacrease in altitude., Therefore the engine thrust

vith an increase in altitude of flight increases/grows.

L

Altitude parformance of tasrmal rocke: engin2 is depicted in
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Pid. 5.5. Speci€ic impulse thermal RD analogous with thrust with an
incra2as> in al*i+ndem ~ € £lijnt increasisy/grows, what is their grza+
1ivantage and i*% %n principla iifzers :charmal RD frem all othar hea*

angines.

N
A




Lyan

*La, S.id. Fic. 5.5.

Pig. 5.4. Denenience of spscitfic impulsa tharmal RD on
axpendisure /corsumd*ien ¢f working mediuam/prop~llant (prop=1llant

componinis),

Pig, S5.5. Altitude perfcrmanca tkermal RD with constant' value J,

Pag~ 813,

85.2, Yodas/conditions ¢f the werx of he nozzle of chamber/camera.
Th2 nozzla of chamber/camara, vhich has the prescribed/assigned

expansion ratio f, can werk under conditions, vhich are dist inguished

by the relationshio/ra*io cf tae gas pressure in nozzle exit secticn

Pc and ambient pressure at gyivat heijht/altitude Pn, among other

things:
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1) Pc=pn. Meodeasconditions chae werk of rozzla under tais
conditionn, as hés alrzady been irdica*=s1, call calculated, and the
height/altitnde a+ which the nozzle works in th2 desigr conditions,
calculit=d, Tha prissure of gas p. datarmines the so-called nozzle

13sign altitud=2, The less p.. tné greatar the nozzla dasign altitudae;

2]

2) pe>pa. 1.2, gas 1s =2«paadad in th2 nozzl2 up tc a pressur

1)

oz,
vhich is mor= “han anmbiant pressure (3as expands incomoletaly). This
mod=/conditions the wcrk of nozzle call system of insufficiant
expansion. It ig specific to tne nczzla, which operates at %¢he
heights/altitudes, greater than rated altitude. In particular, under

the conditions of underexpansion wcrks nozzle any thermal RD in tha

vacuume.

Systam cof insufficjient expansion can be created, also, with the
work of engine on stand, Por tais it is necessary to raise the thrust
of engine whose nozzle wcrxs in the 12sign conditions, increasing tha
axpenditure/consumpticn c¢f vorcing madium/prepellant into the
chasbar/camera, In this case vill incriase pressure p«x and,

conssquantly, pressure pe SO that to ba ersured ccndition pe>px;

3) Pe<Pn i.e., gas is expanded in the nozzle up to a pressure of
lass thar ambient oresesurs. In this casa condi%ion Pe=pr is provided

in some intarmedia“e crcss section of nozzle, During further motion
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alnng the nozzls a* its carcaia lerqth “hr gas 4css nct blov avay
from th? walls, Tharefcre gas is red-2nlarge, i.e., in %*h2 final part
of the nozzle its pressure is less than the ambient pressura. This

oparating mod2 occurs at tha haight smaller than the calculated.

In particular, *ha gas prassur~ in nczzle »xi iyn cf =
engine chambers of first staj2 cf callistic and space vehiclas is
usually selectad approrriats. lherefare ir +h~ tkeginning of the
powered flight *rajectcry of such reckets tha nozzle of
chamber/camara and angirce works uncer +the conditions of

overexpansion.

The systam of overexpansion ailso can b2 created with the work of
engina on stand, Por this it is necessary to decrease the thrust of
engine whose nozzla works in the design conditions, decreasing the
2xpenditure /consumpticr ¢f working medium/propellant in%o th=
chamber /camera. In this case of pressur2 p, and pc respactively will

be lovered and will be ensurad condaition Pe<pn

In the process of the cliab the 2nyire nozzla of first stage of
ballistic missiles first works under the conditions of overexpansicn,
at rated altitude - scme moment/torqu2 of time in the design
condiitions, and during further climb up to the disccnnection - under

“he conii%icns of undergxpansion, the dagree of underexpansion
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coantinuously increasing/grovwing.
Page 84,
Thrust and specific impulse or 2ach this angine with the 1

invariable neazzle jacm~try i1 cae nomiral rating hava great value, if

“he nezzle of angine champer works in the design conditisas. Wi¢h %the

Aeviation from the desicn coaditions, i.a., under conditions the
nnderaxoansion and the cverexcarsicn, value P. and /y;, respectivaly
descend, Tharafore when selecting c¢f prassure Pc one sheuld approach
that so that the nozzle cf enjipe chaaber would work in the design
conditions., However, in the majcrity of the cases <=his is iapossible,
and prassure Ac is selected py such sc tha*t the losses cf specific
impulse due to the deviation frcs tha ratad nczzle ccanditions in tha

povered phase would te smallast.

Tha valua of average/mean specific impulse on the powered f£1igh*
trajectary can be de*ermined accordinj tec the equation

fe(pe—pProp)
Lanep= “"i.'.—w_' (5.8)

vher? pap - avarage/sean on tha powered flight trajectory prassure cf

tha atzosphera,

We analyze tha modes/conditione of the vork of the nozzle of
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chapbar /camera, using eguation (35.1). For the deosign cordi+ions it
“ake3 *he form
Py=mW

With the werk of *he nozzle of chamber/camera undar the
condi+*ions of averaxransion(pe< A) product fe(pe—pa) is negative.
Tharafare *he anadiaq~ *hryst wich car wecrk of ¢he nozzle of
thamy=z/camera nadas *he ccaditions 3Z over~xctansion is lass than in
+hae Aesign condi<ions., The decrease of thrust indicatzd can he
explaina2d also, examinicg the liayrams/curves of pressure on the
final oart of *ha 1n2zl2 (Figy., 5.0). Aljebraic compesition of forces

vhich a%fect on *ha rczzla linar from within and outside, leads +o

the crsation of negative thrust. If wva shcrten nczzla teo lengths 1,

i.2,, *> decrease value ., tnen tae 23gine *hrust will increase,

For svstam of insufficisent expaasion (p.>p) product fe(pe—pn)  has
positiva value, However, in this casa thrus*t is lass than in +he
d3sign ccnditions. Speed W, wizh che work of nozzle under the
conditisns of undarexpansion i3 so lass than in the design

conditions, that is provided the inegnality

MW pocs > MW+ £, (9, — p,).
In order to translate tae nozzl2 of chamber/camera f€roa the
ﬂ . systam of insufficiant expansion tc the design ccnditions at
invariable pressara Pm it is necessary to increase expansion ratio

J.. for example by the elcngationsaspact ratio of nozzle, which in
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accordance with 2quaticn (5.3) lsads %> the incrnase of thrust, Tha2
thrust increwsn+ indicated can be e€explained in *he eoxamination of the
diagrans/cucves of or=ssure on tana inmaginary ex*snsion ¢f nozzle
(Pig. S.7). ¥et force with tne aljebraic additicn of the
diaqraas/curves of the gpressure, @hizh ¢ffects on the imaginary
2x%onsior fream witwir and cu:cside, fa the directiern ccircilas wish
tha tkrus<t vecter, Conseguently, the additicn 0f rozzle to “h2
nozzle, which operates upnder the coniitions of underexpansicn, makas

it possibla ¢o ‘ncrease the anyini thrust,
bage 85,

papendence Ilya=f(pa) caa be sbtained frca =qua*tion (S5.7) by
1ividing its right and left sida tc the expenditure/consumption of
the working medium/progpellant a:
1,,,,=/,,,,—£?. (5.9)
Consequently, dependences Py=f(h) and /ms=f[(h) are analogous, and
i€ altituda perforaance is built in the form cf grachs p,/p,=f(h) and

Iyanllyas=F(h), *han bo*h dependances are depicted as one curve,

Let us additionally explain concept "critical speed” and let us
examine the special features/paculiarities of the work of Laval
nozzle, for which lat us analyze the modes cf i*s nparation wvith

diffarant relaticenshirs/ratios ¢f the gas pressure in chaamber/camsra px




and »f amhian%t pressurs o=

La%* us sxamine ¢+he Zollowiny conditicns for chamber onsration:

) Pe==Px» where 'p; - pressure cf the atmosphere in +¢ha Zarth (a%

*hn leval of s33) orecsur: px  is "iintaired by cohnstint;
2) pressure paTceonstantly it 1s decreased.

Such condi+ions can b2 provided, if tc build up *h=
chamber/camera indicated into the upper air in the composition of any

rocket,

At a prassure of +he atmqspnsze, only scmevhat smallar than the
pressure Px, of the gas velocity in *the nozzle small; they
considarably lower than speed of scund, mcreover thke gas flow is low.
In prooortion to lowering the pressur2 of the atmosrhere ths gas
velocity in the nozzle increasas/Jyrows, remaining in all cross
sections lower than *he local velocity of écund. In this case
respactively grovs the gas flcw. Nczzle works as the Vanturi %ube:
the gas velocity in the tapering portion of the nozzla

increases/qrows, and in that expanding - it is decreased, the nozzle

creating no thrus+,
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Pras=pn
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Pe>Pa | Pe=pa
/
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Pid. 5.A. Diaqrams/curves of forces 9% pressure, which aff2ct mn
nozzle liner from within and outside wvwith wcrk under the conditions
of overaxpansion, and graph of cnarnga in gas fressure along the

langth of nozzle.

Pig. S5.7. Diagrams/curves of forces of pressurze, which 2ff2ct e¢n
nozzle liner and imaginary extagsicn o¢f nozzle from within and
outsids with werk under the ccndiciens of und=rexpansion, and graph

of changa in gas pressure alonj the length cf nozzl:=.

Page 86,

Af+er the gas velccity in nozzla thrcat will achieve the local

velocity of sound, sharply changes the course of processes in the

aypanding saction of nczzle; gas velocity after tha passage cf
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critical cross sacticn dees no: descard, but it grows., Nozzlz bagins

*o d2valoo *hrus+%,

Further decraase c¢f thes prassur» of the atmospvher2 no lecnger

affacts the gas floaw *through the nczzle, bu*t it continuas +o affac:

1

2haA WL

"3

18*; %+ ircraasn

in
al

- am b - -
Cad3 Wach “h” d-eorrmase 2

th

/

+he pressur: c¢?

LYo

the a%nosphar~ un+il *re drissure ¢f gas Ac brccas 2qual to o

In proportion tc further Jecreasa of oressure pr the
af+taer-axpansion ¢f gas cccurs out cf the solid nozzle liners.
Howevar, *he enqgin>» *hrust continues to grov due to the decrease of
product [.pn in the formula of thrust and reachses greatest value Fa

(when pn=U, §,o, in +the vacuuan).

L2t us 2xamine altitude performances of twc engines, which are
dis+inguished only by rczzlz dasign altitude, mcreover
fcl > fcs "”d' hpuu > hplcuz

(pace = Ta%ed altitude fcr tae enyire n3zzla).

The thrust of first engine (wWwith the greater nczzle design
altitula) is more in the vacuum and it is lass in the EBarth than in
*he second engine, Ccnsequently, the thrust of engine, which has
nozzle with the larger height, changes with the climb more sharoly

than th> thrus* of engine, wnich nas nozzle with the smaller height.
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This so2cial feature /peculiacity of 2ltitud?2 perfcrmances is

i
v3

2xolain~d hy rveducticny/desceat exaninel akove i1 *te ~ngin~- *thrus*t
nrovortion *» “he iaviation of the mod2x/condisicns of th: workx of
naz7le from the calculated.

"os* advantageous fronm tha poant 2% viaw of obraliningy <h2
greatas* sgnacific inmpulse 1s a2 nozzl:, which ensures ceonditicn

Pc=py, 3= any flight al+itude, This nrczzle is called nczzls with =

.

ij=sally variable height.

So that during *he staole cperation of engine with an increase
in £ligh+ alti*ude nozzle wculd ccantinue to work in ths design
conditions, it is necessary to increase nozzle design altitugde
(expansion ratie 7., mcraovar ¥itn the «crk in the vacuun must be

provided condition je—oo.

Al*ituda verformarce of 2ngine with id=al nozzle examined abov2
is the 2nvelopa of altitude parformarcas c¢f mctor line, which are
charactarized by only value f. (Fiy. 5.8). Altitude performance of
this engine passes through the joints, which correspond to design

conditions of the work cf sach engine from the series in questicn (in

particular, *hrough pcints Pipcar and Pppgeq,).




poc = . race /99

By eaxanole Laval ncz2zle with th2 jradually variable height is
the “wo-oositior nozzle c¢f tolsscopic :>cnstruction/design (Fig. 5.9).
With transpor+t and werk cf eagine at low al%itud=s +he mobile sectionn
of nozzle is locat2d abcve exit saction of the fixed section of

nozzle, which proviiles ccagacstaiss ¢f nginz, mereover f.=f.. A+ %12

-

arg2 haight/al4ituie cn taz spacial coumznd/czaw with *he aid of ths
hydraulic drive *he mchile seccion of 10zzla is displaced to end
lowar positicn (for exit secction of thy fixad secticn of nozzle). In

*h

Py

s casm the nozzle exit arsa and, coasequently, alsoc valuie 7.
respactively increase/crow., Heigantsaltitude h', at which must be
given command for the Adisplacesent/movamernt of the mobile section of
192212 for an increase in vaiua j. can be determined frcm the graph,

shown in ®ig, 5.8,

Altitud2 verformance of tais two-positicn nozzle is th: curvz
Brl with the frac%ure at poiat I (cm Pig. 5.8). Shaded ar=a daepicts
gain in the thrust in ccmparison with angines 2 (area A) ani 1 (araa
3) , that have nozzles with aa icvariaole nozzle exit area of f, and

[c1 £3spactivaly,

Tha example of the nozzle the expamsion ratio cf which can bhe

smncthly changed, is nczzle with the shaped needle (Fig. 5.10).
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Threat area changes ¥n the constaant ndozzle 2xi+ arca by displacing

the shaped needle withir the chamber/cacara,

In the ovarwvhelming ma jotity of thermal rock»t enginas ¢the
temparature of gasas is sufficiently high. Because of the naedi for

“ha ass»r*ial compolica*icn of <23y1if~ ta: rczzl=es ro*t oniv with +he

smooth, bu* 1lso with the stegped variaticn exvansicn ratio in th?

contamporary enginaes in fractice do not use.
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viqa. 5.8, Al*i+2ude perfcrmances thermal RL #
nozzle desian al*itnde (1, 2) and altitude performance tharmal RD

4ith ii3ally variable tzight (3).

Key: (1), continuously it changas se¢ that a* all heights/altitudes.

Page 83.

§5. 3. Preccadur=> of ttke apprcximata computation cf chamber/caamcera.

In ~hae sarfes/numrber of handoooks for the working

sediua/propellants (compustion proaucts) are given the valuas 8 ani

ny, vhizh in the aporcx:i sate coapuctatioas can be wvith certain error

accepted as constants., Then calculation of chamber/camera is obtained

sufficiently to simple cnes.
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Fqua4ion (1.5) *aking in%ts acccunt e laticrshio/zatis (4.14) can
be writ+en in +he fcllecwing feoa:
P, =K pém. (5.10)
During calculation of engine tarust p, is t1e assigned magnitude.
! Therafore for calculating the expernditure/consumption of 2 at the

nawn valuys 3 4% 335 recassery s de*2rainct ornly cocffizians Ks

I» %5 prssibla *n shew that valuz Ke vith ¢h2

orescribed/assignaed werkiag meliua/propzllant (prescribed/assignad

oropallan+ compcnents) and the prescribad/assigned expansicn ratio

e g o uE—— —— -

fc dapends cnly on values e and n;

If we substitute values of m ard W. from aguations (4.14),
{4.15) and (4.23) intc formula (l.<) andl lo* of relationship/ratio
g (4.13), (8.12), (8.16) and (5.10), then after scme algebraic

convarsicns we will cob+%ain

/\’P—

.‘//- 2 [ 2 \)("p*’)/("v")( 1 ) fe

+;—. (5. 11)




Fig' sﬂq. Fig' 5.11.

Pia, 5,9, Two-pnsiticn nozzle J: telsscopic censtruction/dAzsign 1 -
axte18ible section of rczzle; 2 - orackat for fastening of stcck/red
of hydro-wire/hydro-ccnductor; 3 - cylinder of
hydro-wire/hydro-conductcr; 4 - scock/r2d of
hydro-wire/hydro-corductor; 5 - aountingy bracke+ of
hydro-wire/hydro-conductor; 1, aad 1, - leng*h ¢f chaamber/camara

hefora and af+ter advancement of section of nozzle.

Pig., 5.10, Nozzle with shaped ngzedie,

Pag2 89,

In §4.5, it was noted, that necessary nozzla expansion ratio f

depends cnly on 7 and &: therafors thrust coefficient in the vacuunm
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is their function, i.e.,

7a2lues Ky frr 7 from 1.U3 to 1.25 and for e from 20 to 4500

ave givan in aonariix 4,

iccezding +0 ar~ecriosd/zassijacl tazust P, and obtadioad
sxpvendisire /con3umc«ion m it i3 pussibla to det2rmine specific

{moulssr $n *ha vacuun:

/

P.
van = -;’-

Aroa o, 's frund, g3injy ajuatiecn (1.5):
2. 501,
K ppu !

Sup=
vhile area [, - according to ejuacicn (4.12):
fe=TS
aoreover value f. is detersined on equation (4.13) and appeniix 3.
Af+ar accomplishing ¢f calculatioas irdica*tel i+t is pessible tc £iad

P, anl Iy, frem aquatices (1, 12) and (1, 23) .,

Is examin>1 balov the exaaplé of tha approxima*e coaputation of

the chambaer/camera of cxygen-aydrogen ZhRD.

Example, To detersine values a, /,,,. 2, and /... tor
oxygen-hydrogan ZhRD, if are prescribed/assignad the £ollowing

paramatars: P,=i¥ kn, ,='"0 bar aaa p.=0$ bar.
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Sylu+tion 1, 43 Emlect aAPpYrCXaw2:s values a ardl 3 for <h-=

fu=1/propallan~ 2° oxygen+hydioyea, usiag Fablas 10.5:

np= 1,230 f=2431,1,

2. We dasiqgn coefficient X, 1n appandix 4. For ¢ =p.ip =1000.5=200

- =1 i tar: Kas Cam

{

3.

D, duE" =l 2—Re="TN

Considasina change Kp linisar an tonas ranga of chanas 7 “rom 1,23

0 1,24, 4a Ab*ain fcovr np=1232

(1,7903 — 1,7807).0,002

KP-1.7903— 0.01

1,7884.

A
3, de detormin~ area /fu:

P, 100- 108
Joo =R 7. ™ 1.7884-100.108

= 0,005592 42 = 5592 2.

4, we find axransicn ratio J.. *hrougn appendix 3 €or n.=125 and

romm |24

value [, is egqual to 18.745 and 18,2385 respectively.

Ther~f5re for ay=1232

- 18,745 — 18,285).0,
Sem 18,745 — (18,745 ° 01”5) 0.002 = 18,745 — 00,0020 = 18,6530

Conseguently,

femTefup=18,6530-5602 = 104 308 aun’.

} Page 90.

S. We determine expenditures/consumption of m:
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' I .
2 100 10 = 23,00 x2 cex.

M= Ko ~ 1,7884.2431.1

Key: (). k7178,

6. We Aegign soecific impulse in vacuua:

<svs (1), Nes/kq,

7. W3 £411 *hrust and spaeciiic impilse

(pr=1013 bAr) s Py Poa—paj. =100 000—1.013- 108- 104 360" 10~4=89 428

Py, 89428 )
lygs= Z -23'm = 3888,2 x.cex'xz.

Xav: (1). Nes/kg.

at +tke leva2l of sna

" e
.6

§5.4, B€fect of “h? basic calculated parametars con tte specific

imopuls~ and %he sizes/dimensicns cr chamber/camera.

In §5.1 is examined the altitud2 effect cf the flight of rocket

vehi=13 and flow rate rer seccad to tha thrust and ¢he specific

impulse of thermal rocket engiaes. Shovws belovw the affact of

differant calculated parametars ¢n the specific impulse and the

sizes/dimansions of +thergal 8&D.
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Co»molax 9 affac*s the eaji3e thrust in the dir-c4ly oroporticnal
lepandence, In 84,5 i+ was notad, that the ccmclex 8 is thermodvnanic
preorllan® propecty: i+ cnly td vae lov degrez depends cn values px

and =

I+ ‘s pessibla *¢ show that wnen np=const relation fip/Pa ic~s
n0* 3apend on valn2 g, Actually/raally, if ve consider ejuatiors

(4. 14) and (5.10), ve will ootiin

Index np, changes during tae utilization of differant working
mediun/propellants (prcpellant compcnents) in a comparatively low
rang2 (sea Table 10,5). Therafore takinj intc account the fact *hat
relation [p/Py Anes not‘depend on comsplex 3, it is possible ¢to draw
the conclusion/lerivaticn that ali typas thermal RD of on2 and the
same thrust ar> aporcxisately/axeaplarily iden%tical with resgsct %o

sizas/dimensions,

The affact of index a, or k on tha sizes/dimensicns of neczzle
(to 1egree of videning f.) is examinel into §4.5. Let us additionally
H note that wi*h an increase in igdex 7, the lateral divergent section

surface analogous with value . is dacraasesd, vhich leads to the
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apprapriate Asacrease nf ths pass of nozzle and sfaplifias <he problza

of i+s cooling.

The effec of index 7y aon coerfician: K, can ba evaluatel,
axamining aopendix 4. The effect indicated is relativelv small: with

chants 2, fram 1,103 *~ 1,25 coatrfacien: Kp is d:crzassi hyv Se/c whnan

1 g,=20 anl by 160/0 when ec=1000.

pag= 91,

Prassure p, ro*iceakly afracts tha specific impulse and *ha
sizas/dimensions o chamber/camera thermal RD. With an increase in
pressure Px to 80-100 tars [~=~3C-100 kyf/cm2) at invariable pressure
pc specific pulse substantially 13 increased, but with fucrther
incr2ase in pressure pPx specific impulsa increases/qrows less
noticeably, and in this case increased valuss px are selacted to th2
greater degrae for the decreasa of sizas of nozzle and chamber/cam=ara

as a whole, than for an increass in th: specific jet firing.

In spite of tho need for an increasa in the axpansion ratio fe
at an increase in pressur2 P« acd invariable pressure pc the absolute
sizas/dimensions of nozzla (£icst of 2ll, area fc and fw) are
d3craasad. The special feature/peculiarity indicated can be

exvlainad, using equaticn (4. 14).

ey o



nnc

73tk an increase in pressdle p, 4723 fygp 1s dacreased
aopraximately/mxamplar<ly 1n tae 2Lvarsely proocr+icnal dependerce,

Comnlex A with increase px insignizicantly increasss/grows. Dues to

the effect of oressure cn the sgacific impulse fer the crea*ion of

A== ant et owams Sheesd yivhoan 1ocrrasy Lr opTeesaTe P i3 rmayriirald

- - P

I
¢l

m3ll=z2 =xpandicure/consuanzil

O

L 0% workinry rsiium/prop=21llan=

(ornpellant comoonents) r, which leals, as can be seen €ron eguation

(8,1U), *0 +he 2ddi*t3cnal reduction in area ju

With +he dacrease cf pressure p. increases/grows the specific

P

impulse of chamber/camera put simuitanaously they are increased tha

sizes/1imensions of nczzle (discharge area f. and the lateral
Aiyeargant section surface), whica s undesirakble as a result cf an
increase in +he pass of nozzle and increase of the difficulties of

its cooling.

Tha selaction of cptimum values px and pc depends cn tyre and

spacial features/peculiarities c¢f thermal RD (seae §9.2 and 6.2).

In 2 number of cases instaad of oi2 chamkter/camera in tha
} thearmal rocke* engines they usa several chamkers/cameras, which have

the same gross *hrust. The effaect of the division of unit
chamber/camera into n of cnaabers/cameras is manifested in the fact

sha* dunring *ha Aivisdcr indicaited als> increases/qrcws their lateral

surface.
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Chaoter VI, A

NOZ7ZLES OF THTE CHAMBFRS,/CAMERAS UF THEXMAL RCCKFT ENGINFS,

Th~ nozzls ¢f chamber/camara tharsal RD cecrverts gas anthalpy

h
~ar

jce™hns*isn ornducts o7 d2cO0nLIs2TICR/3IXDIEN i Fol

icn, h=atingy oo

in*n tha kine*ic j=* ererjy.

{ During “*he desiagn ¢f nozzles 1t i3 necessary at

orascrihed/assigned rressure Pe tc radice *o0 a rinimum of loss fn tha

nozzle and to ensure fcr prescribeu/assign2d areas f[xw and fc least

possi ble length and +he lateral surfaca c¢f nczzle, which gives the

seriag/nunber of advantaces, nagely:

a) !s decraased tle mass of nozzla;

b) is facilita+ed cooling rozzl: 3and chamber/camera as a wholz;

c) is decreased the hydraulic rasistance of the coolaat passage
of ndyzzle (if i* is cccled by the wecking medium/propellant, which

+akes vlace between the double n0zzla liners).

Paga 92,
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During calcula*ionr ¢f zaca ccncratz2 neozzle % is impnttant te

€ind its op%imal nrefilesairfoirl, ardl a1lso coptimal gecmetric

} ralationships/ratios.

In forn aTe dis+drquisned circular rozzles ani nozzles winh %ha

th

inrer body (Fiag. 6.1). Cnh th2 jecastric fcrm cf divergant s=ection %ae

circular nozzles are subdivided intc *a2 conical ones anl stapged.

Conical nozzles (Fig. 6.2) satisfy with angle 28« by tha agual +c
approximately/exemplarily 25-30°., For prescribed/assigned nozzle

axpansion ratio with an increase in anyle 26 is docreased the length

of nozzle and the surface of its walls, but increase/grow loss~s to

the nonparallelism of the stre2ags of taz flow of gas of %tha

longitudinal axis ¢f nozzla, Conical nozzlas are most simple in the
nanufacture, bu% +hey in the magnitui2 of losses and to mass

charactaristice ara infericr to shap2i nozzles.

shaped nozzlss (Pig. 6.3) are the acst widely used type of *ha
nozzles of chambers/cameras tharmal RD., They have variable along the
lenqth of divergent section expansion aingle 26: greatest in the area
of critical cross secticn and ssailest in eoxit section. Such a

geomatry providaes “he essential advantiges of the shap2d nozzles

¥y
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and *ha mass of shaved nczzles, ana 2lso th= surfacs of <hzsir walls

is aoproximately/exemplarily to 30-500/ 1=

73
n

tran ir conical crnas.

Certain shortcoming 1n the shaped nozzles is the relative

comM xSty o0fF 2h~dr manyfaczuraz,.




?iv, 6,1. Tynes of nozzles of champers’/cameras RD: 1 - shaped; 2 -~
:+ 3 - nezzl~ ¢f internal expansion (with skirt): 4 - nczzlsz cof
2xternal axpansion with ianar bedy in cne fcrm ¢f cone; +a and -a -~

positive and negative anglaeas of suifaca slope of critical cress

Pig. 6.2. Duc%/con*tour cf conical nczzl2 cf chamber/cam~ra,

Pag=a 93,

Th2 charac*eristic faaturs of nozzles with the inner body is the

fact that their critical cross section is ring.

Tha nozzl=2 throat plane with th2 inner body in the particular

case can be arranged/located parpendicilar to the axis/axle of the
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~hamh~z/cannra (i+ %5 2palcjous with cicculac -nezzls), 2ut grzatsct

ir+aras+ are A€ *ra sn=called nczzies 4i¢h *+hz forczd 4eviation of

£ +he

L 1)

flnw, T™he plann

VO

r critizal cr23s of czess sectien is
arranged/located a* certain anjle (positive cor negative) %to ¢he
axis/axle of chamber/camera (ca Fiy. 6.1), which causes the deviation
nE Zlay 40 tha axis/axle €f aczzie (2O *he drtner hedy) cr frea it (*e
*he sy=3rnal nozz
indicatad i+ is possible <o ocotain difiz:zsrs cf +ha dis<ribution ol

+hrust be+wean *h> “nner body arna th2 skir+.

I the flow of gas divarges tc th: side cf izner bedy and
antire/all thrust is created by inrer oody, then skirt can be
ramoved, 4n *his case *he flow c¢f gyas, which ascapes behind the
nvzzle, from the outer side will ccme intc contact with the
environment. Such nozzlas call nozzla»s with *he external expansion.

Innar body is cnmple*=2 ¢or truncazed con=,

If the flow of gas divarges tc th? sida of skirt, and entire/all
+hrust is crea%2d by skirt, thar ianzr body it is expediant tec
satisfy hy shor*t. The flcvw of gas is forced against skirt and
occupias only oeripheral voluma in tha walls cf skirt. Ia this case
with the envirorment tcuches tne intarnal surface of the flow of gas.

Such nozzles call nozzles with the intarnal expansion.
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Nozzles with tka 3rnsr Doiy pcssess the mssential advantages in

front oI %he circular nczzla3s. Thrust, arriving per uni< cf &L=

+

he critical cross

D

sur face of inner body or skirt (esp=cially neac
seoction where their surface is almcst perpendicular t¢ +h2 axis/axlse
of chamber/camara), i* is considerebly more than the thrust cf
circular nozzl=s, Trherefore th2 nozzlzss wi<h *he inner hodv +5 thz
crust »f circular ores whose walls are arrangrd/locat:zd at
sufficiantly small arqgle tc th2 axis/axl2 and mus:t have large surface

for *he cre=a*ion 0f cne and th2 same thrust,
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Fig, 6.3, Ccrs*ruc*ion ¢f the duct/conzour 6f “rs shez*d nozzle of

chamber/camera.

Page 94,

The important advantage of nozzles with the inner body is the
automatic regqulation cf expansicn ratis., During the 6ff-design
conditions of *he work cf nozzl¢ tne flow of gas changes its volunme,
With *he wvwork under +he conditicns of underaxpansion the flow of gas
is forced against skirt in the pozzl2 wvith the internal expansion or
against +he inner body in the nozzls wvith the axternal expansion. Th~

possibility of “he overexparsicr ct flow gas in such nnzzlaes

ot
-
D

virtually is eliminated: gas is expandad only up to a pressure of
snvironment, after which it plows away from the inner bcdy or the
skirt, After all with ferm, nozzles with the inner body provide %he
optimal expansion ratio of gas.and high specific impulse with “h2

vork of engin2 a*+ any height/alticude,
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nvestiqations, and for their irtccduction in the real

14

corstructions/d~signs is in prospect cf overccming the

0

of AL €f4cnltias - £irs+ of all tc sclv> th> preotlem cf
Thaswysrt3/cancras Witk *he nozzles iriicat.?! DosSseF33 irn

'

wish» usnal +yn2 chambers/canaris jreatar surface wnickh

series/number

the Inpar noly ar~ loca:~d in th» s*aga cf

cocling.
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cooled. Nozzles with tte innar tody havz considerably Jrsatar

vatrinarer nf critisal crcss ssction; as it will be shown in Ghaptear

¥I, *r *he reqgisn this cross sacticn haa* fluxas from the gas to

the wall have the grecatest valies. Purthermore, in the

2

s0r

chambers/cameras indicated hinders the delivery of coolant tc the

surfac=>s of the walls which aust be codlad.

8.1, Losses in tha nozzles., The stl:ic:ion cf form and expansicn

anglas npnffed,

The forms of losses in the nozzles were given into $4.6. Let us

examina the lossas indicated in more datail (17 1.

The losses, caused by nonparall:sl nature of the streams of the

working axle center ¢f tke nozzle (s2e Pig. 1.6). In parallel to the

axis/axle of nozzle flcw out cnly th2 strezams of the working
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nadium/vropallant, arrargedslocated 313>3: %n> 2xis/axle of nczzla,

R=2maining s*r2aas flcw cur penind ths 102zl2 a* certain angle to its

axis/axle, *+he angle ircreasinj/grcviny in grepgertier %o

roemoval /dis+tanca “rem *he axissaxlie >f nnzzle,

T a 1snenlancs of +pr coefficirzni, Whbinh riawa-sstizag the

Isszas indicat2d (la* us desagnate its »,;) Irem angle 9. is expressai

hy *he eguation

1 6
;,=—+_;£‘-’-. (6. 1)

Ara given helov values #; for som? angles 20

’2ﬂcll216202428323640l

| & ]o.sm 0,9951| 0,9924| 0,9890| 0,9851| 0,9806] 0,975 0.9698‘
| !

Pormula (6.1) is valid for tae >o01ical nozzle. Howaever, M it is
possibla +o use, alsc, for tna shapeil 10zzles, since coefficiant o,
for thaa dapands in essence on anjls 9 in nozzle exit secticn, i.e.,

from angle 9O therafore for tha saaped nozzles

1 4+ cos 6.
———-2 .

==

Page 95,

Wall-friction lcse c¢f nozzle, Wita the €low of working

medjum/propallant abcu* the nozziw linirs appzars the force, causad

e I e e .
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by the presence of the friction of worsing medium/prepallarn*t against
*ha walls, I* A-~craases t0 a €2artair e¢tnt &k~ 4houst force o€
chanmber/camera, For rrescribad/assign2l areas v ani ;. <he lasses tc
the friction descend with the dzcrease of tke length (ani,
consaqgnan*ly, of surface) cf n3zzie, ani also wi*h an imorovement in
£ +hzir

+ha purity/Sinish »%¥ *+he toszatament of 12 int=rral surcf

[}

w

~=

o)

.1

A by s
3T Ttaz

walls. Yall-friction lcss are 3stimat2l Dy co~ffician+ &,

nozzles Zh?D #,=0.980-0.995.

Patry loss into *tre nczzla, Abcve it was assumed that gas
reaches critical spred (W=gy) strac*ly in *he «hrcat plan=s. In

reality as a resnlt of the compressisn of gas jets during their

motion along the tavpering pcrticn c¢f ta3 nozzle the pressure in tk2
central streams is more than aocuc its wall, Therefore gas in nozzle
lirers sarlier 3s accelerated/dispersel to *he critical spe2d and
crosses i+ over *he curved surface, vhich by its convexity is turnad
to the side of expanding section of nozzla. With excessive camber in
*he =sritical cross secticn, and aiso ia 4he region of coupling the
ducts/contours with the diffaraent curvature can appear tha large
nonuniformity of the field of the velocities in +ha critical cross
saction, shock waves and flov oreiakavay, The ncted special
fsatires/peculiarities affect tte character cf flov in the exranding
section of nozzle, causing tha appropriate losses. In order to k

axclude the possibili+y cf the emergsncs of sheck waves, nozzle
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contour is satisfi»d in th2 fcora sufficiant exsand=d and smooth
curve, En¥ry lass inte vh3 nozzle will be lcw, 1€ w= cbserve 2h~
€01lowing rala*ionships/ratios ducirgy =n2 construc<ion c¢f nozzl:

contour (see Fig. h.2):

1) the radius of couplingj thae iaswzct ani sxonaniing s=acticn of

n0zzlA R,=(0,65+ 1,3)d.

2) the radius of ccupliay cysianirizal chamber wall with tha
tavering portion of the rozzla
R\=(0,4--0,5)dxp:
3) the angle of the taperinyg portion of nozzle 28,;=60--90°: however
frequently the conical section is absent, i.e,, radji R, and R, ara

coupled with each other.

Por th2 cons*ruction of thae duct/conccir of pro€iled nczzle arce
reconmended the followipg relaticaships/ratios (s=2e Fig, 6.3 :

Rl’.'ov75d!m and n =0v225 d-ltp-

Paga 96.

\

Tha construction cf the diveryent section of shapad nozzle is

examined at the end ¢f the present parigraph.
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th

L)3ses to *%o irequilibcidm O th? pree25: ¢ f exnaasion,
N2d2nddag Ap *ha d-qvee c¢rf inaejuiiibrciim (naz*ially ¢z complesely
nnbalancad axoansien) *he specitic imii1lss ~f cramber/camera dezcenis

by 5-119/ in compariscn witn its valuaz for the equilibrium

axnansion,

BN

> D . v
TCm “3° W~TeIn g

Lrss-~s, causedl Ry €r3 praacn/loaciel o tsas
madium/nreoellans *o tte walls., Taes2 lcsses lepend cn *+hs %~yve of
coolina chamber/camera., If cnampec/cam2ra has tha coolant passage,
and th> *akiag plac~ cr it ccclanc #3 31pplird ¢h2n insida the
chamber/camera, *h2n “te lossas cI spe:ific impuls2 as a result of
+ha hranch/r~moval of “he heat ct werking medium/propellan* into the
walls will not bSe, If chamber/camera djra2s not hava *ke coolant
0assaig2, *hen +he hsa+ tluxes, which come frca working
wedfum/nropa2llar+® *he walls, Jive Iise t0 *he approrriat» losses cf

soacific impulse; in *this case c1 chamjer/camera i* forever radiates

heat into the surrounding spac:.

Losses, caused by the foraaticn of the condensed phasa to the
orocass of moving *he werking aeaium/propellant alorg the nozzle. In
a number of cases, for example vwith th3 addition of msetals into the
fuel/propellant, in the products, which taka place on =h2 nozzle, are
formed *h2 pav*icl=2s cf tne condensei >has=., A ¢emperature drop ard

an increase in %he par*icle speea 12mains frcm a change in tha
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ccrrasoonding oarama*~rs of jas, «w’ch conditions tha less=s of
specific impulse; 3in certaia cases “hess 103ses can cecapos2 3-100/5

and mora,

Expansion angle in exit sictich of shaped nezzles is salactad in

limiss 20, =27-2309,

PR S I
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: Pig. 6.4%. The dependence of anjlés 6 ind 7' or th: values of ratios

leirap AN refrey (numorals cn the lines icdicats angles in the degrsas),

Page 97,

During calcula“ior cf angla 6. >f the nczzles thernal BB wien

*the large heigh*, intended for tne worx in the vacuum, i* is possible

to use the equation

f

. Pe~—pr w7 )
' “"2%==7;;?;'V/M\—'L (6.2
r

ﬂ vhers M.=W./a..

Radius rc=d.2 cbtain ftroa tae tharsal Adesign chambers/cameras.

The missing for tre construction >f the duct/contour (see Fij.
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6.3) valu2s {(anagle 9' and vh3 lauytrh 27 nczzle l) ara deterained wish

the 3ii 0€ +h2 Jril (Pige bew)e

NozzlR con*our in the sactisn frca point B +o0 pcint C is +~he

parabola, cors*ruc+icr ty which 1s shosn in Pig. 6.3,

o
fo 1Y
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0F oprigal fressure

Por +he first-s+aqge angin:s of zo3%ka%es i+ is =axpedisat %c selact
“his gas pressure ‘n nczzle axit secticn, with vhich the mods of its
noaration to the smallest dejree deviactas frem the design conditions

on the average along tke trajectory of the powered phase (see §5.2).

Por the engines, intendad for th2 work in cuter space, pressur2
Pe can He salacted as tc low cnas as 1isired, and in spite of *his
ratad nnzzle conditicns will not be secured. It is necessary %o
indicate that “he salection of very lo# gressure Pc causes unier
condition px=const, on cre hanl, an incriase of the axpansicn ratio of
gas in nozzle ¢t and, ccnseguently, spacific imoulse, but on the
other hand, ncrease cf tne necessary sizes,/dimensions ¢f nozzle
(valaa fc) and i+s mass. The craiterion >f tta selactior c¢f pressure

Pe is ~“he charac*taristic velocity cf ricket vehicle or its

steo/s%a1ga,
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4% an jncrease in arsa f, to s1li2 Je=/com Fige. 6.5) aré th=z
corrssponiing dsareasa c¢f prassure Pe jocw*th i tha specific impulsa

cnvarg +ha affac* nf ap incrizase ir tayr mass ¢f nezzle ty +he

Q

charactaris+ic velori%ty, so that the litter ircreases/grovs, With
further increase in area fc and corr2soonding decrease of pressure

Ne «22 mass A7 mma»7l+ dncreass/yoCvs 0 the Jgroater deiraes +harn

is
incraas23 spacific inculsa, as a4 cesul: oI which tre chariac=eristic

- .z

velocitvy i35 lecreased.

Tha aifact of a chanje in the specific impulse and mass of
engins on “he charac+eristic vealcca*y >f vehicle is ccnvenient to

agtimat2 so called mass equivalent of specific impulse.
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Lat us write the equation of Tsiolkovskiy for the work ¢f engine

in tha vacuum whenr V. =0 usinj r:letisnshicssmatias (2,1) and (1.22)

and after designating relatich Muag/Meew  tRTOUGh pwow

VKOH = /yl.n In Pone

L2t us djifferentiate the cttaired aquation, counting y_,

=const:
d,
0=d,yl.n ]n P’L'ou _'L /yl.ll fxom
on
d|
oy THwom —Inp,,, dlyy n .
Hacon lys.a
L2%* us write *he latter/last equa*ion through the increases
Al
Auyon =—Inp,, yan 6.3)
Byxon Iyl.n

BEquation (6.3) is the eguatior of the equivalent of specific
impulse., With its help it is gossitle to determine, it is expedient
*o increase specific impulse via che selecticn cf lover prassure p,
or this increase beccmes unfavoranle due to increase of mass of
nozzle. Tentatively it is possibla to consider that to an increase in
the spacific impulse on cne percent is equivalant the decrease of the

finite mass of vehicle tc 10-15¢/0; the value indicated, as can be

seen from equation (€.3), it degends on value . Of rocket vehicle.
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Witk 4+he dacraass ¢f the mass of the finite segments of nozzle
(for 2xample, via failure of thée c¢colant passage with tha doukle
valls and +he transiticr/transfer for the ceccling by
radiation/emission intc the surrounding space) it is possible to

additionally decrease tressure p, anéd =0 raiss spzcific iapnlsa /4.

In the pressrce of the coolaiat passage it is necessary *c
consider the following shertccmingys, cornected with the decrease of
pressura p, with an increase in area f, and exparsicn ratio f.
(besides the shortcomings, caused ty an increase in sizes/dimensions
and mass of nozzle): increases/grows hydraulic resistance of the
coolant passaga of nczzle, and teccm2s complicated the problem of

cooling chamber/camera.

Por the nozzles of the enjina chambers of the first pressura
stage p, usually selects 2qual to approximately/exesplarily 0.5-0.7
bars [=0.5-0.7 xgf/cm2 ], vhile for the nozzles cf the engine
chambers, intend2d for the work uader zonditicns of outer space, to

0,01-01 baks [=0d1-0.1 kgf/cm2].

One should emphasize¢ that the engines, which have nozzles with

the large height (i.e. with low pressuce p.), cannot be started at the
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level 2f sea, since in this case tney will work in the

rode/cernditions cf significaat cvsiexpansion; pressure on the final
oar* of +he nozzla will ba outsida mor2 than frcm wiehin, that it is
possible %0 caise the warping of nczzl2 or the flow breakawvay of gas

from its wvalls. In the latter case decraases the actual valuye of

nozzla ~xpansion ra*ie 7.
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Paga 99.@hapte: VII.

Tharmal dasign of thermeal rockat snginas.

§ 7.1. Procadure of the thermal design cf thermal rccket engines.

During +h» thermal édesiga ¢r th2 chamber/camera of thermal

rocka* engines is determined:
a) the specific impulse in vacuum [,

b) necessary flow rate per second of wvcrking medium/propellant

(fuel/propellant i:

C¢) *he necessary sizes/dimensions of the nozzle of

chamber/camera - the value c¢f areas fq and §,.
Por accoaplishing calculation they must be known:

a) initial is wvorking body (fcr tae chemical rocket enrginpes -

propallant componants and ccefficient x);

b) *hrust in vacuus p,;
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c) the pressure cf wcrkiaj asdiuam/prcpsllant a%¢ the nozzle entry
Py

d) +he prossure of working medium/propellant in nozzle exit

sac+ion p,.

ctually optimum values p. p. and , are previcusly unkncwn: fcr
their selection are recessary sgecial calculaticns (see § 6.2, 9.2
and 10.6); however, in the toerza. design they are considerad the i

given ones.

Working body in the chambar/cameri of thermal rocket engines is
the mixture of gases in which, as it was noted in chapter 1V, can be
found substances in the liquid and solid state, and also ions and
electreons, Working body in the cnamber/camera (fcr exampla, at the
nozzle 2ntry and at the cutput froam it) in composition and parameters
in many respects differs frca wcrking sedium/propellant by the entry

into the chamber/camera (from the initial working medium/profpellant).

The procedure of calculation of chamber/camera following: are
deternined the theoretical values of specific impalse in vacuua

I;an:. “he flow rate rer seccad c¢f working medium/prcpellant m, nozzle
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“hreat ar2a [y and nezzle axat area f, In this calculatisn
considar only *he pherncmena, connect2ad #ith the dissociation and the
recombination and the lcsses, cconect3d with the carry-cff of heat
and chamical energy tcgether with the scream cf werking

medium/propellant, whick escap2s oehind the nczzle.

Then are detarmineé the actual values of the parameters
(/yama; M=, fipz anAd fo) indicatad taxking into acccurnt all ramaining

lossas,
Page 100.

Tha thermal design ¢f cnamber/camara thermal RS is conducted in

the following seguence.

1. Is found through tables total enthalpy ¢f werking

mnadium/propellant ,, fcr conditicns for entry intc chamber/camera.

In general in the engina chamber to the working
medium/propellant it is possible tc supply or tc abstract/remcve frca |
it a quantity of heat (. Lat us designatqe the total enthalpy of
vorking medium/propellant at tae nozzle entry iuwx. then in accordance

vith tha law cf conservaticn cf tne energy

lo £ Q=las (7.1
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2, Ara determined tempsarature and compcsiticn cf werking
medium/propellant at nczzle eacry, oo the basis cf ccndition,

expr2ss3d by eaunaticn (J.1).

3. Is designed by cktained composition cf working

madiinn/nrovellan® i+s ertrogy 1t nczzls entry s (see & 7,R3),

4, Find temperature and corposition of working medium/prcpellant

in nozzle exit sacticn, coasidering 2xpansicn maximally equilibriunm

(see § 4.4) and issntrcpic (s=cecanst), i.e., entropy of working
medium/propellant a+ nozzle entry sx is equal to entropy in its exit
section:
Sy =8 (7.2)
5. Is determined ty obtained compositicn tctal enthalpy of

working madium/propellart in nozzle exit section &..

6. Is designed ideal exnaust velocity of working
medium/propaellant at nczzle outlet, according tc equatien (4.217),
vhere total enthalpy mtst be expressad in kJ/kg, and constant nuaber
(2000) is carried out frcam undar rcot;

W =44,72V1, .~4,.. (7.3)

7. is found through equaticn (4.4) the density of working

medium/propellant in nczzle sxit section

=Pe
=" (7.4)
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Gas cons*art R, ‘s designed frcm equation (4.5), mcreover apparent
polacular weight u, is fcund in ccuzposition of the working

madium/prcpallant (see § 7.9).

8. 1s Adetaermined according to equation (1.22) theoratical
sneris £ic impulse i~ vaccum:
lylnx=w/ct+%pc' {7.5)

The unknown value of relaticn f,/m, is determined from equation
{4.9) :
) Lo L
my ecWe,

paq@ 101,

9. Is designed frcam squaticn (1.21) theoratical flcw rate of
vorking medium/propellant ,;, necessary for creation of

prescribed/assianed thrust p,.

Pq
Iyl.ul
10. Is found *hrough equacion (%3.9) theoretical nozzle exit area

m‘=

(7.6)

= 7.7
fc ! ecWe, ( )
11, Is determined according tc aguation (4.7) or (4.8) index of

aquilibriue process cf expansion n;,

12, Is designed frcam equatioa (4¥.15) theoretical value cf

complex fB:

Yﬁij 3 f.

A.'

po o

(7.8)
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Value Aue is determined accordinj to equa+ion (4.16).

13. Is found through equaticn (4.14) thecretical value of throat
area
Sopr=—". (7.9)
14, Detarmine (if necessacy) tracrrtical values cf thrust and
specific imoulse a< the lavel seas p, and /y,, usirg =2quations

(1. 12) and (1.23).

On *his calculaticn of the chnambar/camara cf thermal rocket

engines without taking into acccunt many losses is finished.

As is evident, in the taermal design determine the thermodynanmic
parametars (i, s, R) cf working mediunm/propellant in the
characteristic cross sections the chambers/careras. For this it is
necessary to design the equiiiorium chemical ccmposition of wcrking
medium/propellant; intc most cases (Khi&D, YaRD, ERD) it is
sufficiently complex {ten and mcre than substarnces). Therefore the
dataraination of composition occupies the large part cf the thermal

design.

§ 7.2. The total enthalpy of working medium/propellant,

In § 4.1 and 4.5 3t vas sacwn that during the roticn of wvorking

[ l
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m3if1m/propellan® along the chamodr/camira of thermal rccket angiras
chazgas not only the aenthalpy ot tike wdirking cedium/propellant i, bu+
1lso its chemical energy. Tne jan3ralizad parameter, vwhich
snconpasses and enthalry, and chesical 3nergy nf€ working
medium/propellanrt, is tctal enttalify i, The concept of the tc*tal
arthilny is closely related d1chk tre concept cf heat of formatinn of
substance, which is called tae Juantity of h2at, isclated cr atsorbed

with the fnrma*ticn of the unit cf tre mass cf this substancea.
Page 102,

Heat of formaticn cf suostance depands on temperature T which is
selected for the reference foint. This temperature have parent
substances and to it are coocled or are heated the end products of
raaction in the braach/removal ficm th3am or the delivery tc them of
+he corresponding quantity of neat, vhich is heat of formation of

substance at a +emperature T aanad i1s designataed AH,,.

The chesmical energy of substance composes basic part of the heat
of its formation whose value is the measure fc¢r a change of the
chemical energy in the reactica of forzation c¢f this substance.
Striztly speaking, a charge in the chemical energy relates tc all
substances, vwhich participate in the raacticen, tut for simplificaticn

in its calculaticns ccrditicnally they carry to cne of the

i
|
|
3 o
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sgyihestances,

For convenience in calculacadus of the tctal anthalpy ara
intro2duced the concarts ¢f tae standari state of alements/cells arni

staniaril heat of forraticn.

Tha standari s*a*e c: .23ments/cells is called their srtable ant
mos* uidely used in ¢*he nature sState At a selected teamperatura T,,
taken 33 the rafarance point of eathaloy, and at a rressure cof
Dg=1.013 bar [1 phys. at.], morecver ii the state indicated the tctal
enthilpy of mlaments/cells takas as aqual tc zerc. Let us accept, as
in handbook [ 15), for the referénce point *emperature T=293°,15 K.
Staniard state for hydrcgen, oxyyen, flucrine and nitrogan with
Tp=2939.15 K and py,=1,013 tars [1 phys. atm. ) is phased state in the

fora of diatomic gas.

Standard heat of fcrmaticn orf substance is called the heat of
its formation from the elements/cells, which are found ip the
stariard state; this heat desijnace Aﬁvn,

Subsequently it is acceptad:

1. A change in the cheaical emergy vwith the course of reaction

talates +*0 tha subs+tance, formad from tane standard elesents/calls as
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1 resulr of reaction.

2. Chemical erergy and neat ot forzation of substance are
considered positiv~, 3f as resilt ¢f ra2action heat is atsorted by

substan~e, and negative - 1f ni3at by %aem is allctted.

T.a *otal anthalpy ¢f substaace i3 equal *o *he sum of its
chemical enerqy, evaluated by neatr of Zoraaticn, and enthalpv.
Therafora ¢aking ¥antc account tre nctal abeve strecial
faaturesg/oaculiarities it 1s possibla <o write the following €Sormula
of the total enthalpy at an arpitcary temperature T, expressed

through the standard bteat of foraation:

r
‘! TSAngO + ‘ C"dr
7
or taking into accourt eguatica (4.20)
i, ,—AH‘}r)—i-(lgr—lgrr). (7.10)

Pagea 101,

7btained experirentally valuss Aﬁﬁt are brought tc tables [ 15],

vhence it is possible tc take tnem for calculations.

A difference in the total entnalpies of substance at
tenperatures T and T, is deterained in the most general case

accorling to the formnla

r
l.:r—lgr.-\'vfgdr*y'\‘lH?\ LI D
‘.- -——
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whera ) - hea+ capacity of substance in *he gasaeous (c§), liguild (f

andl solil (., sta*a;

A4] = heat of rhase transformations (meltinqg and vaporization)

and polymerphic transfcrmations of substance.

Tha hea* of ohase and polymoiphic transfermaticns .4 and heat
caonacity 3 and 0 ie determinaa exparimentally; heat capacitv is

Cra

ohasa .0 they design [ 15].

2 t
Assuming that heat capacities ) ard J do not depend cn
temperature, then a difference in th2 total enthalpies for the
substance, which a* a temperatura Ty 15 lccated in the solid, but a*
a temperature T - in +he lijuid stata, it is equal to
BB o O (Ta—To) LT =T+ S aH0L (712

The values of the total enthalpy of basic oxidizers and fuels

ara given in tables 10.3 and 1W.4.

Por the cryogenic elements (Lor 2xaaple, H, 0, and F,) the
total anthalpy is different froa zer>, while under the stardard
conditions it is equal tc zero. Tais i3 easy to explain: hydrogen,
oxygen and fluorine under the standard conditions are gases; for the
liquafaction of thase substancus 1t is necessary to lead of them haat

in order to decrease tte tesperatuze of gas to 7=7Tum and to ensure

Wik e i
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the phase transformaticn (condensation).

Th2 value of the %ctal anthaipy ' kg. of werkirg
medium/nropellant noncterical thermal 2D, mcncpropellant and
componant two- and cempcesicte prepsllants, which ar2 the mixture of
5 several indiviiual substancas Jhacn ary disselved in cash othir, i
l desianed from the fcrgula

lmn
.u=§ Cpni * Eé'l .p:ch pace
{om]
wher:? g, and ,; - mass portich ana thi total enthalpy ¢f %he i

indjviiual substance; girace - mass porcion cf the i solverd: Q.

heat of solution 1 kg. cf tne i solveni ir the ccmplex sclvent.

Positive sign in equarion (7.13) indicates ingress of heat,

whila sign "minus™ - its literation.

Page 104,

If individual substances in tae mixture are not dissolved in
each other (Q,;,..=0), then formula for calculating *he total enthalpy 1

kg. of this mixtire ta¥es ths fcllowinjy foram:

lan
t,=§‘_ Giiai- ' (7. 14)

{wl

Tha total enthalpy for two-ccaponant fuel chemical RD is
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|
1sternined from fermula, analojous foraula (7.30) (see § 7.5): 1

=fn.rl:1:n.on . (7. 15)
Th2 to*al en+thalpy ¢ tne mixtur2 of gases (combusticn rreducts,

n.7

decomposition or heating) depends cn taeir cemrecsitior and

tempzra*ure and is designed frcm the formula

{mn
. v
=N Midyy, (7.16)
=]
whera }f, - nuaber of kilowmcles or *he i gas in 1 kg. 0f the nix=ure

~f qasas at dts temperature and rressure,
l2% us designate a rumbar ¢f xilowoles irn 1 kg. of the mixtura
of the gases through M, and lat us write the fcllowing

relationships/ratios, kncwn from the thermodynamics: i

1LY
M= Mg | (7.17)
lem1 .
M
M,=p, p—:: (7.18)
M 1
= (7.19)
- ;%uw:

4ith their account equation (7.16) can be written in the following

forms:

. 3 .

ip=— i : 7.20

L. ﬁ vt Pi ( )
{mn :
?_J!in Pi j

t'l=l_:n—— ’ (7. 21) i
3w

{e]

— e e e e
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wher? - tha *ntal enthalpy or tha I gas #hick is +3k-zn

rth
"
0
=4

n,

+ablas [ 157,

Page 10S5.

8 7,3, Mass comoositicn ¢f workiny medium/pres-llan<,

ot
o
D

The comvosition of werkiny meuiuam/prcpelliant is excrassed by

mass portions of equivalent comgponents:
ny Ay

gy =~ | 7.22)
J B

) number of

vhera &, - mass porticn of tane ] elesent/cell; 7,

o R ——— it —

atoms of the j element/cell in taé molacule c¢f werking

medium/propellant; A, -~ atomic mass of the j element/cell; u -

]
molecular weight of working mediuam/propellant,

The mass portion of elamentc/cell éhey designate bty its index;
for 2xample, Ho - *he mass porticn of hydrcger in the oxidizer, and

Hy - in the fuel,

Molecular weight of working medium/propellant is determined from

the fcrmula

J=a

*‘*,Z} m A, - (7.23)

puring the check of calculations is used the relationship/ratio
J=n

:Sg”==h
J=t1

4 i s
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Example 1. To calculate the mess compositicr of nitrogen

*tetroxide N,0, of 1000/¢c conceatration.

shlu+ion., We find through forunli (7.23) *he molecular weight of
nitrogan tetroxide
u=2.14,007+4 - 15999=92,010.

¥2 determine frem fermula (7.42) the mass ror*tions N and O:

92.14,007 4.15,999
92,010 = 0304 Ooe= 5 o=

We check the mass composition:

Nog =

= 0,696.

Non+Oon=0,304--0,696= 1,0.
Calculation of mass composition somewhat becomes ccmplicated, if
working body is the mixture of several individual chewmical
substances, In this case calculation tiaey ccnduct according to “he

formula

lemn

Es,=2 £:&it,
[l

,-
-1
[ ]
NS

wvhere o - mass porticn ¢f the i substance in the working
mediuva/propellant; g; - mass portica >f the j element/cell in the

i-th of substance; 1t are detarmined from fermula (7.22).

Paqe 106.
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Example 6, To calculate tne mass coampositicrn of aerozine-50,

which is +he mixtur= SCos/¢ hydrazine N, 2and SCc/c cf ansymmetrical

Aimethylhydrazine (7JDMH).

Solution. We deterzine tha mass compositiorn of N,H, by fcrmulas

{7.22) ard (7.23%):

R 2.14,007 + ¢-1,008 = 32,046,

4.1,008 2.14,007
2R - ¢ N = ———— = 0,874
Hr=—gow — 012 =06

W2 £ind the mass ccmpositicn LDMH, which has a ferpula
Hp N=Y (CH3) 2

pomr =2 - 14,007+8 - 1,008--2. 12,011 =60,1;

2.12,011 8.1.008
=t 0,400 - —— 2 0.134;
Cr="%1 0.400; Hro = =7 34
2.14,007
J —— e = 0.466.
M= 0.

We calculate the mass coaspcsition of fuel ty formula (7.24):

Nr = £y,11,"Nri + 8y pNr2 = 0,5:0,874 + 0,5.0,466 = 0.67;
He = g, -Hrt + &ypmp 12 =0.5:0,126 + 0,5-0,134 = 0.13;
Cr=gyamrCr2=0.5-0.4=020.

Wa chack the mass ccapositicn cof fuel:

Nr+-He+ Cr=0,67+0,13-4-0,20m 1.

§ 7.4, Coefficients x and ae

Tha coefficient of the real relatioaships/ratioc cf componants cf

prop2llant x chemical BRD is called the relaticn of the mass cxidizer
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consumpticn and fuel ger seconua:

LI (7.25)

m;

Oxidizer €fuyel can be suppiisa intd the chamber/camaera ZhR'D in

diffarant relationships/ratios, in this case in the fuel/oropellant
and, consequently, alsc in the ccepustion products can be contained

435 ~xzoss of oxidizer or fuil. Piels/aropellants RITT ani 2257 al

17}

(o
can hava an eoxcass of c¢xidizar cor fusl. Comtusticn prcducts with %ha
significant excess of cxidizar cali oxidative gas, and with the

sigrificant excess of fuel - Ly reauciag gas.

Furthermore, is pcssible the so-called stoichicmetric

relationship/ratic of ccmponants crf propellant iy, vwith which the

quantity cf oxidizer, which falls on 1 kg. of fuel, in the
pr2cision/accuracy is equal to the quantity necessary fecr its

complets oxidation.

Let us derive formula for calculating the coefficient e« for
the fuel/propellant, wtich consists of four cheamical elements: C, d,
0 and N.

Page 107.

In general the compositicn of fuel is 3xpressed by mass portions

Cr, Hr, O, and N, and the compcsiction of oxidizer - bty mass perticsns




Cou- Hok» Oax dnd .\'ox.

L3t us detarmine the small yuantity of oxidizer (oxygen),
nrcessary for the complaete oxidatior o carbon and hydrogen, usinag
for this purpose of the gquatiocn cf th? burning

C-0,=C0,, T.06
H,~ 1,2 0,=H,0. Lo

Express is mass quantitias of elasazents/cells, entering equaticns
(7.25) and (7.27), in the kilcamclas or the kilc-atoms. One kilomole
of oxyjen and hydrogen is 31,999 and 2.016 kg, respectively, while
one kilomcle of carben dioxide and watar vaper - 44,01 and 18.015 kgq.
respactively. One kilo-atom of carbon is equal to 12,011 kg.
Entering/writing a mass gquantity of 2l2ments/cells in the equation cf
burning (7.26), we ottain

12011 /rgsC+31 999 xg O,==4401 xg COy;
1,999/12,011 xg O,=44,01/12,011 stOn
l ng+2664 K Oy =3,064 g CO;.

In 1 kg. of fuel is contained C, kg. cf carbon. Therefore
G, xq C+2,664 C, @Oz=3.664 C: x4 CO:.
I+ is analogous for the ejuaticn 2f burming (7.27)
2016:gH2+‘/z 31 999 02=18015 xg H:0;
xg Hy+7,937 10?10238 37 H
H,.xgH,+7937 g02=8937H,qu20
Consequently, for comrlete oxidation C, of the kilograms of carbon

and H, the kilograms ¢f hydrogan is necessary with respact 2.664 C,

and 7.937 H, ¢*the kilograms of cxygen,




If in 1 kg. of fuel is coatained (O, kj. of oxygen, then for the
complate oxidation 1 kg, ¢f fual it is rnecessary to tring not (2.664
C: +7.937 H;) kg. of cxygen, out ar2 less %o value O, (2.6€4 C,
+7.937 H—O,) kg. of oxygen. If oxidizar is pures/clean oxygen, then
calcnlation is namcleted, dosevar, oxilizer car centain hvircnren and

carhon, and also nitrccen.

A quantity of oxygen in tnae cxidizer is determined by mass
portion Oo The part cf oxyjen from tae comgcsiticn ¢f oxidizer will
\
be expended/consumed on the oxidataon >f carben and hydrogen, that
are in its compositicn, in tais case for oxidation Cox kg. of

carbon is regquired 2,6€4 Cox k4. 0f oxygen, and fcr oxidation

Hox kg. of hydrogen - 7.937 Hox kg. of cxygen.

Consequently, in 1 kg. of oxidizer is ccntained (Ou—

2,664 Cox—7,937 Hox) kg. cf free oxygen.

Page 108,

After the calculaticns indicated it is possible to calculate the
quantity of kilograms of oxidizer, necassary for the cosplete

oxidation 1 kg, of fuel.

. B - ¥’ -
o 2 T
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La¢ gs intvoduce 4he £clldovwiny 223ignations:
5 =(2,664C, < 7,937H,—O,%
B8 =(0, — 2,664C,, — 7,937H,,).
If for oxidizing 1 kg. the fuel it is trequired B kg. of oxygen,

and in ' kg, of oxidizer is ccatained V kg. ¢f cxygen, then for

2}

axidizing t kg. 0f **2 fuel 1%t is recuired 2 kz. 0f oxygen, tut a
value which is qreater ry as many tinés as the value V is less than

one.,

Consequently, fcr the comglece >xidation 1 kg, of fuel it is

required /v kg. of cxidizer.

Therefore the ccefficiant ¢f ths stoichicametric

relationship/ratio of rrcgellaat compoaants is equal %o

__2,564C, + 7,937TH, — O¢
T Ogx—2,664Cox—17,937Hox *
The mass oportions cf nitrogen, vhich 4ces nct rarticipate in <he

b 4

(7.28)

reactions of burning, d¢ not eater into> the ccmpositicn of the
obtained formula, but ¢tlteir 3ffect/action lies in the fact that
respectively are decreased the mass portions of the elements/cells,

which participate in the reacticns.

The formula of analcgous fcra i3 used alsc for calculating the

coeffizient ex of the fluorine-bearing fuels/propellants, in this
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case instead of oxyger tha oxidizing elemant/cell is fluorine, ari

coefficients in the equaticns of burniag have cther values.

Example 3. To determire the coefficient ¢f ¢he stoichiometric
relationship/ratio of ccaponents c¢f propellant x,, for

fanlsoroopallart N0,¢ aerczinsg =50,

Solution. We take the compcsition of oxidizer and fuel fron

examolas 1 and 2 Coum0; Hox=0: Oou=0,696; Nou=0,304; C,=020; H;=0,13; Op==0;: N.=0.67.

Osing equatioen (7.28), wve cbtain

2.664-0.20 +7,957:0.18 1564 _, 0
Terex = 0.696 TT0.608 Y

Far the evaluation of that, how the prcpellant cempositicn and

combustion products differs from stoichiometric relationship/ratio,
is used the excess oxidant ratic, equal to the ratic cf the
coefficients of the real and stcichiomatric relaticnship/ratio of

propellant components and designated ao

k)

(7.29)

o Lerex
With the excess of fuel in the fual/propellant the denomipator
in exprassion xwmy/m, 1S more than in @xpresSicn xcre=modm;;

therefore for the presert ipstance x<xrex aNd g,<1.

Page 109,
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Conssqnantly, for the case Qf the exsess of cxidizer ir tha
fuel/propellant
>t R0 > 1.
Por the stoichicmetric relaticrships/ratic c¢f propellant
componants coefficiaeant g, is agual to on=2.
In th= chamber/camera 2880 usually provice certain excess c¢f

f‘lelp ioeo, uox<l'(aoﬂ-=0,7 -0 9) .
§ 7.5. Mass propellanrt ccapesition,

If are known the mass rporticns 9f chemical elements in the
composition of oxidizer and fusl, end also ccefficient # <then the

mass portion of alement/cell ia fuel/propellant g, is determined

from the formula
_ & 28,

.30
T . (7.3

)
T

vhers g, and Ly, = mass perticas or asl2ment/cell in the fuel and tha

oxidizar raspectively.

Tha construction cf foramula (7.30) can te confirmed by the
following consideratior: value £, is 2qual to a quantity to a
gquantity of elament/cell in 1 «g. cf £f181l, and value &, - to
gquantity of eslement/call in x kg, of oxidizer; therefore nuserator

as a whola is oqual to a quantity of elemern*t/cell in (I+x) kg. of
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fuel/propellant. Consequently, ror ootaining the mass portion of
alamant/cell in 1 kg, ¢f fu2l/srcpellant i+ is necessary expressioa

L9, %8s, to divide intc value 14,

On the basis of equation (7.3U) calculation of the mass portions
nf +4a alaments/cells eI -3 Z,ei/,ro02llan*, wnich ccntains carben,
hy3rogan, cxyga>n and niwzs.2a, ccauuct through *h2 feollewing the

formala:

Co+2Cox, vy _ He+xHoo |,
C,=—"—"", H=— -3

L+ ) l 4
(7.31)
O =OI' +100K " T — Nr+1N0K
* 1+ T 142

Chamical propellant compcsition (initial vorking
medium/propellant) can be also expressed in the kilc-atcams of

alamant/cell ¢n 1 kg. of tha fuel/propallant:

&>
l'a]] T =.43/1' ) (7' 32‘
i

whera [3], - symbol of the j caemical 2alement, entering thz

prop2llant compositicn,

If are known the tctal mass prcp2llant ccmpcnent flow ® and
coefficient , then, by using equation (7.29) and relationship/ratio
Mm=rmex+m,, it is possitle way simple algebraic transformations to

obtair the following equaticns for calculating the values m, and m,:

. v, X .
mo‘ = 1 ms m,=

(7.33)

+x 1+1..

R TS Sy
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§ 7.6, ieneralized system ci ejuzcicns of the datermination cf %he

cenposition of gases.

1= examirs “ta gean2ralizec system of 2qnaticrs, racessary
fcr i:->7ainring <he equilioriuiz compositicn of jases in which can
flow/ozcur/last anv chemical reacticns of dissociation., Such gases
can ha *hae products cf ccapbusticn ¢r dacempesiticn ¢f cherical

fuel/proonllant or “te products cf heating wcrkirg msedium/prcpellant.

L2t us introduce the follawing designaticns:

m - number of j elements/celis, eatering this sixture cf gases;
n - numbher of i gases, enteriny this mixture; =z - numter of atonms

of thae j element/cell ir the i gas.

Diffarence m-n is a numper cr molacular gases, entering this

N

nixturse.

Po>r the cnmpilaticn of the eguations of the determinaticn of the
composition of the amixture of jyases let us write the generalized

reaction of the disscclaztion of the i wnoclecular gas tc the atcaic

gases, i.e., the reacticn of atcmization which taking into account of
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thecsa acceptad above desijnazions va<3s tte fcllewing feorm:
N jmm
i-e BewecTso — § 5;3;. {7.34)
r
jel
Key: (1). substanca,

For axample, *he rzaction cf tha 2*oriza*icn of watar vagpor

*takes *he forn
H,O-——2H+0.

Exoress through ¢he partial pressires cf gases, en+tering the
mixtnre, the generalized ejuilitrium constant, which corresgcnds +»
reaction (7.34):

K,=n—p—;/, (7. 35)
P
vher2 /7 is the symbol cf multiplication of ccumpcnents of the type

py; Pij = the par*ial pressure of i atomic gas from the j

2lemant/cell; p - partial prassure of j mclecular gas.

Por example, the equation c¢f equilibrium ccrnstant, which
corraesponds to the reacticn of the azoaization c¢f water vaper, takes
the forn

PuPo
Pmo'

Ku,o =

A number of such equaticns o«f aguilibrium ccnstants comprises m-n;
frcm a total number ¢f gases, agual m, it is necessary to deduct n of

atomic gases vwhich are immune tc further disscciaticn.

page 111,
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In addition to the ejuations indicated it is possidla cn the
basis of the law cf ccrservation or aass tc cempgcse the equaticrs of
the conservation of mass of th2 elemants/cells: the mass portions of
each element/cell ia 1 kg. of initial working medium/propellant and

in 1 Xj., of th> vwicture ¢f jasas ir tha ctankerscan=ra ars: »sauz’ *¢

each cther.

The generalized equation of the conservaticn ¢f mass of
slaments/calls takes +te fcrn
[3],,=§:,M,, i7.36)
vhers (3], - number ofllglo—atoms cf the j 2lement/cell in 1 kg. cf
initial working medium/propallant, dateramined according %o equa*ion
(7.32); M, - num'er of kilcmoles c¢1r kilo-atcms of the i gas, whickh

t

contiins the j elemaent/cell, ia 1 kg. 2f the mix+ture of gases,
Actually inr equaticn (7.30) i1 numb2r c¢f rpreducts :\/ not n,
but it is leass, since in some i gases the j element/cell is atsen+

{number 2; for them is equal tc zaro).

A number of equaticns of the conservation of mass of

elements/calls is aqual to taeir aumber ().
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Express is ~quaticr (7.36) tanrcujh the partial pressures of i

gases, #hich con%ain *te j elemenc,/cell, using =2quaticn (7.18):

iemn

M.
[3,/1':‘_- i 1P,
bs [

or *aking into accourt relaticaship/ratio (7.32)

- —" - 1 - .
N3, = \ 1P 7. 37,
o P

In equation (7,37) appear twd unkrown values - pyand 4y
However, at orescribed/assigned pressure p; it is pcssible to use the
2quation ¢f Dalton which for tas crcss secticns at the nozzle entry

and at output frcm it takes the following fcra:

ln
m=m=§mw
iml \
{
|

;7.38°

lemn
pr=p.= pi.

feml]
Value f, is determined oy equation (7.17), but it to it is more

convanient consider additional ufknown.

paga 112,

Consequently, the generalized system of equaticns, utilized for
determining the compcsition of mixture m» of gases in which can occur

any chanmical reactions, consists of a+t equations intc number of

which they enter:
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1) (m=-n) the equaticns of the constants cf the chemical

aguilibriom of +the reactions cf atcmization (7.135);

2) n of the eguaticns of the conservation cf mass of

elements/calls (7.37):

3) the equation of Calton (7.38).

A number of unknowns is ejuai m+2 (m of partial gases, p: and

My).

The obtained system of equations can be solved in two wvays.

1. Values p: and M, formally recognize by unknowns, and n of
aquations of ccnservaticn of mass cf 2lements/cells (7.37) taking
into account equation (7.19) vritasrecord in the follecwing form:

lmn

A, N zipiy
el

s, =—Tm—- (7.39)
2 Py

{e=]

2. One of eqnatioms conservation of mass of elements/cells
alisinates by divisicn into it c¢f cther equations indicated (in this
case it is eliminated also relatiom M,/p;). This method widely is used
aspecially with a srmall rumber cf ela2nments/cells in the working

madina/orecpellant.
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The obtainad system 0f 2juaticrs they sclve by succsssivs
approximations. With t+hree and sore 2lemerts/cells in the comcesitioeon
of working medium/prcpellant tne solution of equations is obtained
sufficiertly to bulky and work consumirng cnes, in ccnnection with

which carry i+t out in el

o

cTIcnic ccinonters [27.

In certain cas»s, fer axample for calcula*ica ZhRD, which werks
on the fual/propellant cf oxygantnydrogen or flucro+hydrojan, the
systea of equaticrs can ke solved, also, with the aid of the adding

machines.

Is axanined balcv the method cf the soluticns cf system of
aquations for determinirg the ccampcsition of werking
nadium/propallant based cn the exampl? of calculation cf comfposition

of combusticn products ir the ctamcer/camera cf cxygan-hydrogen ZhRCL.

§ 7.7. Detarmination cf compositicn of combusticn products based on

the 2xample of oxygen-hydrogen fual/propellant.

During the reacticn of oxygen with hydrogen (n=2) are fcraed the
following gases: H,0, CH, O, Hz, C and H, therefcre, ma=6. Let us

write four (m-n=6-2=4) fpcssible ones of the equation c¢f the
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equilibrium constan*s cf tne raactacas of atcmization, using equaticn

Koy=22; (7. 40)
Po,

P,
KH,—pH' » (7 41)

PoPy
r

7.42)
Pou (

KOH=

-, p”;{‘;’o
Ku,0= Pno 7. 43)
?

Page 113.

Por the fuel/propellant oxyyen ¢+ hydrogen mass vortions Og=|
and H,=1; ther=afore the relaticn a@ass of the rorticn of oxygen and
hydrogen is equal tO0 x OF dexkcrerr Taking into account +his and using

gnation (7.39), le+ us write the equaticrs of the ccnservaticn of

]

elements/cells for oxycen and aydrcg2n and let us divide their one

into another:
15,999  2po,+Pq+PontPu,0

a, r = .
OKETEETT 1,008 2PH,+PyTPont2PH,0
Taking into account that ‘_5%=21cm (see § 7.4), and
1,

introducing valuea a=an/2, latter/last equaticn can te written in the

following form:

a= 2P0, + Po+Pou+Pu,0
2Py, +Py+Pou+2Pu0 °

Let us write the equation ¢f Lalton for the crcss secticn at the

(7. 44)

nozzle entry

Pz == py==Ppo, +Po'7"PH.""PH + Pou + Pu,o. (7.45)
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C3sations (7.489), (F.41), (7.42), (7.43), (7.44) and (7.45) forn
+*he system whose soluticp makes it possitle tc¢ detzraire cenpositicrn
of combus“ion oroducts cf oxygen-hydrogen fuel/prcpellant at tha2
prescribed/assigned values of their temperature and pressure.

Trl-calation is conducted at a orascribedsassigned (i« is more
accurrt s, selected) *opperatura. The values of equilitriunm constants

Ko, Ka, Ko, an@ Ky, fcr the vemperature indicated take frem
handboek (15}, whera thtey are jiven in the physical atmosphera (phys.
atm,) ; therefore prescritedsassigned rressure (p;=p, Cr pr=p) also
must be expressed in tte physical atmosphere, for example, if
pressure is prescribeds/assigned in the bars, then is used the
relationship/ratio

P fohys. atm 3= '1",%13' Bawl

The obtained systea of aguaticns they solve, after assigning

pressur2 py. on the tasis of aequation (7.41)
Pu=V Ku,pn,.
Lat us write equaticmns (7.43), (7.42) and (7.40) in the

following form:

el

— pH .
PH.O— KH.O Po' - (7.46)
Py R
Pou='T°H— Pos . (7.47)
Po,=—— ph
N KO. po. (7 48)

page 114.
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Lat us substitute latter/last ejuations into equality (7.44):

2
Pn pH 2 2

4o R P07 R Po™ Ry, For0

9 2
2Py, + Pyt ,:;:; Pot+ K—::% Py
Tha ottained aquaticn is juaaratic eguation relatively po; ¢ha
ayuation indicated it is possiole by algetraic transformaticans ¢o
raduce to the following forms

'
" H 2

—1=-Ra—1)2 ot — - =
KO, p20 \ [1 \za I)AHO \a‘ 1)K°H]po a(2pH| i pH)_O‘

Let us designate expression in thé brackets by letter A and solve

equation relatively pg:

8
A+ V A2 r a(2pﬂ.+pﬂ)
O,
Po= 3 :

Ko,

(7.49)

It is necessary tc nocte that there is cnly a ore system of
roots, which satisfies any system ¢f equations ir question. for
example, if during the sclutican of equation (7.49) are obtained the
positivae and negative values of partial pressure, then for
calculations we use cnly a positive value. If bcth values are

positive, then it is necessary to exclude that from them, which with

the substitution at least into cne of equaticns leads to the negative

value of the partial pressurs of any 3Jas.

A~ a1, ™
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After Jdeterninirg pressure po, we find thrcugh eguaticns (7.46),

(7.47) ard (7.48) pressure pu,0, p,, 2031 po.

wa detarmina the sug of tae partial pressures:
Pr==DH, — Py — PH,0 ~ Poyy + Po T PoO,-
If p:>p., then they solve systam or 2quations in the second
aporiximation/apcroach, in tais case ar2 assigred by new, razduced

valune p;;

' P
pH'zp—:' PH,

vhen pr<{p, they are assigned oy increasad valuss p;;
. F
pH|=p—:. le‘

Page 115,

I+ is usvally sufficient tikree, maximum cf fecur,
appraximations/avproactes, in crder to with the lcv errcr (nct mora
than +-1o/0) was provided the egquation

Pr=p,.
The solution of the systeam iandicated is convenient to conduct in the
form of the expanded/scarned tatle (se2 Table 7,1 V § 7.11; rumerals

ir +he brackets of table desijnate the number of lire).

§ 7.8. Determination of the parameters of ccmbusticn preducts at the
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nozzle artry,

For da+armining the basic paramet:rs cf chamter/camera i« is
necessary to design crly tvwc values for the entrv into its neczzle:
the apoparent molecular weijnt 2f ccmbustion products a.,, (or gas
constan® R.» 2a~1 their entropy s, Hosever, for *heir €iniint i=

reguir2d ¢o calculate temparature and compesiticr of combusticn

products on the nozzle entry, and tor zalculating %«he lattar - total

anthaloy cf products a+ three teaperatires,

The apparent mclecular w3ight of combusticn orcducts is designad

from equation (4.6).

L2t us examin2 equations fc¢r calcilating the entrepy of

combustion products.

The entropy of individual sunstances depends cn their structure

{chenical nature), temrerature and pressure 1!,

POOTNOTE . In more detail apout the entropy see [18]. ENDPFCCTINOTE.

In handbook { 15] are given the values >f entropy s, in cal/(mcleedaq)

at the standard prassure py=1 of phys. at®n; values s,, undertaken

from handbook [ 15], it is necessary to corvert according to the
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for-qla

bo

so[xaré‘})(xuo.w -2pad)]=4,187 so[xan??.uon b-2pad)].

Key:s (V). kJ/(kmolaedeg). (2). cal/(moleedeq).

The entropy of individual suastance at the arbitratry pressure p,

ax~=2=3y in *h9 phys, atam., is aarermirec accerding tc the aquaticn
sp=$—R Inp.

After substitutirg into taa lattar/last 2guation value cf R}=8215

ner/{ kmoleed=2q)=8315 cf kJ/(kaclaedeg) and after considering

relationship/ratio 1ln p=2.303 19 f, ve will ottain the following
foraula for calculating the entrogy in xJ/(kmcleedeqg):

$,=8,—19,1351g p. (7.50

Page 116,

Entropy the mixtures of gases of lifferent composition, such as
are ornducts combusticn, design zzcm the formula, aralogous (7.21):

tmn

X Sp.Pi
s | {
Pr ™ Tan ]

X uip

) I3

vhich taking into account sguaticn (7.50) can be written in the

follewing final form: i

{mn 1

Ei(sol‘l’—l9.l35ﬁl 1g p) i
I-

= — . (7.51) |
:#:P:

fmm]

s

;

L
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Temparature ani coapesiticn of coarusticn products at the nozzle
2ntry determine by utilizaticn ayuetioas {(7.1), which for the

chamber/camera nf chemical rocket engines takes the form

iu.r=[il.x]7}' (7.52)
whera i, = the total enthalpy of fuel/propellant at the entry into
*ha chamhar/camara; [ghkx = *n2 cc*tal enthalrcy cf cembusticn

oroducts at a tcaparature T,.

Calculation *he temperaturas zrd compesiticn of combusticen

products at the nozzle ertry conduct in the fcligwinq sequence,

1. They are assigned by tasparaturas T. in area of expected

value, which can be taken from the thermal calculation§ wpic@
were made earlier, from tables (in particular from TabL= .0.3 =::.

2, Is designed composition of ccabusticn products at
prescribed/assigned tesperaturs eaploying procedure, examined into §

7.7, or employing cther fprocadures [38)].
3. They calculate total entnalpy of fuel/propellant i, and
combusticen products 41 at temfperature 7, according %to fcrmulas

(7.15) and (7.21).

4. Will be brought in optained value 4, fcr graph ige=/(T,). The
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total an*haloias of the coamcuscioa prolucts of chemical
fuels/propellants have reyativa values, s¢ that tc rore ccnveniantly

buill graph ipu=f(Ty).

5. Compare obtained value 4  with total enthalpy

fasls/otepellants . If a:c30luce valus 4, n~Te than 2hsclint:

value ;. *hen i* is recessary 0 assijn g<T

it

at

w

r “empperature 7, an:i
vice versa. Por the ccnstruction ot mor2 accurate grapbh fH.=7(T,; *hay

are assigned by thkree values cf temparacture T, and are designed

composition and values ,, for each of its values,

Page 117, ;

6. Build graph ipu=f(T,) (F1ge 7.1 arcd find th:ouqﬁ i«
temperazture of products .compustion cn nozzle entry 7. using

relationship/ratio (7.%2).

7. Define classification J2f products ccmbustion at obtained
temperature, for which cn three poants (7, 7. and Tj) ara built
graphs p;=f(Tx). Graphs it is convenient to build by those combinad
(on one sheet), selecting for 3aca partial cressure such scale so as

as far as possible tc use entire field of sheet, Fig. 7.2 shcws

finding partial! cressures ps,0 and pon graphs pu,o=f(T«) and Pou=/(T.i.

g
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3, De%ara‘re avrarent mclicuiar wzight ¢f rroducts conbustion
ue, at obtained *emperature, for waich is built gragh pu=r(7\
valuas p, u; ard p- fer temperacures7, 7. anri p7 desijn fron

aquation (4.6).

9, Tind +hroujh equaticn (4.3) Jas ccnstant cf producTts

combustion on nozzl2 entry.

1). Determine acccrding to wgyuation (7.51) entrory of prcducts

combustion at temperattres 7, 7. and 7, and graphically at

temperature 7, is fcunrd entropy S« (sse Pig. 7.17).

Calculation axan’red acova 15 conveniently ccaducted, filling
for temperatures 7, 7. 7. and optained temperature 7, tadble 7.2

(se2 § 7.11).

The sums of calculation at tamperatures 7, 7, and 7. and also

the results of graphic ccastructaon will bring in in table 7.3 (see §

7.1 .
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Fig. 7.11. Graphs for determining th2 values 7rs. and py £TO0B known

value |, {according tc the results of calcula*ion at three selectad

values 7.7, and 1))
Key: (7). Unknown temperatura,

Pig, 7.2. Graphs for determining composition cf comtusticn prcducts

at obtained temperature 7, (acccrding to results of calcula+ticn at

three selected values r, r; and rj)

Revy: (1). Unknown value,
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§7.9. Determination of the parimeters of ccmbustion products at +the

107212 outlet.

1 Calcula*tion of the rarametsrs of combusticn crrcducts in nozzle
axit section in many respects is apalojous tc calcula+ion, examined

in §7.8. Differ=ncas ccnsist in tae fact that ins*t2ad of equation
{ femn
(742 is used equaticn (7.2) and irstead of ccnditicn ﬂw=:s pi is

Y ] im]

¥ P

providad condition'ﬁc=_
Jwm]

Dums to0 a comparatively lo+s tampszrature cf ccmbusticn preducts at
the nozzle outlet some partial fressures (for examrle, po and Pu) are
very low and it is pessitle not to consider them during calculation

of *the parameters in this cross sectiocon.

Calculation of the parametars into the cutlet creoss saction

nozzles conduct in the fclloving sequence.

1« Given by tentative value cf indax of egquilitrium process of

expansion ‘nd(e.g., frca Table 10.5), is determined cn formula (4.22)
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2xvacted *enperatur~ ¢f combus:cica ornlucts a* nozzle outlet (we
! accant Ry=R.)

’ Tc ~ r‘ k_fc_\ (np—h“np ' (7 53)

r

2. Thay are assigred by tares vzluz3s of temparature Te, TQ and

o3

1 fcr each 7alue T, iz 3eszinnd

a

T. in az»a of expected tsemperature, 1

coamposition of proiucts ctf coamduscion.

3. FPind values of entropy S, 5. and s° for each value cf

tamparatures,

4, Is built graph Sc=f(T.) (FPij. 7.3), and €frem conditicn sk=s. are

| lstermined temperatures ¢f prodtcts combusticn in nczzle exit

sec+ion.

5. Define classificaticn of prodicts combus*ion at cbtainpad

tanperature 7o using graghs p.=f(r,), which can ke constructed by

T T T—

obtained composition cf combusticn orolucts at “emperatures 7. 7. and7..
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valus =S« (accoriing to ta=2 resul=s of calcula%ticn a= +h

salectad valuas 7.7 2nd 7))
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6, By analogy wi*h calculation, 3xamined in §7.8, determine
apparen*t molecular weight #: ana ga2s constant R cf products

combhus*tion in nozzl=2 exit sectica.

7. As during calcuvlatica iz ;7.3, calculaticns conduct, £illing

for =2ach value of *emcerature T, Iables 7.2 and 7.3 (see §7.11}.

37.10. Calculation of sgecific impuls2 and sizes/dimensions c¢cf nozzle

*aking intn account losses.

In calculations, examinsed in the precading paragraphs, are

consider=d cnly *he phercmena, ccanectad with the dissociarien and
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*he reconbina*ion, and the lossés, conanacted with *he carry-cff of
h2a+ and cheprical =nergy together with t£he prcducts cf combustion
bzhind the nozzle, Forrula for deternining the solidity ratic of
specific impulse at *he levsel of sea, whiclt ccnsiders remaining
losses, can be taking into account equaticns (4.40) and (4.41)

writ*en in the €followirc fora:

IVI.J 1 - -)

=

A=

’\'1.3[

Specific impulse Jynazx 13 Jesigned from equaticn ({1.23), the
valuas of thrus* P; and expenditure >f components cf fuel M =mMetmr
measaring during the berch test of engine. The crder of calculation

of value /yza is examined in g§7.1.

If we during engine testing apsure ccnditicns #.:=p,
my=m, 0"d~ x3=x, then ejuaticn (4.37) for calculating the
coefficient ¢ can be taking intc account formula (4, 14) written in

the form

?,:——_

Srpt
vhera fpa - throat area of real chamberscamera; fsxp: - throat area

’ !7.35‘1

of the chambar/camara for which ¢;=1; this area is calculated fron

equation (4.14),

In terms of the values of ccefficients ¢r and ¢s:. obtained frcm

egnations (7.54) and (7.55), it is possible, using formula (4.41), to

find coefficient ®c
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== .60

If calcula*ticn cf chantar/caméra is perfcrmed refcre the bench
tes*s of engine on results ¢f whkich can be determined ccefficients
¢» and ¥ +then their value is selected, using results of the tests of
the chambers/cameras, which nave analogous ccnstruction/design and

vhichk wonrk ¢n *le same fuel/progellant.

Paga 120.

Af+er selecting thus coefﬁic;ents pp and @c is designed from
aquation (4.40) value Ilyay and tccm formula (1.23) the
actually/really necessary fuel ccaosumpticn:

! m.z-’i’—

(7.57)

.
l."l-’-l

If we write equation (7.57) rcr case ¢:=1 and divide the first

agquation into that ottained, and alsc consider conditicer P;=P, and

aquation (4.40), then
my 1

,h—,::?ch’ (7.58)

If we for the real chamber/camera hcld out conditicn Pea=pun’

then in accordance with equaticns (4. 14) and (4.37) the area of its

critical cross secticn can be determined according to the eguation
Supa — .".'1
Iep ¢ my
vhich taking into account equation (7.58) is possible to write in the

*

simoler form:




I
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fxp x=‘{;i- (759)

If we consider +hat irdex np fcr the real chanbkear/canmzra anl fer
*+he chanber/camera whc¢se costiicient % is equal to cre, is
identical, is provided equalaty f&n=f;. and fer calculating the area
of nd>zzle exit+ secticn ¢f real chamber/camera it is pcssible to use
the equatinn
fc_‘._.L;:_ . (7.60)
§7.11. Examplze of the +hermal design ZhRD, cperating cn th2

oxyqen-hydrogen fuel/frcgellant.

To> conduct the thermal design of liguid propellant rocket engine

for the fcllowing prescribed/assigned paremeters.

1. Emp*ty *hrust /P:=100 <£nh.

2. Fuel/prcpellant: liquid oxygen + liquid hydrogan; coefficient

Qon=048.

3, Pressure of ccrtustion products at nczzle irlet  »=100 bar.

4, Pressure of ccmbustion products ir nczzle oxit section

Pec -0.5 ba Te

— - ; TR
e ) ) o :
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5, Cosfficimnss T8=098 ¢ =099

Solution. 1. Let us extract known data fcr fuel/rrcoellant

liquid oxygen + 1liguid hydrogen:

a) coafficiant Hezex=="1,937 {

n
m
1
-
-4

b}y total anthalpyv cf 1ijuid o¥ygen at beiling poirt

fnox= —398kJ/kg {(sSee Tabls 10.3);

¢) complete enthalpy of liguid hydrogen a*t boiling point

“in,m —3828 XJ/kg (See Tabla 10.4).

Ppages 121,

2, Wa find through equacicn {7.23) the actual value of

coefficient x i
. X=BouXerar=0,8 - 7,937=6,350.

3. We determine accecrding to equation (7.15) tctal enthalpy of

fuel/propellant at the inlet into chamber/camera (we consider that

temparature of propellant components is aqual to their toiling

point):
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i = bn.r + 2in.ox - 3828 +- 6,350 (— 398)
~r Lew 1+6,350

=—864.7 KJ/kg.

Calcualation of “he parameters of combusticn products at the nozzle

antry.

4. In accordance with Table 1(.5 “emperazure 7. cf combustion

products of oxygen-hydrcgen fuel comprises when  Gou=0505 3000° K for

%x=08 it has higher value. de sslect Ti=300x

5. We axpress pressure s« in physical atmosphere:

-

Px =98,716 Fbys. atm,

100
1,013

6. We detarmine value a in equaticn (7.44):

7. We will calculate compositicn of combustion products at

temparature of 3600°K, using system of equaticns, 2xamined in §7.7.

Calculation we corduct acccrainy to ¥able 7.1, in which before
beginning calculation we £ill linas from the first to the sixth

(values of equilibrium ccastants Ka,. Ko Kyo - and Kos ve take frecm

the handbook [15] for temperature 3600°K), and also lines 10-12
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{a=0.4) . In the first approximaticn, we are assigna2d by *he par«ial

pressure c¢f monlecular hydrcgen /,u, =9 phys. atm.

8. According to results of calculatior we f£ill cclumn 3 fable

9., de determine acccrding to equation (4.6) apparent molecular
veight of ccmbustion prcducts at nczzle irlet (se2 column 4 ¢f Tahla
2) :

! 1379,3
P =" Emm=g—sjg=l4.010 kg/kmcla.

10, We will calculate accordaing to equation (7.21) total
enthalpy of combusticn froducts at nozzle inlet. Values @& (column
5, Table 7.2) we take frcm handbcok [ 15] in cal/mole and shift in

kJ/kmole according tc¢ the eguaticn

.l a®
Un i (KO kMoab) = 4,18Ti, ; [Kaa Moas):

{an

N iy
Y 17 11 S L
=727 = 1379.3 = —T21,0 koo r2.
3w

im ]

Key: (). kJ/kmole. (2). cal/mole. (3). kJ/kg.
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products of oxyjer-hydrcgean fuzl/pronallar* witw

T.=3600" K, p,=95,716

?ZE.l?Tabl-? 7.1. Calculatica of composi*icr ¢f ccapustion

ohvs, atm., and a,=08

: ' | 131 Yucaennoe 3navenne

o ’ BeanYHHp

I;";(I"? i “R) Bemwima 1} [1pubannenne

e | c.mepBoe ' “'stapoe | - tperve
L T, 3600
2 i 2a 98,716
3 | Ky, j 5,365-10~1

Py Ko, i 3,916-;0-1

] 5 ! Ki.o ‘ 7,956 102

i [} | Koy : 3,053. 10—t

l7 | Pu, | 9 {o22,21 21,17

} 8 4 [31-{7]% 4,828 11,915 11,357

"9 l u=} 8] 2,197 3,432 3,370
iq a 0,4
i 23—1 —0,°
12 a—I —0.6
13 (8]:(5) 60,683 149,76 , 142,74
i (11]-(13] ~12,138 —29,952 | —98,548
13 [(9: (6] 7,196 | —11.306 ’ 11.038
16 (12]-(15]) —4,317 —5,784 | 6,623
i7 i—{14]—{16] 17,435 37,736 36.171
i8 2{71+(9) 20,197 41,872 1 45,710

|19 ; (18]-[10] 8,08 | 19,148 18.984

| 20 {172 304,677 | 1424,0 1308.3
21 [19}: (4] 20,628 48,896 46,690
2 8-121) 166,025 391,17 373.50
23 {20]+[22] 469,702 1815,17 1681.8

| 2 I 123 21,672 42,61 41.01

oo ~{17]+{24] 4,217 4,874 4.839

26 4:[4) 10,214 10,214 10,214

- Po =1{25]:{26] 0,412 0,4770 0,4738
28 (2732 0,170 0,2270 0,2245
2 Po,=128):[4) 0,434 0,5797 |  0,5733
3! Pon=I(15}-(27) 2,964 5,393 5.2208
2 Pr={T]+{9] {270+ 40,008 103,35 98,45

! +(29]+(30]1+(31) .
Key: (1). lime. {2). Value., (3). Numsrical value of gquantity.

e ——

- -y

(4) .
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Approximation/approach. (5). tue iirst. (6). tr= s=cord. (7). tie

thirid.

POOTYITE 1, Numerals #r the nrackets desigrate “he nusher of +thz lina
frcm which must be taken the nugeracal value cf guartity.

INDFOOTNNTE,
Paga 123,

11, We find thrcugh equaticn (7.51) erntrcpy ¢f ccatusticn
oroduc*s on the inlet irtc nozzie. Values s, (colimn 7 tablas 7.2) we
take from handbook [ 15] in cal/ (moleedeg) and shift in

kJ/ (kmoleedeqg):

il
S =-—\l-‘
Pz Y (Sotpi ~19,135p, ig p;) =
= PPt

I

393 *23787,5 = 17,246 xom (x2-2pad).

Keyz (1). kJ/(kgedegqg).

- vy -
> i et
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1able 7.2. Calculation ¢f the parameters of the combustion products

of cxygsn-hydroaer fuel, propallanc at

Ty=23600°K, ,.=98,7:6 the phys. atm.
anAd Q=08
ol |
i {0 ' Bi o b i i s
e L
! | KMOAL |3 I KMOAL ¢ KMO.1i: 2 PA0
oA N !
H, i 2,006 121,17 . 42,5787 111512, 3284208 200,ans
i H 1,008 | 3,37 ‘ 3,397 | 0869183 ' Gn.9i4.0T 150 5007
L o 15,99 | 0,4738 | 7.5803 318680,9 : 15009i,01 213,57
{  Og 31,999 | 0,5733‘ 18,3430, 122666,5 70 324,700 2920055
| H,0 | 18,015 | 67,630 (1218,3545: —78929,! '—5337975.0 297.823:
OH | 17,007 | 5,2298 | 88,9432 151331,7 | 792480.48 2u3,8417
Cywn- - 98,45 |1379.3 | - f—094 42,2 | -
M2 ‘
| | !
(62 Mpozoim e
© A
a3 31-(N Ig »; 19,135[9]{ (31-110] | (8]—{11) |
i ! :
‘ i
H, 4441,664 1,3257 25,3673 [ 537,0257 | 3904.7:83
H 561,141 0,5276 10,0056 | 34,0222 527.:188 .
o 101,198 | —0,324 | —6,2074 | —2,9411 | 04,1301 .
0, 167,407 | —0,2416 —4,6230 g —2,6504 | 170,0374
HO | 20141,932 1,8301 35,0190 | 2368.335 %17773.597 l
OH 1379,839 0,7185 13,7485 | 71,9019 | 1307,9371
Cyuna - - - i - 23787,5 1
Key: (1). Gas. (2). kgs/kmole. (3). phys. atam. (4). kJskmole. (5).
kJ/kmoleedag., (6). Ccn*inuation, (7). Sum.
POOTNOTE t. Numerals ir the brackets indicate the number of the
coluan frcm which must be undertaxen the numerjcal value of quantity.
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ENDFOOTNOTE.
Page 1214,

12. We conduct analogous calculations for temperaturas cf 3409
and 3500°K and cbtained rasults orirg in ir Tabkla 7,3, Jsing +re
graphs (sae 87.8), we find th3 valu= T By fu aré S which alsc

bring in Table 7.3.

13. On *he basis c¢f Table 10.5 we select index =y, for

equilibrium exnansion c¢f compusticn products cf oxygen-hydrogan fuel

and on equatiorn (7.53) it is datermined their expected temperature in

nozzle axit section:

' (A —=1)in 0.5 \0,2321,232
rczr,(f—) P P:asoo(—m) = 1330°K.
K

Sinca the value of index in Table 10.5 for “u=d&5 than €fcr

calculating the parameters of ccopustion products at the nozzle
cutlet when =08 we are given assignad by the higher values of

temparature T ¢ = 1900, 2000 and 2100°K.

14, We conduct calculaticn of composition of ccmtustion products

at temperatures indicated and pressure py.f%%—-Q@‘ phys. atm.,

usingy Table 7.1,




DOC = FAGE A&/

The values of squilibrium CIRs*3nts we +age freg hanibecy 3
3

15, After detarmining compcsition of comtustier Froducts vissn

T:=1900, 2000 and 27CCO%, we ri1ll *sr 2ach of them table

analogonusly to Table 7

12-

15. Suas

o}
th
>
O

€alculatrica ZTiny
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Tabl2 7,3. Resnlts c¢¥ calculatiny 1vn2? pararekers oI coxtusticr
products at the nozzle irlat (at ctarze priscrit=dassijnel an?

obtained valnes of *emrerature 7»)

!

L T R ¥
T emors ‘ Kz \ N2-2pad
i 3300 14,33 e o
3510 14,1y —a7 0 P
, 3600 11,01 R LI 75 ,
| 3580 ‘ 1404 1 —864,6 i7.20 |

Key: (1), kg3/kmole, (2), xJ/KJ. (3). kI/kaedeq.

th

Tabla 7.4, Resul*s of calculatinyg the daramgtaT ccabus+icn

]

c
products at the nozzle cutlet (at thre2 prescribed/assigned and

rbtairsd values of *emrerature 7.)

1 Beoo ‘ R‘.‘.c ) Sc i bn.c !
oK Lo ke SIHeM 2, KoM ‘ i) Ko ‘
KMO.2Db ; wz-2rad Ke-2rad { K
1 t | i |
| 1900 14,80 z 562,2 i i i
{2000 | 478 8624 7,54 —8LE
2100 14,77 { 32 1779 =797 |
190 | 1479 | 5623 173 84996

Key: (1) . kaskmele, (2). nem/kjedeyg. (3). kJ/kgedeqg. (4). kJI/kJ.

Page 125,

16. Using data cf Tables 7.3 ard 7.4 and equations, 2xamirel in

$§7.1 and 7.10, we find tasic parameters of chamber camera. Their

calculation is conducted, fillingy Iablay 7.5.
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Table 7.5. Calculaticn of tha bpasic parameters of chamber/camera. 1
e ) ) \
w Q) ¢gpuyn ‘iﬁlc,a . @® @ qgﬁ?wna y @
0603ua- | Pasuep-|  Axa "o:" O6oasa- | Pasnep-| aas H::eﬂ'-
qeHHe HOCTH O:g:::O 3HAvYeHNHE qeHue HOCTH Ogg:l:l:- 3HayeHHe
@3 | 308 || 7 O cex 4.40) | 4063
* VE.n.A (7) K2z ( . )
(7.4 + 00456 || m, k2| gan | 2.6
5 jcex
7.5 4188 m _ | (71.33) | 21,26
o " (Deer
(7.6) | 23,88 m, Dxe (7.33) | 3,35
exX
(7.7)(6, 0,1340 fxp.a PPy (7.59) | 0,00551
(4.7) | 1,142 Sfea u2 (7.60) | 0,135
(4.8) Pas . (1.12) | 86500
(78) | 2847 || 1,44 :;*”‘ (1.23) | 315
2
.9 o.ooussl *

Key: (1. Desiqna*.ién. (2). Dimension. (3). Pormula for determining.

(6) e Nes., (7). kg. (8). oOr.

(4) . Numerical value. (5). s.

e
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Chapter VIIX.
ENGINE INSTALLATIONS WITH THE PEERMAL ROCKET ENGINES.,
§8.1. Engine installaticns cf rocket vahicles.

Should be distirguished concap*s "2rgine"” and "engine

ins*alla+ion" (DU).

Engine are called chamber/casera and totality of aggregates,
assemblies and conduits /manifclds, vhich acccmplish/realize supply of
working medium/prepallant (propellant components) into tha
chasber/camera, and in a nuaber of casas and creating efforts/forces

and moments for the ceortrcl of rocket vehicle.
Page 126,

The units indicated and aggregates place directly on th2
chaamber/camera or on tte special frame, utilized for fastening of
engine to the power ring (frame/fcrmer) of rocket vehicle. Through

the frame is *ransaitted to tha frame/fcrmer the thrust, developed

vith engine,
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Liquid wvorking medjum/prcygsliants are supplied the
charber /camera, which has the relatively large +hrust, with +he
pumps, entaring *oge*her with the turbine intc tha sc-callsad

tarbopunp aggragats (TNA).

For the wnwk ¢ +yrkina, i1tisized fcor *“%=: -nan dzivae, 4 is

»
ot
W
-
x
3
..J
Q
r

necessary o have ia +te compcsition of erjire an acgjreqg
produces gaseous working body +4ita those ra2quired by pressure and
“enperature, As this aqggregace caa serve special gas generator.

Purthermore, gaseous vwcrking body can be obtain2d in the coolant

passage of chamber/canera.

Most frequently are used tte chemical gas generators, which use
liquid or solid propellant comgcnants. The gas generator, which works
on the liguid propellant, is called the liquid-gas generator (ZhGG),
on th2 solid - by solid-gropellan:c gas generatcr (TGG). Soliéd fual is

placad directly in TGG.

The supply of werking medaua/propaellant into aggregataes and
uni+s of engine is realized Dy the special systes, into vwhich are
included different valves, which acre opsned/disclosed or which are

closed at the reaquired acaent of time,

In chesical RD in a number oi casas proves to be necessary a
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system, which ensures tte beginning of the reacticn of burning or

deccomposi ¢icn,

Engines with turbcpump assempiies are started via turbine boost
by the gas, obtained in the starting/launching gas generator

{startern) .

In the main of scme engines 4ith TNA build in the agyregates of
pressurized system, which produce gas which is supplied into the gas
cavity of tank with the lijuid workiny medium/propellant and is

created in it the pressure, anscassary for the normal work of punmp.

With starting/launching and engin2 cutoff in a number of cases
it s necassary to blow the cavities of some aggregates, for example
combustion Ehamber. Por this puipcse th2 engines equip with
*ank/balloon with compressed gas (usually inert) and corrasoonding

valves and conduits/marifolds.

Por the creation c¢f control forcas and acments/torques engine
chamber establish/install to tane rocket vehicle on bty hinge jecint cr
gimbal suspension, change tke expenditure of gaseous the working the

bodies in front of exhacst nozzles of turbine, otc.

Engine installaticn encompasses tae follcwing aggresgatas and




systens.

1. Engine. Por acccmplishing cne and the same mission objective
in DU of rocket vehicle i+ is pcssible to use a monc- or multichamber
(usually a number of chambers/cameras is equal to 2-4) engine of the
required *hrus+, and alsc savaral singla-chanmter engines with the

same gross thrust.

Page 127,

Por the multichamlter engina is characteristic the supply of
vorking medium/propellants into all its chambers/cameras by cne and

the same turbopump unit.

In DU rocket vehicle together with the march ones can be
included the pilot engines with the relatively lcw thrust (helmsaen,

brake, atc.).

2. Tanks vith voerking medium/propellants, Barlier (chapter III)
it was indicated that fcr rocket thrust-chaaber firing together with
the basic working medium/prcpellant there are necessary the
additional and starting,/launching wsorking mediunm/prepellants. Within
or outside the tanks can be established/installed different

aggregates and units: valves, ccnduits/manifclds of servicing and




i
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drain of working medium/propellants, tha conduits/manifelds cf their

delivery to the engine, etc.

3. Aggregates of pressure feed systam. They are necessary in
such a case, vhen in the engine ther2 is no TNA. Por example, working
body can be dispnlaced intc th3 chamber/camera by the coapressed gas

which enters tank frcm the special tank/ballocn.

4, Aggregates of rressurized systems, btlasting of tanks, if they

are not included in engipe.

The design features of engine installaticn and engine are
connectad with each ctter. Por example, if in DU of rocket vehicle
are vernier engines, then drops orff tha necessity for the hinged or
gimbal suspension of main engines. If for the inflating of tanks are
used ZhGG, adjusted on the upper sottoms of tanks, then from the
engine sliminate the aggregates of pressurized systea, built in in

its main.

In the engine installaticns of RDTT engine it is difficult to
separata. ZhRD vith the rressurcrized-propellant fmed it is gossible

to astablish/install directly withan the tank and to wveld with it. In

this case the tank and engine in structural/design sense are unit.
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In DU of rocket vehicle Ccan be inzludal the angines of iffzrant

types, Por exampls, retrc-engins irstallaticn c¢€ space vehicle
"surveyor" (USA), ir*anded for its s>ft landing on *he moon, is RDTT

and three steering ZhRD with controllable thrust,

38,7, Zlassifica+inn of therani. IZcockzt njines <cn the2 dssigm

featur=2s.

D2pending on mathod the supplies of vorking m24ium/propzllant
into tha chamber/camera distinjuish rocket engines with the

pressurization, the pump, 3tc. systeams 2f supfly.

In tharmal RD with the grassururizad-prorellart feed is working
+he body is removed frcm th3 taak vy the gas, previcusly stored up
under the larqge prassure in tha so-callad gas storage tank of
pressure (in abbreviated form AD) or by the gas, generated in TGG or

ZhGG.

The gas, vhich enters in pais froa AD gas, can be prshaated by
the fact or another methcd, fcr example, by the products of

combustion of TGG.

Page 128,

o dodec,

adaatailiicel




voc = gD EAGE 290

The gas, which is genarated in Zh53 and used €or <«tha

pressururized-nrep21lant feced, can be:

1) the decompositicr products of additicnal liquid propellant

comronaent;

2) the raeactisn orcducts L twe aldivional liguid oropellan+
compon2n*s; to aveid %tke hijn Cemperatires cf «ke products indicated
is usel significant excess cf one of ths propellant components, i.e.,

a'ox»l or ao“<]_

For the supply cf the liguids indicated, which are stored in the
saparate small *anks, is necessary special aggregate, for exanmple

T5G.

In thermal RD with the pump feed liquid wcrking
medium/oropellants are supplied in bar-els cf TNA. Such engines
distinguish by the methcd obtainiags of the gaseous wcrking
sedium/propellant, utilized for tne fesd/supply of turbine TNA. As

the gaseous vorking medium/propellant are used:

1) the decompositicn products of liquid basic or additional

propellant component in the lijuid-gas generator, vhich in this case

is callad one-component; for supglying tha additional component in
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ZhGG is necessary a special systea;

2) the reaction prcducts of two basic propellant components in
ZhGG morecver so +hat wculd not be fusad the tladas of turbinas also
necessary to provide ccndition @w®! or @<l such ZhGG, widely

nt*ilized in ZhRD, call twc-ccampcnent;

3) basic are workirg oody, aad also basic cr one of the basic
comvonents of propallant (for axampla, hydrogen), selected/taken from

+he cooled channrel of chamoer/ceamara);

4) the products of heating working medium/propellant and
decomposition products cr the reactions of tasic prcpellant
componants, selected/taken froa the basic chamber/camera. Befcre the
supply into the turbine must be ccoled them in any manner (for

exampla, by mixing length with the coll working medium/propsllant).

Gaseous vorking tcdy after operation in the turbine can be
throvn out throungh the special nozzles of exhaust pipe into the
anvironment or head in chambers/cameras. In tke first case of the

nozzle of exhaust pipea they develop augmented thrust,

The gasmous is working pody, which enters from the turbine the

chanber/camera chemical BD, it can be:
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a) cnea of the basic propellant components, gasified in the
coolant passage of tha chaabars/camera besfor2 the supply into thz2

turbine;

b) the decompositicn products of one of th» basic prooellant

componsn*s in single-/mcnc-componsnt ZhGG;

c) the reaction prc¢déucts of twe basic prcpellant components in

two-component ZhGG,

Liquid wérkinq medium/propellants can be supplied with the aid
of the asjectors (see §13.1); for this purpose it is pcssible to use
centrifugal forces (if the rocket vehizle it is rotated with the
sufficiantly large angular valocity), acceler;tion cf rccket vehicle,

gravitaticnal field of the Earth c¢r another rplanet, etc.
éaqe 129,
Peed systems with the utilization of cantrifugal forces were used, in

particular, in the engine installaticns of artificial EBarth

satellites, stabilized by rotatica.
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Th=a censtructior/dasiga of charbas/camera “h:znral RD %0 23
consideratle degren depsrds on the m2410d of i¢s cccling., Freanently
is nsed external €flecwirg cocliag. In %ais case over the coolant
passage, formed by space betwean tae 3Jduble chantsr walls,
flows/occurs/lasts werking the tcdy, wahich receives heat fluxes frem

heatint rpronducts, armhy chambar walls,

tn

tictn Of expensiions ipto th

"W

The chambers/cameras whose coolinjy is rrovided by other nsethois, ]

are mor2 simol2a by tha cecnstructicn/d2sign: in ¢hem +here is no ]
L g

coolant passage, and *herefore thars a2 no inherant in it hydraulic
lossa2s. However, at a high tamperature of gas and with the prolonged
work of engine the creaticn of such -himbers/cameras causes great !

difficultiaes,

Chemical RD subdivide in a quanti:y of rropellant components
into the the mone-, twc- and taree~component c¢cnes; 2ach component i3

supplied into the chamber/camera on this separata main.

139 mono- and tvo-compcnent chamical engines (RDTT, ZhRD) extensively

are used in +the contempcrary rocket veaicles., The prcmising engines

include three-component ZhRD and RUGT, capable of developing highest

specific impulse of all types of chemical engines.

In the value of developed rocket angine thrust can be subdivided

ey
. e i e AR TR
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as £nllows:
a) micremotors 1 mn [(~~J0.1G] = 10 a1 [~~1900 G113
b) low-thrust engines: 10 n {~~1 xgf] - 10 kn (~~1 T];

c) *%ha engines cf averaje: torust: 10 kn [~=~1 T = 1 MY enn3s

3
—ed

1) *he ergines cf thke larje tarust: 1MV [~~1CO0 T) - 10 MV

[~~1000 T7;

e) *+he angines of the ultrahigh thrust: it is more than 10 MV

[=«~1000 T7.

Engine installaticns with tke thermal rccket engines can be
sarvicad previously at the same plant, at which is produced the
assembly of DU or rocket vehicle as 3 4hole. Rocket vehicle is
transported in the charged/filled stat: and can if necessary *o
allov/assume prolonged storage and to provide rapid
starting/launching after obtaining of command/crew. Por example, they

praviously lcad by fuel/propellant RDTT, and alsc series/numker of DU

with ¢he liquid-propellart angines.
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Tanks of DU cf space rockiat vehicles (2spa2cially DU with ZhRD of
large thrust) service directly can th2 launcher, Rocket vehicles with %
the 2mpty tanks it is sufficiently simdle and i+ is saf2 to
transport, but the places of taeir lauaching/starting must be
equipped by capacities with the reserve of werking sedium/propellants
and devices for servicing of tarks, «hich substantially complicates

+*ha launcher.

Page 130,

i
In the number of inclusions/connactions thermal RD they ;
subdivide into the engines c¢f cre-tima and multiplying. The engines ’
cf cne-+ime inclusicn/ccnnection are used for first stages of %
rockat-carriars and for the overvaelmiag majcrity cf singla-stage

rockets, The engines ¢f multiplying have a more compound circuit and ]
a construction/design, tut tneir utilization makes it possible to ’
noticeably improve the characteristics of recket vehicle. Por
example, the carrier rccket, at latter/last step/stage of which is
established/installed ZhRD wita the re:losing,'can derive in crbit

the satellite of greater mass than BDTT, which usually connects one

time, Are especially necissary engines with multiplying for the space

vehicles.

By the character cf work distanguish continuous engines and
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pulsa 2ngines, j.e.,, thke enjines, which work in the pulse, or the

relay, mode/conditions.

Continuous angines are enjines with cne-time or multiplying,
vhos2? time of continuots opaearaticn is consideralbly more than the tinme
of the output/vield *o tha ncwminali rating and of the decay time in

the thrust.

Por the pulse engines short periodl of work follows also the
short period, during vhich the engire is switched off, the periods
indicatad continuously replacing on2 another. Pulse enginas are
pechassary, in particuvlar, for tke stabilizaticn systems and

orientation of satellites and space vehicles.

Thermal rocket engines can be subdivided also cver possibility
and range of a change in the exrenaiture of working medium/propellant

and, consequently, alsc¢ thrust.

Some engines do not have special aggroegates for changing the
expenditure of vorking medium/prcpellant. Such engines work with the
approximately/exemplarily ccanstant expenditure for which them they

previously adjust,

The construction/design of the majority ¢f rocket engines




voc = D FAGE 2¥7

orovides for a change cf the axpenuiture cf workiny meliua/propellant
in *he rela*ively small ranga (fcr exaaple, +-S-1%,0 cf ¢tha nominal

value).

Two types of anginas indicated ara used in essence in the

sinale-s*agye rackees ané Loz

rt

irst hocstar stagss,

Some rockat engines (fcr examplz, braking 2hR?D of *he scvace
vehicle, intended for the scft landing on the mccn ¢r another planat)
provide a large (in relation 10:1 ard wore) reducticn/descent in the
expenditur2 of working mediua/prcpellant in ccmparison with the

nominal value.
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2age 131,
Part IIl.

CUeNSTRUCTICN AND LESIGN CF CHEMICAL RCCKET ENGIN

S.

t:1

Chapter IX.

TYPICAL SYSTEMS OF LIQUIL PRCEEILANT ROCKET ENGINES.

§9.1. Special features/peculiarities of systems of ZhRD {liquid

propellant rocket &sngine].

ZhRD with pressure feed system into the chamter/camera can be g
subdivided using tkhe methcd of cttaining *he displacing gas cn
ergines with the gas stcrage tank cf pressure, with ZhGG and TGG (see
Chapter VI1I). The simplest diagram of one of such ZhRD is examined

in §1.2; ir detail they are descrited in chapter XIII.

ZhRD with the pump feed systes classify according to the state

of aggregation c¢f the prcrellant ccmponents, which enter the




D0C = 31009001 PAGE ,ﬂ’

chaaber/camera, arnd acccrding *tc thes spsclial fzarires/psculiaritias

(7Y

- e
- - -

¢ the Ddzarch/raacvel CI wiTXing se

O

luz/prepailans afear
operatior in ths <=urtine; frecuently workiny rodv is jeneratcr jas,

i.e., it is produced ir thre Jas Jencrator.

K veooeLll I N Sy RCTINE LT LS %3LliLlE " C
orejact ., lesigr S¢ Zoat 1t wCuUid eI wisthour th: u3dgsaryrlicacticn ¢f
additional prorellant ccrrcnen*s, Therafor2 subss;uently are axaainz?

orly such diagrans of ZbFC whcse turbine works on the gas, cttained
of cne or twe basic rropellant ccmpchents, Usually chanber/camera is
cooled by fuel; this is taken intc consideration ia all diagraas, 1

examined/considered in present chkagter.

ZhBD with the throw-cut cf tkhe exhaust gencratct gas intc the
ervironment (Fig, 9.1) . Cxidizer and combustiltle are irntroduced
insid2 the combustion chasber of such ZhRD in tha liguid state, i.a.,
engine works on the diagram "liquid-to-liquid", ard the exhaust
Jenerator gas is thrcewn cut thrcugh the nczzle of turbine extaust
irto the environment. The thrcw-cut cf the gas indicated decreases
specific jet firing. Althocugh the nczzle of turbine exhaust, as
already menticned above, and develcps coartain thrust, its specific

impulse due to the low %tenperature cf generatcr gas and small degree

of its expansion is ccmparatively low.
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In wre liacrar ¢f ZhEID ip ques*icn jencrator gas is the rpreducts of
~hz irconplete ccriusticn ¢f twe-ccrpcnent fuel/propellant, which

contain the large excess of cxidizer (ao®!) cr fuel (aw<l). 2ZhGG,
: AR A N S

- A ] . - . . P '
Jall o ozxiczeiv:, and dhen oAl -

"
a
»
x

-
- .

T332 with the supply cf exhaus® jereratcr gas intc the
combustion chamber (afterturring)e. Ipn such ZhRD the gas, which passed
cthrough the turbire, heads cn the gas conductcr into the
chasber/camera as oce cf *the taaic fropallant coarcnents, the engines
can vwecrk or the diagqrar “"cas-licuyid" and "gas-gacs®, Their
general/coemon/tctal special feature/peculiarity is the bigh gas
pressure a¢ the turbine extaust: it exceeds pressure /P« on the value
of the hydraulic losses in the qgas ccnductor and of rressure

differential cn the gas irjectcrs cf chaakter/casera.

Besides tha gsneratcr gas, produced in acno- or two-cosgonent
ZhGG, as the working medium/prcrellant of turtine can serve the gas,
vwhich is generated as a result cf heating one of the basic ccaponents

of propellant (for example, hydrcgen) in the coolant passage cf

chasber /canera.
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ZhRD with one-compcnent ZhCG it is pessitle to create, 1f cne cf
tha basic propsllant ccapcnents is capable *o be deccapossd/expandnd

with the liberation cf heat.

Let us examine diagram of ZhFC, in which the wvorking
nsdiue/propellant cf ¢urtine are the deccmpositicn products cf
oxidizer (for example, peroxide of hydrogen H,0,;) (Fige 9.2). In **e
g2s generator of ¢thies engine is surrlied complete oxidizecz
consumptior. The generatirg gasecus decomposition prcducts enta:

turbine, and then on the gas corductcr -~ into the combustion chanmkter.
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Fige 9.1 ?i7. 9.2,

Pige 9. 1. ZhRD with throw-cut of exhaust generato:- gas into

envircnaent,

Pige 9.2« ZhRD, which wcrks on diagram "gas-ligquil" with cxidative

one~-component ZhGG.
Page 1313,
Puel flows/occurs/lasts cver the coclant passage of chamber/camera,

cooling it, after which it ir the ligquid state is suprlied irside the

comsbustion chamber. The ¢as generatcr of this angine is called

oxidative,
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Is pessibla utilizaticr ¢r ZhFC with one-componeat resducing
2L3G, ir this case intc ths ccmpusticrn chamber are irtscduee? 1izuil
cxidizar and cecompesiticr rrcducts cf fuel (for 2xample, ammonia NHjy

or hydrazire N,i, ).

TR ien o atidasive tweecCrITonEent Zh s (ULi.e 3.3) in%o the
#2%T>r 15 suptlrec coagpleve cxidizer consumption frcm the puz:z and

the rela*ively lov part cf the fuel; its tasic part
flows/cccurs/lasts over *he ccclant passage and in the liquid state
is irtroduced inside the chamter/camera, which in contrast tec
diagrams examined above is afterturner. Therefore such ZhRD call

afterburners of generatcr gas.

To their number it relates alsc ZhRD with reducing two-componert
ZhGG (Pig. 9.4); irtc the chamber/camera cf this engine enter the
spert reducing generatcr gas and liguid oxidizer, and in ZhGG -
ccemplete fuel ccnsumpticn (after the passage through the ccclant
passage of chamber/casmera) ard ttke¢ relatively lowv part of the

oxidizsr.

Since pressurs in 7ZhGG of the engines in questicn is acre than
pressure pw the pressure cf that part of the propellant comgcnent,
that heads in ZhGG, must te scre than the pressure of basic part of

the coaponent, supplied directly tc the chaamber/camara. For this
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purpss2 consecutivzly/serially after ¢h~ tasic pump (pump of first
stage) 1is ins*talled the additicral ("puapiag") pump, callzd also

secondary puap (see Fig. 9.3 and S.4).
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Pig. 9. 3' Fiq. 9.“'

Fig. 9.3. ZhRD, which works on diagram "gas-liguid"™ with oxidative

tvo-comporent ZhGG,.

Pig. 9.4, ZhRD, which works on diagram “gas-liquid" with reducing

two-ccaponent ZhGG.

Page 134,

Let us compare ZhRD with cxidative and reducing ZhGG. Usually
fcr two-component ZhRD ccefficient » is more than cne, i.e.,
oxidizar consumption is mecre than fuel consuamgtion., The available
pover of turbine, as it will ke skcwn in §13. 13, depends on the gas
flovw through the turbine and cn prcduct RT of the gas indicated.

Therefore from the pcint cf view cf the gas flow fcr the drive
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turbines ZhRD with oxidative ZhGG Lave an advantage kefore ZhRD with
reducing 2kGG., dowever, the cxidativ:z jas, which has high
tenrerature, exerts the s*rcng cxidizin; =2Z£fzct/acticn on the
structural materials; therefore its temperature it is necessary to
decrease. Howevar, as a whcle in Zhil is more profitaktle to use

cxidative ZhGG,.

Prcduct RT of reducing gas generator gas of Lydrogen ZhRL due %c
the high gas constant of tydrcger tas high value; +~herefore in them

is more expedient to use reducirg ZhGG.

ZhRD with the gasificaticn cf the working medium/propellant of
turbine in the coolant passage cf chamber/camera it is possitle to
create, if as fuels serves liquid hydrogen. Ir this case thers is no

need for in ZhGG, which simplifies the schamatic of engine.

Cne of the possible schematics of this ergine is shown in Fig.
9.5 Liquid hydrogen passes thrcugh twc consecutively/serially
established/installed pumrs, after which it erters the coolant
passage of chamber/camera. Formed gaseous hydrogen heads for the
turbine, and then on the gas conductor - into the combustion chanmber.
Oxidizer (for example, liquid oxygen) is supplied into barrel; pump
can be installed on the separate shaft and be brought with tke aid of

train of reducing gears frcm the shaft on which are
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sstablished/irs<tallzd twc hydrcgen pumps and *urtines,

The 2distinctive spacial featurespaculiarity of such Zhsl is the
low turbine inlet gas terperature ccmprising
apprexina%tely/exenplarily of 22C-2759K. In the engires with ZhGG the

Toorrrzaturs indicated is subswmantiazlly abeve wsa0-10759K),

Shortccming of ZhRD with *the gasifica*icn of the working
redium/propellant ¢f turtine in the coolant passage cf chamter/camera

is relatively low pressure #Px (4C-S0 bars [a&40-50 kgf/cm?) ).

In ZhRD, which work cn the diagram "gas-gas" (Fig. 9.6), both of
prepellant ccmponents comrletely are used for the drive of turbopump
units, while in ZhRD, which wcrk ¢n the diagram "gas-liguid®", one of

the compcnents completely is not used for this purpose or is used its

small part.
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Je 9.5+ Z0%D, which werxs crn tne Jiagram "gJas—-1iguid" with the

£
gasificaticen ¢f the weoking mediumy/propellant of turktine in the

ccolart passage 0f chamter/carxera.

Page 135,

In ZhRD, which werk cn the diagram "gas—-gas", there is cn two
TNA ard ZhGG. The combusticn prcducts of raducing ZhGs 8 wil} becone
by tte working medium/gprcpellant cf the turbire 7 of TNA of fuel;
after turbine they are fcrwarded cn gas conductor 6 for afterburner
1¢ Analcgous with this the combusticn products of oxidative ZhGG

enter the turbine 3 cf TNA of cxidizer, and then ¢n gas conductor 2 -

also into afterburner,

Pump 9 basic part cf the fuel supplies into *he reducing 2hGG,
and smaller - into the cxidative. Frcm pump 4 basic part of the

cxidizer enters the the cxidative of ZhGG, and smaller - iatc the
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reducing.

As is evident, ZhRD, which wcrk on %<ha diagram *"gas-jas*, are
afterburners of geperatcr gases in the chamber/camzsra. Such ZhRD car
have the higher pressure cf ccmbtusticn prcducts in afterburner in
comrariscn wi%th ZhRD, which werk ¢r tha diagram "jas-liguid", or cne
and tha same high pressure in afterturner a%t small2r pecessary

pressures of propellant ccaporents at the output/yield frem ¢ths

pumps.

ZhRD with the inputy/intrcducticn of working medium/propellant
after operation into the turbine into the sxpanding section of nozzle
(Fig. 9.7). If engine wcrks cn the diagram "liquid-tc-liquid", but
workirg body after operation an the turbine is not thrown out into
the environment, but it is irtrcduced intc the 2xpanding section of
nozzle, then specific jet firing increases/grcws; however it is less

than the specific impulse ZhED, wkich work on the diagram

"gas-liquid"™ or "gas-gas".
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Fige 9.6. Fig. 9.7.

Fige 9.6. ZhRD, working cn diagram "gas-gas": 1 - afterburner; 2, 6 -
gas conductors; 3 - turbine of 1TNA cf oxidizer; 4 - pump of cxidizer:
5 - oxidative ZhGG; 7 - turbine of TINA of fuel; 8 - reducing ZhGG; 9

- fuel pump.

Pig. 9.7. ZhRD with inputy/introducticn of vworking body after

operation inte turbire intc expanding section of nozzle.
Page 136,
The example of engine with the input/introduction of vorking

medium/propellant after cperaticn irtc the turbine into the expanding

section of nozzle is ZhRD P-1 cf first stage cf American carrier
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ocket "Saturn-5n,

In engine installaticn with ZhRD enter the systenms,

aggregates and the assertlies, shich ensure:

g} arTangrasnt/rrsition end storace of liquid czavernants of

propellant (tanks);

k) their supply intc chanmber/camera;

¢) engine starting;

d) propellant igniticn (fcr the engines with the

nerspentaneously combustitle fuel/propallant)

e) cooling chamkter/canmera;

f) a change in engire pcwer rating:

g) the creation of efforts/fcrces and

flight control of rocket vehicle;

h) engine cutoff.

roments/torques for the
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Scme systeas in many resiects are analogcus fcr different
thermal RD, wnhile scme - fcr all types of rccket engines. Fer
example, feor the creaticn cf effcrts/forces fcr the purpose cf the
£1ight cortrol of rccket vehicle ar engine of any tyre, including
electrical, can be diverged tc certain angle which causes the
azrZIc

riate 3s* deilecticr.

w
"

Ths feed sys=zams ¢f liquid prerellant coemponents in the engins
irstallations with ZhRLC (sse Chapter XIIl), cther thermal RD and are

partly with the electric mctcis alsc analcgous.

All types of rocket engines with the relatively high terperature
of the products of cembusticn, deccmposition, heating or plasma have
a cooling system, i.e., Ltranch system of the heat fluxes, which enter

the chamber walls.

The mcde of operaticr of the majority of rocket engines changes
by changing the expenditure/consunptiocn of working medium/prcpallart
(for chemical RD - by chapging the prropellant component flovw).

§9. 2., Selection of optimal pressure

In §2.4 it was shown that fcr cttaining kigh characteristic

velocity of rocket vehicle were necessary the high values of specific
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impulsa DU ard ratic cf the iritial mass cf rccket vehiclz tc¢ “he

£inal.

The degree of the perfecticn cf engine irstallation carn te
estinated by relation /IJ/mpy. cptisal is this pressure  p. with which

the relaticn indica<ed fcr assicned rajynitude /x i4 has ;r=za% value,

Optimal pressure px d2pends, fizst cf all, or the feci systex

of propellant components intc tte chanmber/canmera.

For each type of pressururized-propellant feed (with the
utilization of gas AD, ZhGG or T6G) with an increase in pressure o«
to certain of its value relatice /i/mgy increases/grows, and with

further growth px it is decreased.
Page 137.

Let us explain the special feature/peculiarity indicated. We
will proceed froa conditicns mgy =const and pe=const. For the thrust
chamber is characteristic an increase in the specific impulse with an
increase in pressure p«. but in prcgortion to its increase an
increase in the specific impulse significantly is retarded (ses

§5.4)
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Simultaneously with an increase in pressure p. it is necessary
toc raise pressure ir the tanks, which requices, in %urn, ircreases in
the wall *thicknesses, and ccnseguer*ly, their azass, Furthermcre,
increases/grows the mass cf the ncz2zle of chamber/camera in
connrection with ar increase in values ¢ and /e Therefcre with an
incrcease in pressure f: fer the safeguardi o€ ~ondivicn m-y =const
the mass of fuel/propellant in the %tarks DU it is necessarcy %¢

decrease.

An increase in relaticn /[:/may with an increase ir pressure »n
is explained by the fact that in this interval of pressure p« the
specific impulse increases/grcvs intensively, and value /. is

increased in spite of the decrease ¢f the nass of fuel/propellant,

With an increase in fressure o« over the optimal relaticen
[;jmay begins to be decreased, which indicates the greater effect of
the decrease of the mass c¢f fuel/prcpellant due to ircrease cf mass
of tanks and system of displacement in comparison with the effect cf
an increase in the specific impulse as a result of an increase in

pressure py

The less the mass ¢f tanks and system of displacement fcr
supplying the prescribedsassicred cuantity of propellant compcnents

from the tanks into the engine chamter, the more the completion of
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i*h ¢he imprcvement cf tered systsm increases/jrows celation

Isjmay and optimal cressure px. Fcr example, pressure feed system

with ¢the utilizaticr ¢f ZhGG is mcre effective than system with gas

Lo {Fi1. 3,.3) .

Usually pressure px fcr ZhBL with the pressure feed systam of

rorzllan* components is within the limits of 15-30 bars [x15-30

ksf,/cm? Js In ZhRD of space velicles use in a rumber of cases lover

pressur?s (7-8 bars [a7-8 kgf,/cm2) ], which makes it pcssible to
foregc the external flowing cccling of chamber/camera and tc attair

the possibility of a significant pcwver change, and also its high

reliability.

For the engine installaticn with the pump feed systen cf
propellant ccmponents intc¢ the chasber/camera also is an cptimal

pressure px depending cn a numker cf factors, including cn the

diagrae DU,
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Ti3. 9.8. Dependence ¢f relatisn JIgmg on pCessur2 p ZcT ZThRD

2

cressure (2) and ZhGG (1) (m.. =const p =const)
Page 138,

In the engine irnstallaticr, which includes ZhRD with the
throw-out cf working medium/prcrellant after cperation in the turbire
into the environment, with an increase in pressure px is increased
the necessary pressure cf prcrellant compenents at the cutput/yield
£rom the pumps, which causes the reed for an increase in the power cof
turbine (in §13.13 it will be shcwn that to increase the power of
turbine is possible in essence ty an increase in the gas flcw through

it; hcwever in this case it descerds specific jet firing, see §9%.1) .

In certain range of rressure px in propcrtion to its grcwth
specific jet firing increases/grcvs: an increase in the specific

impulse of chamber/camera due tc¢ an increase in pressure p, exceeds
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the aecrease of specific et firing as a result of an increass in tthe

Jas flow thrcugh the turkize,

At certair pressure Px is prcvidad the greatest specific je+
firing, while with further increase p« it begins to be decreased
(Fi7. 9.9). Ir this case a reincticnsdescant ir the srnecific ie=
firing dus tc az iacrease ia the gas flow %hrcujh %he turtine axceeds

grovwth in the specific icpulse as a result of an incraase in fprassure
Px:

The selection of cptinal pressure px and for ZbhRD with the punmg
feed system must be produced not ¢f the condition of the greatast
specific jet firing, but from the ccndition fcr greatest relation

Isjmny .

In the engine irstallation with ZhRD, vhich vork on the diagraa
"gas-liquid"® or "gas-gas", the specific iapulse of chamber/camera and
engine is one and the same value, Pcr such engines with an increase
in pressure px sisultanecusly with an increase in the specific

impulse grcvs the mass cf chasber/camera.
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Pe Px
Pront (Pe=const)

Iya. max

Fige 9.9.

| engine (2) with throw-cut c¢f wcrkirg mediiua/propellant af<er

operation in turbine intc envircnzent on pressure ps (p.=const)

Pig. 9.10. Dependence of relaticn

generator gas into envircoment with ZhGG on auxiliary comporents of

propellant (1), on basic compcrents cf propellant

vith afterburning of generatcr gas

———

Page 139.

! Therefore also there is an optiral

greatest relation /imay.

The mcre modern the faed systez of propellant compcnaents into

||
L
Pr(Pc=const)

Fl»’u 3. 10,

Fige 9.9. Dependerce ¢f sgecific impulse of chanter/camera (1) and

Iy/mpy  for ZhRD with throw-out cf

(3).

(2) and for ZhRD

fressure Py, correspondirg to
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the chaaber/camera and the Jiagrar cf ZhaC, the yreater the relatisn
{ymay ., moreover it i35 ircrzased with ac increase in pressure o

(Fig. 3.%')). Best are DU with ZhK[, vwhich work on scheme "gas-liguid"
cr "gas-zas", It is especially prcfitable to us=e such eangines at high
pressuras p;y fer DU cf khigh thrust,

o

-
40

(V27

5.4 i* was showvn that «ith increasa2 p. are decrcased +h:

sizes/iin2nsicns cf chamter/camera and is sistlified i¢s manufacture.

High-pressure use/application p« 1is connected with some
difficul*ies during the creaticn cf engine. They include: the need
for more effective coclirg, difficulties of the safeguard of
airtightress cf joints, and alsc strength and efficiency cf engine
accessories, Hovever, these difficulties successfully are overcome.
Shortcomings in high-fressure utilization pPx are also an increase in
the ccst/value of engines and certain reducticn/descent in their

reliability.

Pressure p« for the majcrity cf contampcrary ZhaD with the pump
feed system equally to =50-100 Lars [#50-100 kgf/cm? ]; for some ZhRD -
to 200 bars (2200 kgf/cm2]; is investigated wcrthwhilaeness cf higjher

values px. of 280-350 bars {x£28C-350 kgf/cm2 ) and wmore.
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Chapter Y.

LIJUID CHEMICAL PROPELLANIS,

In §1,2 it was irdicated that chemical fuel/prcpellant ara

n

211z¢8 %= sgubstanczs which vith the on-

(B}

anc= fn%c the chemical

[
)

«Q

tion isolate heat and fori in ess=anc

-
W
1Y)
(9]
®

s

asecis prcducts. Most

ot

ypical chemical fuels/rrcrellants consist of oxidizer and fuel.

Oxidizz2r is called the sutstarce, which consists mainly of tte

oxidative elements/cells, and ty fuel - from the combustible
elemsnts/cells. In the prccess of chemical reactior cccurs tte

electron transfer in the cutermcet electrcnic shell cof the atcms: the

atoms of combustible elements/cells give up their electrons to the

atoms of oxidative elements/cells.

The ccmponent of cheaical fuel,/propellant (FPiygy. 10.1) is callad
the 1ijuid substance, stcred in the separate tank and supplied on the
separate main into the engine chamter. The conmponent of chemical

fuel/propellant can be the sclid, placed directly in the

. chaaber/carera. As the ccsponent cf chemical fuel/prcpellant can
serve also the mixture either of liguid or solid individual
substances, and also the mixture ¢f liquid and solid individual

sSubstances.

———— .

\
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Page 149,

In certain cases intc the prcrellant componernt introduce “he

special additives (frcm the pc-ticns of percentage tc several

1£1]

percerntages) for *the rurpcsa cf an inrrovamsnt In 1tTs any ©oCnEIYv.
The liquié propellant compcnents, which contain sclii me+allic
particles, call metal-ccrtaining, cr metallized; they dis%incuish twe
types of these ccmponents: suspensicn and colloidal scluticns.
Suspension is called the liquid compcrnent in volume of wahich everly
distributed the fine/small solid particles of metal. Colloidal
sclution differs from suspensicr in terms of tha smaller size of the

particles of the metal.

P
T
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Fig. 10.1. Classificaticn cf the ccmponents of chemical

fuel/propellart,

Key: (7). Compcnent of chemical fuel/propellant. (2). Solid. (3).
Liquid substance. (4). Mixture ¢f liquid and solids. (5). Ore
individual substance. (6). Mixture cf two or more individual
substances. (7). Eamulsicp. (8). Cclloidal solution. (Y). Withcut

additives. (10). With additives,
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Fige 10e2. Classificaticr of clewnical firels/pIou

L3 (ﬂ
id

X2v: (1). Chemical fuelsyprcpellants. (2). Solil. (3). Liquid. (4).
Tvo-cemponent hybrid. (5). Hcrogerecus. (6). Solid-liquid. (7).
Hetercgenic. (8). One-ccmronent. (9), Twc-component., (10).

- %

[

2 1udd, (1YY, selidi-gas, (VI), ore individusl zubstarc=. (13).

[}

i

4 v -~ rpam - - 1 P - - 4. o~
wigx+tura oI savaral irdividual substarncss.e (14). Izniciny

srontanecusiy. (15). Ccmbustirg Lcrscecntansously.,
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Chemical fuels/propellants (Fig. 10.2) classify according tc the

following signs:

a) in a quantity cf tasic ccrpcnents - (mono-, two- and

three-compcrent fuels/prcgpellants);

b) due to the state cf aggregation ¢f basic components cf

propellant - (solid, 1liquid and sclid-liquid (hytrid) prorellants);

c) on the special features,/peculiarities of the reaction of
ccmpcnents of propellant with their direct contact (igniting

spontaneously and nonspcntanecusly ccmbustible fuels/propellants).
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The hypergolic fuels will ke ignited througs (3-G)10"73 s
after the contact of their ccmpernents (the tire indicat=d is called
the pericd cf %he delay ¢¢ spcntarecus combustion). For the ignition
of the nonspontaneously ccrxbustible fuels/propellants is required

special systen.

A numrer ¢ tacee-ccmponert fusls/prep2llants ircludzs, in
pazticulars, the fuels/prcerellants in which are included the cxidizer,
combustible and comporent with the lcw value , (for example, liquid

hydrogen), which occasicnally referred toc as diluent.

Solid fuels can be hcmogeneocus (uniform) and heterogenic
(keterogensous or mixture)., Hcmcgeneous fuel/rropellant is the
chemical substance whose rclecule ccntains oxidizer, ard comlustible;
homogeneous fuel/propellant is alsc the solid soluticn of two such
chemical substances., Comgcsite prcpellant - mechanical mixture of
oxidizar (usually crystal) and fuel which simultanecusly rlays the
trole of binder, providing therety the creation of solid-propellant
grain with the necessary mechanical characteristics., Sclid fuels are

examined in chapter XVI,

§10.1. Simple cxidizers and fuels.

The components ¢f chemical fuels/propellants contain both
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oxidative and combustitle elements/cells. The propellant comgcha=nts,
which consist of one type cxida*ivz or ccnabustible elements/calls,

call respectively simple cxidizers cr £fuels,

The oxidizers include oxygen and halcgens: fluorire, chlerine,
bromine and iodine. The grsatest cxidizirnj ability thav pcssess
oxygarn and especially flucrine. Ther are us»d iz the Scra of sinmpls
oxidizars and in connecticn with cther less effective oxidativa
elements/cells. Some prcperties cf simple oxidizers are given in

TFable 10.1.

The basic fuels of chemical rccket propellants are hydrcgen,
lithkium, beryllium, borecn, carben, magnesium, aluminum and silicon;
other combustible elements/cells - sodium, calcium, phosphorus,
titanium, zirconium - are less effective. In Table 10.2 are given the

basic properties cof simple fuels,

The fuels/prcpellants in which as the oxidizer is used flucrine,

are more effective than fuels/ricrellants on the basis of oxygen.
Page 142,

This is explained by the fcllcwing special features/reculiaritias of

oxides (the end products cf tke reaction of fuels with cxygen) and
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fluorides (ths =2rd prcducts cof the r2action cf fuels with flucrine).

1. Hezt ¢f fcrmaticer of flucridaes for majority cf ccmbustible

elements/cells zxamined is mcre thar heat of formaticn of oxides.

it

A mmies
2. 3zciling

"

cint andé melting cf fluorides is sutstantially lower
than appropriate temperature cf cxides. Thar=2fore in the majcrity of
the cesss £lucrides desart the rczzle ¢f chamter/camera chemical RD
in tre gaserous state, ard many cxides (2specially BeC and Al,03) in

the liguid or solid state.

Hydrogen during the reacticn with oxygen and fluorine gives not
tke highest heat of fcrmaticn of ccrresponding oxide (H,0) and
fluoride (HF), but these ccmpcunds fpossess low molaecular weight and
lov values Tim arnd Y}m which rakes the fuels/rropellants in which
is used oxygen and fluorine as the oxidizer and hydrogen as the fuel,

by very effective ones.

Highly efficient fuels are alsc metals ard metalloids with the
lov molecular weight (Li, Be, B). Carbon relataes to a number of

relatively barely effective ccmtustible elements/cells.

a . - - .‘,;M.;f;,;mm;#
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‘ Easls 10.1'. Scme proper“i2s cf sirple oxidizers [35], [37 .
¥,
5‘.
‘ ' ! ’_) ils)g! (45 Ths i Tlu'l l
' 0D ( 3, MaoThucTh B XMR- ,
Xitmnuee- 5 Z : KOM COCTOSHUM i
Okicauteap| kan | =3 NP HOPMAAbHOM |
t | popuyaa| 2 7 (5) 2asaesnu I
, ' 22(6Js. o w ]
! i . =32 e °K
; - ' == | xu010 M3
4 i |
Kiciwpoa =~ O | 8 I 31,999 | 114 ({133 Tun) | 54,33 I 90,18 |
0 i ‘ ; I 1
7)) : ’ . ¥ |
®1op ! F. . 9 ' 37,997 . 15307 @mpi Tyaun) | 93,33 I 85,02
(/D i | ! N
Xaop Cly i7 70,906 | 1557 (npn Tyuq) | 171,85 | 238,43;
i 239,05
’ od | ®
Bpos Br, 35 | 159,808 | 3i02 (npu 265,85 | 331,05;
. | 298°, 15K) 331,93
s
Hoa Ja |53 253,809L9:3;960(npu® 386,85 | 455,95;
°, 16K) 457,50
Key: (1). Oxidizer. (2). Chemical fcrmula. (3). Reference number of
elament/cell, (4)., Density in the liquid state. (5). at normal
pressure, (6). kgskmole. (7). kgs/m3. (8). Oxygen. (9). with. (10).
Pluorine. (11). Chlorine. (12). Brceine. (13). Iodine.

e
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Table 10.2. Some properties cf simrle fuels [35], [(37].
i w @ C)) : Y | Te, ' Txar '
U\ . 8 TBEp- (.5 : I | :
Xnmuvee- | ' B | zom coe.| B XraKom ,—-gm————:
Fopoyee Kas H i “roguuy | COCTORHMIt ° NP HODMAIbHGM
pupMYId E i ' ‘ 23BAGHNH
i ' 3;‘.%:@5,(2 (8\ Kz -
. i | = 2 lvuoas i ;
S l l |
Boxopor | Mo | 1 | 2,016 4@) 7097 | 13 94 | 20.39
. ! (npu T,“n ! '
[((P) ;
Jatult Li 3 {6,939 534* | 3,65 ' 1620.15
473° 151() !
Bepuaauit Be 4 |9,012] 1850 - ’ 1556,:5 i 275715 !
[(E:)) ;
Bop B 5 [10,811 2300* - |2300,15 3950,15
G |
A Vt";:p)on c 6 [12,011] 2250 - 3873:3973|. 473
rpadut
Maruuit Mg |12 [24,305 1740* - 923,15 | 1381,15
(/@) 1
Anorir® Al l13 l26.982' 2700* ' ?289@’ 932.15 ’ 2740 15 ’
(apu
1273°, 15K) |
oD
Kpesaut Si |14 [28,086] 2000(®] — ~ | 22873
(amop¢-
HuR)
Key: (7). Combustible. (2). Chemical formula. (3). Reference number.
(4) « in sclid state. (5). in the liquid state. (6). at normal
pressure. (7). kg/kmole. (8). kg/m3. (9). Hydrogen. (10). with. (11).
Lithium, (12). Beryllium. (13). Ecrcn. (14). Carbcn (graphite). (15).
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Magnesium. (16). Aluminum. (17). Silicon.

X FOOTNOTE 1, At a temperature cf 99°, 15 K. ENDFOCTNOTE.

§10.2. Special requiremsnts fcr the liquid chemical fpropeilarnts.

= General and specific requirerents for the chemical

fuels/propellants are exarined in §3.2 and 3.3.

In accordance with equaticn (S5.10) of fuel/propellant must

provide the high values of thrust ccefficients Kr (see §5.3) and B8
(sae §4.5). The cczfficients indicatad as rate W, (see §4.5),
increasa/grovw with an ipcrease in temperature and gas constant of
products ccmbusticn at the nozzle entry, and also with an increasa in

the expansion ratio e and the decreases of irdex n,.

Page 144,

Essential is the effect cf temperature T, which depends on ret

calorific power Hpe ©of that determined by typa and

relationship/ratio of prcrellant ccrponents.

[L VSO TR
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The components of chemical fuels/prop2llants analogous with all
wcrking medium/propellants RC (see §3.2) must possess high density.
£specially this is important fcr the cxidizer, sinc2 its dansity in

asserce determines fuel density.

ot

(1]

In 72nnscticn with the fac+t that ¢cn +h2 ch eristic v

ot

leciny

Y

Tac
of rcckat vshicle values [y;r and @ havae different effect, apoears
need in %he ccrbined estimated parameter. Such parameter is
sxprassion l“hé where ¢ - irdex whcse value is determined

according to the eguaticn

My Muny
1
1 — my/muaq

Ig

Here m: - mass of propellant ccmgcnents.

To the maximum of the characteristic velccity of rocket vehicle
corresponds the great value of exrression /,,,0°r Index c, wkich is
determining the density effect cf fuel/propellant on the
characteristic velocity cf rccket vehicle, is lower than unity.
Trherefore specific impulse influences characteristic velccity more

than fuel density., With the decrease of index ¢ (i.e. with an

increase in relation rm,/myy) the density effect ¢r is decreased. At

value  my/mMee=08, characteristic for the ballistic missiles, c¢=0.5.

For the upper stages cf rockets tha density effect of
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fuelspropeliant is decreased, and the effect cf spscific izpulss
ircriasas/Jrews, Therefcre for the uppar stages of reckets is
reccamended the useysaprlicaticr c¢f a fuel/prcpellarnt liquid cxygern ¢
liquid hydrecgen, in spi*e of the extremely low density of liquid

hydrcgen (p=71 kg/m3).

th

The impcr=ant charac<sristics ¢f chepical fyel/propellar*t acs
also the stability (statili«y) cf the course c¢f the r=zaction of

burninrg or deccmpositicn and s+tarting/launching properties.

The stability of burning cr decompositior of fuel/propellant is
determined in essence by the amplitude of fluctuations of pressure
Px: is more, the less statly cccur chemical reactions in the
chamber/carera and the lcwer the reliability cf its cperatior (see

§15.1) .

Fuels/preocpellants with gced starting/launching froperties
provide stable (without the large cscillations pressures p,) ¢+he
start-up conditions of engine. for example, bipropellants vith gocd
starting/launching properties easily and smoothly will be igrited in
brcad limits of a change ¢f ccefficient x which is explained by

their following special features/geculiarities:

a) by light volatility;
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) by lcw igniticr temperature.
Page 145.

LY - -

c; =votn: zmall heat, necessary for the Inflarnation;

d) by the short igrition delay r,.

From the point of view of the safegquard cf good
stareting/launching preperties and stability of the process cf
burning, ard also simplificaticn in the construction/design cf engine

the hypergolic fuels usuvally have advantages tefore those ccmbusting

nonspentanecusly.

To the ligquid propellant ccmpcnents present the follcecwing

additional requirements:

a) low viscosity/ductility/tcughness, also, as far as possible

its small change in the temgperature range of the operation cf engine;

b}y small surface tensiong
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<) the lcw seatura<ted VARCI fressure.
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K
ot

conczsrants is Adecreased the hydrauli~ resise«

argire, which leads tc the decrease of the necassary experaitiures ci

1t
Al

T Tt 3l 2f caTreierte Loz e Cna Ll TT TaitaT
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With ¢he low viscositysductility/toughness ari the small surface

teasion of 1ijuid propellant corpcnents is improvad their

atomization, i.2., the fragaentaticr to ths sizallast fartticles durirng

the input/introducticn c¢f ccofonerts intc “he chaamber/camera, whic-

facilitates more complete comtusticn.

The low saturated vagor pressure of prcpgellant comporents
decreases the losses tc their vapcrization and is exerted favcrabls
influence on some other parameters cf engine and rocket vericle as ea

whole.

If engine chamber has external flowing ccoling, then cne of the

propellant components must pcssess gccd ccoling properties.

It is necessary to indica*te that there are no such

fuels/prcpellants which i+ wculd te possible to use with the

identical effect for the rccket ergines c¢f different

e e maA—
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2zsijratior/purpecse and witt different ¢hrusvwt, ThLorefore +*he
se.ection ¢f fuel/propellant in eacyn specific case zust bz praluced

-~
N
"

*horoughly.

310.3. cCharactsristic c¢f 1igquié prcpellants,

Sl ln eés3erce arse used Tre Sl:ircielidantl. Siln
$uwslzsorenrllar+s call alec tirrcrellane tuels, sirce “«1%17er and
ceotustitle are s¢ore? in 4he serazate Sanks and a2 sutoplied irte

the ctamber/camere or. tte differert rains.

Are w@cre siaple by thae ccrstructicn/design ard ir the cperation
2¢ ZhPRD, which work cn the cne-ccarcrent (Cr unitary)

feel/precpellant.

The mcncpropellants, which are ¢he mixture c¢f oxidizar and fuel
or the solutiors of fuel in *®te cxilizer, can pcssess sufficiently
nijh erneryy characteristics, ru* such fiels/propellants are inclined
to the explosicn. The same can te said about the mcacpropellant,

wktich consists of one subtstance irtc molecule o0f which they enter

bcth cxidative and coabustitle elements/cells (for exarple,

nitrometa.are CH43NO,).,

Page 146,
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{.s nencpropellants, which ccnsist cf cn2 individual sutstance
(for example, hydrazine N,d,) and which isclate heat as a result of
deccrrositior of the presence of catalyst, are sufficiently stable,

but have ccmparatively lcw enercy characteristics.

ac2 used both soiid and liguid catalysts. Sclid cezalyst is
vlaced directly into the chamkter/camera; its mass with the wecrIk of

ergine virtually dces nct charge.

Liquid catalyst is placed in the separate tank and continuously

is supplied into the chamter/carera cn the special ccnduit/manifold. d

The example cf starting/launching propellant compcnent fcr ZhRD

is triethylaluminum Al (C,Es)3 ~ %“te ligquid, which is ignited in air;

it are used for the igniticn cf the ncnspcntaneously combustitkle

fuels/propellants.

During the design c¢f ZhRL ard any othar type of RD they strivs |
as far as possible tc exclude starting/launching and additional i
propellant components. The uses/applicatior only of basic propellart
components simplifies the construction/design of rccket arparatus and

servicing devices of starting tuildings, facilitates servicing tanks,
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It was abcva indicated thet into the rock=2t prerelian:t in a2
runber cf cases are intrcducedé the additives, Are used, in

particular, the additives, which ersure:

a) the prolonjed chemical statility of ccasoernsznt of

(&}
t
O
11
ol
I
t
b
)
ot

irkititeors);

b) a reduction/descert in the ccrrosiveness cf component of

propellant (deactivators)

c) the decrease of value Taa (catalysts);

d) the spontaneous ccmbusticn c¢f the fuel/propellan®t (this it is

pcssible tc attain, for example, ty the introduction of liguigd

fluorine into liquid oxygen).

§10.4, Liquid oxidizers and thke fuels of rocket propellants.

Oxidizers usually ccmpose the large part of the fuel/prcpellant

throughout the mass. Whclly of cxidative elements/cells consist

simple oxidizers (0,, F,) cr corrcunds from the oxidative

elements/cells (oxide of fluocrire CF,, fluorides of halogens: ClFj,
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Clfge 3ri3, Brfs, JFs, @tce., perchlcryl fluozide ClO;F, etc.).

Sare oxidiz

1

rs ccntain in tke molecule <tcgather «“ith the
oxidativa rler2nt/crll ni*tcgen, which is the neuzral element/cell
(ritrogen *etroxide ¥,0,, flucrides of nitrogen NF3 and N,F,, 2tc.)
2z cocrousseills ana ney+ral elevents, cells sirultanzcusly {(ai+tzic aci?

1 A0 3, tetranitrcaetnane C{NC,) 4, perchloric acid HClC,, €*C.).

Ia peroxide of hydrcgen HpC, are included oxidative and

ccnbustible elements/cells.

Page 147, ; W

Most widely in ZhRLC are used the following oxidizers: cxygen,
nitric acid, nitrogen tetroxide and peroxide ¢f hyércgen. The
physicochemical proper+ties of tasic oxidiizers are given in'T}ble ﬁ

1C. 3.

Are mcst effective the fuels, which are wholae c¢f the ccrbustible

elements/cells, The presence of ritrcgen or oxidative element/cell in
the composition of fuel, as a rule, decreases energy propellant

prcperties.

The utilizad z2nd prcoising fuels of ligquid prcpellants can be
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subdivided into the follcwinj grcugs:

1. Ligquid hydrogen and the hydrazoic fuels: hydrazine N,H,,

ammcria NH;.

2, ®Fn=lg, wrich contain ir th

]

ir comcosition hvireqgez, o

PR -
AR =)

[¥H

carton and being derivatives ¢¢ hydrazine: morpomethyl nydriz:i

]

e {*73)
HpoN-NH(CH3), unsymmetrical dimethylhydrazine (UDMH} HpN=~N(CHj3), anti
afrozine-50, which is mixture (1:1 throughou* mass) of hydrazine ard

i UDMH.

3., Hydrocarbon fuels: kercsene (mixtura ¢f hydrccartens,
obtained with distillaticn of petrcleum) ;s methane CH, (liquifie=d
hydrocarbon, which is fundarertal ccmponent of natural gas); athane

CpHe propane CyHg (alsc liquified hydrocarbons), etc.

4., Puels, which contain in their composition hydrogen, carbon
and oxygen (alcohols): ethyl alcchcl C,H50H, methyl alcohol CH30H,

aetc.

The physicochemical rroperties of basic fuals are given in.Table

10. u.

§10.5« Characteristics cf rtifptofsllants.
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The characteristics c¢f tasic tipropellants ars givern irn 1;ble

10. 5.

In'T%ble 10.6 are ncted the igriting sportanecusly ard

rensrentanecysly contustible fuelsysgrerallants.

Fuels/preopellants c¢n the basis ¢f liquid oxygen. In <he initial
period the developm2ants c¢f ZhERD and'during the years of the Second
scrld Wwar used sxtensively a fuel/propellant liquid cxygen C,+ethyl
alcohecl C,HgOHe A comparatively lcw heating pcwer of this
fuel/propellant led to the replacement by its fuel/propellant

O +kercsene.

Fuel/propellant O,+kerosene is cheap and reliarle, it is well
mastered in the prcducticn and the cperation. Some difficulties in
coclicg of chamber/camera due tc the high temperature of.the groducts
of combustion and comraratively srall quantity of fuel in the
propellant composition successfully are overccame, and fuel/prcpellant
Op+kerosene extansively is used in contemporary ZhRD. Are developad

ZhRD, which develop cn this fuel/fpropellant thrust toc 7000 kn [=700

T].
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Table 10.3.

: | | W @ !

i 2 Tra ‘ Tenn ! Xumnueckag |1PEAGABHO Tomye-|

A0 l # e*° £, lr:l'aqéun,uu:a;“u THMIR KOHUEHTPA- -

- X ! npH HOpMaabHOM ) v ’ “. uwa 8 RoanYXe
Oxkncanteas a’;’l;':‘e;::“ | RABAEHHH i | | X

K(3] l [£)) (420 : (%) !

K2 oK K2 k¥ | l M2 .

KMOAD -3 K2 | M3 ]

(70) . ; Yy 77 2] g

Kucaopon 0, 31,999 54,35 | 90,18 1144 —398 | Crabunen Hetoxcuden |

735 795
[Tepexucs somopona HyOg 34,015 | 272,26 | 423,35 1442 —5530 | Hectabuaen 1,0
L) "
A3oTHas xucaora HNO, 63,014 | 231,56 | 357,25 1504 —2753 . 5,0
7oy : (&)
YeTnpexoxuch 230T1a NqO4 92,011 | 261,95 | 294,3 1442 —209 | CraGuabHa 5,0
L) ' @)

$rTop Fy 37,997 | 53,53 85,02 1507 —335 CraGuares 0,03

Oxwes dropa OF, | 53.996| 49,35 | 127,85 1521 922 | Crabuasna 0,01 !
a— RG]

Tprdropua xaopa CIF, 92,448 | 196,83 | 284,90 | 1809 —2000 | Craburen | Ouewp ToKChuen |
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(A2) | | ! ’ | [ /23 .
" Ilentadropua xaopa ! CIF; ' 130,457 —_ - 1750 ! — . l Caabo toxkcuuen
‘» | | o | |
T , | , ; @
Tpudropun aszora ; NP, l 71,008 | 66,36 144,14 ‘ 1531 xl —2050 | Ouens ToKcHven
1 ! ] | i | i !
T | ‘ v | i ‘ )
{ Terpadropritpanm | N,Fy { 104.016 | 105,15 200.15é‘)(1\)00 i - . To xe
npi
| [ 173° ) | | s
(455 ! i | 1 | ()
Tpurdropin Bpoma i BrFy ' 136,916 | 281,92 | 1398,9 ; 2797 ! - . | Tokenuen !
: i ! | : ; .
' i ' é i |
(3% i ! ‘ i ;
MentadTopun 6poma | BeF; | 174,916 | 210,65 | 313,45 | 2465 | —2625 | . ;
‘ | 1
i ' | Py
1
(30 ‘u | N ‘ | ! @3
Mepxaopnadropnn ‘ Clo,P 102,457 | 125,41 226,48 1691 | —398 ! i Caa6o ToKCHUYeH 1
I
{ ) , ' L
SN | | | G IR G/
XaopHad kucaora | HC10, 100,465 | 161,15 i 403,15 1772 | —a0 'Hectaoumua‘ ToKenuna
|

PSRN

Key: (1). Ox3idizer., (2). Chemical fcrmula, (3). a% ncrmal pressure,
(4) o Chemical stability. (S5). Maxirum permissible concentraticn in
air. (6). kgs/kmole. (7). kg/m3., (€). kJ/kg. (9). mg/m3. (10). Oxyger.
(11). It is stabtle. (12). It is ncntoxic. (13). Psroxide c¢f hydrcygen.
(14). It is unstable. (15). Nitric acid., (16). Nitrogen tetrcxide.
(7). It is stable. (18). Flucrine. (19). Flucrine cxida. (20).
Chlorine triflucride. (21). It is very toxic. (22). Fentaflucride of
chlerine. (23). It is weakly tcxic. (24), Triflucride of nitrogen.
(25). Tetrafluorinehydrazine. (z6). with. (27). the same. (28).
Trifluoride cf broamine. (z9). It is toxic. (3C). Bromine

pentafluoride. (31). Perchloryl flucride. (32). Perchleric acid.
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(33). It is unstable.

FOOTNOTE !, Values at a temperature cf 298°, 15K, and for the

9]

Yot e 14w
LCW=CCL LD

cxiiizorcs - a*t a tcilirg redne,

Y

2, Values at tenmperature cf 2939K, and €for low-teoiling

oxidizers - at beiling pcint. ENCFCCTNOTE,
Page 150, . ;

By the best control characteristics even aors steady-state
burnirg in comparison with the fuel/rropellant O,+kerosene pCSSASS
fusls/propellants O,+NH,, Cp+MNH3, Co+MMG and C,+UDMH. Frcm them most
3xtersively is used the fuel/prcpellart 0,+UDMH. Fcr these
fuels/propellarts, ard alsc fcr fuel/prcpellant O,+H, in spite of
their high heating power is characteristic a reduced temperature cof

combustion preoducts, which facilitates cooling chamber/camera.
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Tabvle 10.4. Scre proper+ies or liquid fuels [2], 7237, [35].

: ] i Toa | Tpn | ! i (5Xpeean-
| | D D
| 2 'Xumuyec-, * inpu Wopwaie- @* | tn** x"""qcc'l Kcoml“eali
Yo Toposee Kag How 1amie- ' ‘CT:;\:M'!b Tpanms B
! . Gopuyaa | : Ritit L | ! hoets | BO3IVEe
( ‘ F. *2 ,(V{z dxgx ]
oK i
: [x M08 M3 ' K2 P M3
l/zo) ! s 1 : | | iy | (2
Buacpoa  © H, | 2,0i6) 13,94 '20.39' 70,97 —3828' Crabuaen; Herok-
“3) : i / CHYeH
. 12D Nk, ‘3:,u+sg74,6sbso,es‘1004 biszs !, ?OAc(qeu
bs /}bﬂ\“!al\ ' NH; .7 .J3m195_39|239.73% 682 —4180f ' 20—5u .
{Mouo eTna- . HaN— 46 0".3}220,75 360,65 874 | 1222 . @Toxcnqcni
i ruapasww - NH(CH i
[ Hamr HyN— 60.102 215.95/336.25| 784 | 774 . L
149) N(CHg), | |
| A3po3un-30 —  '45,584I265.85'343,25' 899 ! 1173 . ) . !
Kepoeun  {C;qH; — | 200—450 820——1728 . 300
(8 /43€53053§? 220 850
OpMY-
(20> 12) (21}
Mertau CH,; |16,047] 89,15{111,65] <424 |—5439 . Caabo
TOKCHYEH .
[ 22>
Srunoswit | C,H;OH [46,070(159,05(351,47] 785 |—6025 . 1000
o) T @y | @9
néopan B.Hg 27,67 1107.65/180,65 430 | 438 | Crabuaen! Becbwa
B repme-| TOKCHYeH
THIHOM
{26y : °¥Saxe
{[Tentabopan B;Hy 163,27 |226,34/335,15| 618 | 381 [ To xe 0,01 |

Key: (1). Combustible. (2). Cherical formula. (3). at normal
pressur2. (4). Chemical stability. (5). Maximum permissible
concentration in air. (6). kgs/ktcle. (7). kg/m3, (8)a. kJ/kg. (9).
mng/m3., (10). Hydrogen. (11). It is stable. (12). It is nontoxic.

(13). Hydrazine. (14). Tcxic. (15). Ammonia. (16). Monomethyl

hydrazipne. (17). Aerozine-S50. (18). Kerosene. (19). conventicnal
fecrmula., (20). Methane, (21). It is weakly ¢toxic. (2Z). Ethyl

alcokecl. (23). Diborane. (2u). 1t is stable in pressurant stcrage
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tarke (25). It is very tcxic. (Zv). P2rtaborans., (27). Th:z sea=2,

FOOTNOTE !, Values at a temperature cf 2939, 15K, and for the

_cw=reiliang fugls - at a teilirg teine,

2, Values at temrerature cf 2939K, and for low-boiliaz Zu=1ls

- a* boiling pcirt. ENDFCCINCIE.

Page 151, L

The greatest specific impulse (to 4800 Nes/kg [ =480 kgesskg)) of
all centeaperary familiar fuels/prcpellants provides fuel/prcpellant
liquid oxygen + liquid hydroger (C,+H,). Are developed ZhRD, which
develop on the fuel/prcrellant indicated thrust to 1000 kN [&100 T]);
ic the USA is conducted the wcrk cr the creation ZhRD with tha thrust
to 7000 kn {#700 T). Ir spite cf the low dansity of fuel/prorellant
O,+H, (g:=320 kg/m3) its usesaprlication for ZhRD of upper btccster
stages makes it possible *c¢ significantly increase the mass cf

payload.

With the addition ¢f 1liquid flucrine intc liquid c¢xygen in a

quantity to So/0 all fuels/fprovellants on the basis ¢f liquid oxygen

1
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bececme igriting spontanecusly,

#ith refuelling C,+H, by fuel/rropellant (7Cc/¢c 0,+30c/c
F,) +H, specific jet firdirq is irncreasad. Mixture 0,+F, can be used
with UDYH, kerosere and liguified hydrocarbons (methane, ethane and

e Ry R
;-v:a.."-, .

Fuals/rrcpellants con the tasis cof peroxid> cf hydrcgen. ?2arexide
¢f hydroger was used extensively as the oxidizer in ZhPFD during +%he

Second +#orld #ar.

However, in that period percxide of hydrcgen was used in the
ferm of 80c/c aqueous scluticr, which decreased the leating rcwar cf
fuel/propellant, In prepcrticn tc the development of the metheds of
stabilization of peroxide cf hydrcgen apreared the possitility *o

increasa its concentraticn tc¢c 9Cc/c, and in certain cases tc 38c¢c/o.

Fuels/prcpellants cn the basis of highly concentrated peroxide
of hydrogen are not infericr to fuels/propellaants on the basis of
pitric acid on the density and at the same time rrovide somewhat
larger specific impulse at a sukstantially smaller ccmbusticn
temperature, By the additicnal advartage before the nitric acid ard

oxidizers on its basis is the sraller corrosiveness of peroxide of

hydrogen,
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Most is used 2xtsnsively fuel/rropellant H,0,+tkercsene; nore
rarely they use: Hp0,+UDCMH, H,C,+NHy and H,0,+N,H,. Concertration
H,0, in all fuels/preopellants indicated is equal to 90o/0. TC a
rumber of advanced propellants ¢cn the basis of peroxide of hydrogen
celate d,7,+3,H, and esrecially H,C,+Bgiig. The i-zcrtant 2ivantage of
latter/last fuel/prorellart is the fact that iz ccusists oI t:ze

high-boiling components,

Fuels/propellants on the basis of nitric acid. The heating power
of such fuels/prcpellants is less than the heating pcwer cf
fuels/propellants on the rasis cf liquid oxygen, but in contrast to
the latter they possess high density and can long time be s*cred in

the ccmpletely charged/filled rcckeat,

Nitric acid of 1000,/c ccrncentraticn is unstable product.

Fo bahman
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Table 10.5. Theoretical characteristics of some bipropellants 7 31°°
(Px=63.946, 0€ bar [68.046 fphys, atm.); p=1,018 bar [ 1 phys. at.l:

PR

X=Rony; PR=Py ejuilibrium exransicn).

; D (D i (3 Oxuecautens 4
: ;Xapaxre- [oprogee [ i v !
i | pretika | 0, l H,O | HNO, N,O, F, | OF, Il ch-,i CIF, N.Fy 1O
l: ’ { ' ! ‘, .
| H, 400 | 7,33 | 6,14 | 525 | 8.09 | 567 | 1130 . 1150 1150 614
1“ . NoH, 0,92 2,03 1,50 1,33 2,37 | 1,50 2,71 | 2,70 3,25 1,30
f ’ HAMD 1,70 | 4,26 | 3,00 | 257 | 2,45 | 2.60 2.8 | 3,00 . 347 2,70
BsHy 212 | 2,2 | 3,00 | 3,00 | 45 | 4,00 6.69 | 7.33 | 6.69 | 3,76
Hy 284 435 393 353 468 375 605 616 { 517 { 403 ‘ '
_'3;_(‘43 NoH, 1085 1261 1254 1217 1314 1263 1458 1507 | 1105 | 1327
P HAMIE 976 1244 1223 1170 1190 1214 1325 1381 l 1028 | 1288
B;H, 897 1021 1107 1084 1199 1179 1413 | 1493 |10z ; 1239
1
t
H, 2077 | 2419 | 2474 | %640 | 088 | 3547 | a705 | aast | 3sia | 3003
T NgH, 3406 | 2027 | 3021 347 | 41 | 4047 | ST | 3001 | a8 | 3467
°K HAMI 3608 | 3008 | 3147 | 3415 | 4464 | 4493 | 4003 | 3799 | 4226 | 367
BsHo 4160 | 2080 | 3588 | 3913 | 5080 | 5009 | 4656 | 4447 | 4840 ' 4242
H, 1,232 | 1,247 | 1,258 | 1,260 | 1,237 L1239 | 1260 | 1061 | 1,259 | 1,255
NyHq [.164 | 1,187 | 1,199 | 1,191 | 1,177 | 1,166 | 1,220 | 1,237 | 1,061 , 1,180
" HAMC 1,144 | 1,180 | 1,172 | 1,166 | 1,149 | 1,167 | 1,189 | 1,198 | 1,186 | 1,71
B;Hy 1,111 1,112 1,18 1,121 1,150 1,136 1,150 1,152 | 1,155 1,125
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DAC = 41009001
| o pe———
! © H, 2431,1 | 2011,3 l 2001,5 l 2134,9 ' 2583.7 | 2562,5 | 2145,7 | 20021 72,2 ¢ 21538
| n'gm NH, 1890,7 | 1753.4 | 1714,2 | 1779,9 | 2212,4 : 20918 | 1928,0 | 1827.0 20564  794.6
ez | HAMT 1856,4 | 1714,2 | 1654,4 | 17250 | 2087 8 | 2136 ,0 | 1826.0 | 1726,0 © 1959.4  1754,4
BeHo 1894,6 | 1832,9 l 1753,4 | 1781,9 | 2175,1 I 2165,3 } 18593 | 1751,5 . 2013.3 ' 1784 8
{ | | |
i x T [ 1 ' | *
Hq 3835,4 | 3161,7 : 3135,2 | 3341,1 l 4038,14 | 4042,3 1 3363.7 1 3145.0 . 35647 ' 3373.5
! R,’g;; NaH, 3068.5 | 2813.5 | 2737.0 | 2854,7 | 3573.5 ' 330v.1 3059.7 | 28890 , 3282,3 . 28959
‘ <0 HAMI 3037,1 | 2782,1 | 2671,3 | 2796,9 : 3411.7 ' 3453,9 | 95,3 : 27306 3i47.9 . 2840,0
B-H, 3135,2 | 3031,2 ‘ 2880,2 | 29351 | 3539.2 ' 3546, [ 3026,3 | 8469 | 3275.4  2935.1
i ! 1 , ‘\
) ' : " ] : —
H, [ M71.8 | 3675.5 | 3636,3 | 38726 | 4683.7 @ 46905  3887.4 620 [ 188 30099
f‘vﬁc-;x NoH,y 625.5 | 3310,7 ! 3210,7 | 33353.8 | 4210,0 « 4009,9 - 35077 ¢ W20 . 38275 ' 34068
——xz@ HAMT 36108 | 3294,1 | 3153,8 | 3304,8 | 4050.1 | 4085.5 344(,2 ' 12301 { 3n96.1 | 33519
; ‘
B;H, 3777.5 | 3659,8 l 3454,9 | 3526.5 | 4224.7 ; 4248,2 1 3616,7 | 3402,9 | 38991 | A525.5
Key: (1). Characteristic. (2). Ccmtustible. (3). Oxidizer. (u4).
kg/m3., (S). Nes/kg.
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Therefore in Zh2D use the concentrated nitric acid, which contairs
about 2c/0 H,0 and 0.50,c cf cxides cf ritrogen NO, (this acid is
Ve Nr *h= scluticn 27 concentrated ULt o4cid
ritrcoarn tztroxide N,C4 (this scluticn is calls! “hc z:?i ziring
acidy, La<+ter/last cxidizer is gcre effac*ive., The “u2l/crorellan<
1*5 rasis, which uses UDMHE as the fuyel, is the axanvle 0f =he
igriting spcntaneously stcratle precpellan%ts with gcedé contocel

characteristics and steady-state turninyg.

Hovever, fuels/propellants crn the basis c¢f nitric acid in
essence are displaced by fuels/grcpellants cn “he basis oI ri<rogen

tetrecxide.

Fuels/prcpallants cn the htasis of nitrcgen tetrcxide. Mcst use
extensively, ircluding if necescsary fcr prolonged stcrage,
fuel/propellant N0 (+NH,, NaC,+MMC and especially N,04,+taercsine-50
and N,0,-UDMH. They are scmewhat inferior tc¢ fuel/prcpellant

O,tkerosene cn the develcred with engine specific imfpulse, tut they

excead it cn the density.

Q
o]
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Fuels/prcpellants N,pC,+taercsire=-50 and N,0, +UDME caks it

pcssible tc create rTelialbly werking 2hiD with ta:

b
o

Z3h spzcific

o

irpulse and with tha very hichk *thrust in cne chanmbsr camera.
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Page 154,

For the engines with the relatively small thrust are us=ad

11

D=g5% 3%ac=dir-c/laincning

T/roope rlants NRO Vo8, and N,C,+MM5; %0

rroroerties possesses the latter cf fuel/propelilant.
Y - p

Fuecl/prorellant cn the tasis ¢f fluorine. Liguid flucrine it is

ncst expedient to use paired with such fuels as ammcnia, hydraziznz,

pentaborane and especially liquid hydrogen. fuel/propellant F,+H,
exceeds O,+H, to 4-50,0 on the rmass specific impulse, developed with
ergine, and on 700/0 on density specific impulse, and also cn the
density (to 550/0). 1t is most cseful for ZhRL of upper booster
stages and fcr ZhRD c¢f space vehicles with the ralatively shert

flight time and large necessary tctal impulses/momentum/pulsa (1],

Fuel shortages F,+H, include:

1) the high temperature Cf ccomtustien prcducts, which

complicates coocling chamker/camera;

2) the high cost/value cf flucrine;
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3) the large toxicity c¢f fluczize and ccabusticn prolucts (HF).

The high values of the density specific impulse, develored with
engire during the utilization of fuels/prcpellants ¢n the basis cf

£luorine, can t

1]

judged frem giver tzlicv +%22le 10,7,

For ZhRD 3£ svace vehicles is pcssibla the usesapvlication of

the fuels/propellants: F,+NH3, Fo+¢N,H,, Fo+MMG, F,+CE,, F,y+B,He, €*cC.

Fuels/propellants on the basis o¢f the fluorine-Lkearing
oxidizers. Oxide of flucrine OF, it is expedient to use paired with
liquid hydrogen, UDMH, MMG, hydrazine, anmmonia and methane. For ZhRD
of space vehicles is possitle the utilization of fuel/propellant
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Table 10.6. Characteristics of the inflamzpaticn ¢f scne

fuels/propellarcs.

| "2} Okueantean
\

i
' [oproyes ! l
lz‘ | ! 0y ' M0, | HNO, | Ny0, F, CIF,
|
' H, ' H ! H H H c C
NaH. H K | ¢ ! ¢ o c |
MMT i H | H c ! c c c
| HIMF . H ; H o C C c |
cHOoH ! H | H H H o c ‘
Vote, N - incombustibtle fuels/rrop2llants; S - hynergclic fuels;
K - fuels/propellants, which igrits spcntanecusly in the pressnce of
catalyst.

Key: (1). Cxidizer. (1). Ccmtustitle,

Page 155,

The mass ard density specific ispulses of +the engines, which use
fuels/propellants on the tasis ¢f flucrine cxide, are more than the
aralogous parameters of ZhRD, which work on the fuels/propellants on
the basis c¢f liquid cxygen, All fuels/propellants orn the basis of
fluorine oxide are igniting spcrtareocusly and possess, with exception

of fuel/propellant OF,+H,, a ccrparatively high density.
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Due to the high ccstyvalue ¢f fluorine oxide in a rumber of
cases it is expedient tc use rmixture F,+0,, which is only a little

inferior %o it cn +«te effectiveress.

As the igniting spcntanecusly stcrable propellants very advarnced

propellants ClFz+Y,H, and sspecially ClFg+7,1,. Cn2 ¢ ¢th=
jifficul*ries, which appear durirg %oz utilization cf Zfusl/prepellans

ClFg+¥,H,, 1s the formaticn ¢t sclid pracioitaticn cn internal

surfacz2 ¢f chamber wall.

Highly efficient is fuel/prcgrellant BrFs+BsHe: its dansity is
equal to 1990 kg/m3. Vclumetric jet firing, which works on similar of
fuel/propellant, when p,=687 tar [7C kgf/cm2] and pc =0.981 bar [1
kgf/cm2 ], 2quilibrium expansicnr and optimal ccefficient x 1is equal

to 4.81 Nes/m3 (489 kgfes,/1l].

To a rumber of effective cres relate the fuels/propellarn%s on
the basis cf trifluoride c¢f nitrcgen NF; and especially
tetrafluorinehydrazine N,F, with the utilizaticn of hydrazine,
pentaborane and liqufd hydroger as the fuels. However, the
usesapplicaticn cf tetraflucrinehydrazine impedes its Ligh

cost/value,

§10.6. Selection of the optimal excess oxidant ra%tic a.




[
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After the selecticr cf ccmgcnerts is dasignead <tle

of the fuel component ratic « cr ccefficient ae. ©Cu

calculations irdicated find raximum expressions flyinQl,
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- -

lucriles a2

tn

Table 10.7. The cdensity sfpeciiic izpuls:s ¢ ocxyjen ani
at the level of sea (p=66,7 tar [€& gf/ca2]; fe=0,981 bdiz [ 1 kgfs/cn2);

*=%ny; aquilibrium expansicn).

(') Oxucantean
\ O "
\_\3_-\ » - \ F
Topiovee — Ya.06.9
N N-CeK i = ‘[ ocex : ;»_ HoCew :_; wleres

3 i ! i M t

| ’ i
H, 1,000 | 100 | s 1 17
NH; 2,569 I 262 ' 4,119 : 420
NoHs 3.0 | s 1 aem 0 am

Key: (1)e Cxidizer. (2). Comtustitle. (3). Nes/a3. (4). kgfes,l.

Page 156.

specific jet firing and density of fuel/prcpzllant depernd on

coefficient aox, i.2e Ijga=f(aok) aNA Qe=f(cox).

Specific impulse has the great valus with the excess of fuel,
i.e., when aw<l, but not with the stcichiometric relationship/ratio
of propellant coaponerts, in ccnnection with the fact that with the
excess of fuel in compositicn of ccmbustion products is increased «he
content of gases with the low molecular weight (CO, H, e*c.) in
ccmparison with the ccntent of gases with the increased molecular

veight (CO,, H,0, etc.). Furthermcre, when ai<! descends the

MRS A
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teaperature cf combusticr prcducts, which lsads to the decrsase cf
the expanditures of the chramical energy of fuel/propellant fcr
disscciatien, Simultareously is facilitated ccoling the
charber/cam=zra: by high fuel ccnsumption *o0 mcr2 easily ccol the
ctamber/carara in which mcrecver, the combustion precducts have a

z PR

fraturcs.

PR IETY
ol e

(b

with an increase of +he terperaturs of ccmbusticn crcducts ths
value of cc=fficient ao with which is rrovided the maximam cf

spacific impulse, it is decreesed.

Usually the density cf oxidizer is more than the dernsity of
fuel, i.e., Qx> Therefcre with the decrease of ccefficients aor

and x the density of fuel/prcpellant @ is decreased.

As a result of the density effect of fuel/propellant the value
cf ccefficient aqon, at which reaches the maximum of the characteristic
velocity of rocket vehicle, is disgplaced from the value of
ccefficient g, correspcnding tc maximum specific impulse, tc the

side of smaller values.

The optimum values cf ccefficisnts ax and x depend alsc on the
expansion ratio of gas e.. Fcr the chambter/camera with the high

exparsion ratic of gas Qokonr—>! (usually Goxonr='0.95=0.98) as a
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result of the more complete ccurse cf the reactions cf recomtinaticrn,
Table 10,8 gives the values cf ccefficiant x used for scae

Zuels/prccellants of ZhREL,

il PP [ A._.___,.};._&:\'mli;f;ﬂﬁﬁ




DOC = 81009002 PAGE 3{"

Table 10.8. Values of ccefficiect = £0r s03e L[uels,/srop2ilancs,

utilizad in ZhRD.

(1) Tonanmo
.»?.,» L’sr "
OKHLINTESD roprouee
0, , W 450550
0O, J'Kepocun | 2,20—2,38 !
O | NHs 1,25
| F; 1 H, 8,00—12,00;
NeOy  IH.N—NH(CH,)| 1,64—2,54 |
NaO4 "g‘.kaposnﬂ-SO 1,50-~2,00 "
859;-Han's) @Kepocun 8,2
Oy }

Kay: (1). Puel/propellant. (2). oxidizer. (3). combustible. (%).

Kerosene. (5). Aerozine,

Page 157,
§10.7. one-component liquid preogellants.
most widely as the mcnopropellant ZhRD are used peroxide of
E hydrogen and hydrazine, which are the substances, capable of being
deccmposed/expanded ir the presence of catalyst with the literation

of heat.

The highly concentrated (90-9€c/0) aqueous solution of peroxide

of hydrogen during the utilizaticn as the moncprcpellant precvides

b—-—____' e ————

- g
Eaby)

To oy
V3 U - PR Tl
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specific impulse of ZhPL 150C0-19CC Nesyxg [ =130-133 xgyfessky , in
this case the temperature ¢ s%cas ;25 in “h2 champer/canira of
decomrosition composes =7¢~1:5C°%K. During tha larye exransion of “he
deccmpositiorn products ¢f percxide cf hydrogen in the nozzle cf
chambar/camera water vapcrs are ccrdensed, which causes certain

= -~ - . - 2 -~ - - - . . -
ceaucticnysdescent Lo othe sofcrsic dzw Zicing,

tt

iydrazine is mcre affective mcnerropellant than cercxide o
hydrcgern. It is decompcsed/exraréed during the heating to 7509,
forming the gaseous rroducts NHj3, H, and ¥, (during the complete

deccmposition only H, and X,).

The decompositicn prcducts of hydrazine have sufficiently high
temperature (to 14759K), lcw mclecular w#eight and they are nc+
irclined to the ccndensation. Hydrazine provides cbtaining specific

jet firing 2200-2400 nes/kg [2220-240 kgfes,/kg].

Ona-ccmponent ZhRD, which wcrk on peroxide of hydrogen cr
hydrazine, possess smaller specific impulse, but *he reliability of
the operation their higher thanm twc-ccmponent ones. Therefore
peroxide of hydrogen or hydrazine usually is usad as the
fuel/propellant for auxiliary ZhRC with the lcw thrusts, including
for the satellites and hydrazine traking ZhRD with multiplying and

contrcllable thrust fcr the scft landing c¢n Mars of Ka,

|
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developed/processed in the USA [ 1.

With the addition of nitric acid or nitra%te of hydrazine N,iigNOj

(comporcrt with the oxildative prorperties) intc hydrazare is raised

i
E‘;
1
F:
!,

specific jst firing and density c¢f fuel/propellant, and alsc descends

- ‘-

zing ooint (oo examplie, %C I%107 TL2707 7 yien o addicden Tia/0

NodgNO3 throughout *he mass).

The mcrecprecpellart, rapresanting mixture 75c/c NyH,, 240/
N,dgNO3 and 1%o/c H,0, prcvides specific jet firing tc 25600 res/kg
[ 2260 kgfes/kq] and the density cf 1110 kg/m3, i.e., in the eneryy
| characteristics it approaches average-energy bipropellants of the

type N,O0,¢2erczine-5¢,

Table 10.9 gives values Ty and /lyo for ZhRD, whichk wcrk on

different monoprcpallants [1].

In one-ccmporent ZhED are pcssible the utilization of cther
fuels/propellants, including c¢f ammcnia, UDMH, isoprcpylnitrate

(CHgj) ,CHONO,, e%tc.

The products of deccnmpositicr c¢f hydrazine, percxides cf
hydrogen and UDMH use alsc as the gaseous vorking medium/profpellant

of turbire in 4wc-compcnent ZhRD with the pump feed.

h —i— — a
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Page 153,

§10.8. The ccmbustible anc three-ccrporant fuels/rrop2llants

ccntainirg metal.

One or =he dir:cticrs cf an incr=2ase in ths 3g2cific i-pulce ¢f
12D and *=e density cf fuelyrrcpellant is the utilization ci ne<ais
({Li, Be, Al, ¥3), their tvdrides (LiH, BeH,, etc.), and alsc boromn.

It is pcssible t¢ use them:

a) in the form of suspensicn cr colloidal scluticn of metal in

+he fuel;

t) in the form of the thiré ccrponant, stored in the segparate

tank and supplied *o the chamtet/camera on the separate main.

For each fuel/prcpellant shculd be selected the type of netal
and its optimal conternt. fcr example, into the fuels, /propellants
O,+H, it is expedient tc¢ add beryllium, and into fuel/propellant
P,¢H, - lithium. The relationship/ratio cf the constitu=nt elements
of fuels/propellants O,+Be¢H, ard F,+Li+H, is expredient to select by

such so that the chemical reacticn wculd cccur between the cxidizer
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(Caey Fp) andé the m2tal (Ee, Lli), and ayicoj=n was udsel ¢s the dnac+
working body, which lcwers +he aclscular wzijgzz ¢f ths jaszzs, which

escape fror the nczzle.

Instezd cf the fuel, /rropellant F,+Li+H, it is pcssible ¢¢ use

fucls/prepsllan=s Fo+lited,; Zi+trin- nwirii: vyanczizes ne=*eI tharn

After the dsvelcpment of the retheds cf stabilization cf 1liqguid
ozone by most powerful/thickest ckerical fuel/propellant it will be,

probably, fuel/propellant O3+Be+H,.

The usesapplication cf fuels/propellants with the fuel

containing metal impedes the follcwing.
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Table 10.9. Scme charac%er:stics c©r ZhlD, tpat «<0CK Cn toe

moncpropellants.

(24%) +H,O (19) t
{

| pu | )
’ Bepxiee ia-, T« [.as 0P p=98. Gap |
| detite Teu. [10 k[ em2|5)
Tonauso NepaTypH
Tepunyecrot ! ! L f
| CT32215H0-| °K ) H-CexiKe &l cexixe
| ! | i
|
800, g H.0, - B S T Nt !
989, -nem H.0, 33 240 isese o3|
‘ NoH, 833 1Y guet | aggeet |
| NaHg (7500 =NaHNO; © 49! 16152% | ussgmet  agoert |
| |
i

Key: (1). Fuel/propellant. (<). Uprer value ¢t teaperature cf thernmal

stability. (3). with. (4). kar. (%). kgf/cm2. (6). nes/xg. (7).

kgfes/k3.

FOOTNOTE !. The values are given taking into account to tre

ccndensaticn cf water vapcrs during the meotion alenyg the nozzle.

2, values are given fcr ccndition that 40osc of Zcrred

ammoria are decomposed/exranded intc nitrogean and hydrogen.

ENDFOCTNOTE.
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1. Difficultiss cf wixing ¢f pewderedi metal an

T3
Cas
'.—l
‘J
£3
[+
§a-
fu
N
=
(V]
[
7]
-

especially crycgeric,

storags are settled., I*% is pecesible t¢ nix fuel dith o= oy.iazsid

151
[
e]

-

=
m
ct
m
'
(o9

tly or the laurching si*e; howaver, in *his case atpear
lazge2 operational inconveniences. Farticlcs ars settleld *tc a lesser f
degree with an increase in visc¢sitysductility/tcughness and density

of fuel (for example, with the addition of wax or paraffin), and also
with the decrease of the sizes cf the particles of the metal (teo 1-4Q u

uﬂ')o

3. Prcductiorn of pcwdered metal, which espzcially cortain
) perylliumr (i.e. powders Be and EcH,), is characterized by ccaplexi*y
ard high cests. Furthermcre, pcwders Be and BeH, it rossesses high
toxicity, which excludes the pcssitility cof their uses/application as

the additions to the fuel fcr the first-stage angines cf carrier

rcckets,

4, During the supplying c¢f fuel containing metal intec

ctambar/camera is possitle scilirg injecters. Definite difficulties

ciuses the organization cf the ccrtustion of metallic particles.
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During +he utilizaticn ¢f a three-conponznt fusl/propellant ths
metal zan te suppliad intc %he chamter/cawara in *+h2 acltern fcra, fco
axample, by the compressec¢ inert gas. During tasting of tha

experimen*al chamber/camera, which sworks on the three-comgonent of

Iuel/rmerellans Fo+lisli, wirth cent=nt o 1Q=1in/0 Li, i3 cbrtained k=
srecific impuls? in thsz vacuunm ¢£f mcoz than 5C20 resyxg [=56C

rt

kxgfes/kg [1]. 42tal car te intrcduced into the chamker/camera on the
separate pain and it is direct in the form cf finely dispersed

pcWder, which however, is ccnrected with the grzat difficult+ties,

The skortcomings of ZhRD, which use a three-component
fusl/prop=llant, include the ccrplexity of their constructiong/design

ard changing the operatirc mcde.

The use/application ¢f the ccrtustible and three-ccmpcnent

fuels/prepellants containing metal leads to an increase of the heat

fluxes in*c the chamber walls, which complicates its cooling arnd
raises requirements for thke structural materials. ZhRD, which work on
such fuels/prcpellants, it is mcst expedient to use for the srace

vehicles and the latter/last tccster stages.
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Chapter XI.

REAT TRANSFER AYD COCLING CF Zh°FL,

311,71, Trarsmissicn modas of heat fluxes.

dith *the work of the majcrity cf the rocket <ngines cf the wall
of their chamkters/cameras “hey receive a significant Juantity 2% h2aat
from the products of ccmbusticn cr decomposition of the components of
propellant or products cf heatirg wcrking medium/rrcrellant. For the
safeguard of reliablé chamnber creraticn and ergine as a whole it is
Lecessary to abstract/remcve the heat indicated tc those cer in

arother manner,

The transfer of the heat (it thgy call also heat +ransfer)
quantitatively determines the values of heat flux and heat transfar

rate.

Heat flux is called the enexrgy content, transmitted in the form

of Leat per unit time thrcugh ary surface of F, Heat flux measures in

tte watts [J/s; kcal/s] and they designate Ly letter Q.
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fizat transfer rate (cr heat-flux cdansity) is called the heat*
€lux, per unit surface area. heat *ransier rate cnaract<rizes
heat-transfer intensity; it thkey decignate by latter 3. Consejuently,

=L
= (1.1

Q

Hza+t <rarnsfer rate has a dinsrsicn W/n2 [J/{sen2); kcalyhen2),
Most heat-stressed is the area ¢f nczzle thrcat. For som2 types
of ZhRD heat transfer rate in +te crecss secticn indicated reaches

700106 W/m2 [60.2106 kcal/hen2) ],

|
|
Hzat fluxes can be transmitted by coavection, thermal radiaticn j
{
i
!

and thermal corductivity c¢f medium (substance)l.
POOTNOTE 1, For greater detail, see {17] and (18], ENDFOCTNOTE, j

-Specific convection current designate ¢uom, and radiant (cr

radiation) = ¢,.

The relative value c¢f convective and radiant fluxes in differsnt

types of rocket engines is tc a ccnsiderable extent dissimilar.

In the chambers/cameras ¢f ZhRLC with the ccolant passage tha




R
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pasic form of heat transfer are ccnvective heat fluxes from the
combustion prcducts tc the internal chaaber wall and from it €0 the

ccclant (prcpellarnt compenent).

Heat transfer by thermal radiaticn irn ZhRD has noticearly

tn

lier valuye, HOwWev2er, ths nczzles ¢f whe channsrs/canzcs scr=

i

-~
-

[

st
ZLRD in the firite segment dc nct have the ccclaint passagje, The

tharral corditicn of this sectien (nozzle) of nczzle is Zetermined by

o

heat transfer from the ccrbusticn preducts to the nozzle liner agd—by

heat transfer by radiaticn frcm the wall intc the surrcunding space

and to the combustion prcducts.

For YaRD and thermal ERD are characteristic the higher
temperatures of gas, thar fcr the chemical engines. Therefore the
rcle cf radiation/emission in YaRLC and ETRD noticeatly
ircreases/grows. Furthermcre, in YafkD the convactive heat exchangse
makes the complex prcblenr cf the tranch/removal c¢f heat from the fuel

elements to the working medium/frcpellant.

Page 161.

Electrical rocket engines are characterized by the very low

pressure of plasma in their chamter,/camera. Therefcre the ccrvective

heat fluxes, which depend on the gas fpressure in the chamber/camera,
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are also low ard the thermal ccndition of thesa engjires is d2%ermirnad
in essence by radiart fluxss frcr the plasma ¢o the chamber walls ard
from them into outer space.

311.2. Heat transfer bty ccnvecticn gath.

L

[11]

< us examine the eguiavicrs accoriis

TC WnCo 1T Ls ressirpl=a

o
u3

tc detarmine specific ccrnvacticr currsnt from *he gas to the surfaca

of wall and from the wall tc the ccclant.

Lat us introduce *he followirg designaticns cf the parareters cf

chamber/camera with tke ccoclanrt fpassage:

Traas — the temperature cf the reduction of gas, which is

determining heat transfer frcm tke gas to the wall;

Tan - temperature cf the heated (receiving heat) surfacs of

irternal ckhamber wall;

Ton - temperature c¢f the cccled (giving up heat) surface of

irternal chamber wall;

"Tox - temperature cf the ccclant, which takes place through the

cooclant passage;
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Quoun - Specific cenvective heat Elux, transmitsczd

)
.
th
"
Q
2]
ot
wr
[("
g
9
W

te is heated tha surfece cf internal walil;

Gon - specific convective heat flux, transmitted frcm th2

ccolzd surfzce of in*ernal wall tc %he ccclzn*:

i

ey - corfficient cf corvective h2at emission

h
4]
(0]
=
ct
t ]
]
-d
W)
n
ot
(o]

the heated surface c¢f internal wall;

Qg - coefficient is ccnvective heat transfer from the cooled

surface of internral wall tc tike ccclant.

The ccefficient of cecnvective heat emission expresses a guantity
of heat, transmitted by ccnvecticn path through unity of surface per
unit time ¢to each degree c¢f a difference in the temperatures cf wall
and gas or liquid; this ccefficjert has a dimension

W/ (r2edeg)f kcal/ (hem2edeqg) ].

Therefore specific flcw Quons is designed frcm the equation
Quonx=0un{Traan—Tnn), {11.2)
but specific flow ¢os - according tc the equation

40‘n=ao‘u(ro.n_rox)- \”~3\
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Temperature 7Th,, Sc12wipet less than tThsz toageraturs of

(14

stagration of gas, sirce +*ha faz*t c¢f ¢h2 h2az, which was isoclated
durirg braking of gas in ¢he rcundary layer, is abstracted/renoved
from i* by convection path, alsc, Ltecause of the thermal

corductivity.

All difficulties of calculatirj tha convec=ive hzat 3xchan;2 acs

reduced to the determinaticn c¢f heat-transier ccefficients Quan an? gaa.

Page 162,

They are desigred, using a dependence between the dimensionless
criteria - the criteria cf Nusselt, Reynclds and Prandtl:
Nu= f(Re, Pr). (11.4)
The criteria indicated deterrine the character ¢f a change in
the rate ard temperature in the tcurndary layer which to a

considerable degree influences the ccnvective heat exchange.

Utilization of dependence (11.4) for the case of heat exchange
between *he fproducts of thke ccomtusticn of chamber/camera of ZhRD and
its wall gives the follcwing forsula for calculating the

heat-transfer coefficiert aag:

mo8
a,,.=B,=;r8-, (11.5)

Loy

Ny
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whersz 8, - ccabtinatior cf the thermcphysical gropecties cf ccibusticn

products, depending cn their ccopesiticn and tamperature; o -

0

dimersicrless cceftficient, cersidering the 2ffect of a change in
temperature and Mach purter ¢t the heightsalzitude of bcundary lay=r;:
m - mass flow rate per second cf ccrbusticn products; d - diareter of

chamrez/c2am~a,

Coefficient a,p; derends c¢n prcduct pWw and iacrsases/grcews wi%h
its increase. This is explained tv the Zact that #ith an increase in
gas density is increased a quantity cf fracticns/particles cf gas per
urit of volume, and with an increase ir the gas velocity
increases/grows a quantity of its rarticles, which pass per unit tinme
in wall. During the convective heat exchange the heat is transferrad
py particles. Therefcre with an increase in the density c¢f gas and
its rate the process cf heat emissicn f£rcm the gas to the wall
becomes more intensively, i.e., values @ua and ¢uwex increase/grow,
Precduct pW has maximum value in the critical cross secticn (sea
§4.5) ; censeguzntly, and values agy and Guong Aa1S0 are maximum in

this cross section (Fig. 11.1).
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and ¢s alcng the lsngth ¢ chanrber/canzcCa.
Page 163,

Utilization of derendence (11.,4) in connection with heat
exchange between the wall and ccclant at the hign values of the heat
fluxes, charactaristic fcr the chawmkters/camsras of ZhRD, gives the

fcllowing formula fcr calculating the coefficient of heat emissiorn au

a,,_—_a,p(—)‘,":—:)uz'?—,“ _ (11.6)‘

or taking into account equaticn (4.9)

. ) .
a =B§(Q W )0.8 ] - ‘
0.0 27 1 Qox W oz '?E: L ("7) - ‘
vhere B, - ccmbination cf the thermcphysical properties of ccclant,
depending cn the type of coolant and its temperature: p -

ccefficiant, which calculates a charge in the thermophysical

properties of coolant cn the tasis ¢£ the height/altitude of bcundary
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layer; Moy, gox 3hd W, =~ mass zicw zate p=r s:cend, isnsity anl tha
rate ¢ codlant respectively; Jjor - acca ¢f crzces secticn ¢f <he
ccclant passage; dwy - the hydraul:c (e2quivalent) diamst<r cf *the
ccclant passage, determined acccrdingy to the equaticn

4f,
drul = f__,,
1

e I}"}“;‘:"'.A",:“:.)

-

lz% us accert P - the cor

ey

passage.

§11.3, Heat transfer ry radiaticn.

Solid bodies radiate the waves cf all lengths from A=0 tc A==,
i.e., their radiation/emissicn is characterized by ccntinuous

spectrum,

Gases radiate ard atscrt electrcmagnetic energy only irp the
specific wavelength ranges A\, i.e., radiation/smissicn and gas

abscrption is characterized by the sc-called line spectrua. This

radiation/2oission and atsorpticn are called selactive, or selectiva.

The simpler the structure cf mclecule or atom, the mcre brightly
sxpressed the linear structure cf radiation sgectrum, and the
necessary the account of this structure of spectrum during

calculatior of radiation/emissicn.

Salective radiaticn is ertirely specific to the working




S

DOC = 31009002 PAGE 37‘

aeaium/prorellants of electricel rcckest =anyi

.
}o
14
a
Ui

-
-
L]
ln
.

-

litsiam, %¢ =zz3cn a2nd sc Zorth; calcule+icn c¢f

by o~

Gz,

o

1
O

<

gases - to ce

~igsicn is very difficult. Hcwaver, carri2i cut

[o 0]

o
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ia

)

n/

“we

thair ra
calculatiors shcw sharp irncrease ¢f radiant fluxes ¢, vwith an
increase in the temperature ¢t gases.

Froa the gasss, enteZinj CcCxgcsition oI comctus-icn o
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tsocth
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(1)
24

cremical fuwels/nrcuellarts, %c the greatest degree raciatz an

th

erergy *he pclya<omic gases, which have the unsyametric s+¢ructurs ¢
molecule, first cf all *he water vapor 4,0 and carben dicxide C2,.
tha radia*ing and absorptive pcwer c¢f mono- and diatcmic gases car bhe

disregarded/neglacted,

Solid bodiss usually radiate and absorb energy Lty surface, and
gases - by entire volure, Ther:fcre the radiating and absorptive
power of the gases, which contain H,0 and CO,, deteramines not only
the temperature of gas and partial fressures H,0 and C0O,, bu% also
the combusticn chamber cenfiguration; the lat%tsr, in turn,

characterizes the mean pathlesngth cf ray/bsanm 1.

Page 164.

The radiaticn/enissicn of water vapor and carbon dicxide is

subordinated with some assumgticns to the Stefan-B8oltzmann law; for
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calculating the radiant thermal flux from them to *the chamber wall

1s pcssible to use *he &gua+icr

R . (Tras\? o Tu.n\*1 .
q‘=‘cr.[‘nsco|‘ﬁ'/j —=r.,fo< 100\ Jv (11.8)
WhEere  gur, effoctive epissivity facter

of +ha hea*ed surface of
irnternal chamber wall;

[§]
m
tn
Ll &
n
)
of

’l
-~
43
H
[
U
t

teapsratures T,

Co - radiation ccefficiert cf absclutely

nlack sclid
to 5.67 W/(m2edeq) *)

[4.9€ xcaly (her2edeg*) ].

Value ecrs

depends cn erissivity factor c¢f wall and gas

(eer anid
eras Lespectively).

Values ¢, definable by mater

t2rial ¢f wall ard by
th2 state c£ its heated surface, take from tatle [(17].

Value ¢ £for *he ccmbusticr rroducts, which centain water
vapcr and carbon dioxide, is equal tc

el'n=‘l*‘l,0""5CO. = €H,0%C0,. (11.9)

The pra2sence of latters/last terx in equation (11.9)

is explained lLy
partial mutual radiatien absorpticn Hp,O0 and COC,.

Values &,0 and eco,

deperd ¢n the temperature cf gas ard on %the

product ¢f its partial pressure cn the mean pathlengta

of rays/beanm 1,
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“hlle value e,0 furthermore€, frca the prassure of combus*icn
produc+%s pp. Fco determiraticr  eH,0 and sco, ar2 used sgecial graphs

(171

The distributicn cf srecific radiant thermal fluxes ¢, along

trz lonrws ¢of crarrazycarvere i3 oghedn in Flr, V1,%; ftnzy oacs rtazisan
ir *ne ccurustion chamber, sincc in it a grassucte (ani, ccasegu=ntly, i
value pgo and peg,) 2nd tergerature T,, 131ve the jreatest valuss. }

|

Taking irto account the cdegre=2 cf approximaticrn of calculatiers
of radiation/emissicn, c¢re shculd determine value g¢g; only fcr the
flow core in the ccmbusticn chambter (the value indicated le+ us
dzsignate ¢ax), and value gy in cther cress secticns tc accept *he

£cllowing:

1) it is direct in the £ire tcttom of the heail
G2=0.8 qax;
2) in the secticn, removed at a distance of 50-100 amm £rcm <he
fire bottom of head to the crcss section of the tapering portion of
the nozzle with a diameter of d=12dy, value g4, 1s constant and

equal to ¢gyu.

3) in the critical crcss secticn

92=0,5¢5 x,
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4) in the sxparding s=scticr ¢f rozzls with a diameter cf

d= 1'5% qa='°.llla.u;

5) the subsequent crcss secticn of nozzle with diameter

a - 2.9‘» da™= 0.02441.:.
Page 165.

After connecting the rcints ¢f smooth curve indicated, we will
obtain the distribution cf the radiant thermal flux along the

chamber/camera.

With temperature of the combustion products cf 2000°K g, it is
spall in comparisen with specific ccnvection current Qwoss. but a% a
temperature of combusticn prcducts cf 3000-40C0°K value ¢. can reach

300/0 of the general/commcn/tctal heat flux ir ¢he wall.

§11.4, Heat transfar as a rasult of the thermal conductivity cf

material of wall.

If with the work of aengine with those or by another methcd to
provide a difference in the tergeratures of the surfaces of chamber
vall, the heat through the wall is transmitted because of the thermal

conductivity of its material, Ip this cas: heat transfer rate is

e s i Lammer e ne i i
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determined according to the eguaticn

qcr=}£'(r-.n“ o) (1]' 10)

at?

bcr = wall thickness; Aee - ccefficient of the thermal

whsz

)

ccnductivity ¢f material c¢f wall, which characterizes its atility to

ccnduct heat,

w¥itk the same thickress ¢£f wall der Zor the szfeguari cf
prescribed/assigned flow ¢ thrcugh the wall th2 necessary
differance ir the temperatures cf wall the lass, the greater the

? coefficient A... On the cecntrary, uiéh lovw coefficient A a

differance in the temperatures cf wall Tus—Ton can ke sufficient

large on the thin chamber wall. Fcr example, with moderate heat
transfer rate through wall Ger=11,.60106 W/n2 [ 100108 kcal/(hem2)] a
differsnce in the temperatures cn the wall with a thickness cf 1 nm

made of the stainless steel is equal to

. {
T.-"-T...=q;"CT=l‘ .6-;:-31 lo-assm ;JGO.
cr ’

Key: (1). deg.

Of all materials, with excepticn c¢f noble metals, pure copper
possesses the greatest ccefficient cf thermal conductivity. Fer
copper, impure, and the alloys c¢f ccpper with other metals (for

] example, bronze of one or the other coapositicn) of value X\ it is

noticeably less.
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The coefficient cf the therral corductivity of the metals and
otbher materials depends con their temperature. Pige. 11.2 depicts

graphs A=f(T) for pure ccrrer ard stainless steel.
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Fiy. 11,2, Depandence is the ccefficient ¢f thermal ccrnductivity fer

pure cooper (1) and stairless stee=l (2) on the temperature.
Key: (1)0 H/m.degc
Page 166,

Taking into account the dependence indicated, the coefficient of
thermal conductivity in ecuaticn (11.10) must be taken at mean

temperature of the wvall

. Teu+Te
r"”= ‘--2 o8

§11.5. Characteristic of heat transfer through the chamber wall.

In the process of the work c¢f the engine of chamber wall receive

bcth convective ard radiant thermal fluxes. There«fore total heat

JEESv RS
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transfer rate, which enters the chamber walis, is equal to

=4y s =qgoun T (1.1
Heat transfer rate g4,; can te written also in the follcwing
form:

ql.l=all-l(rrn.n"_ Ton) (11.12)

wher

m

a’ - 2etT%alin effgceive roat-trarsfer coxfiiciszn*, ccensidarirng
an -

both convective and radiaticn heat exchange tetwsen the ccrmbusticr

products and the wall.

Oon the tasis of equatioms (11.2), (11.11) and (11,12) the

heat-transfer coefficient a , is equal z¢
a;__=a_,+1ﬁﬁ. . (11.13)

The graph of the distributicn ¢f total heat vransfer rate m
alcng the length of chamier/camera is depicted in Fig. 11.1. Due to
the effect of radiant flux the raxisum of total heat «transfer rate
somevhat will be mixed frcm the critical cross section to the side of
the head of chamber/camera. frc: the graph, depicted in Pig. 11.1, it
follows that the area cf critical crcss secticn is the most

heat-stressed section of chamber/camera; therefore its reliakle

cooling causes the greatest difficulties.

The heat fluxes, which ccme ficm combustion precducts the wall,
pass through it and they are trarsritted to the coolant, which takes

place throcugh the coocliant passage.
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|

In the beginning of the wecrk ¢f =ngine tc ccclant is transmisted

not entire heat flux, which ccres the wall fr¢m combustion procducts,

, but crly its part; another part gces to the warm-up cf chamber walls,
% as a result of vhich the temperature of chamber wall ccnticucusly

ircreasas/arews., With an increase cf <h2 %emrera+ucs of wall tha+
part of the heat flux which is erent on the wars-up of walls,
cortinuously it is decreas=ed., Ccrsequently, the initial cperating

cycle of engire is characterized ty nonstatiorary system cf coolirng.

If +*hey are mads the specified ccnditicns, then after certair period

of tke time (for the chamter/camera of ZhRD it is low) is

established/installed equilitrium.

Page 167.

It is characterized by the fact tkat entire heat flux, which cones
the wall frce combustion rroducts, is transmitted frca the wall to
the ccolant, Therefore, if we ccnsider “hat the areas of that heated
and cooled the surface cf wall are equal to each other, then is
provided the equality
Js.a™qer ™ Jo.g ~=const.
In entire section cf the transfer of heat flux - from the

bourdary layer of combusticn prcducts to the toundary layer cf

I
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Soolant - is established/installed the constant distribution of
temperatures (Fig, 11.3), sc that, ¢n spite of the presence cf heat
flux, temperature Ty Tox and 7oy they remain corstants.
Censequantly, ir thils case is prcvided steady state cf ccoling
chamber/camera, The heat flux indicatad during steady stata cf
‘celiry w2 will zubsequertly aralcgcus with 2quaticn (11,11
designa*e qu. Consejuently,

Toa™Ger =g, =g,

Therefore equations (11.12), (11.10) and (11.3) can be written

in the fcllcwing form:

P = (T e =Tk

q.-%g(r...—r.,..): '

r=a, (T,,— T
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Fige. 11,3, Graphs of distributicn ¢f the temperature of irternal wall
orn its thickness and in near-wall layers in different parameters of

gas, coolant ard internal wall.

Key: (1). Combustion products. (Z). Ccolant.
Page 168,
Hence

ru.l=rrn..‘“'—"; (”. 14)

Tn.n=To.n r— (11.15)

To.n=rox+-—- ) (11-‘6) |

substituting expression (11.16) in equation (11.15), we will
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obtain .
T, =T,y Jier (11.17)

a her
Tjuaticns z2xamined atcve are ccnveniently used for the analysis
of the effect ¢f different raraseters on the rode/conditicns cf
ccoling chamber/camera. A change in any of the parameters indicated

czustis teo a caztain denrtee 2 chang

i

ir £+hs graoh ¢£ the t:rrTezaturs:
dis«ribution ir a wall layer ircr the side c¢f ccatustion preduces,
according to #wall thickness and ir a wall layer from the side oI the

ccolarnt (sce Fig. 11.3).

For example, if is ircreased the tamperature of combusticn
products Ty,, then temreratures 7,, and 7,, increase/grow (see
curves 1 and 2), moreover simultanecusly increases/grovs tenmgerature
Tox. During the replacement of material of wall to the material with
the high coefficient of thkermal ccrductivity A, descends
tenperature 7T... but somewhat ircreases/qrovws temperature 7,, (see
curves 3 ard ‘4), The same effect is cbsa:vad with the decrease of the
thickress cf internal wall d.. If we in some manner or cther (fer
example, by an increase in the rate of coolant W,) increase the
branch/removal of heat fluxes frce the wall tc the ccolant, then
sisultaneously they descend tenmperature 7Tyn 2and 7oy (see curves 2

and 3).

As can be seen from equaticns (11.14), (11.15) and (11.16), a
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diffsra2nce in t2mperatures and, ccnseguzntly, alsc the angle cf si:cga

of the districution curve c¢f tegperature they are decresased:

a) for the wall layer of ccatustion products, in which their

temperature descends fre® Traas t¢ Tun - with tha decrease cf value

3 .
gs 2rd +he increas? ¢

"y
22
n
»
Wt
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t
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b) fcr the wall - with the increases of the coetfficient ¢€ &h2

thtzrral conduc*tivity of its material Aen

c} for a wall layer c¢f the ccclant in which its temperature

drops from Top t0 Toy - with the decrease of value 4y and the

increase of heat-transfer coefficient g,

The effect of the pacameters of the products of combusticn,

wall, coolant and coclant passage ¢n the mode,/conditicns c¢f ccolirg

in more detail is examined in §§11.7-11.9.

Page 169.

§11.6. Requirements for the ccoling system of engine chamber.

1f we 40 not abstract/remove frcm the wall heat fluxes, then

thkrough certain pericd c¢f the time ¢f riding-crop it will be

T aN iz R SIS LR e e
e RRRATS TR
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overheated, and will occur the inadgissible reducticn/descant in ths
strength of matarial frcm which it is prepared, or its hect spct,

whick can lead to the deccmpesiticr ¢f chamber/camera.

Due t5 the high rate cf rrcducts the comtustion, especially in
.¢ zrnanding section of rnczzle, chambar wall under3yc =rcsicrn
(wasktcu®). The erosion cf walls teccmas especially nacticesble during
their superheating, sirce in this case the errosive resistanca of
naterial descends. Therefcre fcr the reliable chamber operation of
er.gire the temperature cf its wall pust not excsed the value, which
is the permissible fcr the selected raterial cf wall accordirng to
strength ccnditions and errosive resistance, i.=2.
Te: <Tyom

~but for the chamber,/camsra with the external flowing cooling

Tn n < Tlou'

the system of external flcwing cooling must prcvide the

following additional conditicns.

1. Temperature of cccled surface riding-crops 7,, in all
sections of chamber/camera must nct exceed value at which will begin §
that called skin boiling; preserce c¢f skin bciling leads to
considerable decrease of heat flux, abstracted/removed frcm wall to

coolant, and to its hot spct (see pg. 174).

a5 . s A

i i -L:‘:*‘r'nmﬂa‘
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2. Temperature cf ccclant rust nct reacn such values at which
coolant begins to be deccnpcsedsexranded with formation of sclid,

resinrous or gaseous deccoresiticr products. Sclid and resinous

particles are da2posited cn the wall, fcrming a layer with ¢he low
coefficient o0f thermal ccnductivitye. In this case the transfer of

-

£

m
W
o
[a}
s}

m *he wall to the coclant is decreased, which causes an

4o
D
Q

rzase ir the temperature cf wall, and it can rturrs down.
Purthermore, solid and tarry particles can clcg the
cpenirgs/arertures of injectcrs c¢f chamber/camera, which is

inadmissible.

puring superheating ¢f scme ccamponents cf propellart (H,0,,

N,O,, UDMH), utilized as the coclant, can occur the effects,

equipollent to explosicn.

3. For zhRD, which we¢rk c¢n diagram "liquid-to-liguid®,

temperature of coolant, which enters from coolant passage in

3 injectors of chamber/camera, sust rnct exce2d koiling point cf
] coolant, i.e.
TO! < Tllllv
morecver value 7Tq, it is necessary to take fcr pressure of ccolant,

which it has at output/yield frcm ccclant passage.

page 170,
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if conditions Ty <T,qy 15 not cbserved, than coclarct ernters
irsdectors in +he form cf vapcr cr 2rulsion. In this case the mode cf
operation of injectors, desigred fcr atomization of liquid, sharply
is disturbed, and is feasible tte explosicn of chamber/camera.

ren <he sec*icns ¢f chambasr walil waich «ill be ceolzd

e
K

'

4
m
t
t3
0
(3]
“w
-
tt

by the evaporated coclant, sharply decrszases twne branch/remcvil of

heat, and is feasible their hct sgpct.

4. Rate cf ccolant must rct te toec large. With its increase
grovws the heat-transfer ccefficient @ and descends temperature
7;q(see equatior (11,17)), Lbut sicultaneously is increased ths
required power of the feed systey cf propellant compcnents into the
chamber/camera and, consecuently, also the mass cf the syster

irdicated.

5. Coclant passage cf chamter/camera must be technolcgically
effective, i.e., its sizes/dimercsicrs and form must be such that it
vould not appear large difficulties during serial manufacture of

chambers/cameras.

§11.7. Effact of different factcrs cn the heat flux from the

combustion products to the wall.
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The *emperature of the ccamktusticn prcducts gxerts a sulbstartial
irnfluence orn values bmz. and g3, calling with its increase their
grcwth, which is evident from e¢quaticens (11.2) and (11.8). The
tendency of a temperature rise in the combustion products ir *he

charker/carzza ¢ ZhRD is caused ty usesarviica<ic~ - sz oacrs
effective fuels/propellants (with the large heatia: ...2r) €fcr
ottairirg the high specific impulse, With an increoas- in . ¢he specific
impulse descends the necessary frrcrellans comgonert ¢l1>4, which

causes additional difficulties during cooling of chamkter/camera,

since zcolant is orne of the propellant components.

Coefficient =« influences haat fluxes through the temperature
of combustion products ané partly through their ccmpositicn. With an
increase in the deviaticn c¢f ccefficient x from the stoichicwmetric

value heat flows from the ccmbusticn products to the walls descend.

At values gumx and ¢ exerts essential effect pressure p.
L

The dependance of heat flux Jwmas OnR pressure p, can ke shcwn

based on the example of critical crcss section, for it in accordance

vith equation (11.5) 08
Gynrp== Bl’ 5’.’[ .
)
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After substituting in the latter/las* equation value of 2 fronm
equation (4.14) and after considering relaticnship/retio')’.,=nd§,"4,

after some conversions we will cttain
113 : AS

Page 171,

As car be seer from eguaticn (11,18), value awmms. and,
corsequently, value dxanxp increases/grows with an increase in

pressure p. to degree cf (0.8.

Valua g, also increases with pressure rise p, in connection
vwith an increase in partial fressures pco, and pu,o, which are
jetermining radiation heat exchance. The greater the heat fluxes inte
the chamber wvall, the greater deégree to which is heated the ccolant,
which takes place through the cooclart passage. Conseguently,
transition/transfer to the higher ccmbustion chamter pressures leads
to an increase in the difficulties cf cooling the chamber/carera. The
dependence indicated cccurs witk the invariakble
expenditure/consumption ¢f coclant, so that the increase p, in
question is achieved not ty an increase in the propellant component

flow (and, consequently, the exrenditure,/consumption of coolant), but
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by the reduction ian area c¢f critical cross secticr,

The effect of total heat f£lux 4. on the temperature of the
1 heated surface c¢f chamber wall T,, can be evaluated on the Lasis c¢
; equatior (11.14). In propcrticn t¢ an irncrease in value g¢g: the
tenpeTtatare T,, descends, and vice versa: with raductior/d2s<an~ o
temperature 7,, 3increasesygrcws alsc in the extreme case whes ¢r=0
{i.e. in 4te absence cf heat flc¢w through the wall) temperaturz 7,,
beccmes equal to the terperature cf combusticn products T,
Consequently, with increase g tesmperature 7., descends, if we ccunt

the temperature of the prcducts cf combustion T, ©f constant.

Fhe effect of rated thrust of chamber/camera on its cccling is

connected with the fact thkat with the decrease of thrust in the
i directly propcrticnal detendence descends the propellant compcnent ]
flow and, consequently, also the exrenditure/consumption of ccolant.

The area of the surface c¢f chamter/camera, which must be cooled, is

decreased to a lesser degree. Therefcre the creaticn of higkly
efficient ZhRD, which have thrust is less thanm 500 n [~~50 kgf) arad

coolad vith the aid of the coolant (especially with the long

operating time of engine), it is extremely difficult.

Engine power rating influences on cooling chamber/camera on that

reason, that the decrease of the thrust of chamber/camera is achiaved
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by a raduction/descent in the prcgellant compcnant flow (and,
censequeantly, coolant), in this case respectively descend valiss p-
ard gxon.. Consequertly, with the decrease of rressure ps

simultanecusly descerd values m, and gGuea

qk;l.l -~ Pg. | ’-nox ~ P

i.e. with the decrease cf fressure p, tie axpeniitures/consar-tior of
ccolarnt is decreased to the greater degrers than ccnvective =2 flow.
Furthermore, with the decreaseé cf the expenditusesconsumpticrn of
coolant descend the rate cf ccclart in that ccoling cf chanrel and
ccefficient q,,, Therefcre with the reduction/descent the thrusts of
the chamber/camera of tenmperature T,, and 7, in accordance with

equations (11.15) and (11.1€) increase/grcv.
Page 172,

Ccnsequently, in properticn tc a reductions/descent in the thrust of
chamber /camera increase,/grcw the difficulties cf its cooling, what is
one of the essential shcrtcomings in the chambers/cameras with the

axternal flowing cooling,

§11.8., Bffect of the parameters of internal chamber wall on its

cooliry.
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The teapsrature effect ¢f the heateld surfac: of chamcer wall
Taa Ch the mcdes/conditicrs c¢f cccling, Parmissible temperatur2 7,
is detarmired by ¢he heat resistarce of matarial of internal chasber

vall, The large the tenmfperature 7,, can be allowed, is those less

©z22l neat flcd g, 4feh the gare - T Tiaas (Se@ 2gqua+iorn
11, 1¢), in <¢his cas is dacrzased tr:+ . © 33ary value cf ccefficiznt
Qo.n-

In §11.7 it was shcwn that if we accept Tag=Tr,, that q= 0,
i.e., the necessity fer wall cccling drops off. Hovever, temperature
Tras foOr the majority of ZhRLC is great  (Treu.=2800-4000°K).
Therefcre teamperature 7,, must te dacraased, abstracting/remsocving
heat fluxes from the chaamter wsall, Equality the temperature c£f tha
products of combustion and vall car be allowed ornly for the

cktanter/carerz of one-ccegonert ZhpC.

Effect of the coefficient of the thermal conductivity cf
material of internal chaster wall A, on the mode/conditions of
cooling, With an increase cf coefficient i, is decreasad a
differance in temperatures Tus—Toa in the invariable paraameters of

the products of coambusticn and coclant. If we do not change the

parameters of coolant, then with ar increase in coefficient i

et
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descerds temrerature 7,, which has certain effact or temperatura

Tos This effect is explained thkcse, that with a reduction/descant in
tenrerature 7., scmewhat increase/grov heat fluxes @ugy and ¢, which
leads to ar increase in the temperature of ccclant, ard the latter in

accordance with equaticr (11.16) - tc an increase in temperature T,,

1f wa coamvare two materials cf intarnal chanber wall, mcraover
Aera>ier, then are valid *te fcllewirg relatiorships/ratios:
Tart<Tout RToms> o

The greater the coefficient i, the-less the angle ¢f th2 slope
of straight line of the tenmperature distributior according tc
internal vall thickness and tke less the temperature 7T,y a%t a
prescribed/assigned temperature T,, Therefore it is expedient for
the internal chamber wall tc select naterials with the highes:
possible coefficient of thersal ccrductivity i, icwever, it is
necessary to consider the following operational constraints cf

saterials with high value Ae.

1, With increase in cocefficient A, is decreased difference in
teaperatures 7T,,—7T,; vhich iccreases danger ¢f superheating cooled
surface of internal vall. Thetefore in a number of cases the
differance in the temperatures indicated it is nacessary to
artificially increase, which is reached, as it will be shown telow,

by ar increase in the thickness of internal wall 4.

|
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Page 173,

2. Usuvally materials with larger coefficiant i, possess
: smaller heat resistance, i.e., fcr them it is necessary to select
lcwer *emperature Ty, in connecticn with which incr=zasz=/:irew

difficulties ¢f ccoling chamter/ceamera.

L2t us explain the effect indicated basad crn the example of

chambers/cameras with the steel and ccpper walls.

The permissible temperature fcr copper (575°K) and bronze
(10759K) is lover than for stainless steel (14759K). Therefore during
the utilization of a ceprer cr trcnze wall with the same temperature
¥ Trass total heat flow g4 increases/grews, i.e., from the wall it is
necessary to abstract/rescve tc the coolant greatsr heat flow,
Necessary value a,; for the ccprer wall is aprroximately/exersclarily
20-2,5 times more than fcr the wvwall made of the stainless stqal

(vith the same thickness cf wall) [7].

Let us write squaticn (11.1G) 4in the following form:
AT

qaom = . RIRLE
34

As car be seen from equaticn (11.19), with the same thickness
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Oy ¢f riling-crop it can gpass the jsrsater heat flcw, the Jreater the
rcduct 2,AT. Calculaticns shcw that with the same thicknhess the wall
of copper or bronze is capable cf passing 2.5-3.0 timzes mcre heat
fluxes, than wall made of the stainless steel, Thereicre during the
intensive ccoling of chanter/caszera with the copper wall is permittad

the elevared temperaturss ¢ 3 wall layec,

Effect of the thickress cf internal chan::r eall 4, cr the
mode/corditions of ccolirg, The decraase cf ¢hickress ridiag-crogs
bcr 2ffects hkeat transfor just as an increase in *he ccefficient of
thermal corductivity Ae. In acccrdarnce witn eguation (11.19) with the ﬁ
decrease of thickness 8r increases/grows the heat flux, which wall

can pass with the same difference ir temperatureas 7,,—7,,

The optimum value tc which it is sxpedient to attenuate cf wall,

depends on total heat flux ¢s. With the incraase of value g:

descends temperature 7., Therefcre in the area of critical cross
section in which heat fluxes have raximum value, wall thickress is
selected ssallest, but it sust grcvide the required strength of

chaaber/casera and be technolcgically feasibla.

The temferature effect of the cooled surface of vall 7. on the
sode/conditiorns of ccoling., Wi*h the decrease of total heat flux ¢

ircreases/qrovs teamperature 7., arrroaching temperature 7.,
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merecvar tcgetnar with value 7, ~ respsctively increases/yrcws valus
Ton But value T,p, 1is lirmitecd ty the temparature of coolant.

Temperature 7T,, can exceed the *emrerature of coolant only tc certain

permissible value.
o Page 17

i Otheowiss can be3in +¢he 2. . --3:i<icn or boilingy cf coolart.

T g

(3]
un
0

f Therefo

]

b2}
iy

at low heat Zic.: ¢ ard larje temparature 7,, wall
I . . . . - . . . .
: thickress it is necessaryv *n increas= Zor obtairning the permissible
X .

i temperature T,.

I

f In order to axclude toiling coclant on the cocled surface of

[

internal chamber wall, teagerature 7T,, must te lower than bciling

peint of ccolant at this prsssure.

Howvever, in the majcrity c¢f the cases for the purpese cf the
intensification of external flcwirg cooling is provided temperature
excess Ton above the bciling pcirt cf coolant on 10-55 deg, whickh
leads to the simmering cf ccclant c¢n the cooled surface of wall and
the formation of bubbtles ("nucleate bciling"). Due tc the flcw
turbulence of coolant the bubtles will be carried into those more
removed from riding-crops and tre colder layers where they ars
3 condensed, Therefore with nucleate rtoiling heat fluxes frcm the wall
tc the coolant are abstracted/remcved more intensively: at the

constant rate of coolant the heat-transfer coefficient ao,
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increases/grows two cr mcre times.

However, with further temperature axcess 7T,, above the tecilinyg
pcint of coolant sharply is ircreased a gquantity of generatrices of
bubbles, they not managing to Le washed off by ccolant flcw and to be
condensagd in i*s ceclder layers, tut they decarnt bHatwesn thavselvag,
forming continuous sheeting pair ¢n the surfacs of wall ("sikin
boiling"), In this case the ccefficient of heet %transier aoy and
heat flow frcm the wall tc the ccclant sharply (10 cr more ¢inmes)
they are decreased, which leads tc¢ the inadmissible increase in

temperatures T,, anrd 7T,, and tc the hot sgot of chamber wall.

§11.9. Effect cf the tyre cf coclant and parameters cf external

flowing cocling on the mcde/cenditicns of ccoling chaaber/carera.

For the effective external flcwing ccoling of chamber/camera are
important to select optiral tke type of coolant, its inlet
temperature into the ccclan% rpassage, and alsc most advantageous forn
of tke coclant passage, which ensures necessary dis*ribution cf t¢he

rate of coolant along the length cf the coolant passage.

Effect of the type ¢f coclant ¢n the mode/ccnditions of cooling.
The analysis of equation (11.7) shcws that heat-transfer coefficient

don, and, consequently, the cocling ability of different liguids wish

wme e st b ke B
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one and *he same cooling cf charnel depends suvstantially orn thz

g MW, s T

o il L A B

type. If we assign the ratz cf ccclant, arnd alsc the

2

tcchrclciically

feasible sizes/dimensiocrs and ¢te fcrm of the ccolant passageé, then
for each type of coolant it is fpcssible to deteramine the valus of

‘ ccafficient a,, called available; let us designate it Compacs

Paze 175.

The necessary value cf ccefficient Qonmry can te determined in

equation (11.16), after subtstitutirg irn it permissitle temperaturas

TO.H and Tox.

Normal cooling is rrcvided urder the conditicn
Ce spaem > Do 1 mory
For the evaluation cf the cocling propertiss of ccolan%t have a
value the heat capacity cf coclant, th2 temperature range of its
3 liquid state, and also tke pcrticn cf coolant in the prepellant

composition, determined Lty ccefficient =

Temperature range of the liguid state of coolant is deterained

by a difference in temperatures Tum—Tum: morecver bciling pcint must

be taken at the pressure cf ccclant which it has in the coolant
passage. With the increase of thte difference in temperatures and

specific heat of coolant indicated its cooling capacity is increased.
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Under ccrnditions of rccxe* vehicle fcr the oxternal flcwing
cooliry of chambher/camera it is ressiblz +o use cnly prcpellan*
comperen*s, The prerellant ccmpcnent flow (a2nd, consequently, cf

coolart) is limited, but furthermcre, not all compcnents possass

fa o
o
h1)

sufficizansly 223 cocling rre

er- -

L

0f all liguids the Lest cceiin: capacitv possessas the water,
The heat-transfer coefficient gq,, <¢Z nitrogen *etrcxide and nitric
acid is 1.5-2.0 tizes less, and kercsena and UbMH - are three tinmes
less than the value @z <cf water. Usually as the coclant of
chamber/camera of ZhRD serves fuel (kerosene, ammonia, UDMH,
hydrogen, etc.), but if it cannct ensure the required cooling, is
used oxidizer (for example, nitric acid, nitrcgen tetroxide and

percxide of hydrogen).

The advantage of the usesapplication of an oxidizer as the
ccolarnt lies in the fact that its expenditure/consumgtion 2-4 times
usually exceeds fuel consumgticn, i.e., x=2-4., However, if coolant
is oxidizer, then material cf internal wall must possess resistance

in the oxidative medium at elevated temperatures.

The influence of the temperature of coolant to the
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nodis/conditicns ¢of ccoling. The analysis of aguaticn (11,17) shows

that with the d=scrzase cf the temperature of ccolan% the tempzratur:
of the h=ated surface cf internal wall 7., also is decreased, which
as was shown in §11.8, it is desirable, in spite of certain increase

of total heat flux g¢,,.

tzno.oltuZe 0f ccclant carn oe lowsrad, i t¢c aecsease value
g: (s22 311,.'%), It is rpossitle *c sunercool it to the temceraturs
lcwer than amhiz=nt temrerature, with the aid ¢f the special sys%en,

which forms part of startings/launcking device.

Page 176,

Effect of the rate ¢f ccclant cn the nodes/conditions c¢f cooling.
The rate of coolant W, in sigrificant degree ustetrnmines
heat-transfer ccefficient aca (ce€ee equation (11.7)and, consegquantly,
also heat ¢transfer from the cccled surface of wall tc the ccclant. In
accordance with equaticn (11.3) with an increase in coefficient aos
increases/grows value ¢, tut tesperatures Tog and T,, descend (see

§11.8).

The rate of coolant in the ccclant passage of chamber/camera can
be raised, after increasirg its flcw rate per second my vhen

for=const or decreasing the flcw passage cross-sactioral area of
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coolant passage /for Wwhen my =const. Area ;

0. taey decr2ase py *he

selection of the correspcrnding sizes/dimensicrs arndé fcra cf *he

coolant passage (see §11.,11),

With the increase of the velccity cf coolant is increased the

aydraulic resistance c¢f ceccliryg charrel 43p,, w22t is undssiradbl

[}
1Y

[oN

Usually value Ap,, is S5~2C tars [25-20 kgf/cm2]. Thereiore it is
important tc select the cptimel sreed of coclant W, in different
cross sections 0f the ccclant passage. Heat fluxas have greatest
value in the critical crcss secticn, and speeéd W, in it must be

greatest; it can reach SC-6C m/s.

Effect of the area c¢f the cccled surface on the mode/ccrditions

of cooling. If we disregard/neglect th2 thickness of irternal wall

8ce, then ir the sinmplest fcrm c¢f the coolant fassage (irn the fora o

the annular slot between the external and internal ctamber walls) the

area of the heated surface of interral wall F,, 1is equal %c *hs arce

of its cooled surface Fon ic€e Fag=fF,,.

Cooling efficiency can be raised under ccndition Fog>Fan which

is provided in the presence c¢f the edges/fins ot one or the cther

construction/design cn the cccled surface of internal wall [7].

During steady state c¢f ccecling the value of hesat flux, equal tc

th
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SuB Quona+Q, it 1S time-ccnstant. Tterefore when Fop>f,, VCCICS

insquality Jon<gan, DCTECVED Gro=q1=Guonutqa.

The decrease cf value g,; 4in cemparison with value g¢,, is

determined on the relaticnshirp/ratic

qn.n - Fo,n

qO.I’I Fu,n )

Using ribbing en *he ccclel surtace c? int=rnal <ali, 2+ is pessikl:
to increase area F,;, 1.4-1.8 tires and mcrz in comparisor with area
Fuan, 3in so many cnce is decreased the nscessary value cf

heat-transfer coefficient aown ip ccoparison with value a,, for the

coolant passage of the simplest fcrm (without the ritkbing).
Page 177,

§11.10. Calculation of preheating coolant in that cooling to t*he
channel of chamber/camera coolart ccatinuously receives heat fluxes,
its that that temperature alcng the length of the ccclant passage
continuously increases/grcws ard it reaches the greatest value before
the entrance in the head c¢f chagber,scamera. Depending on ¢the
sizes/dimensicns of chamber/camera and heating pcwer cf
fuel/propellant cooling temperature in that ccoling cf channel is

raised on 100-300 deg.

Preheating coolant in each section of the coolant passage is
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Jdetermined according tc tie equaticr

Tox.nn=ro:‘.x+AT"- (1 1, 20

Value AT,, is desigrei as fcllcus,

The quantity cf heat, rececived by coolant in the i secticn of

-t 3 - .
Zrinnerv/CcarEria, o

W
tu

Qi=uuF
whers ¢y, = tectal svecific hea+t flcw in the i secticn, deternined
frem graph qr=f({l) (s~> %igc, 11.1), which must bes preliminary
constructed accordirg tc¢ the results of calculating the heat fluxes
into the wall; F; - surface cf the wall of the i section, through

which heat €flux is “4ransmitted ¢c ccolant.

If in the i s2cticr cf chamberscamera the temperature cf coolant ¢,
with heat capacity m,, dis Lncreased on AT,, then the heat flux,

received by coolant in this secticn, can be written in the £cllowing

form:

Qi ="yl os AT ox i (11.21)
Consequently,

AT,,,=-;Q:'C—“ . (11,22,

The heat capacity cf coclart ., depends on its temperature,
vhich changes along tha length cf the coolant passage. Therefcre

preheating for each secticn is designad at mean temperature cf

coolant by successive apprcximaticns, moreover in the first
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apprcximaticn, they accept, thet the temperatur2 cf coclarnrt all cver
lenyth of this section is ccrstart and equal to i%s temperaturs at

the entry into this secticn.

The temperature cf ccclart at the output/yield from the coolant

O - I«

gal +o

[1e]

imn

ZlQl/coxl
ru.nn=rox.u ’j‘ ‘:;— .

Temperature Topga,, 1N the majcrity of the cases must nct 2xceed
the bciling peint of ccolant, mcrecver the latter, as bas alr:ady

beer indicated, must be taken at that pressure which a coolant has at

the output/yield from the ccoling lccp.

etk e
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Page 178,

b ¢ On the basis of equation (11.21) the maximum heat-absorting
| ability cf ceclant is egqual tc
Qe =MosLox (Toz.ena— Tox.xan)- (11.23)
Examinaticn of equaticn (11,23) makes i* pcssibla to ccmae tc
light/detect/expose the €fcllcwirg ways of an increase in the

heat-absorbing ability cf the ccclant:

a) a reduction/descent in temperature Tozms i.e. the

utilization ¢f a coolant in the surercooled state;

L e S ST AR 5 ¢ m =

b) use/application cf bcth prcpellant comronents as the coolant.

In a number of cases with the insufficient hea+t-absorbing

ability of coolant they search fcr ways of reducing/descending the
l=n

heat fluxes into the chasmkter walls, i.e., decrease value T Qcy,.
=1

§ 11,11, The design features cf the cooliny systeams cf

chamber/camera.
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Ir the preceding paragrarhs was maxaminzd irn essence external
flowing cocling., With this methcd kea* €luxes are atstractad/ramoved
from the chamber wall with the aid cf the ccolant, which takes place
thrcuch the coolart passage of cre cr the oher form, After tte
coolant passage the ccclar* (prcpellant ccmrpcrent) is introduced

through the head inside the ccrbusticn chanbarc,

Extarnal flow-through cooling is callzd also rzsgenerativa, siance
ir prac+ice ertires/all heat, whichk entared in%*o the internal wall and
given up by it %o coolant, returrs tc the coamtustion chamber and
effectively is used (it is regenerated). Furthermore, the presheating
of ccmponert cf fuel/prcrellart centributes tc its mcre rapiad

vaporization and more ccerlete ccrktustion in the chamber/camera.

exterral flowing cocling ccmparatively rarely is used in the
pure form. Usually chamter/camera as a whole cr at least its any
sec*tion is additionally cccled ty ancthar method. This cooling is

called combined (mixed).
As the example it is rossitle to give cocling basic part of the
chamber /camera by external flcwirg cocling, and the final part of the

nozzle - by radiation/emissicr.

Construction/design of the coolant passages of chamber/camera.
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The effectiveness cf external flowing cecling sigrificarntly
deperds on sizes/dimensicns and fcrm ¢f tha ccolant passage whkich

nust provide the desired values cf the ra%ts c¢f coclant arnd i

heat-transfer ccefficient @z alcng the length of channel.

Are diszinguished tvo tyres of the coolant passages:

a) the smooth ring ccolant rassage, in which ocuter and internal
chamber walls are not ccnnected tetween themselves alorg the langth

of ¢he chamber/camera:

b) the coolant passage with ritbking, in which external and
interral chamber walls are fasteéned Letween themselves by the
edges/fins of one or the cther censtruction/design all over length of

chamber /camera.

The smooth ring coclant passage (Fig. 11,4) has simple
construction/design and pcssesses lcw hydraulic rasistance. This
channel can be used for 1lcw pressure and it is sufficient aigh

expenditure /consumption cf ccclart.

IhII‘IiI.IlIllii==iii;;;;;;::==:=:::::::::==:::::::;— . et T TR e
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Are very effective the ccolant fpassages witi *hz2 ritting. To the
chanrels with the ritbirg and tke axial mcticn of ccclant they

i relate:
a) chzrnnel with ¢he lecngiwudiral eiges/fins;:

b) channel with the adapter, which has lcnygitudinal

ccrrugatiors;

c) the charnel, made frcm the lcngitudinal tubes, soldered ’

between themselves on lateral surfaces.

Cnannels with ribbing and =zcticn of coolant along the helix are
the channel with the spiral edges/fins and the channel, fcrmed by

helical tubes.

If internal and e€external walls are connected, then external wall
to the certain degree is unlcaded., Chambers/cameras with this coolant
passage possess high strength ard rigidity, which makes it possible
to use the walls of small thickness at a sufficiently large fressure

in the coolant passage., In the ccclant passages with the ribkting to

more easily ensure high rate cf ccclant, than in the smooth ring
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chanrelse.

In § 11,9 it was sncwn ttat the creoseace of edges/fins incraassas
heat-transfer coefficiernt @y Charrels (longitudiral or spiral) mere
evernly distribute coclant over the cross section of channel.

-

3¢ with «h: rTibDiirny a-e ised =xfensivel

(R

Trer

w

ore <he coclant r~area

"
(Y98

ir tke chambers/cameras Zh3D [ - 1igy1id grecrzllant fcokas

Channel with the lcrgitudinal edges/fins (Fij. 11.%a) fulfill by
milling lecrngitudinal edges/fins ¢n the sxtarnal surface of internal
chamber wall and by subsequent ccnrection of edges/fins on the upper '

ends/faces with the external wall with the aid of the seam welding or

ratiorns.
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Fig, 11,4, Charber/camera with the smcoth ring coclant vassace (5 -

< M

=3 ]

ty

-
LRERUP -

“m s e -1 . 3 ] a - .
shesaleitiadédnr ¢f ko chanmnel €2 *the cncolan* 02 .

Page 130.

Channel with the corrugated adagter (see Fig. 11.5D) is exterral
and internel walls, into radial clearance between which is irserted
the adapter with the lcngitudinal ccrrugaticns. The apexas/ver%exes
of ccrrugaticns are ccnnected with the walls ly sclaering. The
cocrrugated adapter raxes it pcssitle to divide ccclarnt €lcw intc twe
flcvs and to achieve in this case ar increasa in th2 rate of coolan<,.
furthermore, ir this case the ccllector/receptacle cf coclant (fuel)
place not 2t the end ¢the nczzles, btut approximatelysexemplarily in
tte middle of expanding secticn cf nczzle, which decreases the lengsh
cf the conduit/manifcld, whick svpplies fuel to ths chamber/camera.
In this coolant passage the low part of the ccolant flow (20-30c/0)
goes along the channels, fcrmed bty adapter and external chamter wall,

before exi+¢ section, and then alcrg the channels, formed Ly adapter
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ard in%arnal wall, %tcwards critical cross secticn, Basic part of +hLe

£low goes immediately tcwards critical cross secticn thZoughcut the
ckarrels, fcrmed by adapter and exterral wall. Ia s special
ccllector/receptacle at the ertry into critical cross secticn both
flows are mixed and then evenly they enter the channels betwveen the
vizveer 2rd the =2yx%ernal wall, and alsc betw2en whe adavrer anid +h-

internal wall.

The charnrel, nade frcm the lengitudinal tuoes (Fig. 11.€), is
tke variety cf the ccolant passage with the ribbing. The most widely
used form of the cross secticr cf tubes is rectangular or tragezoidal
with the filleted corners., Tutes bent on the duct/contour of
chambar/camera. Width and crcss-secticnal area alcng the length cf

tube different.

The ends/faces cf tutes sclder in the collectcrs/receptacles fcer
supplying and branch/reascval cf ccclant, One ¢f£ thme advantages of
can-type chaaber is the possicility to iantroduce coolant intc the
cktannel and tc derive/ccnclude ccclant from it frcm cne and its <he
same end. In this chamber/camera that supplying and cfftake

collectors/receptacles place at the head cf chamsbec/camera.
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Fige 11.5. Chambers,scameras wi*th the nilled lengicadirnal channels (a)

and tke cecrrugated adapter (b).

Key: (1). Soldered sean.

page 181,

Coolant makes two courses: in e€ach adjacent pair of tubes the coclant
on one tube goes from the head tc the nozzle, and on the adjacent -

in the oppcsite directicn,

The leongitudinal weks of tuktes connect Lbetween themselves by

soldering, so that tubes form charker vall.

In order to raise the strergth cf tubular chamters/cameras cver
their length they place several Ftands/shrouds, ,tires (power rings) or

is wcund ctamber/camera Lty tage cr wire from steel or high-strangth
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alloys, and also by fiterglass.
Can~-type cuambers pcssess tigh str2ngth ani rigidi-y with the

relativaly lcw mass; as a result c¢f the efiect O0f citcing ard small

wall thickress they reliably are cccled. If in the chambeis/cameras

$ar

“ith the =2dges/firs cr tre ccrruga*sdi acart=rs s2lirz can £124 in

intc *he channels and ccver ther, “nen
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shertcoming will te elirirated due %c *he arrengemsnt/rositi

soldering seams out of ccclant charrels.

Channel with spiral chanrels (Fig. 11.7) is used when ctannels
with the longitudinal charnels dc rct assure the required
heat-transfer coefficiert aes Spiral chanr2l can be monc- or
pultiple. The affect cof the usesaprlicaticn of spical channels lies
irn the fact that at cre and tlke sare values cf the heights/altitude of
channel and expenditire/ccasumpticn cf£ coolant its rate mcos than the
rate in the longitudinal chanrel, this differsnce increasing/growing
vith the decrease of a rugsber cf apgroaches. Furtherazore, the surface
of edges/fins in the channel with the spiral chacnnels is alsc more
than in the channel with the lcngitudinal channels, which

additionally increases ccc¢ling efficiency.

However, for the ccolant passage with the spiral channels
characteristically high hydraulic resistance, and executicn cf
channels, especially in the secticns of chaaber/camera with the

variable/alternating crcss secticr, is complicated.
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44
Je 1.7,

Fi

FPige. 11.6, Chanber/camzra, scldered from shaped lengitudinal *ubes

and wrapped by layer cf wire.

Key: (1). Soldered seam. (<). Layer cf wire.

Fig. 11.7. Chamber/camera with ccclant passage, which has helical

charnels.

Page 182,

Therefore the coclant passages cf this constructicn/design ussz only

in the most heat~stressed secticns chambers/cameras, in the first

place, in the area of critical crcss section.

Chambers/cameras with the the spiral of winding of tubes did rct
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4in acceptance 35 a result of the significant hydraulic resistarnce
and difficulty ¢£f the safeguard ¢f a smocth duct/corntour cf interral

surface (on +he generatrix of charster/camera).
Methods of reducing/descending the heat fluxes into a chamber wall,

H2at flux.: rom the cenbusticr products into the wall c¢f
chamber canr fte cducreased Lty the utilization of intzrnal cooling or
layer of the tiermc-insulating materijal, applied tc the internal

surface c¢f chamber wall,

Internal cooling. The cocling, during which the cocolant is
introduced inside the chamkter/camera and is created a wall layer of

gas of a reduced temperature, is called internal cr film.

For the required reduction/descent in the temperature of a wall
layer the expenditure/consumpticn the supplied combustible is lass
necessary cxpenditure/ccnsumpticn c¢f oxidizer. This can be e;plained
by the greater slope of curve of dependence Trmi=f(aox) in regicn
@x<l, than in regior @w>! (Fig, 11.8). Furthermore, workirng
cenditions of the heated surface c¢f chamber wall in in

recovery/reduction medium are easier than in the cxidative.

The coclant, utilized for the internal ccoling, must pcssass
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large heat capacity in the liquid and gaseous state, and alsc high

valuzs of the boiling pcint, teat cf vaporization ard dissociaticn.

The effectiveness cf the internal ccoling increases, if during
the decomposition/expansicn cf ccclant are fcrmed only gasecus
sccducts with the lew mclecular weight, This ra(uiremert to a

censidarable cdegras satisfias tle ssriss/number cf the fuels: H,,

")

NHy, M1G, etc. The chemical enercy ¢f propellant component, which is
lccated in the excess in near-wall layer, is used nct completely.
Therefore internal cooling to a certain degree decreases the specific

impulse of chamber/camera.,

The coolant, used for the internal cooling (combustitle), is
derived/concluded to the teated surface cf chamber wall by the

follcwing methods:
a) thrcugh additional fuel nczzles, placed on the periphery of

the head of chamber/camera; b) thrcugh the belts/zones of curtain and

c) through the belts/zones of pcrcus inserts.
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Fig. 11.8. Dependence of the tenperature cf groducts of the

ccabustion cf fuel 0,+ kercsers ¢cn cceificiznt Qo

Page 133,

The first method is structurally/constructionally most simple;

it are been ccmmcnly used in the ccrbiration with the seccnd method

(with the belts/zones cf curtair). This is explained by the fact that

a wall layer with the excess cf the introduced coolarnt in prcportion

to motion frcm the hza? t¢c the nczzle is nixaed with the cembusticn

products,

Usually a quantity cf beltss/zcrnes ¢f curtain dces not exceed
three, moreover them establish/ins%all before the heat-stressed

sections ckambers/cameras, in *ke first place, in the nozzle entry

and before the critical crcss secticn.

The belts/zcnes of curtain are rd the fine/srall and of greater

partly tangential (tangertially tc the cylinder of chamber/canmera)
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cperirgs/apertures, lccated in the circumfscsrc: irn this cress

secticn of chamber/camera, or arnrular slo* (Fiy. 11.9),

Coolant is supplied intc tte crenings/apertures of belts/zones

directly from the coolant passace cr from the collector/recegptacle to
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179) « In the lattar case in +the tvirg <f curtain acs fulfilled wuc
Jroups of the openingss/apertures, disclaced ir circumference cne
relative to another. Thrcugh the radial (cr tangential)
opsringssapertures, which are the cpenings/aperturas of ths telt/zcne
of curtain, ccolant is irtrcduced irside the chamters/camera. The
axial openings/apertures (in Fig. 11.9c dotted line showed cre such
opening/apertura) provide duct ccclant through tha ccclant passage

through the ring curtaircs,

The chambers/cameras cf ZhFL c¢f th2 low thrust (50-5000 n
(~~5-500 kgf ])), incluéding witlk multiplying, can be cooled corly by
internal ccoling (wi*hout the external flowing cooling). Its
effectiveness depends cn the prcperties of components of propellant
(in particular the compcnent, utilized as the coolant), and also on
the hea* resistance cf matsrial cf chamber wall, The lower thke
temperature of combustic¢n products, the mores effactive the coclant
and the the large temperature cf heating wall allowssassumes its
material, the less the necessary exgenditure/consumption cf cceclant

and th2 connected with it losses of specific impulse.
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2) W) el

. V. The diagrams c£ +he incvu*/intrcduction ¢f cceclant inside

~..- chambers/camera Ecr cijanizing the internal cocling: a)

=re telv szcne of copeningssapertures into the internal wall:

thkroo

k)

ugh

threugh the slot telt/zene of curtain; c¢) thrcugh ogpening irto the |

ring of curtain; 1 -~ ring c¢f curtain; 2 - oblecag hecle; 3 -

cclliector/receptacle of curtain; 4 - opaning/aperture of curtain.

Page 184,

The final part of the nczzle ¢f the chamker/camera of scme ZhR2D

(for example, JRD-F~1) is cooled Lty the working medium/prcpellant of

turbine which is introduced inside the nozzle through the

collector/receptacle, distant behird nozzle exit section at a

distance, vhich ensures tte excess cf the pressure of the working

medium/propellant above the pressure of combustion products in this

cross section of nozzle. Gas frcm the collectcr/recegtacle

supplied into the nozzle thrcugh several slot belts/zones of curtain

or belts/zcnes with the tangential ¢penings,/apertures (tangertial

is

aoy,

efioimbniininentifon

*zmzd
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input/introduction of gas raises cccling efficizncy).

During the cooling with the curtain the final part of *h2 nozzle
can be prapared frem the usual stainless steel, including fer ZhRD
with multiplying and sigrificart tctal operating time. Certain

skhortconing irn *his cooliny is the read fcr cressure increase a+t +ha

w

turbire axhaust, whick decreases the developed with it pcwer (see §

13.13).

Coolart can be supglied inside chamber through the wall frcm *he
porous material. In this case thke ccclant under the fressure
contiruously acts on thQ_numerous srallest pores which evenly
distributed by entire vclume of wall, and creates on the heated
surfaca of wall a layer cf the liguid or evapcrated coolart. This

cooling is called porouse.

The difficulties cf designing cf chamber/camera with the pcrous
cooling are explained by the cosplexity of ottaining uniform forosity
of wall, by the low strength cf pc¢rcus materials and by the
possibility of soiling fpcres durirg the werk c¢f engine. Therefore
this cooling it is expedient to use only for the chambers/cameras

with the ircreased calcrific jintersity.

coating of thermo-insulating material on the irnterral surface of
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chamber/camera. Th2 e€ffect cf “he usesaprlication ¢cf a layer cf
therro-insulatinj naterial in addition to external flowing ceceling
ccnsists of the follcwing., In the case of *he high melting ccint of
thermo~insula*ing materials it is pcssiple te allow c¢f high heatirng
the sqrface of its layer, washed ty combustion prcducts, which
decreases the hezt flux2s intc *he wall and pr=hszting cf cecclant in
the ccolart passage. Furtisrocre, dte *o thz lcw coefficisn+ cZ
thermal conductivity the temperature cf a laysr ¢f thermc-insulating
material sharply falls acccrding tc¢ its thickness. Therefcre the
temperature ¢f the surface of wall, tc which will be brought in tke
layer indicated, noticeably lcwer than temperature of chanbercamera

without the thermal insuvlaticn (Fig. 11.10).

As thermo-insulating materials can serve oxides ¢f refractory
metals (dicxide of zircecrium 2r0,;, cxide of magnesium MgO, cxide of
aluminum Al ,03) anrnd their carrides, mclybdenum Jdisilicide MoSi, and

so ferth.

The thickness of the layer cf the materials indicated whkich mos+
frequently will be brougkt in by plasma spraying, is 0.3-0.6 mm. For
the best adhesicn (cohesicn/cougling) of a layer with the surface of
chamber wall ¢to it preliminarily will be brought in the substratum of

chromium or nickel with thickress c¢f up to 0.1 am.
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Are mcst finished th=srmc-insulating ccatings frcam the disxiis

Zizccriua and molybdenur Jdisilicidsz,

A layer of tharrel insulaticn werks urnder severe ccnditiens.

Tharsfore the creation ¢f chambterscamara with 2a lzysr ¢f thermal
irsulation causes large difficulties; in the laver indicated
frequently are formed the cracks ard crtumbling crff ir *he
series/nunber of sections. Ccating cf thermal insulation on th2
internal surface of chamker/camera ccmplicates its manufactura and

increases its cost/value and mass,
Other methcds of wall cccling,

Let us examine ablaticn and radianc cooling of the finita i’

) segment of nozzle or entire cltarker/camera.

Ablation cooling. Aklaticn cccling is called the ccoling,
provided by a layer of material whkich will be brought in to the
internal surface of chaskter/camera and in the process cf chawber

operation undergoes sc called atlaticn. Ablation is the involved

complex of the processes, which take place with the ingress cf heat
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ard leading to the destructict c¢f surface layer, Such processss are
the processes with the rhase transfcrmaticas (m2l%ing, vaporization,
sublimatior) and the prccesses ¢f decomposicicn; the heat, sgant on
thkeir course, is called the heat c¢f ablatior. As a result of ablaticr
are formed the gaseous aré sclid prcducts, which create a wall layer
with a reduced tamperaturs and are¢e takan awav by the flow cf zroduce<s
ccabustion, Th=-efcre *thickness cf the layar ¢f matsrial, afpplied *¢
the wall, irn *the process c¢f chanber cperaticn continuously is

decreased.

The material, which undergces aktlation, is called atlating {(or
destroying) . Ablation cccling is called also cocling via the ablaticn

of substance.

The heat fluxes, enterinc intc layer of the ablating material,
go ir essence tc the maintenarce c¢f ablation, so that the heat flux,

passing through a layer cf the atlating material, is not great.

T . A gt 2
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Fig. 11.10. Grarks of *he *amperature distritution cn thickness of

charber wvall wi<h a layer of therral insulaticn and without i+,

Key: (1). Products of ccomtusticn. (z). €oclant.

Page 186.

on the surface of the layer irdicated is estaklisked a ccmparatively
lcw temperature (several hundreé degrees), which derpends cn the

composition cf the ablating material.

As the ablating material can serve fibers or fabrics frcm oxide
of silicon, graphite, carton, astestcs and quartz, impregnated with
phenclic resin. Chambers/cameras with the ablation cooling have a

sariss/number of advantages befcore the chambers/cameras with the

external flowing cooling. Such advartages they are:




»37

20C = 213090C3

da) the apsence ¢f *re CcCiinNt (355452, Whlca 3:11,.2f1c3 Chaudec

dzsign, i+ decr2ases hydraiulic lcsses in vain o7F an: ¢f t:oa
trocellare ccoricnen®s and cecreases <he ressirilivwy cr oi1ts fraec:in,

urder coaditicns cf cuter srace;
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ctamber/carera) under the conditicrn for reliarle ccolini.

However, to Cchamkters/camereés with the ablaticn ccolin: are

specific essertial shcrtccmings, nagely:

2) the ligitatior cf the value cf specific irpulse; wi=> its
increase must be increaced tte thickness (ard, conssguantly, rass) <°

a layer of the aclating matarial;

b) +the limitaticn cf the operatiny time cf engine; fcr the
proclorged work of angire is required the large thicxrass cf the layer

of the ablating material;

¢c) the need for the acccunt cf an increase in tha

cross-~sactional area c¢f the ncz22le (especially critical cross

section), called by the decrease ¢f the thickness of the layer of the
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with ejuation (11.1%4) wall has sutficiently hija teapefatule (tc

1300°K and mcre).

Fo>r *he chanbersscameras wi*t *he radian®t c=claing is
craracteristic prelonged (*to 60 § 2rd ncrr) ora2ratinc cycle in tha
ncrnstaticnary systca cf ccolirg., 2+ the eni of the pericd indicated
1s eszaclisned the equilitriunm temrerature c: #all, since beaqgins the

a;uali*ty *te heat fluxes, which ccme the wall and abstracted/removed

from i-.

The utilization of radian*t cccling in a nuaper of cases makes it
rcssitle tc significantly decrease the mass of chamber/canmera (aaong
other thirgs ir comparaiscn with the chamber/camera, which has

atlation cecolirj), especially with the lony oreratirng time ¢f Aarjine,

B i
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Shortccmings in the radiart cccling are reed tkhe
usess/applications of the expensive high-temperature (strength)

alloys, the manufacture c¢f par*s frcm which is ccmplicated.

Y

252 137,

Purthermore, these alloys are brittle and sossess low chenmical

stability o the combusticn precducts. In order tc avcid the cxidation
of such alloys by combusticn prcducts, to the internal chamber wall ;
will be brcught in special coating; for example, wall frcm %the

nicbium alloy *hey cover/cocat with a layer of organosilicen

compounds.

In a rumber of cases the ccating nct only shi=lds the surface of P
wall from the oxidation, tut alsc ircreasas its radiating caracity, F
whick makes it possible tc additicnally lower the temperature of
vall, Such properties possesses, in particular, the cxide filr of

aluminum, applied to the surface cf wall frcm the nickel allcy,

Uncooled chambers with the massive wall. Normal conditicns for
chamber operation can te ensured, using heat capacity of material of

its wall. If chamber wall pcssesses larjye zass, and its material by
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’ large heat capacity and ty therral conductivity, then wall can

atil +he2

(=4

receives %the Leat fluxes which are distributed all cver mass

temperature of wall achieves the raxipum parmissible for this

material value. Such chamters/cameras (them call als¢ unccoled cr
coolzd with the aid of "sponge" ccclings) they use in essence it

nench experirzental cf ZhRE,
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8raprer XII.
CHAMBERS/CAMERAS OF LICUIL PRCPELLAM 20CKET ENGINES.

§ 12.1. General/commcn/tctal characteristic of chambers/cameras.

1

iC &anl ICs3%T n:at=stIizes-z.

v,

Chamber/camera cf ZLERL is its ta:
a-Jjgrejate which to a ccnsiderable ex*ent datermines pzrcfecticrn anid

reliability cf engine and LU as a whcle,

Chamber/camera ZhRLC, which wcrks on ths diagram "liquid -

liquid", ccnsists cof head, combusticn chamber arnd rozzle.

tizcad must introduce prcpellant compornents inside the
chamber/camera in such a way that *te chemical r=2acticns ¢f their

reacticn weuld cccur fully and intc the short time interval.

In the ccmbusticr chamber (deccmposition/expansicn) cccurs %h2
vapcrizaticn, the mixing <¢f fprcpellant components and their
ccmbusticn (decompositiors/exransicn). The ccmtustion chamber vclume
must b2 as far as possible lcw, but sufficient for the safequard of

complete combustion cf prcpellart ccmponents pricr tc the nczzle

entry. Volume cf combusticn charker count the volume of
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chamter/camera froan the internal (fir=) Lcrcom hezads o th:z critical
crcss secticn. The lerg4t of ccecrbusticn chanmizz alsc affects «hs
completeness of the burring ¢f precrellant ccnoronents, cut *c 3 less~c

degree than vclume,

vozzls acczlscates ddsuarsas coanusticn crtducrs o s ThLneT

[
[
{2
D
9]
tt

vessitle rate for obtainingy *he Ligh spzcizic ic

charter/camera,

Page 1383,

Th2 most widely used type ¢f the chamber,  camera of twe-ccmponernt

Zk?D, which work on the diagram "liguid - liquid", is cylindrical
chazber/camera with the ccclant passaye and the head, which has threa
bottems (Fig. 12.1). Oxidizer is sugrlied thrcugh intake pipe 1 in*o
the cavity and between external tcttcm 2 and averagesmean bot<om 3,

and from it through injectecrs 11 - inside the combustion charter.

Fuel is supplied thrcugh intake pipes 7 (their -usually two)
into collecter/receptacle 8, usually arranged,locatad on certain
distanca from nozzle exit secticrn (see § 11,11, Spreading on the
collector/receptacle, fuel enters the coolant passage ¢, formed by

external wall 5 and irternal wall ¢f 6 chambers/cameras. Th2 flow of

fuel is divided intc twc farts: tasic part heads toward the h=ad of
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chkamber/camera, and cther - tc rctary collsctcz/recegtacle § a% <he
end of the nczzle and aftar rctaticn alcng the corzesponding channals
also to the head. From the ccclant rassage the fu=2l enters cavity b
betw=2en average/mean tottcm 3 ard fire bottom 4, while from i*

through injectors 10 - inside the ccmbustion chamber.

Chamber/camera ZhRL, which wcrk cn the diagram " gas=- ligjuiid»
ard “gas- gas%, consists cf head, afterburner (in certain casss -
combusticn chambers) and nozzle.

As it was shown intc § 9.1, in the diagram '"gas - liquid" in%o
the chamber/camera of preccmbusticn are supplied generator gas and
liquid propellant compcnent, ard in the diagram "gas- gas"™ - rsducing

and coxidative gases ¢f twc ZhGG.

During the design and the construction the chamters/camecas nmust

first of all be provided;

a) high reliability;

b) large specific impulse;

c) low mass with the sufficient strength;




DOC = 31009003 PAGE »3('

¢) small sizes/dimersions, especially aleng the length, sircsz

AR N 20

the length c¢f chamber/carera de*csrnipes the length of engine as a

4hole.

Chambers/cameras of ZhRD differ from each cther in termes of %he

cemrusticn chamter cernfiguraticr, in terms of the “vre of heaid and !

T T T R T T T T T R ma

used in it injectors, in terms cf ¢he typa cf %fa= rozzle (s=e Chas%:c
VI), in terms of the methcd of the coolina (see Chapter XI) and in

terms of cther special features, peculiarities.

nn tr2eg

1 Fig. 12.1'. Diagram of cylindrical chamber/camera with cooclant
passaga: I - head: II - cembusticn chamber; III - nozzle; 1 - intaks
pipe of oxidizer: 2 - external tcttcm of head: 3 - average/mean
bottem of head; 4 - internal (fire) tottom; 5 - outer wall; 6 -
internal wall; 7 - intake pipe ¢f fual; 8 - inlet manifold cf fuel; 9

- rotary ccllector/recegtacle of fuel; 10 - fuel nozzle: 11 -

————
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oxidiz rczzle.

w
3]

Page 139,

§ 12.2. Ccrbusticn chamter cenfiqurations (af*erturaings).

G “he geometric ccrtusticr ctamber configurazicn {(afterzuraing
they subdivide into the cylindrical cnes, shared, srterical cres and

ring cnas (Fig. 12.2).

Most extensively use for +hke engires of th» most variad thrusts
cylirdrical ccmbustion chasbers (Fig. 12,3). They are siample Lty the
construction/design and they are nct complex in the manufacture. The
ccrstancy of cross-secticnal area alcng tha lensth cf such
chambers/cameras makes it possitle to crganize the «ffective
combusticn of propellant compcrents; in particular, is eliminated the
fcrmaticn c¢f the stagnaticn zcres, in which dces nct prcceed +he
process of burning. The relatively lcw outside diameter of
cylindrical combustion chawmbers lightens their usesapplicaticn in
nultichamber of ZhRD or in the engine installaticn, which ccnsists cf

several single-chamber enqines.

To shortcomings in the cylindrical combustion chambers in the

comparison with the spherical cnes they relate:
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a) the lcuered/reduced streng%h charactezistic

ircrease wall thickress:

b) the greater hydraulic resistance of *the coolant passage;

c) the ircreased surface cf walls Wwhico :us

Distinguisk isotaric and high-speed/high-velccity
ctambers/cameras. Ischbaric are called comrusticn charpers, in which
the pressure of combusticn prcduicts cver +their langtn remains
approximately/exemplarily constant; the ratio cf cross-secticnal area

to thke thrcat area of such chamters/cameras fuwfm>S.

Tha relation indicated cell relative area of chamber of

combustion and desigrate fx 1.e.

=L 2.1
=7 2
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Tiz, 1242, The combusticn chanter crondituraticns: a) acs cvlindriczl;

b) semi-hezt nozzle; c) in the fcrm cf the shaped taperinc pertion:
d) sphoricel; e) rirg cylindrical with the inner body; f) ring

toroidal with *he inner kLcdy.
Page 1390,

Chambers/cameras with value ]}<é call high-speed/high-vaelocity.
They pcssess tha so-called thermal resistance: tha stagnaticr
pressure of gas at the end of such combustion chambers is less than
at their beginning; this <ffect is caused by the delivery of heat ¢o
the flow of gas, which mcves in cylindrical pipe [28]. With the
decrease of value f, the gas velccity and the thermal resistance c¢f
chamber/camera are increased, leading to the approfpriate decrease of
its specific impulse. Furthermcre, with an increase in the velocity
of combustion precducts increase, grcv lcosses of pressure due te¢
friction of motion in the ccestusticn chamber. Therefcre fcr safeguard

of one and the same fpressure cf ccerbusticn prcducts at the nozzle
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entry with the Jecrease c¢f value [« must raspectively raise tha
prassure cf compornerts ¢f the prcgellant, with which thzy are

supplied intec the combusticn charter.

Limited applicaticn fcund cylindrical ccmbusticn charbers, in
whick value f« is equal tc cne (see Fiu. 12.2f) : “her thay call

semi-heat nozzle.

In proportion to perfection ZhSFD is increased pressure Pw they
ars imprcved ccclirg chamkerscamera and the ccnstruction/design cf
head simultaneously is decreased its outside diameter, are used new
components cf propellant and structural materials. In this case is
decreased the combusticn chamter vclume and increase/grow the

sizes/dimersions c¢f nczzle.

In certain cases is used the shaped insvept comtusticn chamter, f
in which simultaneously cccurs the ccmbustion of progellart
compcenants and the dispersal/acceleration of combustion products te

the critical speed (see Fig. 12.:zc¢).

Spherical combusticn chasbers (see FPig. 12,2d4) possess the
smallest surface with the prescrited/assigned volume, which lightens
cocling chamber/camera and it makes it possible to decrease its mass,

including as a result of smaller necessary thickness of walls.




DOC = A1009003 DAGE le*'

iiowever, ir such coambusticn charters iz
the avan distribution cf *he expendéitur

procducts accceréding tc <heé crcss secticrn,

be formed stagnation zones.
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fige. 12.3. Chamber/camera ZhEL FC~-1C7 the "East",

Page 191,

The injectors of such chambers/cameras place cn the £lat/plans
bcttom, and also on the graccrtcesticn chambers (antechambers), which
make it possible to increase surface for positioningsarranging the

injectors.

In connectiorn with the relative complexity cf
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construction/design and technolcgy cf the amanufacture of syherical
ccmbustion chambers and the atbtsence of their parceptible advantagjas
before the cylindrical cres sprherical combustion chambers found

limited application in ZhwC.

Arnular ccmbusticn chamkters have a fcram cf the cylindrical rins

(see Fig. 12.27) or *he tcrous/Tecrr |(s«e Fig. 12.2%).

Annular ccmbusticn chamters tcgether with the nczzle cf 2axternal
expansion (or by nozzle with the inrer bcdy) fpossess the
series/number of essential advantages in comfpariscn with the usual
ckambers/cameras, Bases cf them are examinead in chapter 6. Qther
advantages include convenience in the arrangerent/rcsition of the
aggregates cof the feed system cf prcrpellant ccmpcnents within the
inner body of chamber/camera ard pcssibility of desicning of
efforts/forces for the flight ccrtrcl of rocket. vehicle (during the

secticnal conrstructicn/design of ccrbustion chamber).
Tha greatest effectiveness of ZhRD with the annular comktustion
chambers is assured with their wcrk on the high-energy of

fuel/propellant (first of all on fuel/propellant 0O,+H; ¢r F,+H;).

§ 12.3. Injecters.
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Lijuid fgropellant ccopenents are introduce! 1nside tthe
ccmabustion cramber thrcucgh tne in-ectcrs which preovide alsc +tb»
atcmizatior cf propellant ccapcretts, which is accomranied by 2

significant increase 1n tre surface cf drops.

U
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e

injulshed twc btasic tyres ¢ *n2 inijectcr

The jet injectors are <he swall accurately carried cut
spenings/apertures in the fire tcttcm of hzad. Such injec*tors are
preparad alsc in the form cf separate parts with their subsecuent
scldering into the heads; in this case of injectcr they differ little

from each cother.

The jet irjectors inject ligquid irn the fcrm of the parallel or

cclliding streams (Fig. 1z.4).

Qutput nczzle orifice is called nozzle. The liquid jet, which
escape/ensues from the rczzle, is at certain length from it sclid
cone with small (S5-20°9) angle at the apex/vertex. Stream decays into
the fine/swmall drcps under the etfect of the fricticn of s%trean

agairst the products c¢f ccmbusticn and transverse vibraticns, which

appear in it,
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The major advantage cf he=d with the =t 1.

(SN
n
Ca
4
[}
(&}
v
)
17
]
<4
n

relative siz

48}

lici+y ard lezye cepecity,

Tna carecity cf head is czlled the propellant coniorent €lau,
passing through urnity of the surface of its Zcttcam with *he
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The jet injector has swmaller sizes/dimensions than centrifusal.

Thersiore per unit cf injectcr face it is possiplile tC place a jreatar
quartity of the jet injecters, thar centrifugal cnes. Furthermore,
the coefficient of the expenditirescconsumrtion Of the jet injecters
(see pg. 200) 2.5-3 times rare than the ccefficiert of +he
experditure /consumpticn cf the swirl injactors.¥he jet injecters

provide %he relatively greater rarnge cf streaass ané the smaller

thinness of atomization, thar centrifugal.

Injectors with the collidirg streamss {see Fig. 12.4Db) give
firer/smaller atcmization and szaller length c¢f the zone of
atomization, than injectcr with the parallel streams. But the
capacity of head with the colliding strzams is less than at the head

vith the parallel streanms.
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The blecx 0% injec=ers wi=h ¢h= collilin: strrzozs can teonzist oo
twoc, *tnree, four or five -e+w irctec*Crs, noracy3r they carn b2 w3zl

a) the blocks of rczzl2s cf cx:idrzar;

ty +ts Tlccks zEo- Dol

¢) blec<s with the cxadizsrz rczzlss 2ni fuzl; the laster In 2
number of cases they prcvide the beast crnarac<ezis*ics in ccajparliscn

#«ith rlocks indicated akcve.

The blecck of injectcrs, in which therec are only oxidizer nczzles
or only fuel nozzle, is actually the mcncgrropellant injector, while

the pleck cf the cxidizer nczzles ard fuel - Lty the duplex-fuel

-

nozzle.
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rige. 1244, Fflat/plane injectcr asserkbliss with the jer injectors: a)

with the parallel streams; b) with the colliding streams; c) wi«h

baffle plates,

Page 193,

The streams of oxidizer and fuel can be supplied to flat/plane

R

baffle plate (see Fige 1Z.4c); the thir liquid films, which are
generated with the spreading of the streams of propellant comconents

on the plate, collide, prcviding their good fragmentation aré mixing. T

The variety cf the jet irnjectcrs are the slit injectors. Their

nozzle has a form of annular slct, tut no+* circla.

In the twc-compcnent slit injectors (Fig. 12.5) arnnular slots
are inclired a+ an angle tc the axis of injector, so that liguid jets

in the form of two hollcw spray ccnes collide between themselves.
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Tha jet injectors mcre freguently use for the hyzergolic fuels,
ard also fcr the chamters/cameras with the lcw area heads. They ars
more suitable for the atcmpizaticp ¢f propellant ccmpcnents with the

relatively lcwv viscositys/ductility/toughness.

Cantrifugal ars called *he irjectors, in <aich cccurs the
torsion ¢f liquid; the 1liguid jet, which escar2s tshind their nczzla,

is the thin conical film with the argle at the apex/vertex tec 1209,

which 2asily decays irtc the srallest drops.

Cantrifugal injectcrs are sutdivided intc the tangential ones

ard the auger ones.

In the tangential injactcrs (Fig. 12.6Db) thae liquid is twisted

by its input/introducticn thrcuch cre or several %tangential

cperirgs/apertures, i.e., the cpenirgssapertures whose axis/axle is
direct2d tangentially tcward the cylinder of tha internal cavity,

called the chamber/camera cf twistirg.

Ir the auger injectcrs (cr injectors with the swirler) (see Fig.

12.6a) ligquid it is twisted due tc its motion alony the spiral
charnels, cut on the worm screw (¢r swirler); liguid anters *them €from

+he rear end/face of worm screw,
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the injacticn (mechanisa <czr lisplacinz *ae

L))

Fig. 12.6, Swirl injectcrs: a) auger (with swirler): b) tangential,

Page 194,

Tha swirl injecters prcvide firer/smaller atecmiza*icn and
smaller length of the zcne cf atcnization, than jet. Their

shortcomirgs are relative structurals/design ccmplexity and sraller

capacity.

Centrifugal injectcrs amalcgcus with jet ones are subdivided
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into the onc-corponent cnes aund the two-couarcnent cnes. In the

two-ccmponen?® swirl dinjscterrs (Fig, 12.7) %he mrcpellan® ceorpen=n4és

e

car be aixed roth withis 4he 1ir ectcr (in%=rnal mixiri)arna cu*side
(external mixing). Injectcrs with *the irntzrnal mixing frequen<ly ar?

used for the chambers/cameras, which work on th2 nonspontanecusly

P AP B R
- = T e m e @

(BN

v by 4 Y
cCTnousSTLIDLs

Ir the cecmbired durl=sx-fuel nczzles acz combined j=t and swirl

ir jectors; in the injectcr, dericted ir Fig, 12,8, slct fuel nozzle

£

is placed arcund the aucer certzifugal cxidizer nozzle.

The example ¢f the ccmposite injector is alsc ipnjecter with the
worm screw, in which there is ar axial orpening/ap=artuire, he ja2¢

injecter with small angle of spray ccne and large range.

The use/application c¢f the duplex-fuel nczzles decreases the

lergth of the zcne cf atcrizaticn, since the compcnents of

fuel/propellant in esserce are rzixed even in the liquid phase and

therefore more rapidly they burt. Furthermore, the capacity cf head

with the duplex-fu2l nocz2zles is higher than at the head with the

one-component swirl injecters.
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Fig. 12.3.

Fig. 12.7. Two-component swirl injectors: a) with internal mixing; b)

with exterral mixing.

Fige 12.8. Twc-component ccmpcsite injecter.

Paje 195.

However, the duplex-fuel nczzles are characterized by the
increased structural/design ccmplexity; their use/applicaticr leads
to the more severa temperature ccnditions for the werk of head, as a
result of the approximaticn/aprrcact to it of flame front due to the

decrease of the length of the zcne cf atomization.

The propellant compcnent f£lcw through the monopropellant
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injector is withir the lirits of 30-300 g/s, and for the duplex~iu-=l
nczzles i%t car reach 2,%-2 kg/s, Esriphzral fu2l nozzles usually
fulfill with the greater rangye even smallss tc by 20-30c/0
axpenditure /ccnsumptionr in ccmpariscn with the basic injectcrs.
Expenditure /censunmpticn thrcugh the cxidizer nozzlas,
arranrgad/lccatedl cn the reritherv ¢f head, is 1lsc less thar its

sxperditurz /scensumpticn through the basic injecters,

All injectors esxamired akove have the invariable area cf nozzle.
Fcr ¢the engines whcse thrust it is recessary tc change cver a wide

range, use injectcrs with the variable area the nczzlss on which it

is possible to vithstand/maintain an appreximatalys/exsmplarily
constant drop/jump in fressures with the considerable decrease of the
propellant component flow. The area ¢f nozzle in such injectcrs can
be changed with the disprlacement/acvement of special stock/rcd within
the irjector along its axissaxle and with the overlap of blast nczzle
to a2 certain degree. In the twc-ccrpcnent slit injector with the
displacenment/movement of cne stcck/red changes the area ¢f ¢he nozzle
of oxidizer and fuel (see Fig. 1Z.%5). Possibly the uses/application of
other constructions/designs of injectors with their variable area it

puffed.

§ 12.4, Heoads of chambers/cameras,
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% Th» head of chaaterscanera serves for the ianjuctsinctroducrtion ant
i
; the gvan 3istrituticn c¢f propellan+ cooponsnts accerding te tihe cress
3 section of combustior charker.

Fcr +*he effective varcrizaticn, the mixiry and the combusticn cf ‘

tne companents nf a2l 3nb 2-F e id . i aT0aT mreTavicon its a2

PO S Sl A T .

nust poaoviia:

2) the thin and uniferm &*cmizaticn ¢f propellant compcnent*s,

i.e., their fragmentaticn tc¢ the smallest particles, as £far as

pcssible differing little from each cther in the sizes/dimensions;

b) the identical value cf ccefficiant x in entire cross

secticn, with sxcepticn ¢€ a wall layer (Fig. 12.9).

The value cf coefficiernt * ia a wall layer, which ccrresponds f
to the excess of fuel, must te alsc in the pcssibility of constant on

the perimeter of combusticn chanmter.
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Fig. 14.9. Graph of a chanje in ccefficient x in the radius of
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Page 1956,

For satisfaction cof these condi+ions in the head 1t is recessary
by correspondingly tc place the greater rcssikle gquantity of

irnjecters.

Th2 importart reguirement, presented 4o the head c¢
chamber/camera, is the urifcrr specific weight £lcw ¢f prcpellant

cempereants cver ertire cress secticn of combustien chamber.

The averagec,/mean over the crcss section specific weight flcw cf
combustion chamber is called the ratic of the progellant comfpcnent

flow per seccnd to the area cf its cross section

f=ﬁ. kglem® 3) (12.2)

For the section of cross secticn with area of Af;, the rrcpellant
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componrent flow through which is equal to Am, taa local specific

weight €flow
Am;

o= ——

Y
The hydraulic lcssas, ccrnected with the de2livery of prccrellan<
ccmpcnents to the orifices of irjectcr, must te lcw. Furtheremcre,
head must possess sufficient strength and -iijiiity, 1n ssite cf

weakening of its bctrems by a large quantity ¢ crpernings/apaerturas

urder the injecters, and tc alsc prcvide the smocth
startirg/launckirg of the chamter, camera (see § 14,1) ard the stable

process ¢f burrning ir it (sce § 1€.1).

Most extensively are used flat heads (see Fig. 12.3). In thenm
are used the jet injectcrs with parallel or ispinging jets (see Fig.

12,4), and also the swirl injectcrs (see Fige. 12.7).

Flat heads are simple by the ccnstruction/design, are rc+t
complex in the manufacture and zake it possible to provide uniform
specific weight flow over cross section and required distribution of

coefficient x in the radius cortustion chambers.

Certain shortcoming in flat heads is their relatively lcw
strength and rigidity. Especially this relates to the
chambers/cameras with a large diameter of; therefore hetween their

external ard average/mearn tcttems vary ring and radial stiffening
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ribs, and external base fulfill in the form th2 var%*s of the 3phare

(see Fig. 12,3).

One of the methcds c¢f maintaining the necessary condi*icns for

atomization and stable fuel ccrkusticn in the combustion chamkber with

tha sijrificant d=2creas? cf its flcw rate and ia the irvariatloe aroy
blas*t nozzle is the suprply of ipert gas intc thz2 cavity of th: a=al

(i.e. 1t is direct into the prcrellant components). In this case fo:

y

the even distribution and the mixinc of the lijuid ccmponents o
propellant arnd bubbles c¢f inert tke phase befcre the injectcrs aczn»

placed special grids.

Page 197.

The construction/design of head in many respects determines
reliability and specific impulse c¢f chambter/camara and engire as a
whole. During the unsuccessful ccrstructicns/designs of heads are
noted the following defects cf chamkters/cameras and the undesiratle

cecnsequencess

1) ercsicn cr the hct spot ¢f chamber walls, in the first place,
in the critical cross sectior, and also excessive heat fluxes into

the walls, about which testify the tracks of the hot spots cf wvall;
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2) thz erosicn of ths iatwernal surfacse ¢f fizs Letten antd
ands/faces ¢f injecwers du2 4c the cffact 0f hot corbusticon tInliuces

Cn tnenm;

3) the unstable prccess cf fuel ccmbusticn;

PR, 1 . - P T ~ ~,d S~ e v . = 3 —~ -
4) tar o Lcwereisrziccel srelific Lno1lse ¢ chamcaIi/Cc4aeri.

In propcrtion *c¢ *he decrease cf sizzs and thrust of

-,

chamber/carera the effcct of head cn thes spz2cific imrulse and +he

o

stability cI the process c¢I turrirg increases/grows.

In order to lower heat fluxes into the chamber walls it is
created, as it vas shown intc § 11.11, a wall laysr of combustiorn

products with a reduced temperature.

Fcr the excepticnseliminaticn the 2rosions of the internal
surface of fire bottom ard ends/faces of injectors increase a
quantity of fuel nozzles in the fplaces for ercsion, is used forous
material for manufacturing of fire tottom and housing c¢f injecters or

they will bring in on then a layer cf thermo-insulating material.

The prccesses of the atcmizaticn of the components of

propellant, and also their vapcrization, mixirg ané combustica are
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act yer studied to suci dJdejre~ thit dcull have the carabili-y -¢
whzoranically dxtsTadre ¢hs orsir-al &yps oI hzald, Thiz-Zzo= Yaning

ne Jdevaloonent of zneire it is nécassary to troluce the -zuvwsz of
several versions of small scale rcdels and full-scale heads,

ipcluding firing tosts cf heads in the compesiticn ¢f charkter/camara.

ST owLs o inifial tests frequently ate tagen wThe hexls, .oicon
tcovida cnly the moderate specitic impulse, hut tney aca nost

reliadls. Tris nrakes i* rcssitle *c conduct the *ests of =ncin2 2s 1

wicl: in parallsl with the finishing 0f h=ad anrd chamrcer/carera. In

3
o
w

ccucse cof finishirg final selection falls con the head whcs=
construction/design gives the pcssibility to cbtain the grsatest

sctecific impulse during the statle fuel comtustion.

In a whecle series cf the cases the necessary combustion

stapili*ty ané the reliakle cccling cf chamberscamara is achisved only

Dy certain reduction/descent in the specific impulse.

The ad justment of the ccnstruction/design of head is the coaplex

and sxpensive stage of wcrks during *he creation of ergine.

§ 12.5. Methods of pesiticnings/arranging the injectors on f£lat heads.

The even distribu*ticn cf oxidizer and fusl according %c¢ the
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crcss secticn of coabusticn crasber is achisveld by *the appreyciaczs

[

L2 arl

]

arrangenent/pesition c¢f injectcrs cr +<h2 h2ad. Th several
methods of positioningsarranging the injectors: cnsckered, hensvcen:,

or the concentric circumferences anré greoup.

Page 143,

With the checkered (Fig. 1z.1Ca) injectcr grid c¢f Zuel ard
oxidizer tleir quantity is arprceximately/exerplarily iden<+ical: <4»
cne fuel nozzle falls cne (4x1/4) cxidizer nozzle. Since gxass
oxidizer consumption usually is Z-4 times more <han fuel ccrsumgticr,
then with the staggered arrangemen*t the flow rates thrcugh the
oxidizer nozzles and fuel considerably are distinguished, which

adversely affects carburetion.

During the honeyccnmt (see Fig. 12.10Lk) arrangement/pcsition each
fuel nozzls is surrounded by several oxidizer nozzles: tc one fuel
nozzle fall two (6x1/3) cxidizer nczzles. The flcw rates thrcugh th=2
injectors differ comparatively little, vwhich improves the carbturetion

of propellant components,

With the injector grid or the concentric circumferences (sse

Pig. 12.10c) on the head are alternated the circumferences with the

fuel nozzles and the oxidizer nczzles. On the circumference, which is
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located on the periphery cf head, are arranjed/iccatec the fuel

nczzles, which create a wall layer with lcwered, rcluczl tinpi:iza

During the group arrangerent/pcsiticern +he irniecters form jreuss,

in each cf which is included the specific quantity of oxidizer

- 3 - H 1 - - - B - v - -
nczzles and cr exargle, in cTatic 41 1 2oz 2 imeooaTs 2

th

tt

uel

ot

r the same mutual arrangemert,

pa-

he

The duplex-fuel nozzles uscally placs on *he ccrc=n<sric

circumferences.

The distance between the swirl injactors is Jetermined ty the
size/dimension of injectcr itself, and also by *he ccnditiors of tha

strength cf hLead, which is decreased by drilling under the irjectors.

The distance indicated is selected in the liamits of 12-30 mm. The jat
irjectors place at the sutstantially smallar distance apart - +c¢ 3-L

mme
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J2 W) W poscywnu onucoumera
A e mrocami 2opwaziC
N E
wide dee "4 Ivi=s 2I mhe afrangsiert/pesition ot iajscters con Zlaz

neads: 2) checxered; I} hcneyccrk; c) on <he cecncen

Key: (1). O0xidizer nczzles. (<)« Fuel nozzles.

Page 193,

g 12.6. Calculation of the head cf chamber/camerca.

For calcula%ting the head must ke kncwn fcllcwing data:

1) density and the viscecsity,/ductility/tcughness ¢f progellant

ccmperants at a nominal temperature with which they enter injectcrs:

2) the total oxidizer ccnsumgpticn and fuel;




3) =ne dizxngtzr ¢I the heal ¢f chaafer/can=za; L2z tinz
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i+t 3s egual tc ths lilartetsr cf ccocaxkustiorn

4) the pressure differential c¢r injectcr Apy, i.e. pressursa

IrITesnonos inomne cawity cf ~xliizer or fusl ot o qeadioant oo -

conousticn chamber.

Arn indector pressure ircp usvally selzc%s in the limits 3-5 bars
L~~3-5 kgf/ca2], and in scme Zh5C - *o 30 bars [ ~~30 kgf/cm2’, d4ith
lew pressure differentials detericrates tha atomizaticn ¢f fropellant E
comporents, and ths rrocess ¢f turning becomes unstable. On tha other ?
hand, an excessive increase in value JAps. without improving '
substanrtially the atcomizeticn ¢f prcpellant ccempcnernts, is caused +h»

reed for ar increase in thke pcwer c¢f feed systan.

In ZhRD with the larce rarge ¢f a change in the consump%ion of
fuel m it is necessary tc select large injectcer pressure drors so
that and with the work with the lcw flow rate of a (and,
consequently, by low value Apg) wculd be reached the necessary

atomization of the stream of fuel/rropellant.

A quantity of oxidizer nozzles and fuel which can be placed on

the head with its prescrited/assigned dijameter, is determinad
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. graphically, after selecting the method of positioninj/arraniying th2

injecters and “he distarce fetween them (s2e § 12.3).
Let us introduce the follecwinrg designaticns:
Row and np = namper cf cxidizer nozzlaes arnd Tuzlg

Moxe and ﬁk¢ - per-seccnd flcw rate thrcugh the oxiiizer noztle

and the fuel nczzls.

L N -
Values moxgy and mrey deterrire from the formulas

Mg

H mr,.=% ’

wvhere mo and m, - oxidizer ccrsumption and fuel per second thrcugh

My o=

the head of chamber/camera; they arz xnown frcm its thermal design.

Page 200.

Calculation of the jet injectcr.

We use the following known frcm the hydraulics formulas for the

escape of an incompressitle £luid frcm the opening/aper*ture: T
/24
W=y =Pe. (12.3)
. e
m=pW fo, (12. 4)

st s
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where 4 - injection velccity cf liquid propellant ccaponent into %he

ccmbustion chamber; usually w=1%5-4C a/s5;

m - the flcw rate per second c¢f liquid cropaliant coamponent

thrcugh the hLead;

£ - total area of tlast nczzles;

p - coefficient cf flcw rate, which considars je* ccntractior
and decrease of real injecticn velccity in ccoparison witn the

theoretical due to the hydraulic resistance.

Tha ccefficient of the flcw rate u of the jet injectcr depends

on the follcwing factcrs:

a) geometry of the entering edge of openings/aperture; fcr the

sharp edge, especially in the presence of barts, ccszfficient u is

less than fcr the edge with th2e Level/facst cr the smocthly rcunded i

edge;

b) the purity/finish of machining hcle;: the large roughnsss of

bore surfaces leads t¢c a considerakle reducticn/dascent in the valus

M3
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¢) tae relation of ths lengeth of injscecr le to diamerter of i-as

., nczzie do ifea3e relaticn le/d..

In the sharp enterirng edge and rala+ion le/dc=05+10 <¢hae

coefficient 0f flow rate u is equal to 0.60-0.55. wWith an increase in
celatice wde mr 2e3Y walaos L Lo czaarzez. ooz oy T TA=T 03y
sinultas-oisly are incraased LC33Es TO hae {fictlion. It Is exzadisne

to selact +nhe gecmetric characteristics of jet injecter, withk which

is provided +the greatest ccefficiert cf £low ra*e. This cendi*ion 1

satisfies ¢the injecticn cpeningsagferture, shcwn in Fig. 12.171.

For the determiraticn of *he area of the fuel injection cr j

cxidizer let us substitute in egvaticn (12.4) axpression W frca

foerpula (12, 3):

m=pfV 2Ap0, (12.5)

i
{
i
i
{

whernce
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Fig. 12.12. TCiagraa of ccllision c¢f streams of oxidizer and fuel.

Page 201,

The 3diameter of blast nozzle usually is selected in limits
d.=05+30 cf nm. The rczzles c¢f swmaller diametar it is
technologically difficult to perfcrp and, furthsrmore, they can be
obstructed. However, are ccnducted the investigaticrns cf
micro-injectcers (d.<0.25 mu), of the ensuring tetter mixing propellant
components and large corgpleteness c¢f their cosmbusticn. Under
condition d.>30mm with more difficulty tc cttain the thin

atomization of the stream, whict escapes behind blast nozzle.,

After determining ty graghic rethod examined abcve a numker of
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oxidizar nczzlss and fuel, it is pcssible tc¢ calculate the area of
tteir openings/apertures (nczzles)
f = Lo frc=£-

Joke T ’
Mox ne

For the head with the ccllidinc streams ¢f oxidizer and fuel

angles as and o (Fig. 12.12) select in such a way that that

resul*ting cf strean would te parallel to ixissaxle chamber/canara.

th

Sinrce the flew retes thrcugh the cxidizer nczzlzs arnd fuel, and alsc

o

speed of their injecticr differ frci each other, the cornditien
irdicated above is reduced tc the squality, which ascape/ensues fronm
the law of conservation cf mcrentum

. r'n,,,‘.‘W“ sin a“=r}z,.,u”, sina,. (2.,
By cne of the angles they are assigned arbitrarily, and arcther is

designed from formula (12.7).

Calculation of the swirl injectcr.

The special feature/raculiarity of the wcrk of the swirl

injector is the fact that the liquid moves in the injecter nct over i
entire its cross secticn: as a result of the torsion c¢f liquid along

the axis/axle of injectcr aprears gas vortex/eddy with the pressure,

equal to ambient pressure, i.e., tc combustion chamber pressura. The

radius of gas vortexseddy rr» is lceer than the radius of blast

nozzle 7. Consequently, liquid flcws cut behind blast nozzle through

the ring crcess-section with the area

f:=n("3"'73-)-

PR
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The speed 0f the liguid, which escapes from +*he swi

can be decomposed on “he axial ccmpcnent W, and +angential cemsonen~

W,

Comperert Wa deterainse fluid flcw rata *arcujhk ths inseceor,
ahile constituting W, - the tcrsicr ¢f liguid by irnjector.
Page 202,

Consequently, voluretric £1luid flcw rate thrcugh the nczzle c¢f

the swirl injector

V=W fe=Wr(ri—ri,)
or .

6 = WB?“’Z! .

whers ¢ - coefficient cf clear c¢pening, deteramined according to the

formula

2
Trs

5 -

e

p=1—

Mass f£luid flecv rate threcugh the nozzle ¢f the swirl injectcr
can be determined accordirg tc the fecrmula which in appeararnce is

analogous the flow equaticn thrcugh jet injector (12.5):

my=nf.V 24 peR,

vhence

om0

AT (12:9)

......
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of liquid, but simultarecusly incr2ase/3tcv the necassary

sizes/dimensions of iriecter,

The values 2a, ¢ and p of the swirl injector dspend cn its
geometric characteristic, which is the ccmplex, which links the basic
dimensions of injector. The gecretric characteristic of the swirl
irjector (Pig. 12,13) they designa%te Lty letter A and they determine

from the following forrulas:

aj) for the injectcr with one tangen+tial cpeningraperture

A= Rute, (12.10)

b) for the injectcr with a cumker of tangential
openings/apertures i

- Rezre N
A _—ir’“ : (12, 11)

c) for the auger injectcr

A=ﬂ%':£ sin, (12.12)
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5, = flcu area cf cne channel;

i - number of channels {cr tlke arprcaches of worm screw) ;

#i®h *he increase cf value A *“Le coefficiznts ¢ and u arse

decreased, and angle Za ircreases/ grews.
In the extreme case (with A->e) we have
(0]
9—0 u w—0,
Key: (1). and.

Page 203.

The graph/diagram of the dependence u and 2a on the gecmetric

characteristic is depicted in Fig. 12.14.

Account to the viscosity of liquid. Relationships/ratics

examinad above are valid for the 3ideal fluid. The course cf ideal

fluid in *he swvwirl injectcr okeys the law the conservation of angular

momentum, Since the mement of the external forces, which effect on
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the 1liguid in the chambesrscarera cf tha tcrsicn of injectecr, is ogj:al
9 J

4

tC 2ero.

In the real liquid due tc the fresancs of *the viscous forces
apprear the frictional forces. Their effect/actiorn lzads to the fact

-~
>

7]

«hat *he mcment cf zcmerntum av thsz nozzl? 2n*cy DICVes t¢C e 1A

art c¢f +te charber/camera 2f the torsicn of

t
=
I
3
'l
3
34
[
o]
’J‘
3]
’J
or
'_l
'Y}
[
(9]

injector, i.e., due to the fricticrnal forces is decreased the degrs:z
cf the torsion of liquid and as a result, increasss/grows *he
coefficient of flow rate and is decreased the angle cf the

atomization of liquid.

For the account tc the viscecsity of liquid instead cf the
geometric characteristic cf irjectcr A is used lumped charac+teristic
Aw, determined according tc the fcraula

A= - Roxt . 12.13)
"il. + ? Ruz (Ryx —rc)

The coefficient c¢f fricticr )\ fcr the entry conditions into the

injector is designed frcm the equaticn

258
(IgReg)¥®  ~°

vhere Rem - Reynolds numter, determined for the conditions for the

entry into the injector.
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Fig, 12.13,
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Fig. 12.14,

Fig. 12.13. 7Tangential injectcr (cn drawirng are ceonreszre

deometric dimensions of irjectcr).

Fige 12,174, Dependence c¢f ccefficiert of flcw rCatz p are angle of

spray cone 2¢ on geometric characteristic A.

Page 204.

Vvalue Rsx is determined according to the expressicn

, dmg
Re“-h.n"dn ’/-‘ '

where Hks - Kinematic viscosity ccefficient of liguid at the entry

(12.15)

intc *the ir jector.

Order of calculaticn. The swirl injector is designed in the

} follewing sequence.

1 1. We are assigned by injectc¢r pressure drop Apy (see pg. 199).
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3. Knowing angle 2a, cn greghs, depicted in Fig. 12,14, w2

TTOTTACY recr T s soomniTrsedc pogneificians o slnw Tatl
<. Ising sguatior (12.3), we desion zscticral area nf liz-
rczzle /.. and “hern diameter c¢f rczzle according to foraula

v

-
TR T
=] — T
a

5. “e select si1zesy/dimensicns cf injector.

A number of targential oreningss/apertures or apgroaci.:s cf wornm
screw i1 1s usually *aken bty the equal tc 2-4. An ircrease ir <“he
aumber Indicatad impreves the distributicn of specific weight €lew

accerding tc the perimeter cf the circunferance of liquid jet.

RPelation Refre they take as the equal to

apprcxinmately/exeaplarily 2.°5.

Using equatien (12.11), we determine by the selected values of i

and Re/re radius 7a:

/ R
f“=]/ —;;rc .
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Usually raz:iu3 7iv 18 g=lec+ed in lining rgp=uli—l
he FTon fcraulas (Yo, 15) a=nd (12,1+) &3 dezigyn cceificient cf

th

cir=icn A, ané then in eguaticn (12,13) - lurped characteris+tic of

injector Aw If characteristics A and Ax 3iiff2r not mor2 than to

- - - 2t~ 1T asd ~w < n ome m s N -~ -~ - ~ o ~ -~ z s e 7 -~ ot s =
Toan calmelasds e iz , T a1E o caTn Sizes il :
- D - r AL Fimmw qv e “na e R LR T S ks e Y B
= VUax : ¢ fexy CI L3537 2plICiXiaaticll tn:y &aIZC<.T as Tns Iilz. ° e
- . - & 3 : - Al -
IZ +he disagrecexert cf charac*eristics ) 3nd 4, lavtge, +hzin we

n

@]
b
[e%

taxke

-
»

r *re basis value Asw crtaired in th2 first approximaticn, a
on the graph/curve, depicted in Fig. 12.14, we deterwmine the

cczfficienrt of flow rate . taking into account %tc viscosity, and then

»

sizes/dimensicns fe Rex and 7 in the seccnd arprexiraticn/acpproach;
rrcem them we design characteristic -+ 1n the second
approximaticn/apprcach., Usually the disagresment of values da, Of
those obtained with the first and second apcrcximaticns/agprcaches,
is insignifican%t, so that sizesydizensicns rc, Rex and rax. cttained in

tke second approximaticnsapprcach, can be accepted foc the fipal

onese.

7. Kacwing 7, R,y and rax, we select remaining sizes/dimenzicns of

injector (see Fig., 12.,13)

[y=(1,5+3)d; [.=(0,25+1,0)d..

Page 205.
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The height/alei+tude (length) cf injectcr = w: accaph:
a) h=Rss and more - for the tangential injector;

b) 1/4,-1/3 the space cf chanrel or are mcre - €or <h= zn;:ac
irjectes. The diameter c¢f the claster/camera c¢f torsicn is egual to
Dm=2(e.x""u)-
The outside diameter of injectcr is equal to
D.=D.',+23,

where 6§ - thickness ¢f the chamkter wall of torsione.

Sizes/dimensions 6§ and [,z are ccnnected. Usually are selected by

6=1.5 BMe
Special features/peculiarities cf the heads cf afterturners.

Dapending on the state of aggregation of the prcpellant
component, introduced inside afterturner, injectcrs subdivide into
the liquid ores, the gas cnes ard the gas-liquid. @as-liquid are
called the duplex-fuel nczzles intc which one component enters in the

liquid state, and ancther - in the gaseous.
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Ganarator gas inside afterturrer is intrcduced thocugh the jet

injectors.

The head of chambter/camera 2kRLC, tha*t wecrk cn the diagram " gas- i
liquid», can be represented itself grid/cascade with the radial and
rirg cross coenrecticrs, merecver windows zsn 4n: e indectcerz o2
generator gas, and the irjectcrs c¢f lijquid ccmponent are :laced in

tka units ¢f cross ccennecticns.

The pressure differential copn *+ha jet injectcrs of gererztor gas

is small, and pressure ir afterkturrer large; therefore the cutflow of

gas from tke injecter sukcritical.

§ 12.7. selection cf volume ard relative area of comtusticn chanmters

(afterburnings).

The combustion chamber vclume (afterburning) must provide the

necessary retention time c¢f prcrellant components ir it, morecver

dimensions and mass of chamber/canera must be low.

The combustion chanker vclure is designed from its reduced
length /lpp and conditional reterticn time of gas in the combustion

chamter Tyca.
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The given {cr characteristic) length conmktus+ticn chamber calls

the ratio ¢cf its vnlune t¢ arzza ¢f the cri+tical cross sacticn

1’4 o
==, Vil 0R
p L
S
Page 206.
Lie Tyer T2 oe obtaired, afrsr 1iviling the rass ol gas in <the
cospustien champer in4e i+s flcw CZate par s2ccend:
— Mras ,
1y¢l— v .

m
disragarding the volume c¢f liquid crorellant componernts in the
combustion chamber ard cecnditicrally considering that gas density in
entire its vclume one and the same and is agual to ¢n, we cbtain
Ve

m
L2t us substitute in the latter/last sgquaticn expressicn g« from

Trea
fcrmula (4.4) and will ccnsider relationships/ratios (4. 14) and
(12.16) . Then

z,,,=—R;—. Loy (12.17)

For the prescribed/assigned ccaponents of propellant and
construction/desigr of head, wkich is deterwmiring the quality of
carburetion, relation P/RT: can be considered constant. Consequently,
the conventional retenticn tise ¢f gas in the coabustion chamber and

its reduced length are fcund in the directly fropcrtional defpendencs.

Values Tyca and [/ are deterrined mainly by fuel/propellant,

construction/design of head and by type of diagram of ZhRL; fer the
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majority of engines tya=(1,5+50) 10— s and lp=10+35 . Smaller value
Tyex thsy correspond tc chaautersscaceras with large fressuce px. dich
an icrcrease in the reduced length cf combusticn chamter
increases/grows the specific imgulse, but sinultaneously arce
increased the sizes/dimensicns cf chamber/camera, which complicates

i*s ceceling,

For tfntative calculaticrs +he reduced leagth cf the ccrbustion
chambers of ZhRD, which wcrk accecrding ¢o the diagrar
"liquid-to-liquid" ¢cn the fuels,/precgellants O,+tkerosenes, F¢NH; and
Oa+Hp, it is possible tc accept 1.5-2.5; 1-1.5-1 m with respect [to

3, (173

In ZhRD with the afterturning cf generatcr gas the part cf the
propellant components burns preliminarily in the gas generatcr;
therefore tha necessary reduced length of their afterturner is
1.3-1.8 times less than fcr the ccrtusticn chambers e¢f ZhRD, which

vork on the diagram "liquid-tc-ligquid®.
When selecting of the optisal relationship/ratic between length
and diameter of combusticn chamter (afterburning) is used its

#' relative area j.

Besides the shortccminge, ncted into § 12.2, with the decrease
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of value f«x additicnally Lteccmes ccrplicatac the cru-~1zaticn of tha

effective atomization ¢f prcpellart compecnents due 1

in area of surface, over which are fplaced the in:czc=c:

reduction

PO PR
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Ia/lyse T
0,985 :

2375

0,365

1 2 3 & 5 64
Fige 12.15. Dependence cf relaticn /w/lsac on value fr when e.=100

{curve 1) and =10 (curve 2).

pajye 207,

Therefore with the decrease of relative area jfx the specific iapulse
of chamber/camera descends (Fig. 12.15), which is noticeable when
Ju<3 (especially when fx~l). The effect of the relative area cf
combustion chamber (afterturning) c¢n the specific impulse whken f >3
car be disregarded/neglected especially with the high expansion ratio

of gas e

Some advantages of the selecticn of low relative area j. iaclude
the decrease of the mass c¢f chamter/camera and the facilitaticn of
its cooling (is decreased the necessary thickness of the comlustion

chamber wvwalls and its surface, which it is necessary to ccol).

Relative area /« can Le determined on the selected specific

veight flov cf ccmbusticn chamber from squaticn (12.2), which taking
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into account formulas (4.174) and (12.1) can b2 written in the
£cllcwing fczom;
gL 2,18
Since for this fuel complex @ can be considared constant, then

with an increase in pressure Px the specific weight flow cf

cc-rus4isn chamber also ircrezssisy/crevws,

Ralation 7/pv 1is called relative spccific weight flew anl

\

designa*e '» 1i.e.

ro=L 12,19
p px ’ \
or taking into account egquaticn (1z.18)
1
T e 12.20‘
Pts (

If for the fuels/propellants used complex B is equal to
1700-2400 res/kg [~=~170-240 kGes/kg], then when jx=2+6 relative
specific weight flow constitutes (C.1-0.2) 10-3 kg/(Nes) [~~(1-2) of

10=3 kg/(kges) ] [17].

To the value j, indicated fer the cylindrical chambers/cameras

corresponds the ratio of the length of ccmbustion chamber tc the

diameter of its cylindrical part 4/, equal, 1..0-1.5.

o~
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Page 207.
Chaoter II1T.
TEED SYSTEMS OF LIQUID FROPELLANT COMPONENTS.

Construction/design of ZhRD to 3 considerable degree depends on
the system, with the aid of whica 1s craated a pressure, nacessary
for supplying the liquid propellaat compcnents into the
chamber/camera. In ZhRD are used in essence pressurization and pump

faed systens,

In the pressure feed systam che orassure in the fual tanks is
more than in the engine chamber, DU with the pressururized-propellant
feed are simple and reliable, but thay have large mass ratio cf
tanks.

Paga 208.

In ZhRD vwith the rump systeam cf compcnant the fuels/propellants
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from tha tanks ar= supprlied ia:¢ carrel, given ty gas %urbine.
Turbopump aggraga*tas ccrplicata ccenstructicn/dzsign ZRRD and its
operation. In the vresence c¢f TNA apt=3ir th2 problems, connected with

the work of bearings, rackings/seals, by rcter talarcing,

Howevar, puamp f2ed systan rcs5:°3333 +tha sarizg/ruzbar ¢f

advantages.

k 1. Neressary pressure in tan«s is smzll - nsually 2-4 bars [=2-4

kgf€/cm2 7. Therefera DU witn the pump £:331 systenm have substantially

smallar spacific mass, than DU with thy pressurization systen.

. e e

2. Enqgine power rating can be comparatively easily changed,

chanjying number of revcluticns cf shaft of TNA.

3. It possible creation of iargs pressurns of propellan*

componants with relatively low dimensions and mass TNA.

Propellant compcnents into tae angine chamber can te suprlied by

jet pumps, or ejectors (Fig. 13.1). This systenm was for the first v

time proposed by K. B, Tsiolkovskiy in 1914, In the jet pump the
t oressura of liquid prorellant ccmjperant is raised (as a rasult of
ejection) by the suprlied (carcyiay) gJas. This rump ccnsumes greatar

gas flow rate per second, than turoina of TNA, but its
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cons*ruction/d=asign is simpler and ra2liability is atove as a rzsult
0f the abhsanca of =motile parts. Furtharmore, for *he work of jet pump

is raquired low rrassure in che tanks.

Th2 je+ pump, lif*ting worxing bo4dy of which is 1liquid, tut not
qas, usually is used as the auxiiiary uni+, which nakes i+ 2ecssibls
+o improve charac*~ristics of ¥a, Tan2ly *c raise the pezamissible
rumbar of revolu*icns c¢f skatt of TNA as & resul* of an increase in

the pressure at the entry into tha cenzrifugal rumps (sse §13,10).

In the rocket vehicles with iarga tctal impulse /;, vhich include
the boost-qlide vehicles (space aircraft), use pump feed of . ?
prop2llant componerts, while in tae rocket vehicles with low /:

(space vehicles ani ships) - fpressurization,

During the design c¢f concreta rackat vehicle is selacted that
feed system, which with the prascribed/assigned characteristic
velozity or total impulse /s prcviaes the smaller initial mass cf

vehicla and greater relation /[./m;. Relaticns /ym,  must be ccmpared

at optimal pressures /P« for the pressurization and pump feed systenm.
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Pig. 13.1. Schenatic ¢£ -et puap (ejector).

Paage~ 2017,

Praggura faad sys*am 1% is chrediant +c 1us2 24 cemraratively lcw

pressuras Px - nesually 20-25 rars [x27-2S kgf/cm2) -, also, for the
orepallant components with tne increased éensity (FPo+NoHe; Fp+NHs:
OF ,+B,Hs, @*c.) and alsc with che ralatively short cperating time of
angine, In certain cases are selected the pressure feed system in
view of its large simplicity and tne reliability, in spita of the

lovar value of the characteristic velocity cf rocket vehicle,
Into the feed systems of cthe componerts cf the propellant of

2angine installatiocns enter differant valves, chckes/throttles and

requlators frem description of waich it is expadient to begin the

examination of the systess iandicated.

§13.1. Valves.

Valves are intended for discovery/opening or overlapping those
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or iie of %4: mairs ¢f engine inscallaticr and in th> rajizity of «ha

cases hav2 %40 nperating pcsiticns: "it is crpensd" and "closel'.

To> +he valves DU pr4asent the following tasic reguirements:

1) *+h~ wigh raliarility cf coerTa*tion;

2) low power neceassary tor tane dderaticng

3) small hydraulic resistance;

4) complete airtightness in the closed pcsition.

Pig., 13.2 depicts the valvs of the simrlest cons*ruc+ionsdesign,
vhich corsis+ts of *he hcusinj, disc valve and srring. In the absenca
of pressure or a* a low fressure at the en+try into the valve tke
spring forces disc valve against saddle, in this case in the place of
contact is developad the necessary spacific pressure, which ensures
the airtightness of valve in the ciosed pcsiticn. With rressure rise
at the 2ntry into the valve, for example during engine star<ing,
grows tha force, which effects on the disc and equal *o the product
of pressure on the flow fassaga cross-saecticnal area of intak»
conna2c*ing pipe 1 with diametar a. Wham this force exceeds fcrce of

compression of spring, disc «ill move away frcm the saddle and valve
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is coen2d/disclosed, This vaiva is called reverse/invarse. Th
ef fect/action of chack valve lies in the fact that with an increase
in the line pressure at the output/vield frem it (in connacting pioa
11) or with lowering ¥n the prassure in the cenrectirg pipe 1 valya
is closad, without allcwing/assuring the flcw of liquid or gas in +he

oonasite directicn,




Fia. 13.2. The check valve: 1 - 1nvake connecting pipe; 2 - saddle; 3
- €aprnle; 4 - A3zc; S - housing; o - svring; 7 - beirg guided; 3 -

coves/cap; 9 - nlv: 10 steck/xad; 11 - output cernectiny nipe.

Page 210.

Valves can be classified according tc the fcllcving signs.

1, On kind of medium: ligquid valves (ameng them it 3s necessary
+o isolat2 valves for cryogenic components cof prop2llan+t and workin

p2djum/oropellants)y and valves c¢r nct and ccld qgas.

2. On normal positicn of valve: "it is normally opened",
"normally-closeq” and "ncrmally partially opened®, Normal is callsd
this positicn of #ha valve in <hich it is locatad in the absence of
any eoffact on i+ frem without (i.e. without the rpressure, without the

supply of control current, etc.). check valve examined above is the

adaidobg
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=xanple of ~h=> ncormally-closed valv?, end alse *he example of +he

urtuidad valvs, Tha pesitican of caeck valves is d2termined by the
pressure of componant ¢f propellant or werking medium/psropallan+t a+
the entry in thenm.

Tha majoritize o7 valvis 1z centzalled, i.e., thay hava one or
ano%*ner Lhe dxdve whichk at ta: Ieguirié acaen* of time can fcercadly
(indapanden® 0° line tressura cn wnich is established/ins-alled +he
valve) to creates the force under eifscty/acticn of which the valve is

cpenead/disclesed or is clecsad,
3. Accoriing “o type of driva:

a) valves vith electric drive; force, necessary for opering

eithar closing of valve, it is crea*ad by electromagnet, or sclenoid:

b) valves with pneumatic drive; such valves have control cavity,
into which a*t required acment of cvima is supplied any compressed gas

(air, nitrogen or helium);

c) valves with hydraulic drive; into cecntrel cavity ef such
valves is supplied under pressure any with liquid:; for this purpose
frequently selact/take small part of cna cf kasic ccmponents

propallants (usually fuel) froa main at output/yield frecm pump;
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d) valves wi*h th= pyroczcaaac Irive (pycctachrnic valves); they

are opanrd/disclosad or ars closed by the ferce ¢f pressure of the

cases, which are generated witn the combustion o0f a small guanti+ty of

£ pyrotechnic charge in the contrcl cavity.

» 4. In nuaher »f orperatioans: valves of one-timz and rao=2a4zl

oparatiorn,

Th2 valvas of opa-time oparavaicn include *+he pyrotechnic valves

and th2 mambranses/diaphragms. Are distinguished the

nembranas/diaphragms of the frae¢ oreach/inrush (burst open by the
pressure of propellant componant its21lf) and the membrane/diaphraga

of forcad breach/inrust,

Valvaes with elac*rical, paeumatic or hydraulic drive are the
valves of repeated operation. After the cutoff/disccnnection of

feed/supply of electrcmagnet ocr coapression release from the control

cavity the spring raturns vaiva to the initial positicn, after which

it can again operate/wear duriagj tne supplying c¢f control signal,

Page 211,
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S. According to desijaatiuvn/purpose: reverse/inverse,

startiny/laun~*ting, cu*ctf, aain tuel, drairage, drsin-reserva,

£411liry an? 1za‘ning, =tc,

Star+tinqg/launchiag call tnsd acrmally-closed valves during

1

(P

scovrzy/onsning ~f dhica ta3 praptllans amngpenent cT wrztcing hady

en*ers the main or which tue; are estanlished/installad,

Cutoff ar2 “k3 normally open valvas, which rapidly cover main
and ceasing *hereby the entrince 9r coaponen* of propellant or
vorkirg medium/prooellart into the aggrsgate, before which “hay arq

agstablished/ins*alled.

In a numbear o€ cases of functaoning the s+arting/launching arnl
cutoff valves i¢* can perfcra cne valve. Such, in particular, are th2
main fuel valves, adjusted cn titae basic mains cf coepcnsants cf

propazllant (from the tarks to the engine chamter).

Drain valves are intendad for drainage (i.e. letting out,
throvw-out into the envircnment) of the comocnents of prcpellant,
their vapors and so forth.tha drain valves cf the system cf cocling
mains DU with the cryogenic progellant comgcnents are
opensd/3iisclosed in the procass of cooling (in this case valvaes on

the 2ptry into +he chamber/camara and ZhGG are closed) and are closed
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{icectly befora engiﬁe gstartinj.
Drain-rassrve valves (D2K) are 3stablishad /installed 4o +he

tarks, and also on the gain fc- toe txcapticnyaliminaticn of +he

excess of tha ovrescribed/assigaed (ressure in thea.

’l
U

.
-
-

A3 =hae starting/launcainy, cutcff, maia and drair valvs

[1]]

possibla t5 us> valves with :nausatic, nydraulic and gvro=achnic

Adriva,

Drain-resarve valves ara actually the check valves, which by ¥

of trial and error of the corrisgonding spring adjust to the spacific ‘

pressure (pressure of adjustaent); with its eaxcess the valve is
opened/disclosed, and c¢verprassure bronzes frcm tha tank or the main,

vhich pravants their destruction or othar inadmissitle consaquances.

The constrnction/design of tae membranasdtaphragm cf frea

breach/inrush (Pi{q. 13,3) and its rastaning in the joint nmust provide

*he juarant eed strength and airtigatress to the required pressure,

P

and with the excess cf desigyn pressure the nmeabranesdiaphrage aust te
*orn., Por facilitating cf explosion and decreasa of spread the

bursting prassures cn the meabranes/diaphragm make cut, usually in ¢the |
Zorns of arc. With this fcrm Of cut is 2liminated the possibility of i

the breakavay of the 1lctes/luj 32f tue asabranes/diaphraga: the

. —+14£EIIIIHIIHIIHIJ
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membrana/dianhragms hursts opan cr tha sut, morzcysr formed 4he

lob2/113 0f ~“he meabranesdiaparagym i3 andent ty <k2 fluid flowv or

gas.

Valve wi*h elactric drive acre frajuensly is
2s%19lizhel/sing2allad in taz 31208 0f jas; such valves ara callsd +hHa

alactrizal air operated valvas (EPK).

Paae 212.

Let us examine operatiny principla EPK with drainage (Pig.
13.4) . During “he supplying of direct currant ¢tc the coil aprears the
magaetic £ield, which is strenjthened by yoke (core) frem soft i{ron.
Armature is a**racted/tightened to the ycke, and the epergent

affact/force thrcugh +he stock/rod cpeassdiscleses foot valve and

closes overhead valve, in tais case tha gas can flowvw/cccur/last

through the valve, During de-ene¢rgazinjy of coil, i.e., after the
disappearance of magne+ic field, tae sorirg returns tke system of
valvas <o the upper position, sc tnat the duct cf the gas thrcugh the
valve ceases, Since cverkead valve is »penad, then gas froam the

cavity or the main bronzes tarough the draia holes into the

nvironnent,

EPK wi*h Arainage extansively use in *he mains of valve contrcl
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#l*h +ha pneuma*ic drive (Fij. 13.o5). 7alve is closed by the force cf
¢+~ somprassad spring and py tus ;i-3sire of propellant ccapczer* ca
*ha 4isn of valve, Durirg tha suppiying of <he centrslling/guiding
gas the force of pressure cn tneé piston or~as/disclcses valve and
holds 14 in +he opan pesition, witn thy comprassion relaasa from ¢h2
santnol cavity, for example oy crezation EPY wieh drairyrs, ¢h= vz2lvy-
is ayain closed. In this valve the control cavity is isolis=21 fron
+he 1ivuid n-onellan* ccmpcnant by the cavity, which is communica+ai
with *ha environment, tut spring dces act ccntact with tha propellan+
component, Thea control cavity on ti2 piston and the cavity of liquid
componnt on tha stock/rcd are termetically saalaed by rubbar gaskets.
Tha examole of main fuel valves are the valves which in +¢he
normal position are clcsed undar the affect/acticn of spring
strang-h, and with the swork of enygine ire opened/disclosed under the

affact/action 0€ tho increasinj pressurc at their ontry and are

closad during the supplying the gas prassuras in the control cavity.




Pig, 13.3. M~mbrana/Afachrajm of rree arsech/inryset,

Ffg. 13.4. Scheama*ic of alectrical air operata2d4 valve (EPK): 1 -
spring; 2 - lover saddle; 3 - dutput connecting pipe; 4 - upger
szddle; S - yoke of electrcmaynat; 6 - magnet ccil; 7 - armatyrae; 3 -
stock/rod: 9 - dra‘n hcles; 10 - overhsad valvae: 11 - intaxe

connecting pipe; 12 - fcct valve.

Page 2113,

Vilves with the pyrctechnic drive (pyrotechnic valves) are

ful?illed by those by normaliy cpered and ncrmally-clesed,

Normally oper2d by cutoff pyrctecanic valves (Figqe. 13.6)

consists of housing wé¥4h the saddie, viiva and axplosive charge.
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7alve is held in the open positicn witi the ail ¢% ths

as ahrano/diaphragm; fer this purpes= it is fc sitls *c us= alsc a

[//]

lag ]

=3aq. Th2 cnrrent, flewdrg tarcdsn ths 10t vire, heats it and ignites
#he ipflammable pyrotechric ccafositicn, placed around the filament.
The formed flame priming charga of tha 2xplesive charge (Fig. 13.7),
sha samhnztian nroincts cf waich rear tu=2 dot<ca of heusint and ace
on valivae spindla, sharply mcviag at. Tae disc of valve s w3lged in

the saidle, hermatically sealing valv2 after i*s operation.

mhye normally-clcsed startinsgyslaunching pyco* achnic valve (Fig.
13.8) s “he membrane/diaphraga cr forcad breach/inrush. Such valves
usually are establishedyinstalled in tha2 entry in ths main of engine.
Valve operates/wears during the sujpplying of current to exolcsive
charge 5. The combusticn products cf th3 charge c€ exrlosive éhargq
act on diaphragm 8, in this case it is daflected and moves knifas 2,
vhich shears tags 3 and cuts through tae membranesdiaphragm 1. The

sombrane/diaphragm is urtent under tha prassure of the fropellant

component which enters tke main cf engina,




rig, 13.5. Schematic ¢f valve witpn ppneumatic drive: 1 - intaka
conn2cting pips; 2 - output conmecting pipe; 3 - stccksrod; 4 -
piston packing: 5 - ccrnecting pipe of dalivery c€
controlling/quiding pressure; 6 - piston; 7 - soring; 8 -~

packing/seal of stock/rcd; 9 - sadéle; 10 - ferrule; 11 -~ disc.

Pig. 13.6. Diagram of normally cper cutoff pyrotechnic valve: 1 -

axplosive charge; 2 - rembranes/diaphragm; 3 - steck/rod: 4 - disc of

valva; 5 - intake connectinyg pige; 6 - saddle; 7 - cutput connecting

pioa.

Page 214,

Such valves in contrast to tne membranes/diaphragm cf free
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breact/inrush operate/wear ac the rejuired mcment of

>
11
a
1
t1
"
1

+

suprlying of *+hn correspending ccamand/craw, what is &b

advantage.

§13.2. Regulators, chokes/throttles and serscrs,

4

Tm3atas

TY> “he requlatears and tae choxes/tarfo*%l~ss czrry such a

(2
[¥¢

of antomation with *he aid of wkick change ths carameters 27 or
rocket vehicle as a whcle on precetermined rrcgram cr flowira sigrals
of contzol-syst~em =2quirprept., #ith the aid of scme regulators in +kh-
known limits are pmaintained tha pressura or ths flow cf gas or
liquid. Regulators DD are, for example, pressure reducers of gas,
Regulators and chokes/throttles must possess operating speed, i.e.,
time from ths Aalivery c¢f tha ccammand on them *c its acccmplishing

must be low.

Pressure reducers cf gas. When must be ccnstant pressure in the
tank, from which continucusly is expended/ccnsured liquid component
cf the propellant (or liguid it is workirg bedy), sc that the volunme
of gas cushion/pad ‘ncreases/grovws, is ussd the pressure reducer of
gas, adjusted between the gas ccatainer high-frressure and the tank.
Pressure raducer prcvidas with the low error (to C.150/0) the
orescrihed/assigned gas pressure at th: ocutput/yield from the

reductor Aespite the fact that the pressure at the en¢ry into
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cantirgansly falls as 2 rasult cf th? outflew of gas Zrcm the
tank/ballonn, The gas pressure in thz =ang/balloon in +the begiariry
n% *4e¢ work of engine gust be supstantially higher than tha raequired
prassure gas in the *ark., Toward tke &ad of the werk cf engira the
7as oressure on the en+try intc th2 rzductor must to certain value

axceal nressure at the cutput/sietc froa <ha raincter ani,

s}

2e

n
-

conszgu=rtlv, alse » 1Te Ln told tan<., 3as

r
rs1nctor is nacessary, since precisely via diffzrent degres of
+hrattling/cheking (breaking) jas is providad “he werk cf reducter.

In orooor+icn to decsmpression cf gas in the tanksballoen the deogres

0f thro:ttling/choking ccntinucusly is decreased.

Chiont
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Pig. 13.7. Fig. 1.3,
P‘g. 13,7, 3Zxplnsiva charge: 1 - actton; 2 - c-a-je: 3 - housina; 4 -
plves 5 - nu+; 6 - insulator; 7 - i1nflanmanle niyrure; B - hot wire,

Pig, 13.8. Nermally-clcsed startiag/launching pycotachnic valve

(membrane/diaphragm cf forced preachs/inrush): 1 - membrane/diaphragm;

2 - knife; 3 - tag; 4 - diaparagm; 5 - 3xXxplosive charge.

Paga 215,

Throttling/choking gas in the rzductor is accomplished/rzalized
in transi+ through +he thrcttling cross sacticn, which is the narcow
annular slot be*tween +te valve ana the saddle, With the dacrease of
size of slit the degree of tarottlinj/choking gas is increased, and
its prassure after the throtrling cpaning/acerture is decreased, and

vice varsa,

Dapendinqg on that, in wanich darsction relative tc +the directicn
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of ta2 nctien of gas is open=24d/disclosed the valve cof reductors, then

ars subdividel in*e +h~ rejuctcrs ¢f ths direct and revarse/dnverc-’
effect/action. In <he reductor ¢i th: lirect effectyaction tha valva
is openad/disclosed in the diracticn of the flow of gas, while in
back-action reductor - in the ofpusite directicn., Mcre fraquent in T

are 3¢ ?1 Zra2zsaTe r2ducers ¢f cack-ackticrn.

In “he pressure reducer of cack-action (Fig. 13.9) it is
possibla *o isolate three cavities: th2 cavi*y ¢f hijh and lecw
oressure and submembrare cavity. Lf adjusting screw 1 is
established/installed to sucn pcsition in which on the
membrana/diaphragm 3 dces not acr the Zorce or this force is 1low,
then tha valve of reaductcr undar the effact of rressure in the cavity
of high pressure and fcrce cf ccmgrsssion of spring 6 is closed. So
that the raductor would enteér the effect/acticn, i.e., it prcvided
the constant prescribed/assiyned pressuare a+ *the output/yield from i+
with the decrease of pressure at cthe entry, if is necessary with the
aid of the adjus+ting screw to adjust spring 2. Mcbile system *he
membrane/diaphragm - stcckx/rod - valve at each given mcment of the
vork of reductor occupies such position in which the force of spriag
2 is balanced by the sum of three forca3s, vwhich effect in ¢the

opposite directicn:

2
+
=
D
"
Q
]
aQ
b
o
"

pressure of yas on the memtranes/diaphragm in
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low-prasenre favidys

b} the force of srring 6;

c) the force of pressure of yas from the side ¢f high-prassure

Th2 selectien of +kis coapress’ion springs by *ka adjustiag
screw, with which a* +the output/yield from the reductor is provided
*he prescribed/assigned gas pressure, call the adsustment of

raduztor.

In the process cf the worx orf pressure reducer of gas in
high-prassure cavity centinuously 1s dacresasaed, which leads to the
disturbarce/br2akdown ¢f equilitraum of the fcrces, which effect on
the wobile system; therefore it is cdontinuously mcved uoward,
increasirq area “hrottling openinys/apertures and providing the
constant gas pressure at ghe output/yiald fream the reductor Gty

decr2asing the degree cf throttlaing/choking.

L ot st
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Fig,., 13,9, Fig. 13.1),

Fig, 13,9, Diagram of pressurs reaucer o gas: 1 - adjusting scraw;
2, 6 - spring; 3 - memtranesdiapnragw; 4 =~ cutput ceanecting pipe; 5
- intake connecting pipe; 7 - stock/rod; a) high-prassure cavitv; b)
+hrottling opening/aperture; c) low-prassure cavity; d) submembrane

cavity.

Fige. 13,10, Schematic cf chcke/tarcttls: with shaped ne=2dla: 1 -
intake connectiag pire; 2 - piston; 3 - ccnnec*ing nipe of Jelivary
of contrelling/quiding fressura; ¢ - spring; S5 - stcck/rod with
shap2d neaedls; 6 - ovtrut connacting pipe: a) cavity c¢f£ propellant

component; b) cavity of centrcllaing/guiding pressure.




Pig. 13.11. Fig. 13.12.

Pig. 13.11. Pequlator of pressure constancy cf supoly of propellant
compon2n*s: 1 - connecting pip2 of d2livery cf centrelling/guiding
gas; 2 - spring: 3 - bellows; 4 =~ s*ock/rcd; 5 - intake connecting
pipe; 6 - valve; 7 - cuvtput 2f connector; a) cutput cavity; b)
throttling cross sacticn; ¢) driliing in s+ecck/rod; d4) intake cavity;
@) cavity, conrected with cucput cavity; f) cavity cf

contrelling/guiding gas.

Pig. 13,12, Diagram of signal indicator (relay) ¢f rressure: 1 -
conn2cting pipe of delivery of fressurs of ccmpcnent cf propellant or
gas; 2 - membranes/diaptragm; 3 - push rod; 4 - lever; 5 - spring: 6 -

electrical chains; 7 - contacts a) dynamic cavity; k) static cavity,

i b O ko b At it e Rt 2
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Pags 217,

If on any re2ason the gas pressur2 in lcwv-pressure cavity
daviatas frem the orescribed/assignel value, then disturbs lalance
i«self of +he forces, which 2ffect on the mchils syswan, 3t S - -
tine in the case of decreasing tne prassur2 at the oun%put/yisli ‘Ioa
the zedluctor is AdAecreacssd tha Iczce 5f pressure cf gas cr the
membrane/diaphragm and fcrce ¢ ccupressior c¢f sgrirqg from %he sii-

of aljusting screv moves mobils systam upward, which leads %o th

racovary c¢f ra2quirad pressurs, and vic2 versa; consequently, the
raquirad pressure at the outpuct/yield Zrom *he reductor it is

ma‘ntained by constant auromatica.ily.

The ad justment c€ reductor carn b2 changed both before engine
tosting and with its wcrtk. In the lattar case to the adjus<ing screw

it mus%t be connected any leaa (for exaaple, elactrical).

Ragula®ors and chckes/tarottles. Into ccmposition DU enter the
actuating alemen+s of the systass which change in certain range, anad

2lso maintain with constants the fluid flov rate or gas, coefficient

x and other parameters.




jas carLnL pa cnanqg2i wi4n choko/tazcottln

#is* *he shaped ne2?ls (Fij;, 13.190). Xizh %ae &

o

of neselle changes flcw area oetwees th2 szfdla

94

isplaceaent/mcvensrnt

ard

the

valve an?,

consaquantly, alse fluid flow rate cor jas. Needla can be moved undar

*he gas pressure or liquid,

dhicn effacts cn *the riston from the siir

A€ «he ceontrol cawvitv, Usin; ca2 or 1.00tisr ¢he trofila:qindail of
12eil=s, I4 is possibl=s tC CIiali Tat 1i1°035S3aTy chang: fn the flail

flov rata or gas.

For *he safeguard cf ccndizior x=cosnt or change cf coefficiant
vithir some limits install cacke/throttle the systems SOB in main
cf cne of the orcpellart ccmpoments, which during the supplying of
control signal changes %¢¢ tha nscassary degree the

expenditura/consumption cf compcacnt.

FOOTIOTZ t. SO3 - systenm Oof ths syncaronous emptying of tanks.

ENDFOONTNOTE.

The requla+tor of the pressure constancy of the supply of
componant of propellant (Fig. 13.11) orovidas its censtant pressure
in the output cavity a+t an invariabla oressure of gas in the control
cavity. The compcnent througn ccannectiag pipe S5 enters th2 intake

cavity 4 and through the throttle cross secticn b - into the outpu*

cavity a. Regulater has the maooile systam, which ccansists cf tellows
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)}, stock/rod 4 with drillinj € vaive o. Drilling c conrects cavity a

vith cavity o,

Spring 2, bellows 3 the area cf valve 6 car bm selacted sc that
in *he case of changirg the prassure in cavity a, i.e., pressure at
*ha Ju*ont/yield frem *+ne rejularor, disturbs ktalance itself cf tho
forces, which 2€fect cn tne mooils systaa, and &t is moved tcvard cf
decrease or increase.in the thrcecttiing crces section b, as a rasuls

of which the prescritedsassign2d ;ressure in cavity a is rastored.

S2nsors of systems CU. In systems DU are included the sansors,
vhich supply into the ccatrcl syscem tha signal about the achievemant
of the upper or lover allcwed value >f the parameter ({pressura,
temperature, the number cf revolutions of turbine, etc.) or the

signal, proportional *c the value ¢f the measured parametar.
Page 213,

The signal indicatcr (ralay) cf pressure (Fig. 13.12) has two cr
three pairs of the ccntacts whican are connected with the aid of the
transsission gear through the pgsa rod with the memkranes/diaphragm.
Under the pressure of liquid or jas th2 memtrane/diaphraga is
deflectad, which leads tc tha closiny of contacts (for the signal

indicator with %he ncrmally opan contacts) cr tc breaking of contacts
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(for the signal indicatcr wita nocwally closed ~ontacts). dith

Ascompraeassion *he cor*acts respectively ar? troken cr are clesed.
%13.3, FPead sys*ems vi*th the gas stcrage tank cf pressure.

Th2 gas storaye tank of rrassure (iAD) ccnsis+s of <ank/ballcon
with +he compressed gas, pressuyre reducer of gas and valvas.
Fig. 13.13 depicts diajram DU of one-time inclusion/ccnnection

with AD gas. The *ank/tallcon AL jas thay service nigh-pressure by

compressed gas through valve 3. Eagine is included tf valve cpening

4, Gas passes through the pressctre reducer by 5, where its pressurq
descends to the assigned magnituda, or3aks through the ‘
membranes/diaphragms 6, are oraneds/disclos=2d check valves 7 and it

antars tanks, as a resvlt of waica the pressure in thenm

incraasas/grovs. Uron reacking ¢ ths orescribeds/assigned pressure

they are closed tha contacts of pressure indicator bty 8, in this case

nasses the command/crev to the discovery/opening of main valves 10.

The prescribed/assigned modes/ccnditicns of werk ZhRD is orovidad

by the adjustment of reductor 5, and the required fuel coaponent

f ratio - by tuning disks 11,

Engine is turned off/disconnect2d by the coverage cf valve 4 and
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main valvas 1),

The menmhranes/diarnragas o, dajusted in «h» corini-s/nanifelids,

vhich supply gas ia*c the tanks, «sizinate the contac*t of fuel and
cxidizar to ~n3yine starting, and caeck valves 7 fulfill the same

fancticn qurirr «he werxk Oor 20;5:.L2,

Usunally svstems with AJ jas suooly jyas irtn * .- -a1ks
continuoucly 4dnriny entira operating *¢ine of aniine, Howaver, snuck

systanss can work alsc ip the pulsea cperaticn, in this case is not

required the pressure reducer. In this case in the conduit/manifold,

which suprlies gas frce the tank/valloon into the tanks, is installed

the valve, and on upper tottom ¢f or2 >f the tanks - two pressure

indicators.




fig. 13,13, Diagram DU with tha jas storage tank cf tha pressure: 1 -
drain-rasarve valve; 2 - tank/tararcon 4ith the compressad gas; 3 -
£il1liny valve; 4 -~ cutcff valva; 5 - przssure reducer cf jas; 6 -
hurst 13ia“raqw: 7 - check va.va; 4 - pressura indicator; 3 - valve
4i*h *ha aqlac*repaqnet; 10 - pain valvas, wvhich have the system of

Azive from cnme contrelling/guiainy piszon; 11 - tuning 1isks.

Page 219,

One signal indicator it is adjusted o5n miniamally, and another -~ to
“he saxiaum permissible pressure aL thi tank. With decospression in

the tank to that the winisally feralttid they are closed the contacts
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of pressure iniicator and passes compaad/crew to valve cpening.
Pressure in the tanks legins vo yrew, 1td upon rzacanirg of 4te
maximum permissikle value on tne clcsiag of ccn<acts of orther sijnal

indicator valve is closeé and sc forth.

Fazd sys+ama wi+h AL ;a3 pcs3ess nhigh reliabilisy ani 3u€finiane
siaclicity, it is nest firisaadl and 2x:2nsively ¢i2y are 1szd. fFer oJ
with tha gas storage *ark of praessur: is sufficiently sianls ¢th:

safequard of multiclving of anjina and a chkange in i%s *throus+,

Hovever, systeas with tae cas storage tank cf fressure possess
the rala%ivaly larger mass cf jas anl cank/tallocn (as a resul+: of
the hijh initial gas pressure) and are used in essance for the angine

installations with the sgall tarust ani the lcwv total isoulse.

Th2 system, which uses as tne pressurizasica gas air, is calla+d

systema vith the air rressure accumulator (VYAD).

In the engine installations wita 74D vith the rreheating (Pig.
13, 14) *¢bm air, whict enters tae tanks, is heated by the heat, vhich
is isolated as a resuvlt of reactiny th? burning of lijuid fuel ani
oxyqen, vhich is contaired in tte air. Por the reliable work of *h>
ferd system of cxidizer intc ite tank a1ust act enter unburned fuel.

Is possible “he usa/avrlicaticn or othar aethcds of heating the

e — ssnidbaliin s 2a il
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displacirg gas before its supgly in*s ke tanks,

Salaction of an iritial stcray~ prassurte and of the =ypa cf
oressurization qas. For decreasing the volume of tanks/balleon i+ is
desirable to select large initial gas Jressure. Furthermore, wi%h an

b N ot ¥ -1

[{/]

» in *h2 gas rressurs ta cartaia linmit -
approx’ natalysaxerplardly tc 330 oars [ 2350 kgf/cm2)] - is previdad
gain in +he mass of tanksballoca. Th: jrea*=sr gas orassura tc use

irexveliently, since simultaneotsiy vi:ih the decrease af the velume

of *ank/balloon *o the ncticeanle aegrie is irncreased i%s wall
thicknass. Usually thre initial fressuri of prassurization gas jin the
tanksballoon is selected in tha limits from 200 bars [=x200 kgf/cm2)
o 350 bars (x350 kgf/cm2], For tne convenience the
arrangaaents/positions in the cfocket vahicle in certain cases usa2 not

one, but several *anks, tallcons with ta2 conmpressed gas.
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Pig., 13,14, Diagram DU with VA0 with tais preheating: 1 - small tank
vith the auxiliary ligquid progasliast component; 2 - tank/ballcon with
*he conmpressed air; 3 - cutoff valve; 4 - pressure reducer of gas; 5
- pr2heating chamber of air.

Key: To tromnbec.

Page 220,

As the displacing gas c¢f the i rzssura accumulatéts sarve air,
nitrogen, helium or hydregen. If prepellant ccmponents can react with
nxygen, which are cortaiped in the air, and is absent the separating
device between the compcnents of propellant and the compressed gas,

+*hen instead of the air (cheapast working medium/prcpellant) are used

the inert gases: nitrccen or halium.
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ODuriag the displacesent ¢ liyuid cryegjenic prepellan-
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conda2nsa?! an? aze Jiesclved in tane fael/fprorc
vhich the fleow o0f the disglaciag jas i3 nenessary to increass.

Tharafsra crvegenic comgenen:s it i1s profitabla to displace by

Sl i, whish tas Yeowesst cossivle poiling rneirnt, H:liue I is
oz~fisanlae 4> 232 alse Ico tase Jdi1splac:iaent cf nencroycgealc

oroon2llan* cecnponents, siace at one arl th- same vclums ofF

n

tank/lalloon an? pr=ssure in ic, as a cesult cf the less d2asityv c¢
ho1liym, i*s nacsassary rass is dpprcximatelysexemplazily 7 *iress lcéar

*1an th= mass of nitrocgen.

The additicral advantage of heliuas over air and by nitrcgen lies
in the fact +ha* *+he tepperaturs ¢f nelium during the
*h-cttling/choking ir the presstira radicer incrrases/grows, while fer
air ard nitrogen it is decreased. Therafore utilizaticr of heliunm
ins+2231 of ni+tvogen ¢r air givas a ccnsideratle reduction/descent in
*he mass of faed sys*ter. Scme saorrcomings in helium are its high

cost/value and great tendency ccward the leakages,

§13.4, Pered sys*ems with the liguid ani soljd-propellant gas

genarators.

In the pressure feed systaps ara 1s2d mone- and di-compcaent
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ZhGGs 1s possible the utilizaticn of taree-ccemronen+t h35,.

The displacing gas in DU «4ith one-compcnent ZhGG is formed as a
result 2f +he decomposition of aaditional liguid component of tha
propallart (for eoxample, paroxide of hydrogen H,0, cr hydrazipe

VaoHs , sucplied to *he cas gan2rater foom *he soecial small “ank,

Fig. 13.15 shows “ke schematic of 2nqgine installation with
di-component ZhGG, estatlishad/installed on the uoper bottoas of
tarks., In ZhGG cf the fuel tanx of camdon2rt *the fuels/propallants
are supolied by selectirg tha tuning disks with the excess of fual
(zon=0,3+-0,4), vhile in 2¥G6 of cxidizzr tank - with the excess of ﬁj

oxidizar (ex=3+6), so that tha temperatiarzs cf *he displacing gas would

not 23xceed the values, permitted for tae material of the walls of
tank. Therefore temperature in 2h3G 102s nct exceed 1300-15009K. The

shieald, placed in *he upper part or 2ach tank, dacresases <he sfi=act
P E P

of +the stream of contusticn 3roducts cn the surface cf rropsllan-

components in the tanks.

The displacement cf propellant coaporents of both tanks with the
atd of ona zZhGG is dangerous to thos2 :hat in ons of the tanks occurs
the afterburning of corxbustion products, which can lead to the

axplosion: for example, combustica proiucts ZhGG, which containr the

oxcess of fual, af*ar ¢he encrance into> the oxidizar tank will burn
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Page 221,

In the sys+ems with tna sclid-orojsellant gas gsnerators the
cnanorants of “n=l/prerallant are aisoslaced frem *he tanks hv +- =

combusticn products ¢f sclid-prcgeilant grair,

Engine ins*allaticne with TG6 (Fij. 13.16) start by th> suboly
cf electrical siqgral tc the igniter 2f the charge, placed ir gas
genarator 2, Ganerating ccatustica proiucts tear the
mémbrane/diaphragn 4, which nermeticilly seals cavity TGG, and they
fall into the units of input/introduction 3, placed in the gas
cushion/pad of *anks. During tae pressire buildup in unit 3
operates/wears check valve, and combusticn prcducts begin to entar
tank, in this case they move in e€ssenc2 in parallel to *he surface of
propillant componrent, exertingy crly small influence or it. Check
valves in units 3 divide the gas cushions/pads c¢f tanks from 2ach
cther, including after engine cutcif, which is especially necessary
for ths self-igniting fuels/progpeliants. Upcn reaching cf the
oreszribed/assigned rressure ia the tanks they are closed *he
con+acts of pressure indicator by 5, as a result of which passes tha

coamand/crew to the discovery/opening >f main valves cf engine.

TRy e oy
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?igo 13. 1S, Figc 13. 1€,

Fig. 13.15. Diagram DU with two-componant ZhGG: 1 - 7ZkGG of fuel

tank; 2 - shield; 3 - +ank wita auxiliary prop=llant components; 4

ZhGG of oxidizar +tank.

Key: (1) In the chamber/canara.

Fig. 13.16, Diagram DU with TGs: 1 -~ drain-reserve valve; 2 - TGG:

- unit of input/intrcduction ofi ccmbustion prcducts TGG into tank; 4

- meabranes/diaphragm TGG; 5 - pressure indicator.

Key: (7). In the chanber/camera.

3
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Page 222,

Usually solid fuel has an excess J>f fuel. Therefora

[a N

AT *hn

~lileprepallan+ gas gFnsritacs it ‘s axpadient t3 use

[

iisplacamant ¢f fuel, The displacsuezt of cxidfzzz ¢z acnoprecoellant
by *he conmbus*tion prcducts of charge of TGG is danjerous due *0 *tho
possibility of their afterburnirg in the tank. Tharefor=z for the
target increases ip the reliability of DU fer *+he displacement of
oxiiizer use seoarate TGG #ith the solid-propellant grain, which has

+he axcess of oxidizer, or provide for separating devicae,

However, in certain cases it i1s pi>ssible to allowv/assunme
afterburning in the tark, if this dozs not decrease the raliability
nf the work of engine installaticn, since in this case is decreased
*he nacessary flow of the displacing gas. In the 2xtreme case the gas
cushion/pad of tank canp serva as peculiar liquid-gas generator, if we
suoply to the surface of liguid cowpcn2nt fuel into the oxidizer tank

and the oxidizer intc the fuel tank.

0f all typves of pressururizéd-progellant feed greatest

structural/design siaplicity posssss tha systems with the
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solii-propellant gas generators. fFurth2rmor2, TGG provide the rapii
output/yi2ld of engire tc the acsiral zating, fcr wkich together with
the basis is used starting/launcaing of TGG with the solid-propellant
grain, which has high rate cf ccmopusticn, The ccmbustion products cf
the charge of starting/launchinc ¢t IG5 priming charge of basic gas
Jenerator and *hey rapidly increasze prassure in the tanks, Adiiricnal
advantage of TGG in ccmparison with tha gas stcraje tank cf fressurs
and ZhGG is the absence c¢f gas ccrtainars high-rrassure: since thair
complete hermetic s-alirg/prassurizetisn/sealing, recessary fcr *he
rocket vehicles with rrclcnged period 2f stcrage or flight

{esp2cially under conditions of cuter space), presents difficulties.

Howaver, feed systems with TsG possess the number of
shortconings in compariscn with tae systams, which use a gas steorage

+ank of pressure and ZhGG. To maia disadvantages one should ralate:
1. The complexity cf tha adjustmeat: i* is in particular
difficult to ensure statle (ncagulsatiayg) burrning in TGG (ths

shortcoming indicated rcssess systems #ith 2hGG).

2. Difficulties, which appear vith power change and upon

maltiplying of engine,

3. Dependeance of engine charactaristic on ambient temperature,




poc = YNGR EAGE !7*0

which affects rate of ccmbustion of sclid fuel. For =2xample, ths
angire “hrust with an increase is the aatient tempsrature
respectively increases/grovs. The shorzccming indicated can bhe
excluded, if on the upper bottcr of tanks tc rlace drain-reserve
valves and to supply ¥rptc tha jas cushions/pads of tanks the greater
exvenditure of oroducts c¢f combisticr how i+ is ratuirzd for +he
creation of the prescrited/assignad prassure in the tanks. 3ut excass
exoarditure of combus*icn products (it jrows with an increase in the
ambient temperature) brcnzes thrcugh D2K inte *he anvircrment,
Therefore the mass of systep with IG5 sroves to be more than the mass
of systam with 2hGG whcse characteristics only to the lcw degree

depend on ambiaent temperature.

The smallest mass have feed systeas with ZhGG, but they are
fairly complicated, estecially during the utilization of
two-component ZhGG, and they are used rarely.

Page 223.

§13.5. General/common/tctal characteristic cf pump feed systenm.

In the pump feed systenm prcpallant compcnent are included the

following systams and tke agyrecaces:




-
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a) turbopump unit (Fij. 13.17);

b) +*he system, which craates cfrtain excess pressura ¢n en%aring

the pumps;
c) s*av* ‘-~ rystem of turbina;

4) the vower-surrly systea of turbin2 by gaseous wcrking

meAjum/oropel lan%;
e) branch systee cf the extaust (crushed) gas.

TNA is intended for increasing th2 pressure of the compgcnents of
propellant and their supfly intc the chamber/camera and ZhGG. Gas
turbine TNA davaelops pcwer during tha supplying to it of the gas
flovw, which possesses sufficiently high teaperature and pressure.
Pumps of TNA consume tlis power and ara used it for increasing the
pressure of the ccapcnents ¢f propellant and their supply intc tha

chamber/camera and ZhGG.

Into the system, which craatas ovarpressure on entering the
pumps enter the aggregates cf the supercharging/pressurizaticn of the
oxidizer tanks and fuel, and also the devices, which additicnally
rajsa the pressure of prcpellaant ccmpoaent at the inlet iantc rpumg.,
Such levices include the jet and auger series-connected pumps wvhich

ara considered in §13.10.
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Pig., 13.17. TNA ©0f ZhRD ERD-197 "Voe*ok™,
Page 224,

Starting system of turbine can 2ncompass the cartridge starter
(starting/launching TGG) or small tanks with the starting/launching
propallant components; it werks cnly ia the reriod of the
starting/launching of turbaine, after waich the latter changes to the
fead/supply from the basic system (from ZhGG). Starting systems of

turbine are examined in §14.1,

In the pover-supply system of turbina bty gaseous working
medinm/propellant are includad ZhsG, the regulators and the valvas,
and also the conduits/sanifolds, which supply propellant components

to ZhGG.
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Branch sys*em o7 *he crusneu gasedus wcrking ardium/oropzllan<
of turbine is exhaus* pige for Za3C wich the throw-out cf <ic worxing
medium/propellan+ indicated into tanf eavirorment and cas ceniuctor
for the engines, which scrk on tne diajram "gas-liguid" and

"gas-gas"®,

. Exhaust pipe connect up to tne 2xhaust ccllecter turbhinas wizh
the 2id of the flanged ¢r wvalded jciat, Exhaust pipe is *he
+thin-valled condui*/marifecld, which is endad by divergan® nozwzl~; its
exit section they usually placa at the level cf nozzle e2xit section

of the main engine chamkers.

Gas conductor of 2hRD, which werk on the diagram "gas-liguid® cr
ngas-qas" (latter/last type enjires tave two gas copductors), is the
*hick-valled conduit/manifold, snich connects the exhaust collector

of turbine with +h2 head of chaspei/canera.
§13.6. General-arrangement diagrams TVNA,

Depending on the mutual arrangement/positicn of pumps and
turbine are dis*inguished single-shaft and multishaft turbopuap units

(Piq- 13.18).

In single-shaft TNA tha fusps of oxidizer and fuel, and turbine
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also placa cn one shaf+,

In *win-shaf+ T™NA cp cns shaft ary arrangzrdslocatad the pumos cf
oxidizar and fuel, and cn ctner - turbine or c¢n one shaft ¢hey place

the fu2l pump and turbire, aad cn cther - the pump cf oxidizer,

In thrae-shaf* TYA e€ach puap ard tirbine assentle on the

saparata shaft.

Siaplest censtructicn/dasigrn nas single-shaft TNA. However, it
poss2ssas tha e2ssential sncrtcomany: th? nuamker of revoluticns of the
shaft, on which are placed tne turbine and pumps, is limit2d by one
of the aggregates (usually by the pump of oxidizer), so that the
number of revolntions ¢f shaft rroves %o be optimal cnly for i+, and
other aggregates, in particular turbin2, they werk cn the

lovered /r2duced relative to optimal nusber cf revoluticns.
Page 225,

Multishaft construction/design of TNA makes it possible for each
aggregate to select the number of revolutions, which is optimal frca
the point of view its efficiancy and lovw dimensions and mass;
hovever, mnultishaft TNA has ccmplax constructicn/design. The

kinenatic cons“raint between all shafts of TNA provides train of
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ducing sears which derks under the savere ccriicicons (high
peripharal of velccity, tae larce traismittzd power), Saln i= +hy
mas3 0f TNA, as a rasult of th3 o timal number o€ revoliatpizons n¢

turhina and each pump, can ba orouyght =35 the giniane dua tc *the large

mass of reductor, systeas of its iubrication and ccelinqg,
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513.7. Device Hf centritugal pud.

P>r the oump feed cf propallan* coapcnaents in ZhRD in essence
use *he centrifutal pumfs, waich pcssess low sizes/dimensicns and

nass a~1 hith afficiency.

In cantri€ugal rueg (Pij. 13.19) are included housinj, “he

impaellar, shaf*, Pearircs ana packinjs/seals.

11 pump casing it is possitle *O iscla*te intaxe pipe; <ha cavity
in which is placed t*e ispelier; vclu*a’/snail and 1iffuser. Through
intake pipm *he lignid is supgplied *o the Iantake dart nf the

imvellar, The *orsion of the lijuic bafore the ippeller is 2liminated

by dividing wall, cast tor one whale with intake pipe. wvith the
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cantilavar arrangement c¢f tne puspg ¢f the cempenents of

o

n <his cas

W

fuel/provellant it is sugplied aicng tas axis of shafx,
intaka pipe has simplest form (tsuelly the form of *runcated ccne
with smallest area at the inlat iatc %*a3 impeller), However, frcm %he
designs frequently use the delivery of prcpellant ccmponents at angjle
0f 309 to *he axissaxle cf gumz spanila. I- +his case tha Sazm ~F
intake pipe bectmes canmplicazza, asvecially Ff through 1t is fassed

puap spindle, Propvallart ccapcnent flo#s accurd about *he spalir ani

also it is supolied to the intaxe part of the impeller all i+s cver

circunfarance,

The liquid, which escage/ansues at a high spead frcam *he
channels of impeller all cver circumfsarance, is assembled into the

voluta/snail and 34 moves in it towarids diffucser,

Page 224,

The cross-sac+tional ar<a of vclutasenail éduring the meticn tc the
side of diffusar ccntinucusly increasas/grovws, Kinatic energy of
1iquid is converted into the fotential pressure energy in the

di ffuser, so that great fpressure a liquid has at the ocutput/yield

from the diffuser,

For high-pressure ckttaining cn output/yield of tha punmp instead
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of th2 lescribed above singiea-staje arce used the “wo-staga pumps
(?5q., 13,20y, which are tvc 33-ies-c¢ccniected single-stages puap,

usually arrangol/1nca*ed on on2 ana thas same shaf+

w

Pump casing usually coasists c¢f stric+ly housing and cover/carc,
dacanted frcm “ha alnrirur aiicys arl conrsct/3cinad togesh~z hv
flarnye jein*. pump casing, waica crea%es high pressure, thzy cas*

mrad2 of steel.

Impellers mos* freguantly are made by castirg. Therefore all
2lements/cells cf impeller are taa unit ferming i%s internal cavity,
divided by blades intc several iderntical channels. Usual impeller has

not more than eight tlades. Lijuid enters the intake cavity cf

imapellar, and than intc tha chaonels between *the ftlades.




Tig. 13,19, ' Fig. 13.20.

Fig. 13,19, Schema*ic of centrifugjal puap: 1) 3ntake pipe; 2)

impellar; 3) coverycar ¢f housing; 4) volutes/snail; 5) diffuser,

Pig. 13.20. Schematic ¢f two-stage puap: 1) pump of first stage; 2)

saccend pump.

Page 227.

The wall thickness of impeller exceeds 5 mm, To tke shaft, cn which
on *he splines is fit/mcunted the impeller, is fed pover. Therefore
impeller is rotated and its blades exert pressure on the liquid, as a
result of which the velccity and the pressure of liquid during the
r motion in the channels centinuously increasing. Froa the impeller tha

liquid enters the vclutessnail cf housing. The impeller of the
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lescrih:d ceons*tructicn/desijn is calla2d closed,

Thay fre.quently use, a3specialliy into ZhRL ¢f low thrust, open
imoellars, whose cover, cap is apsert. Por them are characteristic the
increased pover losses tc the ovarflowing of prcpellant component
frem Rith-gwessure cavity (3t tihe cutput,/yield €ren the inpaller)

intec lev=-orasszurae cavity (at taz inl2® intc the iavellarn),

Distinquish impellers wita tae one-way (Fig. 13.21) and
bilateral inlet liquids, Inpellers with the tilateral inlet (Fig. i
13.22) are two singleflcw iampellers connected by rear surfaces and
decanted together. Suchk impellacs make it pcssibla to increasae the
prrmissible number of revoluticns of pump srindle and due to this t¢

lovwer mass TNA (sea §13.9).

The afficiency ¢f pump to a considerable degree depends cn fluid
flow rate, which flows frcm nijh-yressure cavity in lcw-pressure
cavity, Por reducing/descending thne 2xpenditure indicated are used

the slot, labyrinth and floating packings/seals cf impellars,

Slit gaskets (Pig, 13,23a) ddecrzasa the cverflcwing of ligquid as
3 result of lowv radial clearance § between the graphite ring,
sacurely fastenaed in tta grcove of pump casing, and the cylindrical

annular groove of imgeller.

PR
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Fig. 13.21. Sinqgleflow impeller 1) cover/cap: 2) housing; 3) tlade.

Yiew A
Key: (1)..(cover/cap, pcs. 1, are anot conditionally shoun).

Pig. 13.22, Centrifugal fpump wita impeller, which has bilateral

inlat,

Pagea 228.-

Lossas to *the ovarflewing during such packings/seals compose
approximately/exemplarily 150/0 of the general/ccmmcn/total

expenditure through the impeller.

Labyrinth seals (Pig. 13.23b) are mcre effective than slct,

since labyrinth grooves impede the ovarflowing of liquia,
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The floating packings/seals (Fig. 13.23c), which ccnsis® of the

se® a¢ +tha alternating disks frcm a Sluorine-ccntaining polymer or
alumi pum, make i* possjble to icwer the cverflowing of liquid to the

insignificant value (nct more tkan 5S0/o0 ¢f the general/compon/total

axpenditure through the impellerc).

So that the liquid, whicn flows thrcugh the packings/seals,

woull no+ disturb the course of tae main flew cf liquid at thae inl-t

into the impeller, in rump casing is providad for the special

deflector, which is guided the flowing liquid

in the diraction of the

ain flow (Fig, 13,23k and c).
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Pig. 13.23. Packings/seals of the 1mpeller: a) slot; b) labyrinth; o)

flcating,
§13.8. Basic paramsters c¢f pump.
Por calcnlating the pump basic are the follcwing parameters.

1. Volumetric fluid flow rate through puep v. It is determined
according to the mass fpropellant component flcw &, found from the

+hermal design, accordirg to tae foraula
s m
V= =

e
whera p - density of-prcrellant coaponent a*t an inlet *eaperature

into tha punmp.

The rate of the amaction of laiguid in the pump, and ther2fcre,
also the volumetric flcwv rate v cf tha directly proportional to
number of revoluticns c¢f its iapeller:

U~

Therefore for changing the .'luid flcw rate through the rump it is
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necessiry respectively tc chaangs tne auxztsr of cavoluticns of
impellar,

Paga 229,

2. Pomsgnur~ H, The rressursg, c¢r2ated by cunrg, is an incraas=e i-
energy of one kilojram ¢f the 1iguid, passing *hrough the vumc, If we
consider that the velccity of lijuail at the inlet into the pump is
equal o outlet velocity frcm it, then pressure is exgressed ty *ho

formula

H=£!L"_—_p££_ 13,8
'] 4]

vher2 ps»x and psuz the pressure c¢f ligquid at the inlet into the pump

and at the output/yield frca it respectively;

€ - acceleration cf gravity at the level of sea, 2qual to

9, 80665 m/s2,

Pressure H is expressed in the neters of ligquid column, and the
pressure increasa, prcvided by fump, depends cn pressure and dernsity
of the liquid:

A Puse = Pra— Pu=110Es:

Pressura is directly proportional ¢tc *he square of number of

revolutions n and to the square of cutside the diameter of imgeller

D;.-p:

H~nD3,
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For an increasa in *+h~2 crassurs 1t ¥s nacessary %o raise the aucher

b

; of revolu*ions o€ impeller or to apply impsller with the larqgae

outside diameter.

N2cessarcy prassnre £or oustut/viell frex *te sumg 27 INED ca- -
dasigna2d frem +F2 fnrmula

Pnu’—:px +AP¢"APM'

whers Ap, - all tvpes ¢f hydrasalac lcssas on %he main of ths

corraspnnding prepaellart compcaent froam the pump *o th» injecters of

chamber/camera.

3. Number of revcluticns of staft n, If we d2signate the number
of revolu+ions of shaft per minute n, and angular veloccity of shafs -
w, then the relationshipsratic Ltetwesn tham takes the following ferm:

_2an

4, Useful 1liftirg pcwer Nx Useful is +he towver, transmi*ted by
the pump of liquid, i.e., the power, spent cn *he cr2ation of real
pressure with that determined vcluxetric flcw rate; it is detarminad
from th2 formula

N.=vHeg,
or +aking in*to account eguatica (13.1)

‘vx=6(pnﬂ_p.x)' (13.2

- e
e —— — —_— L .
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bage 230,

during *ha recording in taa tore of equaticn (13,2) net rowar
does not depend or “he censity cf liiquid p.

5. Efficisncy of rump n. Tae efficiarcy of piurp ~ansiizzs all
+«yoas ~f losses in it and 1t caa oe writden in *thae fecllcui-ngy fcoa:
MNae = N6 Mrua Nuiees

wvher2 noe Nz and nuwee = veclumetric, hvdraulic and mechanical

afficiancy raspectively,
volumetric efficiency net charactarizes the losses, connected:

a) with the ovarflcwing cf 1liyuid from the cavity at the

output/yield from *he imfpeller intc th2 cavity at the inlet into i<«;

b) with the leakace cf 1ijuid irt> the drainage cavity, from

which it is abstracted,/removed ocutside.

Due to the presence of the loss2s indicated (let us Adesignate
their AJn) fluid flow rate tarouya impisller 5@ it is nmcre than tha
expenditure through tte pumg:

V=10 AT,

The volumetric efficiency c¢f pump is designed from the agquation
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v
v=Av,,

noﬁ =

for the larqge/coarse curgs cf ZhBD Moc=0.50-0.95.

Hydraulic efficiercy "m is the charecteristic of hydraulic i

lcss2s in tha oump which include:

a) loss to fluid friction against the walls of channel and 4

losses, connac+ed with irtarnal flui3d fricticn as a result of i<s
viscosity/ductility/tcugtness; let us lesignate the lcsses

indicatad M‘rp;

b) the losses, ccnnected wita the nonconformity cf the
directions of the fluid flow and cnarn3ls in the pump: loss by shock
and flow separation at the inlet into the impeller, the diffuser, the

voluta/snail and *+he axbaust duct; these losses let us designate Mm.

Losses to the fricticn arse proportional %o the squara of
expenditure or velocity:

Ak~ (n‘)‘r’n w)

Key: (1). or.
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and ara removad/takan during tecne ieducticn in area cf interpal carnal
surface of pump and an isprcevamant it the purity/finish o0f thair

orccassing/treatment,

Losses Ahy: have the small value with the work cf pump in the
noninal rating, i.=.,, Wher ¢=fyou ahsn #>f4v  and i<ipng, Wity *he
levia+tior of the mode/ccnditicas cor th: work ¢ pump frea %h2

nominal, loss J\A.; increase/qrod.

Hydraulic losses lead to certair increase in +he temperature of
liquid with its passage through the puap. Fcr the pumps of ZhRD Mma=

0-7‘0.9.
Page 231,

Mechanical efficiency Mex characterizes pover losses to bearinag
friction and packings/seals, and also :c the fricticn of the
nonoperative (not creating pressure) surfaces cf impeller agairst the
liquid. Por the fpumps of ZhBRD 1fwea= 0.85-0.98, the high values nu«
corrasponding to the pumps ¢f jreater pcwer (large sizes/dimensions).

Th2 overall efficiency 9f fuaps of ZhRD 'w-=0.5-0.85,

Por supplying *be volumetric £liid flow rate v with the density
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p unier pressure H

‘b
.

* 1s necaissary *o che »nung spindle to supclv <ha

povar, designed from *he ajuaticn

\ __.\;_,___L'H_;;ih vy, —

CE ] ) - - T Tt
Haaw Yaae TS

Efficiency numc it is possitle to Jetermine acccerding to the

Tagnlss of testding (snill: tae -ua., Zcr wrich i+ 4

a=asure values 2f v, Pa.Zan 44d 2, anl als:s thw= zhaft o

In terms of known values M, ard n it
consumed liftinqg rower:
Ian

N =L Mp=ull

Since ¢~n and H~n2, thai N\, ~nd

§13.9. Selection of the pumber cf revolutions of shaf+ TYNA

cavita*ion.

The important stage of lesigan c¢f TVA and ongine installation
with ZhRD as a whole is tha salactacn 3f th=2 cptimal numbar cf )

revolutions of shaft of TNA.

The need €for the selecticn of the ootimal number of reveolutions
of single-shaft TNA can te explained by the fcllowing. With an
incr2asa in the numbher ¢f revolutiors increases/grows tha afficierncy

of turhipa with its invariable sizes/dimensions cr is decreased tha
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necessary ou+tside diarever of turcine (and, ccnsequently, its maass)
with ¢he ¥nvariabla effjciancy, Fur*hecmese, is dacreased +te
recessary ou*side 3iameter c¢I cump and its mass. But wi*h an ircrease
in the number of revcluticns 1ncraases/jrovs the valocity o2f ligquil
a* the inlet into *he impelliar, wdich can lead *c the inadmissible
molasconditicns of «he scrk I judp. In this ~as=2 L& i35 ne-~egsarv +-
increass the pressire cf li1j11i at the ials¢ inve~ +*e nuns, I£ %he
oressur> ‘ndicated Iis increasei by incr2asing ¢~e tcos% orossure in
tha ¢apks, then appaars tha ne3d tor thickening their walls (with the

approoriate increase c¢f their aass).

Is not admitted the worx of pump in the mode/conditions of the2
so-callad cavi*ation., Cavizacioa (zrom the La*in word cavitas -
vacuunm) is the orocess of Zorwiny bubblas of steam in those zores of
liquids in which the s*atic prassure is lass than the pressure of «he
saturat2d steams (i.e., th2 teageratursz of liguid exceads the
temparature of i*s beiling), and also the procz2ss of the subsaquant
£111ing of the bubbles indicated with liquid during their

incidence/impingement irto tne 2cne of alavated pressure.
Page 232,

Tha pressure of 1liquid ssall ia the area of the flow arcund the

intake 3dges of blade cf impellar; therafore cavitation appears first
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5f all in the c7os3s section at tne inlet inteo +he

)
ll
]
e
0
'_J
[
»
(3]

Ara A¥stinguished the nodesscenditions ¢f par4ial and ccsplete

cavi+ta=iocn.

During the mode/cenditions ¢r partial cavi<ation the fared
bubbles ¢® st>am manage to pa Zilledl in the in%take pazt cf %+ha
impellar; +they are €£illec at a veéry high speed, which leads %o the
hydraulic iapacts on tle internal canal surface cf imceller and *o
thair arosion., With the ccntinuacus cperatisn in the mcie/conditions
nf pair*tial cavi“a*icn the ercsion of canral surface cf impellar
considarably decreases its stranyth and it is possitle to lead to the
destruction vane. But the ofp3rating tima of pumps of ZhRD is
relativaly small, and *herafor: the mcia/conditicns of partial
cavitation is permitted., Hare it is possible to attain the
perceptible gain in the mass of tanks due tc decompression of their

supercharging/pressurization.

If bubbles of vapcr do not manage to be filled up with liquid in
the iampeller (i.e., thrcugnh tha impellar goes nct ligquid, but the
mixture of liquid and vapor), ttenm bagins the mode/conditions of
completes cavitation, which is acccmpaniad by a sharp lecss cf prassurs

and fluid flow rate thrcugh tha puap; this moda,/conditions of the

vork of pumps ZhRD iradnissibple.
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A ckanqg2 ir tha pump naad wits decHnmdrassicn at +hs inle+ intn

(Pig. 13.24). It build fcr the crcss sectionrn at th=2 inlet into the

impeller on the kasis the spills of pumsp at ccnstant valu=2s cf n ani

; 1, moreover first provide jr2at pressura 1i7uid

PN

inla* in*c

0]

E
2

ot
ot

W

; +he pump, and *then with e€eaca suacsejisnce spill +he o2

W

ssura 3radually
dacrease and thay firish to th2 value, at which a lcsz cf nrassurs

composes 2-3o0/0. This [ressure designat2 Psxras

Working conditions for noncavitation can be written in the forn

p|-z > p‘:.tll‘

Optimal number of revoluticns at the prescribed/assignad
prassure at the inlet into tne fump is the raxiomum rermissible nunter
of revolutions /maxaen- It are dasigned from the formula which

establishes +he bond tetween values H,, H., Vv and a, moreover

o=t § prm 2

Q8 &>

Key: (1). and.
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Fig. 13.24. Separation cavitaticn characteristic 0f centrifugal ouno.

2aqge 233.

¥he formula indicated taxzs tne fillowirg fornm:
C (Hay—H ¥ vy -
N ax Aon=ﬁ\—kla—") ’ 13,3 #
vhera C - cons*ant fer this puap value (cavity ccefficient, or the

coaffizient of Rudnav). Tha nijher *he coefficient cf C, th2 tetter

*he anticavitaticn qualities cf pump.

Coafficient C derends c¢n the desijyn features of impeller and is
determined experimentally., For the usuil centrifugal rumos
C=800-1100, and durirg tha utilization of hlades of special shape in

+he impeller i+ is increased to 2200.

1 The affactive methcd of increasiny the anticavitation properties
of centrifugal onump is the installation of the lcw-pressure jet or

auger saries-connected pump at its inlat., Fer example, during the
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installaticn o€ helical-typas rpuap with the sufficisntly large length

of blajas “he cavity crefficient C fncr2as~s/greows to 3500-4CCO0 [307.

Fron equaticn (13.3) is aviadert taat to increase the nurber of

ravclutions of pump (and to respectivaly dacrease its

9]
Y
«

sizes/iimensinans) is rpcssiple (reszdas an increasz in ths

coefficient of C) in thke following cisas:

a) with an increase in the fressur2 at the inlet into pump Pax

{(prassure H,:);

b) with the decrease orf tae pressure of the saturated vapors cf
liquid p; (pressur=2 H,) and volume*ric fluid flcw rate through tha

iapeller.

Pressure Psx can te increased by increasing the boost pressure

o
™

*anks; however, this way is least ajvantagsots due to the n2ed for

an increase in +their wall thicxnesses.

The pressure of the saturated vapdo>rs of liquid p, dapends on
type and temperature cf liguid. Due to high values p; for the
cryngenic propellant ccumicnents it is 1ifficult to ensure the

noncavitation mode,/cenditions of tie wark ¢f pfumrs 2t lcw pressures

Psx.
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The volumetric flcw rate thrcugh :he impeller can te dacreased
by *he utiliza*tion of imrellers with the bilateral inlet (s=e Fig. }
13.22): fluid flow rate througa each iapeller is decreased 2 times
and in accordance with fcrmula (13.3) it is pessible in 12 =4 the
tima to9 rais=a *h= nurter of ravclutions cf cump, afnarc leavirn:
invariabla pressur» ps. Since vciumecric oxidizer censuamption is é
usually more than ke vclumetric flirw -ate cf fuel, then during *he |
single-sha€t constructicr/design ot T¥A the maximum permissible
‘ number of revolutions is limited ty th2 pump cf oxidizer and impeller

with the bilataral inlet it is expedient to usa first of all fecr it.

§13.10. Systems of pressure increase at the entry intc the pump. 1

The necessary pressure at the inlat into the pump is created
with the afd cf the rressurized systeas of *anrks and svpecial |

series-connected punmgs.

Page 234,

pressurized systenms of tanks. Tink pressurization consists of
] the maintenance of the ccrrespcrding overpressure in their gas

cushions/pads by supplying in them the gas. Therefore the pressurized




o o G4

svstams of *arks in many respects &r? 2aalcgeus to the rrassure fecd
svstams of propellant ccsmpcnents wi*tn d>ne Aifference: the hocst
orassura of *arks usually subscintially lsss thar cressure in the
tanks during close suprly is 2-4 pars [s32-4 kgf/ca2 and in certain

cases i+ cnly raeaches 6 ftars [z6 kgf/ca2],

Ara distinguished two Types cr taag prassurization: by cold an?
hot gas., Tank pressurization oy hcrt gas (fcr example, with the aid cf
sorcial ZhGG) causes certain complication of engine installa*ion, but
providas a noticeable reducticansdescesnt in its mass and thersfore it

is extensively used, especially in the large/coarse carrisr rcckets.

Liquid-oxygen tanks, lijuid hydrogen and nitrogen tetroxide can
be f£3rz2d via selecticn at the output/yield frecr purmp and
vaporization of their small pcrtion in the heat exchanger which
usually is arrangad/located on the lini of exhaust gas, i.e., after
+urbine, including ir its output ccllector/recerctacle (sea Figq.

13.17) .

Suvercharging/pressurizaticn by c2l1d gas is
accomplished/realized ty a systea with the gas storage tank cof
pressure, Por the initial sacticn cf missile trajectery, passing
+hrough the sufficiently dense layers >f the atmcsphere, it is

possibla to use cold tank prassurazatiosn, using the incident airflew.
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[

! Ins*allatior of *te praccanect=i jump a* 4hke inle% into 4h:»

pump. Are Aistinguished the jet anc aujer serias-connacted curtos,

The jet series-ccnnected cump (or 2jectcr) by

9]

o s ow oy -«:v““-

D
B

constrictinn/desisn and accoriin; to

R

-

I3

*c ®h=a {et pumo, =x2minzd ia tag o

(Yo

7 ¢f rZ=s3cnt chan+t2r, hat
for th2 work of +ha Jet series-ccarect2d purwp is usz4 not gas, bus
the small part of the rrcpeliant ccmponznt flcw, selected/~akan a*%

the outnut/yield €frem *the basic pumo.

Tha jet series-ccnpectad puamps ara installed in th=e

coarse-wire /coarse-ccenductor, which supplies propallant comocnent to
the oump. The usesaprlicatica 9f chke j2t series-ccnnected rcurrs is
sufficiantly affactiva, with wanat trair low efficiency to a
considerable deqgree is purchased oy lo< mass and simplicity of

construction/dasign,

Auger (or hoos*er) series-ccanected pump is the variety of
axial-flow pump and are amcst freguently two cr *hree spiral tlades cf
tranezoidal form with the constant space anrd with the angla of ascent

of 3-79., The auger series-ccannacted puamap possesses substantially

higher anticavitation fpropertias, than a centrifugal pump. This is

A*h’- .
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2xplain2d by the followiry factors.

1. Pressure dili=rence between wosking (creating oressure) and
nonoverative sides <f tlade rfcr axial-Zlcw pumt is less than for
centrifugal, i.9., lcad cn clade of axial-flecv pump is lass than %o

hlad~ of cent-ifucal cnurr,

Dage 23S.

2. In centrifugal rump lijuid mdoves in the direction cf
affect/action of centrifugal forces which break away liquid from

steam bubbles, which cecntritutas tc coarse ¢f cavitaticn.

In +he ja+t pump the liguid moves in essence over its axis/axle.
If vane channels have sufficiently large length, then +he cavitaticn,
which arose in the ini%“ial part of halical-type pump, can not have an
effect on its work, since bubples cf vapor tha* are generated on tha
oeripheral par+ of +te tlade, are compressed ty the liguid which is

ejectel by centrifugal fc¢rces frca blala rcot tc its periphery.

Tha pressure, created by the auger series-connected pung,
comroses 3-200/0 of the general /common/total pressure and is limited
to the fact that the efficiency of the pump indicated are less than

the 2fficiency of centrifugal pumg, anl alsc the fact that with an

————— c—

[

R
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incraase in th= prassure, craiat:d Lty taz auger series~cornactad puarcg,
i.a,, wi*h an increase in tha iocad 2n the hlade, de*teriorat2 its

anticavitation prooerties,

The outside diameter of worm scr2v is determined by tha diametar
of the intaks® oipe junction of ceatrifigal cump. Thre irner diameter
¢f worm screv must be spallest, siLcez +4ith ar increase in the surfaca
of tlades is decreased lcad 3n ta2m and are imrrovad the

anticavitation propverties of tae auger series-connected pump.

The numbar of revcluticas cf the series-connected pump and the
cantrifugal pump can bte cne and tae same cr different., In the first
case is provided large simplicity cf construction/design of TNA.
However, decreasing the pumber cf revoluticns of the series-connectad
oump ralativ2 to the numkter of revcluticns of centrifugal purp, 3t is
possibls to decrease tte lcad on tne blades c¢f worm screw and thareby
to additicnally raise its anticavitation properties; this
seriss-connect=d pump needs spacial irive. It is most aexpediznt tc
use for this purpose of hydroturbine, which werk on the heated
componant of propellant (for example, on the fpropellant component,

selected/taken from the ccolant passage of chamber/camera) [1].

The auger series-ccpnected pumps, a2specially with the

hydroturbines, increase mass of TNA ard complicatae its
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construction/desiyn, het their Jdse giv2s the rercen“ibla 27%act in
connaction with +ha peesibilizwy cz decoaprassicr in th> tank
oressurization,

§13.11, Construction of turbine.

In +urbina (Fig, 13,25) aca 1iclul:d:

2) the honsing, which consists >f the cover/cap in which is

plac2d nozzle cascade, and exnaust ccllector;

b) blade wheel:

c) the guides of tlade (for the dnuble-staged turbine).

d) shaf* with the clutch.
Page 236,

Gas enters the ccllector/recaptacle of nozzle cascades, and fron
it - into the nozzles, in which it is accelerated/dispersed %o the
largs vealoci+ty (1000 m/s and more) and it falls to the rotor blades.

If turbine is *+wo-stage, then betveen tha rotor tlades of first and

secend stages placa £ixed guidas of tha blades which turn gas in

oy —
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nrier t5 bring i+ %o *tre rcrtor tlaces »f the sz23ccal s*=2p/s3ti132 3t “he

raquired angle,

Prassure and the %temperature cf cruskad gas (at the outgut/yi~1ld
of thae ro*tor blades) is substantially l2ss +han at the inlst into +he
tgrchina, arashe? var 2rterz 3¢aiauet ~ollectsz, nl o freom i+ - ineo

axhanss pina Ar maz cerduntic.

Nozzle cascady s the welizent, waich distribu*tes the apclied

[

qas ir *he circumfarence ¢f rusrice anl feading it with the high
velecity %0 th=> rotor tlades. [f gas is supglied “o the turbina roter
blades all over circumference (degyrez >f the admission of turbine
e=1), then the nozzles c¢f nozzle cascala place evenly all over
rircumfarance of *urtire, If tae degres of admission is lower than
ane (e<]), *hen nozzle assemtly is a riag segment whose length in the
circumference is prorcrtional tc tae dsgree cf admission. Th2 axis of

+he synnetry of nozzles is located at nediur altituéde of rotcer

blades, Nozzle cascade is the ancst heat-stressed unit of turbine,

Turbine disk has the thickened hub (for the fastening to the
shaft) and the thickened hcop (for the installation of rotecr tlades),
vhich are ccnnacted tetween thamselvds by the shaped part of the
disk.

Turbine rotor hlades coansist cf £50t and shaoad part (fcily,

nale for one whele.
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Pig. 13.25. The schematic of the sirgla~-stage axial-flow turbine: 1 -

inlet manrifold; 2 - nczzle cascaae; 3 - rotor tladess 4 - disk: 4 - a

exhaust ccllector/racertacle.
VewA. -
Xay: (1).Aﬁevelopment/scan on plane of cross-section at the diameteﬂ.

(2) . cross saction,

Page 237.

Poot fastens blade *o the hcop cf disk; are distinguishad

inarticulate and scarf jcints of blades with the hocp of disk.

Inar+ticulate are vwelded and sclisred dcints. Tc cup is used

veldad joint (Fig. 13,2€a).
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Prom the leocking cres are nost +4ilely used the ccnnacticns with

the T-shaped lock (see Fig. 13.20D).

The guides of the llade cf doubla-staged turbines are fastened
*0 the segments which are coanacted wi:za turtine casing bv flanga

(Fig, 13.27).

(Q?The axhaust collector cf turniae with irts cantilever arrangement ¢n
the shaft is +the weldeéd hcusinj which is fastened tc turbine casing

vith the aid of +he flarged or welded joint.
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¥ig, 13,26, Tydes ¢ ccnnacticas of tladaes with +*urtina disk:

W
-

welded; b) with T-shaped 1lcck.

Pig. 13.27., Schematic ct flow area of -wo-stage impilse *urbine: 1 -
nozzle cascade; 2 - rotor blades ot th3a first stage; 3 - gjuide

blades; 4 - rotor blades of seccad steo/stage; 5 - exhaust ccllector.

§13.12. Classificaticn and the operating principle cf turbines.

Turbine must possess los dimsepsicas and with a mass of; the gas
flow for the creation c¢f the prescribed/assigned shaft horsepover of

TNA, it must be also lcwest possitle.

Por the examination of tha pranciple of the work of tuarbine it
is expedient to isolate the following cross sections of its flow area

(see Piq. 1131.25).
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cascade a* 3nla* dn+ec 45 ngzzles.

2. Cress s=2ction ' - at nozzle dutlet cf nczzle cascada (at

inlak ints pTakas nl1a3aesn

-~

3. Cross saction I - at outpur/yiald frem zotor Rlailss, if.e., in

exhaust ce¢llector,

In the cross secticn ) ,as poss:ss the greatast enthalpy. With
*he flow cf gas along the nozzies cccucs i+s expansion during whickh
the part of “he enthalry is ccanvertel into the kinetic energy, in
this case *the orassure and tae teamperatize cf gas are decreased, and

its velocity increases/grcvs.

Pag= 238,

Gas, flowing out behind tae aczzlas with large speed, enters the
rotor blades and during tne mcticn in the channels Ltetween them is
given up the large part ¢f its anergy to ro+or tlades, which leads to
the origination of circumferential force to the tlades and creation

of shaf+t horsepower cf turbine.
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On the special faatures/peculiilericies cf expansicn gas Juring
its mo*icn along the £lcw part distingiish active and reactinn

turhines,

-

In *%e impulsa *urtines tne jas i3 2xoanded cnly Auring %h-=
ne+ion aleng +he nozzles ¢Z nozziz2 cascadz, anid +he flcw cf jas

hetwean +he rTo*or tlades cccurs atv a constant cressure,

In *he reaction turtines the yas is exrparded bhcth in %he rnozzles

of nozzle cascade and durinj tae amotion between the rotor blades.

Pig. 13.28 depicts the secticn/cut of flcw area and the jgraphs

¢f a change in the paraseters it ctne flov of gas alcng flow arza cf

ot
o

¢ active and reacticn turbines.

In the imopulse turkine tha gas 2nthalpy during the moticn alcny
the nozzles of nozzle cascade is decreased, and during the ac*ion
betwsen the blades in *+he absence of losses it remains constant.
However, due +to the losses to the friction and the vortex fcrmaticn
enthalpy during the mction between the blades scmewvhat
incraasaes/grows, and relative jJas velccity (gas velccity relativa te¢

bladas) is decreased,
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In *he reaction *tcrtine tae Jas eathalpy is decreased Juring ti=
Totion both in +he nozzlas of nczzi~ cascade and during thes metion

tetween the rotor blades, i.2., gas 2n-hal is decreasei in +kr=
d p

reaction turbine just as its pressura.




®iq, 13,28, Diaaram c€ flcw arza and tae graphs ¢f 2 changs in %h-

varametars of gas in its lengta £¢r th2 active (a) and

reactive/reagent (b) turbines.

Key: (1). cross section.
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3 13.13. Basic parameters of turltine.
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1. Avalilatle power cf «urtine,

it must Le egual to sum cf pcwers, consuaed by puamps cf oxidizer and
fusl, and alsc by pumps c¢f auxiliary compcnents ¢f prcpellant

prasence cf latter),

whers N — cverall efficiency of turbine (see § 13.14);

m— 7Jas £low rate per seccnd, which enters from turbine;

Lex— adiabatic wcrk of expansion 1 kg. of gas, designed fronm

formula

i.e.,

N‘I‘y;)o= Nnncfox+ Nuc.r+Nn|c‘ucn

nined frca fcrrula

N‘rypd = W;Lufh ’

L=y AT, 1= (2)*™).
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2. Pressure differeptial cn turbine (exgansicn ratio of gas in
turkine), equal to ratic f[go/Fze Are distinguishad high-gradient
{pg/P2=15-40) ard low-pressure¢ (F¢/F>=%.3-1.8) turpines, Pressure [,

is call=2d ccunterpressure.

~zrzdiert cn=s irclude +he 4urtinzz

AR

i
n

cf crusaed ges into the ervircnrert; in ths nczzles ¢f +heir nozzle
cascade is oparated/wern supercriticzl jas rressure 4drzcp. Fer
increasing the power ¢f tucbire it is de2sirable *c ensure the greater
expansion of gas; at the invariable gressure g, of this it is
possible tc attain, decreasinyg fpressure p,. But sc that tc the
mode/conditicns of the wcik c¢f turtire and, ccnsegquently, alsc TNA as
a whola would nct affect a charge in th2 ambien: pressure, fpressure
Pz is necessary to select wmecre thar maximum ambient fressure:

P27 1,3ph max (taking intc acccurt tc the possibility of the work cof
Laval nozzle turbine exbhaust uncer the conditions of cverexrpensicn
[17) .« In *his case on tlke nczzle cf turbine exhaust is provided a
supercritical pressure differential, as a resulc of which *he nozzle,
as it was noted into § 9.1, develcps certain thrust. Specific impulse

Iyn of the nozzle of exhaust pipe is less than the value /4y of
chamber /camera, and.vith the increase of the gas flcw thrcugh the
turbine value /yu of engine descerds. Therefcre the
prescribed/assigned power cf high-gradient turbines it is expedient

to cttain with the lowest possitle gas flow through then.
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Page 240,

For the turbines ZhRL, which werk on the diajyrar the "gas -

liquid" cr "gas- gas", is characteristic the high gas flcw: fecr

th

zxzorls, fc "

+h2 diagra

53
(YY)

asg= lignid" i+ is nusuallv = 1ual *r¢

3]

X

ctain

ccnplets flcw rate cf crne cf the cecmperents ¢f progp:zllent an:

o

w
[0}

[

part cf the flcw rate cf ancther. Therefors fcr such ZhRD are used
the turbines, which develcp sufficient powar with a subcritical f

pressure d4ifferential, i.e., lcw-prassure turtines. .

3. Turbire inlet gas temfperature To. Temfperature T, together

with the aexpansion ratic cf gas determines the adiabatic work of
expansion 1 kge. of gas, which ircreases with its increase. Dependirng
on material of blades and duraticn cf the work of engine temperature

To is selected in limits cf 750-12CC9K,

4. Numbter of revcluticns cf shaft of turbine n. Number cf
revolutions n during the single-shaft construction/design of TNA is
determined frcem the ccndition fcr the noncavitation work ¢f fpumps,

and during the multishaft ccnstructicn/design - from the condition

the greatest efficiency cf turbine and its smallest dimensicrs.
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In calculzticns ¢he turkires uvea wrivheral sple€ed U - *Le
v of the poirt, arranjgedlc¢cat=? ¢n 7rediun alititud= cf tlade (at
diameter D), ir *hiz case
3
i b ,
3 Rbepn )
U=""2_ ujcex
E 60 feex.
2 Key : (1. afs.
)
§ 13.14, FEficiencies. Tuztines and selaction c¢f talation U
With the work of *turtine cccur ¢he lcsses:

a) in the nozzles c¢f nozzle cascade;

b) on the rotor klades;
c) with outlet velccity:
d)

€) mechanical.

All forms of the losses indicated considers the overall

efficiency of turbins.

Lasses

to the friction c¢f disk against the gas and vertilaticn;

in the nczzles of nczzle cascade and ¢n the rotor blades
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Losses with outlet velccity are axplained by the fact that Jas

ar rhe Ayg=rut/yisli Ivron ehe otz rlartr o TgsiTisT I=Znaln ogTesloza,
M - - - - . -~ - ~ - = - - - . - — hl Y
le®4, HX1"*LC EFRACGY TI Gas Iz ugel it 2 1IlLnt et completzly.

At the prescribed/assianed values of the gas velccity c; and
argle of the slcpe of velccity vectcr ¢, %2 %he plane cf turlina disk

ay cininun spesd c, and, ccnseguently, al sprallest losses withn

1]
O

outlet velccity reachk at ratic Usc,, which is determined frcrz the

fcrmula

U _ cosa

A (13.4)
Page 241,

Usually in the impulse turktipes TNA of a,=15-20° and the speed
c,=1000~1400 m/s, in this case the necessary roripheral speed U,
desigrad frem formula (13.4), is cbtained inadmissibly to large; in
particular, sharply they are increased dimensions and the mass of
turbine, Therefore in the higk~gradient turbines frequently

peripheral speed U is selected in the linmits ¢f 250-350 m/s, and

e et
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ratio U/c,;=0.1-0.,3, which conditicrs losses with cutlet valccity.

At the low values of ratios U,/c,, which it is expedient to use
in the turbines TNA, efficiency cf decuble-staced turbine

substantially higher thanr in single-stage.

If losses tc tne friction c¢f disk ijainst the Ggas are inherent
in each %turtina, +tharn windaga lcsses - only pertial, they
ircreasing/grewing inp prcrerticn tc the decrease of the partiality of

turbine.

The overall efficiercy ¢f rigkt-gradient turbines is within the
limits of 0.3-0.7, and lcw-gradient turbines for which U,/c,=C.u-0.56,

nas rkigher values,

In essence in ZhRD are used the axial-flcws turktire, in which

the gas meves in parallel to the axissaxle of shaft.

Spaciliic to constructicn/design *he so-called radial-flcw
turbires in which the gas moves cver the radius of disk +o the
axis/axle of shaft (inward-flecw turtine) cr from the axis/axle of
shaft to the periphery of disk (centrifugal turbine). Of the
radial-flovw ¢turbines greater usesaprlication found lcw-pressucze

irnward-flow turbines,
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§ V3,15, The liguidi-gas generatcrs.

The liquid-gas generator of the power-sufpply system of turbine
of TNA produces the gas, whichk pcssesses sufficiently highk cnes by

pressure ard by temrteraturs,

In ZhPD are used mcnc~ ard twc-compcnent ZhGG, wnich, as it was

shown into § 9.1, can werk beth on the baszs and or the additional

propellan* ccmponents.

Most extensively are used the two-component gas generatcrs, ‘
wkich work cn the basic propellant ccmponents. In 2hRD with selection
of +*he exhaust gas from the turtire into the environment for the wWork
of two-component ZhGG at the cutputy/yieid from the pumps is

selectad/taker small part (usually 2-3o/c) of the

jeneral /common/total censumption ¢f tasic propellant components.

The temperature cf generatcr gas does not usually exceed 12009K.
If we supply to the turbins gas with th2 greater temperature, then
the strength of material cf klades rncticeably descends or occurs the

fusing of the blades and cther elesents/cells on the main of

ganerator gas. The required temrerature of gas of twc-component ZhGG
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3.1).

Are distinguished also cne-recgicn and twc-region ZhGG (Fig.

13.29).

Page 2u42,

In one-reqgicn ZhGG entire trrcrellant componernt flcw is supvlied
fror the side of head, i.e., just as into the basic chamkter/canara

ZhRD.

In two-ozone ZhGG the part of excess propellant component is
introduced inside ZhGG thrcugh the additional belt/zcne of injectors,
situated in the middle part ¢f the generator. In such ZhGG it is
possible tc isolate two zcnes: the high-temperature {2000-3500°%)
zone (from the head tc¢ the crcse section, in which it is
arrargad/lccated the additionzl telt/zone cf injectors) and zcne with
substantially the lower temperature (from the balt/zcne indicated tc

the output/yield from ZhGG).

Two-zone 2hGG structurally/ccnstructionally more complex than
ore~-region ones and are used wher in the one-region cnes dces not

succeed in ensuring th2 stable prccess of burning or their length is

e o ey
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3x2¢ss ¢f crne ¢€ *h= rcrerzsllar* correonsnt

s
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For aqualizaticn of temperaturs ficld a*t the cutputy/yield fron

ZEGG, whick hras high value fcr the excepticnselimainaticn c¢f €usings
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Usually 2ZhGG hava exta2rral flcwing ccoling, which prcecvides their
relianili*y and prolonged rzscutceslifstinma cf work; at a relatively
low temperature of generatcr yas the necessity for this cooling drops

oftf.

One-ccnpenert ZhGG. In a numter of cases it prcves tc te nore
werthwhile to use not twc-component, but one-ccmpenernt ZhGG, in which
1n the presencs ¢f catalyst is acccrclished/realizad the
decomposition c¢f one-compcnent liquid propellant (for example,

percxide of hydrogen) with the litcration of heat and the fcrmation

of gasaous products; this deccmpecsiticen is called catalytic.

Can be used both solid and liquid catalysts, morecver the latter
must continucusly be supplied ir ZhGG (this gen2ratcr is actually
two-ccaponent). Sclid catalyst they place dirszctly in ZhkGG irn the

fcrm ¢f burdle (Fig. 13.3C). Gereraters with the sclid catalyst

simpler by the constructicn/design are i1sed mera widely.
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?i3. 130203, Tuc-ccuncnint ZhGo: 2) <ha ccoled one-racicr: 1) *he
urcecclzd cre~-zoizen; ¢ the cccled -uc-zcrns.
Page 243,

The bundle of solid catalyst fcr the deccmpositicr of peroxide
of hydroger is grains of the sclid tasis-carrier (gypsum, cement,
etc.), impregnated with the catalytically active salts (fer example,
K1%304), or pressed grids from thte reactive metal (nickel, mcnel

metal, brasses, etc.).

As catalyst for the decompcsition of hydrazine can serve grids

from the metals cf platinum grcur.

The teorperature of the generatrices of the deccmpositicn
products of peroxide of hydrogen (mixture of water vapor and gaseous
oxygen) increases/grows with an increase in fperoxide concentration of

hydrogan and with the 8C-¢Cc/c ccncentratior composes 720-1030°X. Tha
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temperature cf +the deccrmpcesiticr prcducts of hylirezins can ke

¥
o

cbtained withir the limi¢s frcem #7506 *¢ 1475°K -+ charnsing 2
retention tize of hydrazine in the catalyst Led ani cnange ir =202
leangth ZhGG (by contrecl c¢f the degree ¢f tne dacempositicrn cf

hydrazine).
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37 cf «rne bunile ¢f soiid ca*talyst arsz us<=d +h2

fecllewing specifiic pararseters,

1. Specific catalyst surface area - area oI surface area of
catalyst, which falls per unit vclume. For <he series/rnumkter cf the

catalysts used the specific surface area compcsais 8-80 cm2/crd,

2. Specirfic lcad of catalyst - maximally allowable ccnsuaption

of liquid propellant compcnent, which falls c¢cn 1 kg, of catalyset,

My K2'CEX

Meay (U2~
Key: (V). kg/s/kg.

S=

For example, for the sclid catalyst, which ccnsists of
permanganate of calcium Ce¥Mno, and chromate gctassium, during the

utilizatiorn of 80o/0 percxide of hydrogen vilue s compecses 2.5-2.6

kg/s/kg.

With 2n increase in specific surface area and specific lcaid c¢f
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Page 244,
Chapter XIV.

Starting systems, change in the mcdesconditiors and disconnection

JiRD. Svstens cf the creation ¢f centrol forces and Toments/tcryucss.
§ 14,1, Starting systems ZhEKD.

Starting system ZLRL must frcvide sufficiently rapid, but soft
(without large fluctuaticns cf pressure px) and reliable output/yield
of engine on the nominal rating cf work with the low unproductive

expenditures of fuel/prcgellant.
The corditions of reliable starting/launching of ZhRD they ace:

a) the absence of cvershcot cf rressure px over the permissible
value (it can be caused ty the accurmulaticn of a large quantity of
propellant components in the chaamkter/camera Lkefore their
inflanmation); furthermore, must ke excluded the formatior cf

explcsive compound in the chaskter/camera;

b) the low level cof the fpulsation of the prassure of ccatusticn
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products ir the chamber/camera and the jas genera:or;

c) the small deviaticn c¢f ccefficiant ¥ 1n the chamber/camsrz

and ZhGG frca computed values,

Engin: starting Is the rcst cerplex and critical pericd of i:s

~Work. A great quantity cf emergercies of enyines occurs pracissly

during this period. The fparameters in the chamber/camera and the cas
generator at engine starting ccntinuously change, and engine passes
through many aodes/conditicrs, check and the study of each of whick
it is virtually impossitle. Theietcte the adjustment of
starting/launching usually causes the great difficulties which
increase/grov with an increase in tte sizes/dimensicns of

chamber/camera.

Methods of launching of ZhRC. Are distinguished tvo methcds of

launching of ZhRD: stefpless (smccth cr "gun") and stepred (Fig.

14. 1),
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Tiz. 14.1. A change ip tha *+hrust tcrassazz P wish diffarent tvnes

£f steriting/launching ané discernecticrn o0f ZhiD: 1 - sharcpo ("3un")
starting/launching; disccrprecticn withcut “he final step/stage; 2 -
starting/launching with the preliminary stage; discecnnecticr withcut
the final step/stage; 3 - starting/launchirg with the preliminary ard
intermediats staps/stages; the disccnnection through the final

step/stage.
Key: (1)« s
Page 2485,
Wwith stepless starting of engine the propellant compcnent flow
into the chamber/camera increases cc¢ntinucusly smoothly (smocth

starting/launching) or sharply ("gun*® starting/launching).

The smooth increase cf the propellant cosponent flow is provided

by the special chokes/thrcttles with elactrical or hydraulic drivae,

s
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adjustad in the mains ¢f propsllant coamponents.

Durina the "gun" startings/launchiny taere is a danger of the
emergenca cf hydraulic icracts and inadmissitle cvershoct of the
pressure of combusticn prcducts. Therefore this starting/launching in

.
‘ - ey

» fora i3 nct ussd. The usegsarrlicaticr of zterliess

(8]

= -

(4]

starciny/launciirg singlifias diacram and ccrnev-ucticn/desiqgn ¢f
engire, reduces to the wmirimur rcrprcductive expenditure of

prepellant ccmponents and the laurch delay of rockat vehicle (time

from the mement of supplying ccmmandyscravw Lo ¢ha start of apraratus).
Sterless starting/launchirg is used in eossence for the engires of low

and average thrust with the fcrced and pump feed.

Egt ZhRD of high thrust with the pump feed in a number of casas is
used the step start, acccaplished trrcugh the preliminary or
irtermediate step/stage. The preliminary stage is characterized by {
the fact that before tke supply of the completa propellant ccmponent
flow into the chamber/carera is surglied theitr lcw ccmnsumption with
hydrostatic pressure and tcost pressure of tanks, with this TNA it
Joes not werke It this case in the chamber/camera is fcrmed the j

reliable flame of burning.

Internediate step/stage is characterized by the fact that TNA

and engine before the ocutfut/yield cn the ncminal rating for a while
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work ir the incomplets mcda/ccrnditicas; this can be required, for
exampla, fcr a decrease in the velccity of the increase of tta

propellant component flcw intc the chamber/carera.

For the starting/launching cf ZhRD with the turktopump unit it is
necessary to preliminarily untwist tucps, for which to the ¢urbine
supply auxiliary gas ard fcrce the tanks ¢f propellant ccapcrents
with the aid of ary perigteral gressurized systam (usually its own
pressurized system of the tarks cf engine installation entars in the
effect/acticn cnly thrcugh several seconds aftar command/crew on

firing of engine).

Preliminary tank pressurizaticn and firing of TNA the
first-stage engines cf rccket car te produced from the ground-based
starter, and the second ard subsequent steps/stages - from the
preceding rocket steap/stags. Lcwvwever, fraquently nore effective prove
to ke starting systems, included in the ccmpositicn c¢f DU of the sanme

rocket step/stage.

FPor the starting/launching of turbopump unit to its turtine they

supply:

1. Gas (helium, nitrcgen, air cr hydrogen), placed in the

starting/launching tanks/kallccr,
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Page 2u6.

2. Combustion products of twc starting/launching propellant
compcrants or decompesiticn prcéucts of one starting/launching
comporen*, which are generated in tasic ZhiG. Startings/launc=in; :

prcpellant components are supplied into the gas gernerator Ircs <L

(Y

starting tanks with the cas stcrage tank cf prassurs. This systaam cf
sufficient is effective; it makes it possible to ensure nulticlying

of engine.

3. Combustion products c¢f solid-propellant grain, placed in
pcwdsr start, of starting/launching of TGG. It rely on the turning cf
charge during short (tc 1 s), sufficient for tha output/yield of T¥NA
tc the nominal rating., With the turtine bocost by starter the rumps
create the necessary pressure of ccmponents cf the gpropellants which

begin to enter ZhGG. Gas generatcr gces out tc *he ncaminal ratiag,

and turbine automatically is switched frcm the feed/supply frcm the

starter to the feed/sugply frca 2ZhGG.

The coambustion products of the charge of starter usually are

supplied to the basic turtine. Bcwever, they are used by ZhRL with

the turbopump unit in ccsgcsiticr ¢t which is an additional
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stazting/l2urchiry turbire, which wecrks cenly duriny engire starting.

The cartridge starters ir escsence are used fcr the
starting/launching of ZhRL with the cne-time inclusicn/connection.
The schematic of engine in this case is simpler than during the

usz/apolication c¢f liguid star*ing,/launching rctopellan® ccemtenanie,

4, Prcducts cf ccmtusticr c¢f tasic propellan*t ccmoonents, which
enter from tanks under hydrostatic pressure and pre-coerrational boost
pressure of tanks. In proporticn tc the formation cf combusticen
products in ZhGG and their ertrances to the turbine begin to 2nter in
the woerk pumps, which leads to an uninterrupted increasa of the
propellant component flow intc the gas generator. If during entire
starting/launching the available pcwer of turktine is more than the
pcwer, consumed by pumps, then as the final result of ZhGG ergine as
a whole they gc out to the rcmiral rating of work. During such
starting/launching (it they call self-starting mechanism) is provided

graatest simplicity bcth cf cpe-time and multiplying cf engirne.

For the starting/launching TNA of auxiliary aviation ZhRD it is

pcssible to use ar electric =mctcr.

Special features/peculiarities c¢f starting/launching ZhRD under

different environments. Engine starting syster depends substantially
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th

the takecif ceorlisicrs: on the eartisgzound, at tha hijh altituds,

3

-
L

irn cuter srace, etc.

During erngine stactirg on the ¢arth/grourd in the case cf any

abnormalities it it is pcssible tc¢ turn off, if the engine thrust 3did

-~ m oz A
- - A T

ing weligh% cf recsst, F.7., 1iI i+ ¢id ne* vecin

Page 247,

It is possibls to hcld recket in the startar and with +he
engires, included to the ccmplete thrust, by special captures/grips
({levers) or by the explcsive btclts (latter are torn upon reaching of
the prascribed /assigned engine thrust). To shertcomings in this
starting system should te related tke high ungroductive expenditures
of propellant components pricr tc the start and the iampact lcads on

the lower bottoms O0f tanks at the nmoment of missile takecff.

Especially high requirements present to the reliability of
engine starting systems cf the second and subsequent steps/stages of
nultistage rocket, and alsc the engines of the space vehicles which
ar2? included under conditicns ¢£f high vacuum. If engine was nct
launched on any reason cr was ktrcken upon the inclusion/connection,

then was unavcidable the erergency cf rocket (KA). Fcr exanmfle,
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reiterative guiding a satellite intc orbit with the aid of the rocket
“Europa" were a2rnded by failure as a result c¢f nonstarting of the

engires of upper stages,

The evenness of engine starting under conditions cf cu*er space

th

all frem <=h

A

icvends on the whole series ci facters, f£irst o
prsssure, with which prcceeds +he prep2llant iynition, and alsc fremnm
the temperature of its ccopcnerts, crifices of injector and

combustion chamber walls.

Softer starting/launching and relialle propellant igniticn is
provided in the presence cf ccmtusticn chamber pressure. Therefore in
the critical cress secticn chamlters/cameras usually install the
silencer/plug which retains atmcspheric pressure in the
chamber/camera to engine startirqg. With the fpressure increase cf
combustion products the silencer/plug is thrcwn cut behind ths

nozzle.

The temperature of the orifices of injector and chLamber walls
must be such that would te eliminated the freezing cf propellant
ccempenants during engine starting, which can lead to the explcsicn cf

chamber/camera.

The evenress of starting/launching affect also the properties cof
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propellant components and the crder c¢f their entrarce, the
constructicrn/design cf the head ¢f chamber/cagzza and ~s<hss ficwzos.
For example, the hypergclic fuels rust possess tae spor- zzrici of

the dalay of spcn*aneous ccmkbusticrn,

th

Startin

~
(&

o]

the engir=s ¢f the seacend ard subFoguns

s%ay:

th

steps/stages of multistage rocket depends on tha =2yL2 ¢
separation. Usually the s*tages cf rccket rigidly ccanzct ta*tusen
themselves by the 2xplosive bclts which ar2 undercined bty succlvirng

on them the electric current at the requirzd scmznt cf tinme.

Is distinguished ccld and is hctter stage separation. During the
cold separation main engine c¢f upper stage does not work;
steps/stages are separatedsliterated from each other by the trake
motors of lcwer (mastered) steps/stage or by starting motors c£ upper

(subsequent) step/stage.

Hotter separation is provided ty the tarust of main engine of
upper stage, which simplifies diagram and constructicn/design of the
rocket (it is possible tc manage without brake and starting mctors).
Hovever, this stage separation is ccmplicated to master as a result
of the emergence of perturbing fcrces and moments/torques tc the

upper stage, which must be eliminated by the control systen.

aittindittis
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2332 Z4b.

For decreasing cf perturkting fcrces and moments/tcrgues during

the hot separation it is rcssible tc usz a step start of main ergine
of the upper stage: first engine wcrks in the lowered/reduced
aode/coniitiors and ie ghif+ed in%te +h: n-minal rasing af+::

separaticn.

With the hot stage seraration it is nacessary to abstrac~/Tamove
the combusticn prcducts cf mainp enginre from the secticn betweszn the
steps/stages; furthermore, is required the additional heat shigld cf

engine.

The ergines of satellites and srpace vehicles must reliatly be
iccluded under ccnditicns of high vacuum and weightlessness after
2ndurarce flight in ortit of satellite or interplanetary flight. For
engine starting with TNA under conditions of weightlessness it is
necessary to raise the rressure cf rropzllant components on e€ntering
the pumps. Together with cther methcds fc¢r this purpcse use
(especially in the largesccarse rcckets) starting motors. ZhRE,
wvorking cn the cryogenic propellant comporents, under conditicns of
veightlessness can be included ty supplying their vapors from the gas

cushions/pads of basic tanks intc the chamber ,camera, i.e., to use

the vapors indicated as the startings/launching components.
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Starting/launching ZhBD with thes pressurvriz:zd-prcpeliarnt fezd
undar ccrnditicns of weightlissress rres2nts spaller difficultias, In
such engines for supgrlying the [rcpellant ccmgonernts irtc +the

chamber/camera in the liguid state, but not in the fcrm cf erulsicn

Lh]
n

sizs =2+ lisplacirg 325 usz sezarating lavizces,

It is mest difficult tc ersure rep2at2d ¢r aultiple starting of
+he engines of space vehicles, especially if an interval betwean ¢he
starting/launching prolcnged (but it can rzach several years). If
dpon the first firirg ¢f sngire ip its chamtber/camera, hermetically
sealed by silencer/plug, is an air pressure, then upcn the subsaquent
inclusions the internal cavities ¢f chamber/camera prove to ke in the
vacuum that is changed the character of thk= mixing ¢t pre¢pellant

comgenents,

Cons*truction/design and@ schematic of engines with regeated ard
multiplying unavcidakly Lteccme ccaplicated; ir particular, one should
consider with the fact that after engine cutcff the hea%t is
transmittes from the chamkter/casera and ZhGG to the colder
aggregates, causing their superheating which makes impossible the

subsequent firing of engine, Heat fluxes are especially great, if

there is a nczzle ¢of nczzle with the radiant cooling. In the

I S e St o v . Moy .

o Ad mian




P P T P 1 M P RER e el i I

DOC = 81009004 FAGE 5?"

chamber/camera with the external flcwing cocling can beil cver the
ccolant in its channel; if the vapcrs of cooclant dc not manage tc t=
ccndensed tc th2 following startirg/launching, ther its reliability
also cannot be guaranteed, Therefcre for the condensation of the
evapcrated coclant time intarval Letween the disconrnnection and the

enginre restart nust be sufficient %c larye cnes; cthervise i+ is

ty

recessary tc blow the ccclant passajae. For decreasing the transfar- ¢
heat from the chamber/cazera tc *the cclder a2ngine accessories it is
possible to use adapters from the pcn-heat-conducting material, and

tc also decrease the engine thrust in the last seconds of its werk.

Page 249,

The chamber /camera c¢f pulse ¢¢ Zh’D, which werk on the
hypergolic fuels, does nct usvally have the ccolant fpassage; main
valves of engine perform with electric drive and install directly irn
the head chambers/cameras, whick precvides the short duration of thz
transient operating modes and the creation of the very low st=ering
igspulses.s With the decreasa of the voclume of mains after the valves
indicated is shortened the time cf the output/yield of engine by the
noainal rating during the starting/launching and the

iaspulse/aorentus/pulse cf consequence during tha disconnecticn.

In order to avoid the freczing of propallant ccaponents after

SR
- ) A A & AN P
e s . L Py el
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eangine cutoff (as a result of the intensive ccoling in outelL space)
to the ccrduits/manifeclds and ¢the head <€ charstcr/carera will be
applied a layer of heat irsulaticr, Fcr mair<aining tioe tenperature
of propellant components within thke regyuirad limits the engines of
space vehicle car have the special shields, which shield ther frem

the solar heatirg.

Propellant comporents can freeze after engina cutcff with Lthe
certain degree of the ncntermetic state ¢f valves (or the saddla);
the filtered ccmponent under ccnditicns of vacuun becils; the
experditure of heat for vaporizaticn depresses the temperature of the

compcnent lower than texperature cf its freezing.

Upon the reclosing cf engine under conditions of space can
sharply be raised pressure p:, and cause the destruction of
chamber/camera. The reascn the fressurs increasz can Le the
deposition of the propellant compcnents, which were evaporated from
the cavity of tke head ¢f chamker camera, on.its walls after engine
cutoff; therefore it is necessary t¢ maintain the tesperature of

chamber/camera after engirne cutcff within certain limitse.

The analogous phenomenon is cbserved upon the reclosing ZhRD,
which work on the hypergclic fuels cn basis of N0, (N;Q4+MY¥G,

N2O4*NDMG, N0,+ aerczine-50, N,C4+N,H,), under conditicns cf outer
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srace and is explained ty the fcrmation of interaciliate dargerously

gexplcsive preducts in the chambter/cemera in ¢th

W

rricd, whicth

9]

precedes inflammation. It is estatlished/installed, trhat the
temperature of the compcnents cf prcpellant and chamber/camera before

the reclosing cf engine must te nct lowar thar 2949K {219C] [1].

“or the safequard cf scft star«ing/launcaicn: 22 ZhRD, which work
or the hypergelic fuels, under ccnditicns of cuzsr stace are

effective different additives tc¢ then,

The starting/launching ¢f cne-ccmponent ZhRD has its special
featurss/peculiarities., Fcr exanmple, upon firing of hydrazine engine
it is necessary to first warm uf catalyst bed by supply into the
chamber/camera of the starting/launching consumption of nitrcgen
tetrcxide., After the warm-up cf catalyst the engine stable wcrks cnly

or hydrazine.

Page 250.

Systems of cooling tha mains cf engina., If the temperature of
the components c¢f the prcrellant (fcr example, cryogenic) lower than
ambient temperature, then befcre engine starting is produced cooling
its mains (pumps, valves, conduits/manifolds, etc.). Othervise before

the entrance of liquid rrcrellant ccaponents into tke chamber/camera
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ard 2h3s #ill entsr their vagcrs, and thern mixture cf vapers with tas

iqeid conpererts, As a réesule will b2 lecszlzratad the output of

S

engine o the nominal rating, apd ccefficient 7 substaneially will

deviate from the nominal value.

Trn *=hs chambez/carera car te Scrnad iaear-.iiste chemical
Tzaction rvroducts, inclined *®c¢ *the 22<onation: la*crazicn is gossibdle
% in the vapors of propellart ccarcnents. Th2 phenomena iadicated can
i lead to +he explesion of chamter/camera cr ZhGG uctecn firing cf

] angine.

Cooling the mains of engine is necessary also in order to

exclude the cavitaticn ¢f the pumps ¢of cryogenic frogellant

compcnents,

It is most simple tc cocl the mains of engine by the
transmission through them ¢f grcpellant comporents; they enter from

the tanks upder the hydrcstatic pressure and the boost prassura, they

flow/occur/last over the sains cf engine and through the open bypass
valves, established/installed on the entry intc the chamber/camera
and ZhGG, are abstracted/ramoved cff c¢f rocket vehicle. If is
required to cool the main cf cne frcpellant ccmponent, then it it is
pcssible tc pass directly into the chamber/camera; liquid component

flows out behind the nozzle ¢f chamter/camera, vaporizing tc a
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certain degree. lowever, in this systszan is incrzased the unc

_ccpellanpt ccarcrent £lcw,

It is pecesible ¢c use the srecial systems of ccoling the mairs

ip which are included recirculatirg pumps with the separa<ve drive;

pzcrellant ccerpenert is rurped frcr the tank into tne rain, ac:2

ccclad it ard =nzeugh *he cren typass valve ajain it 2nters <ang.

Systen is connected by several riputes before 2ngine starting. After
the ccapleticn cf cocling btypess valve is clcsed and is giver commarngd
to engine starting. Sirce the ccrxgcrents ¢f fuel/prorellant with +h»

course on the main of engine it r<¢ceives heat fluxes, it must be

prelimirarily superccoled.

Time by cooling of aggregates and corduits/manifclds is
shortened with coating cf thersc~insula~irny material (for exasmdle, !
plastic) on their surface, which is contacted with the cryogenic

propellant ccaponents.

Page 251,

order of the entrance of protellant compcnents into the
r chanber/camera. In the frccess cf the ad justmsent of engine is

selected this lead/advance of the ertrance of one propellant

cosporent into the chamter/carera relative tc another, wvith which is
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provided scft starting/launching. Valves aust opsrate/wear at tne
strictly defired moments cf “ire which can be lifferent fecr the

valves of cxidizer and f£fuel.

The selectior of the crder cf the antrance of propellant

Al

conponants into the chrarkterscamera far=a1is on =he tyrs O ccrionant.

4

Fcr example, i* is 2s%arlisheds/ins®allei, =1t 1n the case ¢f work cn
fugl/propellant the red “fuming ni4ric acil » UbMH should t=
oxidizer supplied into the chamter/camera 2arlier than the fuelj
smecoth engine starting is prcvided ty ingress of heat, which was
isclatad in the initial phase of turning, by excess quantity cf

oxidizer.

In hydroger ZhRD for *his fpurpcse the fuel (hydrcgen) is

supplied into the chamter/camera cf earlier than the oxidizer.

Systems of scavenging., Befcre starting of some engines the mains
of the supply of fuel/prcpellant Ltlcw by the inert gas (nitrcgen or
helium). For example, ir ¢xygen szp usually tlov the mains c¢f liquid
oxygen of chamber/camera and ZhGG, and also packirng/seal of the puap
of liquid oxygenm. Scavenging elisipates the incidencesimpingemant in
thes of fuel, which can lead to the explosion of engine and i+t
prevents the accumulaticr ¢f a large quantity of propellant

comaponents in the aqggregates indicated.
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Durding ¢the launching c¢f rccket frem ¢the grcuné-rased starter the
scavenging can be corducted frcm the ground-based tank/ballocn with
tha ccmpressed gas, anéd in the engines the seccnd ard cf *he
subsequent steps/stagas c¢f rccket - from the tank/balloon, placad at

the precedianyg star/stace,

§ 14.2. Igrition systeams.

In ZhRD, which work c¢n thke ncnsceontaneously ccmbustible
fuels/propellants, is used the sgecial systam, vhich at the rcment of
ergine starting supplies fkeat tc tke first porticns cf the prcpellant
components, which enter tte chamter/camera and ZhGG, as a result of

which occurs their inflampmxzaticn.

All subsequent porticns ¢f prcpellant cowsponents enter the
stable flame of burning ard are ignited by the combustion prcducts of

the preceding portions.

For the rsliable inflammaticn c¢f propellant coaponents under
conditions for the wcrk cf engire (in the Earth, in cuter srace,
etc.) the ignition system must isclate a sufficient quantity of heat

in the greater pcssible vclume cf chamber/camera or ZhGG. With an
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ircrease in the guantity of heat *he igniticn d:zlay is decreasad,

whichk 3limirates ¢the pc=sibility ¢€ the accunula*icn ¢f grerellant

ta

compcra2nts in the chamkérscamera ard ZkGG during =angine starting.

The igrition system ZhRD ¢f multiplying must prcvide the

irdlarmranicn cf crozellar< cerroererss in she rrecess of each zntine
stzrcting, which coemglicatss its cens4ruc=ion/Jd2sign.

Page 252.

Tns selection of igriticn system daspends on ths properties cf
the components of propellant, ccnstruction/design of engine and
ccnditions fcr its operation. Are distinguished the tuilt-in and
irsertaple ignition systenss. First typa systeor build in ir tte
construction/design chasters/caseras cr ZhGG and they use usually in
ZhRD of multiplying. Seccnd type systeas introduce into the
chamber/camera frcm the s£ide rczzles, moreover they are the part cf
starter or are installed cn ttke strut, attached in nczzle threcat, it
is pcssible to use them cnly in the engines of one-tige

irclusion/ccnnection,

Ignition systen sust enter in the work tc tha entrance cf

propellant components intc the chaater/camera and ZhGGe. In a number

of cases is used the blccking, which makes impossible the entrance of
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propellant components intc the chasber/cam2ra and zZhkGG, if ignition
system on anry reason does nct cperata/w2ar, Ixtzrlock syster
eliminates missile takecff with cre shut-down enjine in the engine
irstallation, which ccnsists ¢f several engines, c¢r with c¢ne

nonwcrkirg chamber/camera in the mcltichamber engine.

In ZhGG of the engines beth ¢f cn=2-time znd nmultiplying it is

necessary &c¢ usa igrniticn syster ¢f built-in tyre.

Is distinguished the pyrctechnic, chemical, 2lectrical, thermal

arnd compined ignition,

Cartridge igprition. The system cf cartridjs ignition creates
flame in the chamber/camera ard 2hGG as a r2suit of the ccmbustiorn of
sclid-propellant grair. Fcr an increase in the gquantity of isclatazble
heat and increase in the reliability of ignition sys%em it is

possibla to use several sclid-grcpellant grains (F&g W, 2).

The system of cartridge igniticn is characterized by siasplicity
and high reliability; the electrical power, ccnsumed for operating
the explosive charges, that replace solid-prorellant grain, it is
spall. However, this system has the limited field of applica*ion (for
ZhRD of one-time inclusicr/ccnnecticn) and reguires the c¢cbservance cf

the precautionary measures tc avcid its accidental operation durirg

PR

}
‘!h
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the engire checks.

Hypergolic igni*ticn. The syster of hypergolic igmniticr cteates
flame by supply into the chamkter/camera and tc ZhGG c¢cf£ the componernts

; of the starting/launching hypercclic fuels; into the chamber/camera

o
ty

they enter thrcujzh i+ts heai co thrcugh the 1ithsirg device,

(4]

introduced from th ide ¢: nczzZle.

t

{0
7]
|

In the system of hyrergclic igrition frecguently is use&é the
liguid starting/launching comporepr* which will be ignitsd with the
contact with c¢ns cf the tasic ccapcnents ¢f propellant (Fig. 14.3):
durirg the build-up/growth of their pressure in the periocd cf engine
starting are ruptured the mesktraness/diaphragas, in the volume between
vhich is placed startings/laurchirg fuel. The fpilct flame in the
chamber/camera is formed during the reaction cf starting/launching
fuel with the basic cxidizer, after which intc it begins to enter

basic fuel,

The consumption of starting,/launching propellant component, per

unit the nozzle throat area of charter/camara, nust ke sufficient for

the reliable inflammaticn of rasic componants.

page 253.
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For ZhRD of multiplyi.g startiry/launching propellant ccmponert

into the period cf startirgy/laurchkirg of the spa2cial srall tank on

tha condui¢/manifcid threcugh *the c¢ren valve enters chamber/canmera.

Then valve is clesed, ard conduit/manifold is blcwn Lty iner¢ gas.

8]
b o8
‘g
2
)

2 hvdreqgen ¢ "+ =+=zr*irgslavnching Su=l is nus=z4

B}
Y]

(R

iztziylaluminua ¢ lgcrine which igrnit2 spentaneously with

gl
fo
la}

the contact with liguid hvircgen.

The system of hypergclic igpniticn providas aultiplying cf engine
and its rapid cutput/yield tc the ncminal rating; it is reliakle,

sufficiently simple and extensively it is used in contemporary ZhRD.

Shortccmings ir this system irclude the utilization of a
dangerously explesive and tcxic starting/launching component and the
presentation of the increased reguirements for its valves during
their inclusicrn/connecticn and disccnnection for preventing ¢f sharp

starting/launcking and explosicn ¢f engine.

Electrical igniticn., As the initiater of inflammation can serve

starting/launching sgpark gluge.

The system of electrical ignition allows/assumes multiclying arnd

can be used after prolcnged storage cf engine; it is sufficiently

Adominn oo
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simple ard saf: iz <khs irnversidrn. ificwevar, the s3izes /élaensicns ¢f

ot

ac+s cf candle

t4}

the inisiaccr of ipflamraticn (spark) are lcw, th2 cc

can be cerntaminated ard give shcrt circuit, anrd alsc rapidiy te

m

charred. Furthermore, fcr the wcrk cf this system is reguired

electric power source sufficiently large power.

Laad
-

23

2

L8]
v a

na

18]

.jnition, If cxiuilzer is parcxide of hydzcgen, then €cr

[

the propellant igniticn it is pcssitle to use the rprcducts of its
exparsions which are formed ir the frecombustion chamber. In the
chanber/carera first are supplied the deccmpositicn preducts cf
peroxide of hydrocgen, and then, after their fressuce increase to the
assigned magnitude, comtustible. This igniticr is called thermal. It
excludes the pessibility cf the accumulation cf prcocpellant ccmponents
in the chamber/camera during engine starting and is the safest and

reliable method of igniticn.
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Chaaber/camera witt +%re inssztabls sysesm of 442 caceril s
i3nition of propellant ccmpecnents: 1 - pyrocartridgss; 2 - stInw; ? -
silercer/vlug; 4 - electrical leads.

-~

i
i 1
5 ‘
1
[N\g

Fig. 14.3. Chamber/camera with system c¢f hypergolic igriticr cf
propellant components: 1, 4 - pertrare/diaphraga cf free
breach/irrush: 2 - filler pipe; 3 - startingslaunching prcpellant

componernt,

Page 254,

Coabined igrition., That ccrmkired is called the igrition, with
vhich the small part cf tasic ccogcnents cf fuel/progellant (or

starting/launching components) in the period cf engine starting is
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supplizd ir+o *+he precombusticrn charber and will btz ignit<d in it
with *he aid c¢f any igniticn syster (for exanmpls, electrical).

Generatiry ccaotusticn prcducts entsr chamber/camera and igorite tasic
part of the componarts (Fig. 14.4). Th2 presence cf the preccabusticn

chamber, which creates ttke pilct flame, in a rumber of cases lightens

n

tzigger corditions.
Most freguerntlv, especially in the high-thrust enjinss, usa ¢h:
systems of chemical and cartridce ignitior, and in avia*icn ¢£ ZhRD -

systsms of ¢he electrical and cecmkiined igniticn.

§ 14.3. Systems of a change in the cperating mecde.

1f engine is not equipped Lty sgecial systeas, *hen it gces out
tc the nominal rating with the larger or smaller deviaticn cf
combustion chamber pressure px ard fuel ccmponent ratio x (and,

consequently, thrust) frcm ccorputed values.

The deviations of pressure Px and coefficient x frem the
nominal values are rnot identical fcr different samples of engine due
to the effect of a number ¢f factcrs: change ¢f the density cf
propa2llant ccmponents in the degendence on the ambient temperature,
spread of the pump perfcrrance and hydraulic resistance of mains,

affect of the linear acceleraticn cf rocket vehicle ¢n the wcrk c¢f

s o e AR TR
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TaTUe L Tole, “~7 1" .. wef C31°.0] nav2 an c=ffect the gas

vclumes, wvhich ac»s tezera®e? ir thy prcpellant components during
servicing cf tanks 2r as 3 resul® ct their saturation by <%the

PiatliaTio . toacce e cf szraraving dzvicas rarks).

The enJii - %~rust can chénge kc*h on the commands/crevws of tha
system cf ccrtrcl of rocxet vehicle and it is spontaneous. By the
reascn for spcrntansous change *ltrusts can be, in particular, %he
decrease of the flow area cf the 2ain of feed/suprly of turbine the
verking medium/propellant (gas) as a result of the precipitation of
the solid particles of the scct ¢cpn the wvalls, the decrease of the
flow area of the coolant gassage cf chamber/camera as a resul: of the
depositicns cf the particles cf the decomposing ccmbustible cn the
wvalls channel, etc. As a result cf this change the ccnsumpticn of
fuel m and coefficient %~ which leads to a reducticn/descent in the
specific irpulse, the increase in tte finite mass cf rocket vehicle

(rocket step/stage) and cther urdesirable consequences.

On the special features/peculiarities of control systems the

engines can be subdivided as fcllcwus.
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Tive Wu,.3d, Charnzr/cs

~#ira with +hs ccmbinzi igrniticn systsn ¢f

fil

cazocrents ¢f +the fuel/rrcpellart: 1 - preccnbtustior chamker; 2 -

2lsctrical sgarkplug.

Page 255,

1. Engines with ccntrol systems, which depend on special
features/peculiarities cf fligkt c¢f rocket vehicle. The
mode/conditions cf the wcrk cf such engines chkanges cn the signals of
the sensors cf the system of cortrcl of rocket vehicle (c¢n the
so-called flowing signals SU) c¢r c¢r the sigrals cf progran
transmitters according tc the predetermined program (on the

programmed signals SU).

2., Engines with contrcl systems, which otrtain signals corply frenm
sensors, entering engine. Such ccrtrcl systa2ms call internal engire.

They maintain nominal engine fpower rating.

i
!
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3. Engires, rnct cquirped ty any ccrircl systeas, Ihe nm

[ (]
o
(5]
D
3
o

their operation ir the irni«ial fericd is 2z%ezaineld by 2diju
durirg assfmbly but in the prccess cf further work it can
srontaneously charge (se€ee pg. 254). So that thz daviations of

pressure P« and coefficient # from the ncainal values wculd e

n

lcw, produce ths spill ¢f ths nmairns c¢f feed/suncly cf charoer/ecarvrra

install irn main linczs

».

3
[oN)

and ZhGG with propellar* ccopenernts a:
irdicated ip the output, yield frcm the pumps *tuning Jisks. Ctanging

the prassure differential c¢n the tuning disks, it is possible tc

(14

easure the identical (with the lcw error) hydraulic resis+tance of the

mains of all samples cf engines cf this type.

Control systems imprcve the e€ngine characteristics: are raised
reliability and service life cf engine, are decreased the lcsses of
specific impulse, are ccmpenseted iraccuracies in the manufacture of
different samples of engines and effect of envircanmental factors

(acceleration of rocket vehicle, amkient temperature, e€tc.).

In control systems are included the follcwing elements/cells:

1) the sensors, which meascre the monitcred value or the value,

proportional with it;

2) comparators, which are determining displacement from the
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prcgracmed value or £rom the value, produc=d ty SU of rocket vanicle,

ard salient control signal;

3) the actuating =lements, which 2nsure a change of the
nonitorad value in the derendence c¢n the sign and the values cf
ccn=rol signal. Ac=iua<ing elefert .= can 2 he<h the engine a3z =

#hole and its regulatcrs, ccatrcllsd by special electric dZiv:s.

In the engine installaticns cf rocket vehicles are used +he i
fcllcwing centrel systenms: system FKS, system of S0B, the sys%=2a of j
the mainterance of constant gressure p. or cumber of revolutiormns

TNA, etc. '

Control systems, ccnnected with a chanje in the consumption of
fusl m@. System of RKS. If engine is the actuating element of contrcl

system, then the engine thrust sust change with TCespect to its

signals. Thrust of ZhRD is determined by the fropellant ccapcnent

flowv m inte the chamber/camera.

Page 256. <

Consumption m can bte charged, changing:

a) with the pressururized-prcpellant feed - pressure in the
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tanas of compunents of the prcpellant (however it should Lbe noted
that as a rasult of the large gas vclumes in ¢he tanks the rressure

increases/grows or descends very slcwly)
b) with the pump feed - rurker of revolutions of shaft cf TNA;
S} with the pressurizaticn ard pump £ged - the fpressure

mairs of the engine tefcre the chamter/camera and controlled by
@alectric drives. With increase cr decrease the pressure differential
on the choke/throttle as a result c¢f the displacement/mcvemert cf its
moving elements/cells charges the pressure cf propellant component
before the chamber/camera and, ccrsequently, alsoc its consumgtion.
Crhokes/throttles must prcvide variatlesalternating (ameng otther
things it is sufficient large) fressure differential, which leads to
the increase of the required pcwer cf the propellant feed system irto

the chamber /camera.

The pcssibilities cf a pcwer change are limited, if the
cross~sectional area of tlast nczzles and nozzle chambers/cameras
remain invariable; with the decrease of thrust is decreased an
injector pressure drop, which leads to the undesirable ccnsequences:

. fuel combustion becomes mcre unstatle (it is displaced to the

unstable 2cne) and by less complete cnes (is decreased coefficient

e en it A ool

ek
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¢:) and sCc fcrthe.

Thz basic ccnditions of the safeguard of a stable and ccrplete

(]

prccess of burning with a reducticns/descent in the engine thrust are

the simultaneous retenticn/preservation/maintaining cf an injectcr

cresgsuce dzcs {(App=CCns*®) and *he rrassures 97 cnutbiszic

n
o

=]

readucts
in chambher/camera (Px=ccecns%t); sececnd condition Pxk=COnSt tO

perforn sutstantially mcre difficult.

Condition Aps=const during the creation of different thrust

caL be ensured, changing:

1) a number of injectecrs, through which the prepellant
comporzants are injected into the chamsber/caaera (head with *%he

variable number of working injectcrs);

2) the flow passage cross-secticnal area of each injectcr

(injectcr with variatle cecmetry)

3) the degree of saturaticr ¢f propellant components by gas

(degres of their aeraticn);

4) the duration of pulse (fcr pulse cf ZhRD);
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5) cecefficient x

In the heads with the variatle nuaber of woriking injectcrs the
latter are divided/marked off intc tha groups and for decreasing the
thrust is included one or the cther number of groups of injectors by

closiry valves cn the lines cf 4heir £=ad/sunrcly,
Injectors with variatle gecmetry are =2xamined into § 12.2.

The openings/apertures of the jet injectcrs can te ccvered to a
certain degree by the angular rctation of disk with the

openings/apertures on the head cf chamber/camera.

The usesapplication cf chankers/cameras, equipped by injiecters
with variable geometry, rakes it pcssible tc decrease thrust in

relatior 10:1 and more.
Page 257.

Pig., 14,5 depicts the diagrans of chamber,camera with
simultaseous scaling in the area ¢f blast nozzles (number of
irjectors) and throat area, which rrcvides constant combusticn
chamber pressure and invariakle injector pressure drcp with a

reduction/descent in the thruet.
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Oxiiizer flcws/cccurs/lasts cver the coolant passage of
chamber /car=~ra and throuch the insjecticn coperirngssapertures is the
internal wall er%*ers cecrtusticn chansber, Puel is suprlied into +he

irterral duct ¢of needle 4, it tlcws/cccurs/lasts over its ccclant

(&)
)

3z =r i wnreugh tha Sneningssanartures in vne exterrnal wall

(8
th

v
Cc . iaa Q@

rezdlz it erters cavity 2, and from thare - througl

et

ka tz: injecticn cpening ¢ intc ¢the cembustion chambter, Neefdla is
rigidlv ccnnected with ristcr 3 ard tag 2 and can be moved tc¢ +¢he
righkt urder the effect ct pressure cf the liquid wocking
medium/propellant, introduced *thrcugh connectiny pipe 1, and to the
left under the effect of rressure cf combusticn prodicts cn thae

piston.

Wwith the displacemant/movement of piston and raeedle
simultaneously changes tcth the cuartity of injecticn
openings/apertures of oxidizer and fuel and the throat arsea.

Tharefore pressure Px with a change in the thrust remains ccnstant.

One of the methods c¢f changing the flow rate of a is the supply
of special gas in the main of ¢the engine befors the chamber/camera cr
in the cavity of its head (i.e. it is direct into the propellant

components).,
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DoC

Seturation by gas (aszraticr) decr

(3]

s&s 4he dansity cf fprepellarnt

Ul
P

ccmponents and their mass flcw rate into the chamber/camera with the
retertion/rraservaticn/maintaininag cf the conditions for atorization

ard sustained ccmbustion, For the tlcwing-in is used ipert gas 'F

th

ZoN TR A o separate

[
)
13

-

{hzlinm ez ni=zcg=n), which car £e sunnl

tanx/tallcen or be selacteis/%ta:rn frem the tangscallceon o k2 gas

storijJe tank of pressure. Into the fuel, besides inert gases, i* is
pcssible +c blast gaseous hydrcgen. Gas for the saturaticn can be e

selected/taken from the lasic gas generatcr or obtained in additional

ZhGG, which works on the tasic prcrellant components.
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Fice 14,5, Chamberscanmeza Wwith sizyltani=zcus zezling L iz oamaa ¢f

ke
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1.}

plast nczzles cf +he ccrpcnents c¢f rrerslian thrcz2t az-a

it

cerrccting pipe cf the delivery c€ “he centrecllins/zuidins lijuid
sorkiny medium/propellant; 2 - tag: 3 - gpister; 4 - needle; a) cutcu<

ir thre chamber casing; L) cxidizer nozzle: c¢) fuel nczzle; 4d) +th

(13

cavity before the fuel nczzles; €) the ccclant passage of needle.

Page 2538,

Incra2asing the expenditure cf gas fcr the aeratior cf propallan=<
coaponents, it is possitle tc decreasa thn engine thrust in the

relation frca 10:1 to 30C: 1,

The average/mean (cn the tire) “hrust of engine, vwhich wcrks irc
the pulsed operation, it is pcssitle to increase or to decreasa by a
change in the duration ¢f pulse (frcm the fractiors cf a seccnd to
tens of seconds), or by different pcrosity, i.e., by the work of

engire 4durirg the different ®time ugcn each inclusion/connecticn.
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Change thrus4s with the safeguaré of conditicn Ap, =CCr st use

ir essenca2 for the engires cf ccomparatively lcw trnrusts,.

The different valnes of the thrusts cf scme ZhRD ob:ain Ly

1]

changing the coefficient , Ffcr e€xample, €cr incrczas2 or decr=211cing
the thrnus% c¢f cxygen-hydregen ZhFL J-2 ¢f American caIiriefIl TCc«3t

"Saturn-5" ccefficiernt “# is changed from 4,5 *o 5,5, i.=., to

R T

+-10c/c of the rominal value, fcr which *he par% of the cxygen flcw

vill pass from the main a¢ the cutput/yield €rom the pump tc the
entry into it. This methcd makes it possitle to rapidly change %the

engine thrust and to the low degree it only makes its characteristics

worse due to the displacemant cf ccefficient 2.

If differant thrust ¢f ZLRD with the pump £eed is prcvided by a
change in tke number of revcluticrs cf the purps cf components, then
turbine TNA must have a system, which controls/quides its pcwer.
Found use temperature, the expenditure and mixed methcds of changirng

the pover of turbine TNA.

By temperature methcd is used for two-component ZhGG and it

consists of a change in the termperatura of the yenerator gas,

supplied to the turbine, for which ¢a one of the mains the
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fezd/surplies 0f gas generatcer install the spacial chexzy/thrcttle

Yo

with +*hea electric drive, waich makes it possitla tc increase cr to
decreas2 flow rate of cne of the ccmoonents in ZhsG, consaquently arnd
cecefficient (% of gererator gas.

endi

«F

[94

©2 astthe’ C-tsistsz ¢f 3 change in the gas flow threush

~
9]

.
o

n.

(94

-

ng %*he L..nzerarce c¢f its ccrnstant teaperatura. This

(o

<h= ¢1roine
aethod can be used for Zh?) with mcnc- and twc-componert ZhGG, and
also for the engines with the gas tlesed (for example, hydrogen) frem

the ccolant passage of cltarber/camera for the drive cf turbire.

With the expenditure method changes of the power of turtine in ;

ZhRD with the two-componert liquid-gas generator chokes/thrcttles
install in both cains cf its teed/supply, in this case coefficient

x of generator gas is maintained by constant. For this purrose is
scmetimas used also the special statilizer, which ccntrols/guides ¢he

chkoke/throttle, estaklished/irstalled on line of one of the

ccmponarts, and is changed its flcw rate in the dependence cr the

flow rate of the seccnd ccrpcnert sc that coefficient x% of

generator gas remains ccrstant.

With the mixed methcd of changing the power of turbine
simultaneously changes tcth tke tenperature ard the expenditure cf

the gas, supplied for turtine.

N

e T




. bl

DOC = 81009904

m
s
[

Contrcl systems, ccrpnected with coefficieat » System cf£ SOB.

In § 2.4 i+ was shown that *he rmase cf the rerainiers/residues of the

. - ~ = - 1 ~ o b ~t s -~ - - - =
sanenancs of she progellint & rcecikes vahicla [TCaoXetr 3t27,8%3 1

- 3 I - * 3 - - 5 - Al 4y ce A - o omes Y-
rugt b2 low, In tht abssdce ¢I special centocl frrItaa are pcesicl

=he cases with which +he deviaticr cf cosificizat = £rom the
prescriped/assigned value causes ircreased flcw raze of one cf the

rcpesllar+ ccapcnen*s. As a resylt cf this cne coapcnent corpletely

e

will be consumed befcre rccket vekicle will achieve the
prascribed/assigned acceleration (c¢r its decrease during the
braking), while in other tank remains unused a large quan%tity of
another compcnant. S¢ that this it wculd not cccur it is possible to
service into the tanks a ¢reater quantity of propellant components,
i.2., tOo increase their guaranteed ramainders,/residues in the tanks.
They increase/grow with ar increase in the error, with which is
maintained prescribed/assigned ccefficient % and they lead to a
reduction/descent in the characteristic velccity of rocket veticle

(rocket step/stage).

With the deviation cf ccefficient * frecm the nominal value is

decreased total jet firing and the characteristic velocity cf the
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rccket vehicl

w

(ocpera*ing tinme c¢f enginz with %“hz prascrited/assigned
nass quantities of oxidizer ard fvel in th2 *anpks has the
with the strictly proporticnal expenditure of grouellant comgorents);
furthermore, is decreased specific jet firing; however, this decrease

is irsignificant due to th2 lcw slcpe of curve characteristic /va=/(us

With coefficient »' are ccnnzcted two types of con+4rol

systems:

1) the system o0f the nmaintenance of constant ccefficiert =« (»

=const) ;

2) the systems of the syrchrcncus eaptying of tanks, which
change o a certain degree coefficient % sc “hat the
remainders/residues cf grcpellart ccmponents in <he tanks up to the
cutoff of engine would te smallest (to 0.70/0 cf +he charged/filled

quantity).

The schematic of the system, which ensures condition =«
=const, is depicted in Fig. 14,6, In the main of oxidizer and
combustible are established flow meters 1 and 2. As flov meters can

serve the Venturi <ubes, fcr which the flcw rate is directly

propcrtional the pressure differential at the entry also in tha
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narrewast cress secticn, The s=ignals, proporticral ¢ the cxidizer
consunztion and fuel per sscend, ent=r f£rzm €£1ow n:tazzs 1 ard 2 irnto

comparing instrument 3. In it the actuali valie ¢f coefficiant % is

overhangs ccmmand/crew tc the electric driva ¢f chckesthrot+tlae u,

<

flectric drivs, ac%irng con choks sthre=tl=, 3A3crzases c¢r incraarsas i+:z
Slcw area arnd Zs remcved the devia<icr 0f co=fficizot # fzen

ccnputed value.
Page 260,

The schematic of systam cf SOE is shown in Fig. 14.7. Its
sensors are the senscrs c¢f level, adjusted in the tanks, in
particular, the capacitance pickugs, which are “¥c ccncen+rically
arranged/located tubes frcm the heterogeneous metals (for the
safegquard of temperature compensaticn for a change in the density of
propellant componerts). The clearance between the walls of external

ard irternal tubes is prcvided ty indices frcm the plastice.

System of SOB works together with the system RKS. #With
disagreement in the emptying cf tanks enters in the work the systen
of SO0B, changing ccefficient %, and conseguently partly and engine
thrust. If in this case the measured apparent velccity cf rocket

vehicle differs frcem prcgrammed value for the givern moment cf tipme,

o O AR i+~ =
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then enters in the #ork system KKS and resp=2ctively is changed
«krus¢, In this cas~2 can change ccefficiernt x, that causes %h: rnzad

fcr the work cf system SCE, etc.

Above were examined the autcratic systsms of a charng? in

3

cde/fconii- -~z and reculatinc¢ “+e engines. Airzlanra 2ngines ani

ergires <. ~<.: nanped £racecrzit have in additicn to autcmatic crnes
the manual rsacte-centrcl syster ¢f engine, which makes it pcssible
to change erdJine pcwer ratirg by changing the propellant ccmpchent
flow and ccefficient % ard alsc tc include and to switch cff ar

engine.

§ 14.4., Systems of the creaticr c¢f control forces and

mements/torques.

If in f£1light in the atmosphere rocket vehicle analogous vith
aircraft can change the directicn cf its flight with the deviation of
the aerodynamic surfaces (air vanes), situvated on its housing, then
in the rarefied layers cf the atszcsghere and cuter space of analogous

target it is possible tc attain crly by jet deflecticn.

The systex of the creation c¢f ccntrol forces and moments/torques
must possess low mass and to it is possible the smaller dagres tc

complicate the schematic ¢f engine installaticn and to decrease its

spacific impulse.
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Fige 14.7. Diagram DU with system cf sOB: 1 - capacitance pickup cf
level in oxidizer tank; 2 - ccmparing instrument; 3 - capacitance
pickup of level in fuel tank; 4 - choke/throttle of fuel with

electric drive.

Page 261,
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For the creation of ccntrcl fcrces and amcm:n®s/torques they carn

be used:
1) the moving elements/cells, adjusted into th2 flow of *ha
combustion prcducts, which escare tehind the rozzle cf

ctamkber /catera;

2) chamber/camera cr the ergines, adjusted on “ka hinged or

gimbal suspension;

3) auxiliary (steering) engires;

4) the rotary nozzles of turtine exhaust;

5) the redistributicn of the flcw rate ¢f the werking
nedium/prepellant ¢f turtine (after its oparation ip trhe %urtine)
through several fixed nczzles ¢f its exhaust pipe;

6) l1liquid injection cr thke tlcwing-in of gas into the nczzle;

7) a change in the thrust, created by different engines (for tte

engine installation, which ccnsists of several engines).

Moving elements/cells, adjusted into the flcw of the ccmtustion
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products, which escape tetind the nczzle of chamber/camera. 70 the
mcvirg elements/cells which irs%all in ¢he flew cf prcducts tts
combustion in nozzle exit secticn, relate jat vanes, deflectcrs and
trim tabs, diverged with the aid cf the electrical or hydraulic
contrel actuatcrs. They charge the direction ¢f the flcw (cr its
vart) of <the comcpusticn rtcduc*s, which escace pehind ®hs rozzle c¢f

- 3
.. 4

chaapber/camera, and by ttis are created ccntrcl forcces

[¢1)

acments/torques. Jet vanes, deflectcers and trim taks decrcase
specific impulse of DU, since *ttey krake the fart of the flow of
combustion products, and have tre limited rescurces/lifetime ¢he
works: the moving elements,cells indicated wash ty the ccmbustion
products, which have at ¢re ncz2le cutlet high speed and
comparatively high temrerature; therefore from they make from fever
ard erosion-resistant materials (grapnite, the special types c¢f

plastics).

Jat vanes (Fig., 14.,8) gear dcwn of the part ¢f the flow ¢f
combustion products not crly with their deviation, Ltut also in %the
initial positicn (in parallel +c¢ flcw); therefore jet vanes in the

ccntemporary rocket vehicles are used rarely.

Daflectors, either rctary rings, install in ths nczzla cutlet of
chamber/camera or exhaust collectcr ¢f turbine. Deflectors can be

cylindrical (Pig. 14.9) and sgherical (Fig. 14.10)., Cylindrical
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Jeflector can be turned cnly in cre, and spherical - in two mutually

perrcerdicular plares,

More complex, but also more eccnomical is system with the
uses/application of ¢rim tabs, cr Fculer flaps, which are cutstanding
t773 the flow ¢f cormbusticn rprcducts only with the erergence cf need

.. the contrcl fcrces cr *he mcments/torques.

Page 262,

Diverged chambers/casoras and engines. Chamber/camera c¢r engine
as a whole it is possible to install in the hinged or gimbal
suspensions and tc diverge to a certair angle (usually not mcre than
10°) from the nominal position., Articulated suspension makes it
possible to diverge chacker/came¢ra cr engine in any plane. If DU
(engine) consists of four established/installed on articulated
suspension engines (chamlters/cameras), then their articulated
suspersion can be attached cp the cverall frawe, in this case the
axes/axles of suspensions intersect in its center (Fig. 14.11). This
device of engires (chambers/cameras) makes it possible tc create
efforts/forces and moments/tcrques for the ccotrel cf rocket vahicle
along the pitch, the course ard the bank; for example, for its roll
centrel all fcur engines (chamber/camera) they amust Lte turned to cne

side in the circumference.

- s L
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Fige. 14.8. of DU with the jet vanes: 1 - missile bedy; 2 - rcz2zle of

charter/capera; 3 - system cf ¢he drive of jet vares; U = axisz of
Tctaticn ¢f set vanng; 3 - jet vares,

!

?

3

LI AR o
4‘"~u
Fig. 14,9. Chamber/camera with cylindrical deflector: 1 - nczzle of

ctamber/carera; 2 - contreclling,/guiding thrust; 3 - axis of rotation

of deflecter; 4 - deflectcr.

Pig., 14,10, Chamber/camera with Spherical deflector: 1 - rozzla of

chamber/camera; 2 - centreclling/guiding thrust: 3 - spherical nozzla

—— - At e — e

of rczzle; 4 - spherical deflecter.
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Feir installaticn ¢n artistilzted suscansSich.

Fij. 14.12. DpDiagram of installaticn of chaaber/caw=aca on gimbtal

suspersiorn.

Page 263.

More effactive, but alsc ncre complex is the gimbal sustsnsicr
of chamber/camera (or engine) (Fig. 14.,12), with which the
chamber/camera can be diverged sisultaneously in two mutually
perpendicular planes, in this case the longitudinal axis cf

chamber/camera can occufpy any gpcsiticn in certain cone.

With cardan mounting of cne engine it is possible %o create
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gffcrtsysicrces fcrc *he ccernercl ¢f recket vehicle ¢cn thne pi<ch and *he

ccurse, 2F01ll cecntrol is frcovicded Ly separate systsm, fco

xarel

W

by
the cold uas rocc<et engire, whkich has several nozzles; *hey are
lccated ir the plane, pergandicular to “he longitudipal axis cf

rocket vehicle, and can create gcgsert/%orgque tor its rotaticne.

(4 1)

1f twc ernj;ines c¢f DU acz2 estatlished/instail=sd cn th2 j3irecal
suspension, then «ith their Jeviaticn are cr=za+zd efforts/forcss for
the centrel cf rccket vehicle alere +tha pitch, =he ccurse ard the

bank.

Average/mean and large engines diverge with the aid of the
hydraulic control actuatcrs, which pcssess low dimensions and mass
ard those using as the enargy scurce a feed system of Lbasic
propallant components; mcst frecuently for this purpcse is
selected/%aken the small part of tha fuel consumpticn per yield frer
the pump of TNA, The system cf the deviation cf engines can work £fron
autonomous TNA. Small engines can ke diverged by the control
actuators, which work frem the serarate electzic pumg, cr by

electrical control actuatcrse.

Hinged and cardan mcunting cf ZhRD provides simplicity cf its

diagram and constructicnsdesign anrd to the low dagree is decreased

the specific impulse (ornly as a resul® of the daviation of enginag).
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delivery of rrcpellan®t ccrrcnerts *¢ th2 <Zivarjed chasmbers/caweras

ard the engirnes,

Va2rnier engines. Mair ercaces ca:i pe fastanel mCTiCrLLoIl

SIoV, L

(B3

ir the ergine ins*alla*icr are rilct engirn2s, aijus+ted nsually
symmatrically cutside ¢the tail sec*icn of the rncket veLicle ~n the
hinged or giambal suspensicn (Fige 14.13). Such engines (tham <hey
call helmsmen, who contrcl/guide, ¢r vernier) can pe diverqed to
certain angle and therery to create fcrces and acments/torjuves fcr

the control c¢f rocket vehicle along the pitch, the course ard “he

bank.




: ‘3. T 4i*~ v riveicv o arnzinez: 1 = anztcivnagalic jacvat

sICT%l)r . = v3ITniero sniinc; 3 - articulated suspension ¢f vernier

“ey: (V). FCIrm.

Page 264,

Vernier enjinres can wcTk bcth ceontinuously and in the pulsed
operatior;: for their werk it is mcst expedient to select/take certain
consumptior of basic prcogpellan* ccafonents at the output/yield from
tte pumps of TNA of main engires, This diagram is used, ir
particular, in the engine installaticn of the first and seccri
booster stages “[ast". Hcewaever, vernier engyines can work, also, fronm

their own TNA,

Vernier sngines ccaplicate diagram ard ccnstruction/design of

engire installation, tc a certain extent dacreasing its reljakility.
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For example, the verniar engines cf the first and secord broecster
stages "fast" decrease sfecific inpulse BU per 1 nesskg [ ~~1

K58s/<3,

Rotary nczzles. Centrel ferces and memsnts/tCrLgues C4AL CrLaat?
alsc the steering rozzles, which crsrat=2 on %he jasecus werking

medium/propellant of turktire TMA (ir ZhRD with sSelzctizn of the

.

4orking medium/prcp=allant of turtine after operaticr in i%t ir%y tis
ervircnment), ir this case the charter/camera and the sngine as a
whole are installed ir the rocket vehiclas mcticnlessly. Ar= ctcssible

the fcllcwing varsicns cf suct reczzles,

1, To exhaust ccllectcer c¢r turbtire cocnnsct up &xnaus=< pi

-4
e}

w

1]
-

whichk are ended Ly fixed nczzles (se2 Fig. <. 15), moreover th

(1t}

-

11]

are
two nozzles of pitch, twc nozzles cf course and twc fpairs of noczzles
cf bark.