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COSTRUCTTON AND DESIGN OF ROCKET -.NaINZS.

7. A. Voloin.

Paae 1.

It is approved by the ministry cf the iigher an(i secondary special

Placition of thi USSR as the taxtoock f~r thp t.?chnical schools.

Pagp 2.

In tha textbook are given commcc survwy/coverage, th-

classification and short rocxet-actcr characteristics and thsir

working mediu2/prepellants. Is frikfly prasente th* history cf the

levelopment of rocket pngines. Is eximiaed the thpory cf thirmal

rocket enqines and are presented tae bases cf construction and design

of the rocket engines, whica worx on the liquii and solid chemical

propqllant. Is giv-n scme information saout th, nuclear and

electr.cal rockot engires.
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Textbook is intpndz~d tor zat; stil.ngr~ machire-huildinq tachnical

ichr'il3. It can be nspful to tat -c~acal-enger~n 4okr or

rcckat ingina constructica.

Pag4% 3.

Ia last 10-15 yoars is vijozously iev.41e~pe.% rocket~ and spac,-

* tpchnology. Ar- creatgd differazt types of thg highly efficient

rocket engine-ns, which work on the Li~uid and solid chemical

propellant, are developed/procasseai nuc-lear and electric motors. In a

number of cases in orFl0 zockat apparatus simultan-ously are lised thA

encings of different types.

At present theres is a sufficiantly numsrcus li.+rat.ur, accordinq

to the theory, by the ccnstructioa/dasijn and according to the design

of RD. However, urtil recently mnei~e is no textbook on the rockpt

engines for the technical schools. Tirgat of this book - to completa

this gap/spacing.

Tqxtbook consists cf four parts.

In the first part are ;ivan mAe g~aeral informaticn about -thR
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.- 1-z/at.r claSS4f-cati.on, tna varamet'nrs, thi, filL-1i of

apnlicat20onu qtc.). Furtheraira, dre given the classification of

werkinq mad 4.u /orope11ants of iia az~d taa r-quirqme4nts, pres'sntel to

*h~m.

in thz s:eccnd par 4- from za i~~st-on of thne _ -:iz-d co-C4

'tharmal rocket enqirs" is exaiiinedi tha thsory ch-amical and

ronchem4.cal RD.

The third part of ths taxzcncox i;s iidicat~d to

constraction/design and design cf the chemical rocket engines (first

of all of liquid ones),* whica at present underwent great development.

In one fourth is given somue inforation about nonchemical RD.

All parameters in the taxta~cx ara given ithe international

syst~m of units (to system of S1). The figures. c- vrn in the book,

for the educational goals are car:zied 3ut simplified.

The author expresses deep appreciation tc doctor of t-chnical

scipnces, Prof. G. B. Sinyarav to ao:tor of technical sciencqs M. R.

cahesin for tha considerable aentaca 66o A%-he publication of presqnt

textbook, and also for the valuaDle objervaticns whose account mad,
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0)so,ihlA to cor's4 A-rabiy Lm,?:ovt: h4i3 qual!.ty.

Pago (4.

Dur5.ng tho rovi-v cf ch3 manuscciot of th- book G. B. Sinvarev

commiini.catid *c' ths auther tie numz;r 3f crigina. l

to the~ classification, the matacus c-f :-ilculation ar..1 cr

the *rtirns of 4-I-ffqrnnt typas. Taose )bservat45-ns and ma-z4.-ls we---

used for the work above the waxK.

During the writing of som~a chapt3rs of t-xtbook were useful. ths

observations of qng. N~. V. Ivaov drd :and. of tech, sciences Ye. A.

Ivan'kova. Groat assistanca the author they showed/rendered with

accoiaplishing of calculations ar ang. ). T. Volodiri, and in the

formulation of the figureas - eng. T1. 1. Ivanov. By all to thqm the

author e.-xprqssqs his gratitude.

Tha! author w!th the apprsiziaza-o7 will takR critical obs-ervations

and wishes about an improvement in thq books which should be sent to

an aldress: Moscow, B-E6, 1sz Jasmanrlyy st., 3, publishing house

'"iashinostroyen5 yq".
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'Page 5

* PDart I

* ROCKET ENGINES RIND ROCKET APP'ARATUSES.

* GENERAL INIFORMAPTION ABCIVT THZ? dCCKdT EIGINES.

$1.1. Reaction forcLes. General concapts about jet enqines.

Jqt engine is called tha angine wiich creates forcp for

12splacing thq apparattis in tha pati s-3ace the energy ccnv-rsicn of

its ivri or extgrnal source into the kinatic energy cf ths stream of

substance. For the wcrk cf jat eagina can be used both the substance,

placrad :)n board the; apparatus, and ;mviroament, i.e., tho medium in

which works the engine. Tha stream of the substance, which qscaps

from the jet engine, is callad axaaust jet, and the force which

appears as a r+,:sult of its ciatflow - reaction forci.

The parameters and the stdte uf aggregation of substance heforq

the utilization in the engine3 (i.e., pirent substance) and in -xhaust
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jet usually substantially ara Jis-.:.-uished.

Parent substance of exhaust jct cin be found in thp gaseous,

liquil or solid state and nave a timp-aturR, Pqual to amoi4nt

temoarature. Exhaust jet is aost fre-;uantly the hiqh-temperaturI

m ixturC of gas-s. Th type of Che utilizei substance _.n many r -c~ s

d t-rqined by the type oi 3- t egin.

One of th9 basic ccmponen:s oi inj jet engin is c~ambir/camerp.;

in its initial part the suDstaace is 3saiftel into the stata which it

must havp into =xhaust jet. For cxam:1I, in the series/numbir of jit

engiaes liquid chemical Eropallant is supplied into tha

chamber/camera, in initial part of whiz-h (in the combustion chamber)

4.t burns, isolating heat and forming giseous products. The final part

of tha chamb-.r/camqra, callad aozzie, 3.3rv-s for accelerating th4

combustion products.

Page 6.

Tho jet engines, utilizad at ir3s~nt, are the broad class of tht

enqinses of the most varied designation/purpose. The region of their

use/ipolication constantly is axpanded.

For the creatic cf reaction tocca they are necessary:
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a) 'tha Quhstan~c- whicn in ttc f3riu Cf exhaizt i~is th:o-w clit

from ths erqinc?: th; substance iLd;.catad w,? will subsequen.tly call

workinj mediura/propellant;

b) t "e I!C so eOf rri~arj 3r-,E: Y, ihic.- is crnvari inti 'hnt

c) nflife, .. ,the devi,;e, which ensure-, thc- converiion

indicaterd.

By work---vg meadium/ propellant or its composite/compound component

part they can be:

a) t1tve gaseous or liquid anvironmant, for sxample the atmosohere

of theq Earth and other plansts or water;

b) the substance, placed ir tne special capacities (tanks) of

apparatus or is dirict, in the angiae chamber:

c) the mixturq of the environmenit (for QxamplP, air) and the

substance (for exampi., keroseae), sappliel to the chamter/camora

from the tank of the apparatus (this substance can bs also placsd
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dira-+ly in +h chambpr/camera)

Primary energy is Stoch~ed on, ioard the- apparatus in any source

or is icceptad frcm thc extezadl soucca (ior exampip, from thq sun).

se i sallcs+ deyr )rzn a en :hn-trv.rn. '~ - t-:I

* ndhi-ch is wcrk.r I tae Docty ind the scur- cf priiry:

-r-rqv th--y ar- plac-3d cn zna apparatus itST-lf. T- USS'1

qxtenstva~ly on thp flight veiizes, called rcckqts; th-refors such

i- zngire 4-solak- ;intc the saparat-t class cf rcknt -nginas (RD).

Rocket anginp is +hp only type ct the ingins which can. work in any

gaseius and liquid median, and also in the vacuum (vacuum)

A3 a result of the cutfiow or exhiust jet from the rocket cngini

the mass of apparatus in the majority of the cases rapidly is

chanqerd. Ther-fore rccket-propall~a levice is thes bcdy of variable

mass*

Rocket engines differ signifaica~tly frcm the systems which

consist of engine and motor, waich davalops reaction force. Example

is the system "aviation gas-turbiarr. rngine~propeller", in which the

motor (propeller), given by engine, iccalerates the incidprit by it

airflow, as a roesul 4 of which is ctitad tho reacticn force. The

procass-s, which occur in the -inyiLO and th- motor, and also th.:



PAGE 4

workinj iedium/prop~llants, wnich take placs t!hrcugh th~m, tc a

considwrable dAgree differ frcan each onhr. Therpfors this systsm is

called the engine of indirect reaction.

Rocket engines are united into tha unit strictly enqins (for

=xamoli, combus 4 .en ch'amber) an1 wctzr (for xanlraozzl1 )

PagA 7.

Rodetion forco 5.s cr-ated as a resul: af incresasing motion of working

meditim/propellant, morecver is toxking the body, which takes place

through the engine and the motor, ona and the same. Therefore rocket

anginss are called alsc tie engines :f forward roaction.

6 1.2. Basic typqs of rocxet 3UginEs.

Before examining the ciassiticatio)n and the basic parameters of

rockat engines, let us dismantle/s~lact the simplqst diagrams and th?

operating prinC4 pie of most caactecistic cnes of them. Let us

introduce the concspt about tha engiae. installation (DU), which

encompasses the source cf primary enarly, tank with the working

rudium/prcpellant and ongina.

DU with thq liquid pro p.alIat roc(8at eongzr- (ZhRD) . As th-i
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workinj MediIIM/roellant In ZaRD ao~t frequently ari used twio l~

sp-cially selectid substancas: cxiaizar ar.4 ccmbistiblc. OxWd4i!-r str

fLinteracting with each ataier, call. chemical fu-;l/propqelnt., or

it is simple by fuei./prcFell~nt. oxilizar and combustiblq ars

propzllarnt comnononts.

With. tho cours- of tae raaczicn of~ burnina in 4-h1c combistion

chamber occurs convqrsi.cn of orimd.y ( -hemical) enerqy of

fuel/propellant into the iieat as a result of which are formed the

combustion gas-is, whi-ch have high tpmptrature. ThA accr-l--raticr of

combustion products in the nlozzlie cf cliamber/camera as a result of

the zonversion of their heat into the iinetic energy leads tc ths

creation of roaction force.

Fig;. 1,1 d-picts the siaplas-Q diajram of DU with ZhRD.

Installatior conlsists cf chahnor/cam~ri 1, fuel tank 3, of oxidizer

tank 6, of tank/balloon with campressel1 gas 4 and valves 2, 5 and 7.

Comprassed gas iurling valve op.aning 5 inters f.-cm the tank/ballcoon

into the tanks, as a result of which the pressurp in them

incre4ases/grows. During valva open2.ng 2 and 1 fuel and oxidizer belin

to antir chamb',4r/camo-ra and in it Dplins the process of burning.

Solid-prop,!llant rccket enyq.n* (R:)TT) . Tho rockot Anginq, whi.ch

works on tho Solid fUPl, also relatr-3 .-o thi cham5.cal angin'is. soli.d
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chemicil tiel/propellart is thi larishl Mixture of oxiliz: at.I fu-

wh.ch ir the form of chara is jlacil t-irctly 'r. the com usticr

chamber. If ths process of burning in IDTT has scia diffirances from

the process of burning in ZaRD, tatn taa processes of expanding 4 h4

combustion prodicts in the nozzles cf aiTT and ZhRD in many resn.cts

ra iniloqous.

Fij. 1.2 shows the simplaaz aiag~rin af PDTT. It ccn.4.ctz -f

housing 2, nozzle 4, sclid-pZo.Jellhnt Irain 3 and iqniter 1. [.'rin

the suoolying of cemmard/crew co the igniter occurs the ignition of

tho solid-prop.llant grain waich jur.is from th' surface and ar-

formed the products cf ccibusticn, which escape behind the nozzle.

D1 with th" Nuclear rocxe; eagins (YaRD). The Anargy source in

the nuclear rocket engines aze the raa:tions, which take place with a

change in the nuclear structura, inclu'ing of fission reacticn of the

nuclei of substance with the large atomic mass (for qxamplA, tha

isotopes of uranium); in the prccess o! these reactions is isolat-ed a

large quantity of heat.

Page 8.

Fig. 1.3 depicts the simplest diagram of DU with YaRD.

rnstalla&!on consists of aucieir reaztor 1, tank 3 with the working
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-2ediaa/propellant, pumF 5, v.11ve 4 and turbine. 2. Wcrking boly from

the ink is numpe, 4 rtc nuclaar riactcr ±n hch is placFd the

fissionabl. material. Flcwinj/ocC4Lrirj/lastin7 thrcugh th . rsactor,

workinq body vaporizes and is naarEd t3 thg high temperature by th4

heat, islatpd 4uring +he nuclaar Li3sion of fissionable matqrial.

glow ou* behin"' o-!zle, trea .7 t -

The power, necessary ror the wcck of nimp, is transmitte 1o it

t!.roulqh th" shaft from tha turoini. In turr, for the wrrk of turbine

to it is supplivd certain quantitj cf jaseous products of the

vaporizat.ion of working media/propelant, selscted/taksn behind the

nozzle.

Enginos oxaminfd akove nave ;be gneral/common/tetal special

foaturg/veculiarity, ccnsisting ia the fact that in them primary

(chescal or nuclear) onergy is convgr:ed first intc the heat, and

then into the kinetic let energy. 1har-3fore ZhRD, RDTT and YaRD

relate to the class of tbersal rocket engines.

DU with the electrical rocket engine (ERD).
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4

7 T 5

F4 .. 11.Fig. 1.2. Fig. 1. 3.

Fig. 1. 1. 'Simplest diagram of OU vvt .7haD: 1 -chamber/camera, 2, 5,

7 - valves; 3 - fual tank; 4 - zaak/ballcon with ceifprf.ssgi qas; 6 -

oxidtzir tank.

Fig. 1.2. S3..plast diagram of RIM~: 1 -ignite:=; 2 - housing; 3-

solUA-propillant grain; 4 -oZZ.L
/

!ig. 1.3. Diagram of DU with YawD: 1 - nuclear reactor; 2 - turbine;

3 - tank with working medium/rcyellint; 4 - valve; 5 - pump.

Page 9.
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S1actri-al rock-%t -ng rez aiiia: si1-:ficartlY fran, t!,: thtrma' by

4 ti. fact that for dispersing/accei.eriting tho workin'

weium/propellant in 11~e motor el1dctci,:al RD is usei CrlCtrostatic or

ol1ctromaqnetic fiald; with its Lip the elactrical sr~rrgy is

corvvrtid !.nto the, k~r.ptic jet anazgy. Therefor.? wcrkirg body

mI1ectrizP.l RD nu';t ocssess .Li axnaust j it A- h-Po "c J c .41 =ct r.c-i.

For producing the electrical enar~y, utilizsl for accsleratirq

th- working mad~um/prnpellant, nc~sary is thR source of primary

Basl.c units of DU with ERD ana auzlear sourct, cf primary ensrgy

(Fig. 1.4) are nuclear power Plant 7, tank 3 with the working

medlium/propellant, clevice 5 for tne c-raation of 9lsctrically chargei

particlies and davico 6 for tue.Lr -A:specsal/acc-1-qr~ticl with thG- ail

of electrostatic or qlectromagnetic fi3ld (motor) . The discharge

velocity of working medium/propelantl behind the nozzle el~actrical RD

is cvnsiderably (by an crder) acre thai in thermal cnas.
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7 t w c

?ic. 1.4. The s 4.mplzst diagram cr VJ with ERD: 1 - -ir'biicor with

thi :oprass-4 gas: 2, 4 - valvcs; 3 - :ank wi'h tY- -king

mall,1m/propollant: 9 - device zcr th. zreaticn cf elactrically

charge4 particlps; 6 - accelaratizag i4vice of electrically charged

varticlts (motor); 7 - nuclear power plant.

9 1.3. Rocket enginq thrust.

Thrust of RD - this is tha rorca 4ith which the engine acts on

rocket apparatus, causing its displaue nt/cve n.nt in thq space, or

to the stand on which is estaoliansd/installed the .ngine.

Rocket *ngl.np thrust in tae vacwum. Let us first examine the

casq of the work cf engine in tte vacium (out of the limits of the

atmosphere of the Earth and otner planets). Such conditions are

charicteristic for RD Cf space venicle5 (LA) and many rockets.
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Concept 'vacuuim" can be c onnbck=d with uT3,r bcrder of

atmosphers, namely, it is possicle to consiIer that with an increasm

±n altitude of fl !ht of LA zhj p 6ssuCC cf the atmosphere becomes

equal to zero when aercdynamic resisting forces are decreased to thq

negliqible vali .

L-t us axaninA tho d.riva'cion c9 tae formula of thrust in the

vacuum based on 4he example of rocx-t ioparatus with ZhRD (Fig. 1.5).

Thrust in th - vacuum let us designate- P,. In order to simplify the

derivation of the formula of tarust RD, let us accept the following

assum ptions.

1. Flow o-' gas during moticn al~ij chamber/camera

undimuensional, i.e., gas moves in parallel tc axis/axle of

chamber/camera, moreover in each cross secticn of chamber/camera gas

v, loz!ity 5th respect to ent.Lra cross section is identical. Actually

cas velocity over the crcss section is not strictly identical and,

furthermore, gas in the nozzle moves not only in the axial, but

partly, duo to the ccmflex nozzle configuration, and in ths radial

direction (Fig. 1.6).

Page 10.

' _ .. ... .. ,. ... .......: ... ... ... ... ... .......... ...: .......... ' .'-'- ,,r, £'"" --
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2. Flow of gas in chamoar/cameri b _irg steady (stationary),

"., naramta-ars of qas in each oz its crcss sictions do not chang-

in tha course nf time.

3. ?40q! JI!i hxy s eed )f roticn ),- 2iquJi vrr pellant i

t"- iiona its ax.is/-xlq (sjped inuicat.i is 1cw).

Let us accqpt tho directicn, cpposite to the direc-ion of the

motion of gas, for tha Ecsitiva. Let is examin? the forces, which

effeect or th; Dart of tke gas flow, which is located within the

chambor/camera. Such ferces -zwo tiig. 1.7) :

a) the force of sclid cnamber wills. This force is elual in

magntuda to thq interesting us reactin force of P and is opposite

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

b) the forcq of gas flow, which is located beyond nozzle exit

section (this cross section is cailpd alsc nozzle edge). The

parameters, which relate to nozzIe exit section, we will designate by

index "c":

Pc - gas pressure in nozzle exit section;

El ,
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. -n1ezzlb 
z x5 area;

W'- gas valocity in the cross szction indicated, etc.

Th- forcq in quasticn is aqual to rc;,ict lcpc: i" js iirct

to the side, oDposite tc the dlrectio off the ,ncticn cf ias.

During the design cf the forces e.xamined to the longitudinal

ax.s oO chambr/camqra we oDtain ccmpsitE fcrcz PS, effecting on thi

gas flow, flowinq on t~e chambar/camera,

P:-P+p. (1. I)

LO, ns introduce the following i-signaticns:

1) m~a, - Initial mass of flight v-h!cl (to thm start cf

angine and of thg. start cf appararus);

2) mHo. - the finite mass or apparatus (after engine, cutoff).



DOC = PAGE 19

Fi.q 1. 5. *'. 1.o.

Fiq-. 1.5. To conclusion/derivdtlon of equation of rocket anain-

thrust (baseil or axample cf rcc=o apazatus with 7h R2)

Key: (1). Positive direction.

Fig. 1.6. Arrargqment of jas jwts, which cscapa/ensua from nczzl-: AW

- sDeeP loss to nonparallalism ci Sas jit cf axis/axle cf nozzle.

Fic. 1.7. Forces, which effect on flow of gas, which is located

within chambpr/camera.

Paga 11.

Value Am-ma-micw is dqual t3 thi mass of fucl/prope1lant or

reaction products, spent by enjina for the time of its work.
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A c~angp in the mren-,uia -)f ~iiF A:1 equally (let is cornsiler th

sszof Ith? v-cto-r clf speed 76~ A.- Tc)

or -% m (X, - W6).

A 7CC'r,4 -Ig " 0 t- 0rn 'z ii p~ntI c,' w-r i rnji.1s a, w h ich ar os i

4or + h *im,: Ar as a rpsu1: j- zai accalera4ticn of th, rsject-id mass,

Is equal to a chanB- In tna 1 a.-.-:.L.ty of its mctior.

C:flspqu,:ftly,

-Z T AM (WI - '*6)-

Taking into account assumptior. Wr6=0. we obtain

cr taking into accourt e quatica ( 1.1)

For the case of wcrk of RJ in vacuum P=Pn. Therqfora

AT

With the work of engine on invariable, mode

mr =const,



vh~r m - mass 1 fow rat-o for tis tin xrt(1o

?OO"'NOTE 1. In tho tsx+tcoks and ithez technical bccks, crc-ated

without taki.ng 4 nt-o acccunt th sjy:tam of SI, frequently is used the

wai.qht flow ratp p, r sicoad, mozwovp: it they des~gnate by l~ttar ~

In. +i overwhslmn~a rma-crity of tau_ cis~Sit is more cv-

insteail of tho weijht cnas to uisa tnz mass para7.;:rs as a r'isui.: cf

simplificat~on -.- gjuaticrs and iad p'~rd.rcP c-f rpass fron th- focc-s

of aravi'zational fialds. iND2COJTNOrE.

Consequantly, rocket F.nqia1d thrust in ths vacuum

P, ,MWC+CPC-(1.2)

Page 12.

For the series/numter of ;ajculitions it is corven. --nt to

Pxpr,4ss thrust- in tho vacuum m,.ra sImply:

wh-r3 Wax - -,ffpctivv escape vaJiocity, Value W'aU can be dqtsrmined,

aftpr substituting axpression (1..3) JA ito equality (1.2)

=S. - W, ILs&R (1.4)

on- should qup)lasize that thruat in th? vacuum - t~his purely rsaction
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forc; it is actual thrust craract~ristics of F, sinc = it is wholly

latprminpd by the orccesses, waica cccur "ntra-chabmer/intra-camera

and lading to an incroase in ahs meoaentum of workina

medium/propellant. The thrust of :r.ermal rocket sngines in the vacuum

is Pxpressed also by t e equaticn

P.= Kppf., 1.5)

r Kp - thrus+ cof ricieat IL th: v'cu'in, which shcw-, in how

cfton 'ho thrust in tho vacuum ct mc.- than product p i. .,

P- , (1.6)

wherA pK - gas prissure in thi combustior chamber (it is mors

accurate, at tha nozzle entry);

fxv- area of the critical (sm4llest) cross section of nozzle.

Thrust coefficient i. rae vacuuz - dimensicnless quantity, which

depends on the characteristics ci nozzle. Value KP increases/Irows

wi'1' an increasp of the- ratio of rosaure in t-- crcss section at t.hs

nozzle entry and in nczzle axic section, and also with thi dgcreas.

of lasses in the nozzle. Usually Kp-I,2-2.2.

Rocket engine thrust when asolent pressure is present,. Lst us

detrmina value ani direction of zaa force, which affects on the

*nqine from tho side of the envircament.



j chambqr/cam'ora 4.s -rjua1. ana i.t is aqial to th3: pr:?ssurc of th--

undisturbed anvircnrnant. For examnii0, fcr thp angine, which works in

4-hp a-tnosphere of the Earth, taxe ressure indircat,;i is kiniqiuql

det~rmJno~ by hiigh* /altitudai h azovB its surface, and for the

ancyine, which works in the water, Dy submersicn dS~th of apparatus.

Pressure? at height/altitude b 1-at us ds-gnats ph. and the

th rust 0.ch d'-vaIops FD at heigyr/aIt_iC=i h , thr,uqh Ph1.

L: t us ic-a1ynote cja,; : ;ahe 1ic 4i.cr. off rocket

ao~oarat!is In 4k- atmcsoherE of ta~ Eartr c-- another plantat on +,h

housing of apparatuis acts zna aazoayniiic drag, which brakes tha

motion of apparatus.

Lit us latrerminP resultant force of pressure on the extarnal

surface of chamber walls.

The rasultant force of tha uv~inly distributed ambient prpssure

on any closed vessp1. is equal to zero.

Pagq 13.
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But chamber/camera .s v4Essal wt th;? open ing/a p-rt ure, rnamqlY wit

open exit sortion i;.th axr araa ci I W Therefor,? tte -iquilibrium of

forcs of ambiint nr4Fssure is disturbed: appears thp force, qqual to

thq oroduct of arpa ic to tne tamoent oressure Ph. Let us lesiqnat-I

the force indicatomd, caused of tna prasenca of thq baromctri.c

~':ssr~of '"h" P(,ph

Colnscquantly,

As 44- !s 1,1)+ V fficult to sza from Fig* le.8, force P6&p h is

directed to the sida, cp~osita to the sense of the vector of re~action

force. Therefore taking into accoat, equality (1.7) thrust at the

arbitrary holght/alt 4.tude. h

Ph=-P.- Phf,

cr t-k~rq 4.nto account r-quatica (1.2)

P";=rnW.+fc(Pc-P1h). (1.9)

Corsoquentty, rocket engine tarust in any mcde: of its opsration

which is characterized by ccnstant flow rate/ccnsumpt-4on of the

working medium/propellant m, it taz~e3 the different values with a

changip !.a prsssure Ph. i.e. flignr, altitudae of vphicle.

EquatI.Cn (1.9) exrresses this thrust cf any rocket enginfb with

its work at thi arbitrary height/altitude. The thrust indicated does

rot depend on the flight speed oi vehicle and with an increase in
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altitizdoo 4.. with th.e decrease of orezssur:e ph. to a c-.rtain

extent incro-asps/grows, what is tatz i'vantage of rocket -nginis in

compar 4 sen. v4.th thi J-6 engines, wal.ch us-e as +h- wcrk 4 -n'

meldun/prope1iarnt the envircnmint.

Fffec*+ive lischarce velocitj i-.+ thiz arbilr-,ry/.1

is 'uua1 to

ok-ph (1. 10

or taking into account (1.3) and (1.8)

It was above indicated that important rocke3t-actor

characteristi.cs is th- thrust i.n vacluu Pa. For thp engino-s of tha

flight vqhicles which are started zrom the Earth qither from the

surface shlps, h4.gh value has also thrust at the level of se;a, cr

*hrust in Farth P3.

do"
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pbap'z

Fif. 1.8. D ajra1s/curVeS o Z cf FrSSUr Cf tE

nv rorment (atmosohqr-) ca th.e e xr-nal strfac= of thz wai!1 o:

cylinlrical c%-nta r-r with tae cpeLnq.n/apcrtur* with an aria of

in onq bottomi.

Page 14.

If we dasignate the pressure of ths atmosph.re at the level of

sea p3, then in accordance witn e/uation (1.8) thrust at the lvel of

sea

P. = P,. - Pfc (LI 12 )

or tak.rg into acco)ir equatica (1.2)

P3=nWC +fC (PC - P3 ), (1.13)

i.e., due to tha p.--sence of tae iressure of the atmosphere thrust at

the levol of sea is not the actual characteristic strictly of engir..

Rocket enginos are characzerizq3 not only by thrust, but also by

power.
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Most important power rocket-muter characteristics is the power

of axhaust jet. This is not pcir, diractly utilizid for the thrust

aprlication. For the case of w3:x in the vacuum th4. pcwer of exhaust

.. ,. -- / - (1.14)

in any ,, -- c c. - . o crta.n par- of the source

Dower of primary enpry .Vo,.aeterminad by the efficiency of nqinz.

'I. Therefore for any rccKet . engine

Nueps = ,p,

In the chemical rocxet enpines (KhRD) the source of primary

onsrgy !s the ,uel/prcpellant. larafore th.ir primary powqr is

determined by the consumuticn of fuel ; and by chemical energy EX.M,

of that containing in 1 kg. of fuei/propellant, i...,

For the work ot all nonchesmcal (nuclear, solar and electrical)

rcckpt Prg.nps en board the vaaicle necessary is the source cf

orimary energy. With the increase of the necessary power coefficient

of exhaust jet of such engines respectively (taking into account the

*ffi--ency of angi -i TO it is nacessary to increase the source

power of primary energy. Therefcre its mass and dimensions for the

creation of the large fcver of exnaust jet of all types nonchemical

RD, asppc.ally at low valuas 71, oecom- exaggerated, which makes thi
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c'haractpristias worse of rocf.et vanizli as a whcl- and +o i

cors 4.lpreb1Q d-ar-- lirts ta- ran ,e of th- ut4.hjzqcl thrusts cf

enginps in,1-icatr-d.

* e 1.14. Specific paramc-ters of rccxct eagines.

- r'st -a -ra~ az.13rs cf 31) icludc1: a) specif-c

4mpulsce: h) thq so9cifi c expan iture/consumpticn of working

mediuit/crcpellant; c) the spec.iftc pow.tr of exhaust jet andl 4) the

sofwcific mass of Ongna.

Paga 15.

Specific 4mpulse. Is diszingui.shte mass and dersity soeci1-fic

impulse.

%lass specific impulse In~ is cafld the impulse/momntuim/puls-z,

Der unit cf the mass (1 kg.) of wcrking medium/propellant,

If *hq4 thrust of engine P is constant during entire operating

timo of vngine r, then tha imalJsa/momintum/pulse, developqd with

@ngine, is equal to

I = P. (1.16)

Substititing Rquality (1. 15) Lr. -jjuat5.on (1. 16), we obtain

P(I AT)
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whor~ - m~ass flow rete P.Ir sicca- of wcrk'.-g i~popl~t

FOOT40ITE 1. Equation (1.17) LS convpniantly usq.1 in thr. theoritical

8naalvss; -t vat"-ly explains taa a6Jiz~atton cf a terr "specific

wrro raliumn/popa.lie nt, aluil wo 1 .41s) . E'1U FCYIIOTE.

* If with thq work cf injiai it6 trirust chanios, thzn car. chanT,

also specific impulse; in thi.s casft is used tho concCFt "1-,veraq~b/mcan

snecific impulse" A.If far tne tima of testin~g r the :jngine

*hrust changes according to z~hi 1&w f Pf(r) (Fig. 1.9), then the

value of area unider curve ?=flr), numsrical equal tc thq value of

intgral Pdr, is total jitt Zirring; let us d-sicrnato i4t I:. n

whprp am -total quan~ity o! wor~ira .adium/propllant, sp-irt by

Pnq~na fcr the opprat5.ng zima.

As can be so-on frcu Fig. 1.9, value 1: can bo writtqen in the

form of +he qquation

who re P, - uqan-intpgral thrust vali. for pro'iuction tife of

enqgine



DOC PAGE 3

Fici. 1. '. ThP 'Iraph of j cuaaxja La the thru3t of .; n ti.~i-fv'

- tot~t! opc rat-.rg ct RfD; r* iroinst of s-nr; icn ef ::cc.', t

frcm t lauinchar; r'mom.4n; ot supjlyin g crnn-1d/cr-=w tc t

d~sconrrc4--.cn Of RD.

?a g 16.

In accoriancc4 with equaozion (1. 17) th0- spacific impulse of -R:

deoc-ris on ambient oressure, since it inflqences thrust. Therefore in

thq most genaral case s~ecifi.c impulse it is necessary to iesicina~e

~by und-rscoring thereby ;.zs acpnianc cr. 'ii-ht/altit lids h, Sc

that equatior (1.171 acquires t.he zollodini fcrm:.

YXph 
(.

~sh m

or takinq into accourt equatica (1.9)

,yAhWC.+ (1. 19)

On the basis of equat.ors (1.10) iaid (1.18)

/75 W~h.(1.20)

The greatest spocific iapulso of 3D is devslopei with its work
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4-. "-., vacuulm. S- -:7--c ±ILis VICU1 viui I. s thp rnos iipr-'

pararnetir of R) characteri.zinj tni effctivensss of the app7i)1J-

work4 ng msdiun/oroillant and1 zhe )?rf-3,t.Jon of tho

cons* ructior/4qs-4gn of en4;.ni.

-ana 1. a -- :t~i:.r.s(. S ) -1 (121 s, c.' ScC

S t.1 e it:~2 V: 10 s Ca

P. (1.21)!yA.fl 00

yj =W. Pf (1.22)

IY =P (1.23)

f75*3-W + Wf±I(PC P0 W 9. (1.24)
MN

Although the valup cf specific impulse at th4 levol of sea is

not the actual characteristi: itrictly of enqinse, it they usi

axt-na~v-1y, which is5 azpldinel by 0-v followinq r-asons.

1. Many argiras operda (-orx cut) unler terrastrial conlit,.ons,

i.e., at pressiire p3.

2. Spocific impulse at th level of sea can be designel

according to r-sults of benca ;est of eagifl9 en lqvel (1.23). Thrust

levol, P, and tho mass flo# cra~ or the working mclium,'cropollant m

can be measur.'i in t~hq process ci Dencbi test cf angine with the

slj'!ic5.ntly low rr-c:.

____ ___ ____ ___ ____ ___-- -.- ~;7-
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W,-~ saf~quarri of vacuum around aajine chambqr, as v-ry

Thsre~ore specific impulse in the vacuum is rdetermined ia

ccnvers~cn, us-ra as the initial value a st)-c'Jfic impulso at t1'q

l~val of sea, lisignedl according to th=- results of bench test of

en gin e.

The dimens~on of sfecific iMPUlse can be istirmined frcm

c']' nj W?~c'ec ct'

Kov: (1) . kg/cs. (2) . Nos. (.3) . kq.

Iir the system '4KGSS the force and mass flcw rate havq a

dimension kgf and kg/s 1

FOOTN(OTE 1. Hera and subsequently as the unit of mass in the old

sysle-m of unity v. soblect Kilcgram (kg), b ut ac~t kgos 2 /m (the derived

uni.t off mass in the system IXGSS4. ENDFOOrNOTE.
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Thzrc -fore tho dim-ns4-, ct; sa-i:. iso in t-his syst,-n
[P] CO)Kr] j OT crl. etc

iowpver, in t:hq tqchnical lit,-ratuze frsaut-nt2y iS is1_ n=;

d3.n s--or. - s, wh -.c h 4.S val id o r 1 f:)r wp i q Ici4

f 4.rinq, wh5.ch wnrks at the lav-31 ci sz,

IV P,
A.3 -

i.for thp thrust, oaz unit of weight flow ratp Der s~coni of th-

worki4na medium/propq11ar~t G,1or £?e]

[IA3= (G]& (crcef c1 cej

Key': (1). k qf. (2). kgf/s. (3). s.

The sxprpssi.or of s~pc~fic irnpulsa at the arbitrary hright/alt-'tuie

ani those in th- vacuum in the secords is artifi:ci al, conver.-icral

method, since in this case, for example, th- thrust in the vacuum,

exor, ssad .n the kilograms of iorcw jkgf), is carried tc the flow

rate pir seconi of vcrking madium/jiropellant, expressed in the units

of weight on the Farth.

The value of specific impulse substantially affects thi

qxen dtture/ccnsumpticn of the worxing me3lium/prope ilant m, nac-ssary
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for the crpatior. of the prsr /sire~thrust. Frc.n 4qljatio'.

(1.1) ~4follews that wita tni incr:?asi of specifIc impulsi vai~ s

for th.-- crqation of cnq anu ti-a samr thzust is dpcreasei.

Darsity qsvgcif-c Iimpu1sa Ls calleu tha f~~~mmnunple

r.h ich falls .3) r Unit: vclume ( 1 3 ) o- ta - workin,7 T::,~z:

or _i! anal ocous w ii e iuaticn .)

Ph

whir.? volumnatri~c flow zare per saccad of workin

mqum/rnrcp"llant in + e M3/S.

paq- 19.

on tho basis o' equat;ion Ll..z5) di~aension I,~ in the Syst~m

of S T

i t ?I(M ce - I

K14v: (1) . M,3 /S. (2) . N s.

andir~ the system 4KGSS I
[I ]=(phi (rj ( Kr.~ 1e

.o vi (SN (A. cec] A

Key: (1) . kg!. (2) . lo/s. (3) . KgO.
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'-OOTN)*r- T. i-i-4 v' subseq.1ently L.s t!- vclumr unit'- mth '"mrnsinrn

Of SOeI57-.1-c vollim- :*,PulsP i-n tne c-2d systom cf unit; -d select liteor

M), but not mn3 (volume unitz in the system MKG;SS) .ENPFC>,TNOTE-.

Density supcific !m~u.i-se Ls ccnnezted with Ih- mais spo ciflc

~i.-~ -- ~~-~i~following ----. ttiCLSi-4/rati.C:

C11.6

hr~ -Z donsiy cf workinj meiaitim/prorellant (fuel/oropellant)

in k /n3.

Snacific qxpenditure/ccnsumption of wor.king naediJum/propellant.

Tha specific expenditure/consumition of working medium/propellant is

callpd the quanti,'y of working madium/propellant, Axpcendid by rockat

snqine ;i 1 s on 1 n [ 1 kgf] of tne ieveloped with it thrust ,

CYJLA M(1.27)

As ca be sqqn f rom the com parison cf equations ( 1. 18) artd (1 .27),

aaramatprs 4,ah ar.1 C:,, are inversitly proporticnal valuqs. Thpreforo

U has in the system cf 31 diffension kg/(Nos), and :in thpe system

rIKGSS - kq/(kgos).

Th,; specific expenditure of rccket engines is considerably more

than in thp Pnginos, which~ use as the working medium/propgllant to

only t.hq substancq, placed on acara the vahicle, but also thi

qnvir onment.



DO C P PAGE .36

Thq snpci ic pxForditure or tn9 working edium/propellant of jet

sngine (VRD) is 4qual tc the ratio of -ae fu-l consumption mr per

second to thrust P- Tle air flow ratq through VRD many times exceels

fuel consumption, however, since air is taken from the atmosohere, it

in the snocilic =xnr,!.Jtura VibJ trn(rv di not include.

Into the so-cific expendiaure of zockat engines enters sntire

mass of the rejected wczking madium/propellant, since increasinily

workinq body is located on tue vehicle itself.

Due to thq high specific axF rditure the operating time of many

rocket anginqs is compazatively small: it dces not usually excee4

several hundred seconds.

The specific power cf axhaust j-t. The specific power of exhaust

jet is called the power cf the strean 3f working msdium/propellant,

per unit o4 the reacticn force cf Engine, i.e., for the case of th.

work of enqine in the vacuum

AT (1.28)

Page 19.

______

- . .--
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The specific power of athaust j.t as any .::pcific pow-r, i-as a

dim-nsion of W/N r. th system c: 5I aai kgoem (sekg) i-n tn systsm

4KGSS, and in the reduced form IL Lcth systrms - m/s.

Substituteing ctxpressions (1.3) and (1.14) in equation (1.28), we

obtain
N ,__ __ 1. 29

" '"C YA* 2mW ., 2

From ,quatlons (1.29) a.axd (1.40) -dith th; rnt-_r= obviousnass 4-t.

follows that with in increase in values W*".n and 1,-13

incr-as.s/grows the ncwer of exhauE-t jat, which falls on 1 1 [1 kqf]

of reaction forcq, i.e., increase/yrDw the expenditures of pcwer fo:

the work of the engire cf the prescribed/assigned tbrust. Value

NCTP. characterizes a difference in all types of RD in the

rc.lation to 4h expenditures of :cwa Ind 'cgether with values

and lyA. - the effectiveness of the u :ilization of engines in the

flight vehicle.

Spacific mass of VC. Spaciflc mIss of RD is called the mass of

engine durinQ its work, par unit tn tarust, developed with it .n the

vacuum, i.e., if we designate specific mass of RD gxs, then

gm .=M, (1.30)

where r-n - mass of angine during Its icrk, which encompasses not

only dry mass, but also th% mass ot working mdi4um/prcpallant, which

takes place with the work on mains and assemblies of enjin-.
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In nonor~i,r tc the cons-cructi)n-an.jineerin I perfection of ear-h

tVD- Of Pnqin-- itS SpCrifiC uwass aEsoeids, which mnikes it. possiblo tc

increasle the fivin; range ot rocket wi:h ths samo mass cf Dayloal or

to increase the mass of tae paylod.i of rockat withi the sam- distarncR

~f i~sf2~ht ~ a crcxirnatG vai.L:s th- ~.~ mass c'

1.L_:"r;;n* tyot: of qr' are showa iaTal 1.* 1 (sce *

1 1.5. flther parame:tqrs of rocket engia3s.

Besidqs thq thrust and th3 sp*tcific paramstqrs, rcckst gnainf

characterize following data.

1. Type of workina meuium/projellian. Each R~D thoy disiqn for

thq completely specific iscrking mdaium/propellan+, utilizel for

creation of thr-ust, moreover fzcm it -.3 a consideratie degrpp iepenal

tha spacific Daramqtors oi engine and tae effectiveness of its

uss/applicat ,on ir thp rocket vehicle.

2. Operating time cf engine r. Usually for ZhRD it does not

exceed 1000 s, but for FDTT - 150 s. Tha engines of scm. typos of

rockqt vehiclas must bp incluaded repeated or multiple. For such

enqires are givan not cnly the timea of continuous operation upon each
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-.i s 4.', / !nn-C+..' and the num.Dz if inclusirns/ccnnsctions, but

also the raqlired or Dqraissible time interval betwe r th4

inclu sions/connqcticns.

Pac 20.

3. Thrust ranje. Fcr tha accompliihment cf th? objective of

-zck~t vehicle 1regupntly appears tha aeed in a change in thf thrust

l-vl of its onarating engine relative to rated thrust. Nominal is

called the thrust which develops the angine with that expenditur- of

working mediuM/Drope]lant, for whcm is designed the engine. It should

be noted that rated thrust cf AL in th3 Earth and in the vacuum has

different values. By changing tae expenditure of working

mid.um/propp.llant it is possible tc respectively change ths Pngine

thrust with its work both on one and the same and at any

height/alt'tudq. Tho thrust range cf R) is been given in th-

parcantages of rated thrust (for 3xample, 10-100o/o) or by the

relation (for example, 10:1), whbch shows, in how often the thrust

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

4. Pressurs of gasecus wcrking melium/proppllant or gaseous

reaction products prcpellant coupcnents at nozzle entry and at

output/yield from it (p, and pc into bar [kgf/cm2 ]).
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Value p, and nczzle exit sezt.4n is nrn!imirnar!ly examined .n

1. 3. Concqn. "nozzlc axit secticn,, for the riffsrint types of rock,4t

angines has its value. For tae cLaabe.r3/camaras thermal RD nozzle

exit section is the nozzle euge, i.e., the final cross section of its

sol!i walls, after which gas flow zlow3 out 4ntc thf environm.nt. In

thts cross s4cticn is finished bzi macianical r-actior cf ras flow

nd nozzle liners. M!ozzle exit section alectrical RD is the crcss

s-ct 4 .on (or surfaca), after which cpasis the reacticr, hctw--n

electrostatic or elqctrcaagnetic iield of motor and flow of the

working mdlium/propallant, waich iscap3s from th mctor.

Chamber of thermal RD can be conditionally divided into two

parts. In its initial part to tht working modium/prcpellant is

supplied the heat, while in chemical ij occurs the chemical reaction

of burninq or decomposition of iuel/prapellant. This part of the

chamber/campra is tho chamber/camara of heating, ind in conncctior

with chemical RD - by ccbusticr chamb3r or deccmposition. Hers in

essence is f0n4.shed the process cz heacing working medium/propellant,

and for chemical RD - prccess of ourniag or decemposition of

fupl/propellant.

In thob final part cf the chaakhr/ amera, which, as has already

bean indicated, is called nozzle, cccurs the expansion of tho gaseous

products of heating vorking medium/propallant or ch. mical reaction
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rodi(c4'. Cross spct4cr at tha aczzlc natri 4 z C rct'cz

which divides these 'tvc Farts.

Chamber of electrical 3j also can be conlition.ally divided into

two parts. in tho .nitial part wcrkirig the bcdy -s rDar4:d for th-4

subs: qu-nt disn,'rsal/accelaratijcn, for ihich itu~~l vancr~z-3, '.S

haated and is ionized. The ft.naliij.rt of th-e chambzr/can:rl is :-

motor, 4-n whick i-s accc 1pisned/zaalizes, th,- diSp~rsal/acc~lqr'at4icn

of electrically chargod Earticles cf thi working m"di'im/pronillart.

PagqR 21.

Thq parameters of the prodcs :)f heating wcrking

medium/prcpellant or c~ezical reaction prodluct at thq nozzle entry

subs? qu-ntly we will drsigaate by iriet k I'll (p.. , F,W' -and so

forth) Jin contrast to the paramaturs at tth- nczzli cut"A.:t which ir

designated, as has already been iizdicat~d, by indsx s

(p,T,. QcW'. and so forth).

5. Total impulse of thrust Is in Nos (kg's) or in k~los [Tosl.

As his aircoady bppn indicated, tae value of thp total impulse of

thrust is numerically equal to ax~a undar graph Pf(r). In zqro timq

(rvv') 4it is necessary tc select zhs momett/t.crqul cf the start of

the4 vehiclq (Saii Fig. 1.9).
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6. I1lse'nimr't/pu Ise cr ccrsalience law ~in 4 as [kias~ 0:o

.n kl.lsrT~s. Tho impu lse/ac_&aen tuma/tulse of ccrnsr-jurnc:? is call Rl th-

imnulse/mompntum/pilse, deveiopcu with - ng 4.re aftar the di-liverv o-f

tha comman-1 to its inclusicn/ccanec4-ioi r'' (se- a 1.9). Jsuallv

du:!inq e 14sirin eif Rr tney attamj' 4-- *Iecris- i K

esto;cially its spr~al, siaca in zn, -as-i is -sc-,qas-d th scat--s of

lthce veloci.ty of veh iclr after iayin- Citoff 4'iCh f aC4.lit at z3

accomplishing mission ctjective.

Thermal type nucloar, solar and rlgctr4ical RD additionally

characterize by the source powar tra~civer) cf primary energy, which

is convqrtod into the heat and is used for heating cf dorkini

medium/propeRllant, and YaRD - also by type cf nuclear f~iel/Dropollant

(for example, fissional'le material.

S1.6. Classification of rocket engines.

By the final goal cf all processes, which take place in ths

rockit engin-s, is the creatiLon or the greatest kinetic jqt energy by

accelarating the working medium/prcpallant in scmi manner or anothzr.

Rocket enginps classify accordi_2g to the typq cf their primary
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er-ry to 4:h- cheni, .al, nuclear, solar and electrical, and also

Chemical energy pcssess, as nas alrealy been indicatad, the

substancas which can enter into tarr -hamnical rqactions, which tako

':i'~.t~liberat-±cn of hdat an! th- f(-:Trtion of gasqous

:i~.As a result ci caeaical. rqactiors car he? form-4d also the

or'nd'1cts in th: liquid cr so.id state, what is usually urnd-sirable.

Th% sxamplas of such chamicai reiactions are, the? rsiction of tho

reactiin of oxygen (cxidizer) ana hy~r.qen (fuel) - thea ri-action of

oxidation or burning

ani ithp decompositicn reaction or j;er-3ide of hydrogqn

H.02 - H2O -L 0..

Page 22.

Chemical rocket engines are the only type of familiar RD whose

working iedium/propellants (projw&.iamt componen~ts) are simultansously

the source of heat and mass of the raj*3cted substance, which in this

case are the reaction ptcducts cz the reaction cf propellant

cominpo nenti~s.
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liquid, solid, raasqous, g~l-ii~l ir.0 fluidizel, r231. In chemical RD

can b,? used ona, two are consije:dly le~ss frPluent than t1-hroe

propellant components, their initial st:ate of aggregation can bq on*

and thr! samq or differont.

Trrockt oqirs of nyoria Lz_1/prop-'?1ant (RDGT) wcrk en t~

urnn:l!'ant comoonants, which have aiffirent initiji. state of

aggrigation. In 9DGT i.t is poss!L).6 tc use a sciji1-liquid, li~quid-

qas ani solid-gas ful,'~l/ropeliant. H-w.3vsr, in --ssarce at oresant ar'i

dmv'?loppd DU W'4.th RDGT cn the ay~r3id propellant (FJig. 1. 11) .
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(I -

tit)

nap.-

K~y: (1) . on th', 14.qui d pro pzliaM. (2) . on. sc i d f uel. (3)

Chctmical1. (4) . nn~ hy br4. d f Uei /p):ok~ ILalit. (9) . Cn gaseous f11,0. (6)

on qi 1- li ke f uql/propp.Ilant . (7) . Sciar. (P) . rn -Iluidizzc-4

fut/propellant. (9) . ladiaisotcj. ( 1J) . 'uclear (with roactor of

division) . (11) . Nizcloar. (12) . It-irioraucloar. (1 3) . Anninilation.

(14). Thermal. (15) . Electrical. ( 161 . Electrcsta tic. (17) .

Electromagnetic. (18) . Steam-gas. (19) . On ccll gas. (23) . Or nt ii



D-OC FAGE ~

?a-," 21.

Ir he chamhpr/-amera cr suca Riuj plaza t- charp* of solil

cir~ rats(.3.i~i2vha~~:V

cc m t is s!nI r1 1 ir * tnt Cnai1. /':1'r -1 c- .- v fr--

-ai o f qn-c- ~n al fcaf4 syszt3m.

ThR stqam-cas RD (Fig. 1.12) wcck :)n *h- cli cr 'not

hiah-pr-Assure (vanor) gas, pzaiiojib2Ly storc-. up in the.

tank/balloon or t .* Ch mtr/camnera. In theso r-nqions primary tr.~rqy

~s th~e q'nergy of th-rmal agitation ard pot-ntial 3nergy of. ccmrassid

ias. For thp thrist aprlication in cis RD) : r csssary to criv

iriv- away qas, i.z. , --n theA ;to irimizy 4na:gy in~dicatedi is

(-).vrt~ -11ir --- I (wi4flcut rzh - iatiprme -- a ; forms cf -- zq is Jr

ill. nth-r th-rial, and also a1actricil RD) in'to tha kii-tic j~t

enftrqv. Thpr~fmre gas SO nave similp accstructicn/lesiji.

For thp work of SRO (so.La: rjCk3t anginqs) , ERC and YaRD., on

bootri thf rockqt vihicle necessary t aavu! nct cnly stored up working

2pdium/propeiiaa.t, blit also thai surce cf ptimary enqrgy or the

corc-rtrator of ex',rnal energ.~y
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Solar 9n4erqy - is erer.~y o." = Ii ctror~ragr~rti4c raiat--cr of th-

sli ;,f 4.--4s )-ssibl- cc use fcz hrati-n of wcrkinq

m--iv/prop-1.1ant, for example, via tha focusin -3f solar rays/beams

on any absorber of hoat througn waacft it flovs/cccurs/lasts.

into cor,:lsiticr c-" DU wi-:. scJir RO WF,.. 1.1 3) *int,,r tank< wh

w~'orkinqT mifiitim/prcallant, tad absorber of he-a- - hoat --Xchanomr,

r-,mfI-ctor for thim focusing ci sc~d.L cays/biams cr tho atsorbc: ani

chamber/camera.

In thermal type EHE, alectricdi- acrgy it is converted in the

special devices into tle heat. Such devices thpy can be:

1) the ohmic rssistance (resis4'~r) which with the course of

Plpctric currP'.t is hopated to zte high temorature (Fig. 1.1u);

2) the electric arc, diai also :4;olatss luring its -excitation

hqat (Fig. 1.15).
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:'.. 111. Fig. 1.12.

Fla. 1.11. Diagram of CU with RDGI: I - tank/bal!ocn with comprc7ssel

gas: 2, 4 - valvos; 3 - tank wita 2A4uid oxidizar; -

solil-prcpllan grain; 6 - injecting I.vice; 7 - housing.

Fig. 1.12. Diagram gas RD: 1 - :an./ba1loon wi4h coirpr:sse1 gas; 2 -

valve; 3 - nozzli.
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.ith resnr~et to the dvica;. cz ER) of th rma I tvn').z~

Is possi-b1i "hr- iissat)41catin c tn--rmal ty?- cf; FID wi-h -

.xr1z3 I- a wir-s Pa a. 44).

In th oirica. rccxit inar-c; Irh ctr ca 1 an ni .s 'i.-

lcrth c-a:.n f r-2Actricdi'y cLaargi.d fr- ins

nl-ctrosl-at,. z imctromagnitic z,:;-t-d. With r'-soct tc thnis RD

indi-t id subdivja!c Inlto taaierc:: cn-s an t~

,ilmc-trimaqrstic cr-'s. WcrKi, nedy !!f c;R (wditf ' xc*,tion of h'ri

on vs) mus',TT O'ssss , n 4,h42 niotoz tnc -z 1ct: -ca 1 prop =rt,-F'
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P4 a 13 ial-IilOf Uw -- i!,: / o or e of -ra h

2 - - -- c -u -r- n e-,

P4 7 113.i Da'r am of D~U witn 1!):: 1 - nsrbr f oa

2 - -:i1av-sw-*.t-'!';- 3 - lark/bzilican wita comresse!. gas: -1, -

v'Iv-s; S - -a~k wi,6"- liqu-A worzxlic ~ ~cn~in r,:-stor

(~: c hat +h-, ~-h" oz~ o un J- zisistanca) 8 ~ - nozzle.

-ii'. 1.5. D ia,7 r am o f r)U w i a le-ct L c i r:; RD 1 a r ak / b a 1 oo- wji 1

,7c pr: as s- g a s; 2, i4 - val vas; 3 - i r r wi I- h -Jci wcr k -1-,

1 -1 41 ijm / or o 1 .a r t; - =c laI s o It ca: z si c,6rc oe,- -r s o u r c P

~su1t~r;8 - ca~hod; 9-
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';vze 25.

Tn ta-e ",nolo )4 liso'ersinj/acce.leritinj t;- work--ia

?OO"1l'R1.Subseepxertly Dj c.ne c-.Lcrrica. rock': t engine (ERO) , if

arc ibs--nt sozc~aa sti-pulazions, a;:,, uai-rstood all tyroes of FRD,

-xc-pt thrnrmll eno*s. Th-armaa tjpL- of ERD zall also th- mlzctrct ,rmal

'Affct.5vr--ss cf apjpazat.Ls wic.4 n'any ty pae,," "RD "c

nsi~l~'dc~g01 cerds an th. chazact-crst-4cs cf the- scurcz cf

1 1cc4-ri!a1 i:nrgy. It must possess larla spzc-JrF-< outout p o w ?r,

with tha large electrical power, proluzed by snurceoper jnit o,' mass

and wo-lum'!.

Thl major advantages of ERD arp high dischargg vglocity ll*,. ani,

cirg'iqu4tly, larq,- specifi&c 1MFu1sr-. 3ut ERfl just lik.e SRD, it Is

iinexoeli -nt to cr;-ate for 3orAining tha hig~h thrusts dum io nacc-ss-iry
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cA a, CS pcwr -.cro-asi. of ziom sj)LiZ( 5lcr:c± cq ~

*vor4r? P1 -3n'r 4y) aAW, cons=-''tlL, alftC is Mass 11)

*-~i v.luts, ro -! ~m tt ad from ti.o poir~t (-f v- w f-fh-

r-ailrsi o' rock.et ap,)azatus i.s a w~-ol'.

'11-7Sr 7-c -"r'~ pL:--nary aac w ~~ 'r~.s -'

wrxers n'1c- e-firi,:ncv cf the acclelerator (motor) if FPD: YT13

:4 -iRcy of thl- SourclL Of eilCtricil Argy (Pow,: unit).

If thp pl14f.r..v cf acceleratcr mas sulffic-ieitly high values

(anpro)ximately/e;xemlarily 0.5-0.6) , then due to the snccial worki-nq

conditions in outer space the efficianzy o-O the source of electrical

Mrerly 4S' susually low (a-rxmaly/r -4nplari.ly 0.1-0.2). Hi1,h

v Itiis W~and low values TYyCK, .ivu :-Laa -. , th- lara- n-?c=ssarl sou~cc

peowpr -f slpct--ca1 qrnergy and sourca of primary energy of rocket-r

apparatus with MR.

Na rE~sul4- of tha large specific impulso and thr- low thrust th*

~nd~.tr./onsmptonof workinig madium/prop-llant cf ERD is viry

low. Therefora thp time cf continuous operation of ERT) can be v,?ry

l~'(of '1P --I S-1ral years).
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D i TC 1 nn/, r c-y Z radio jscps w h .c h t a ks r 1a CP

rf :ii &ie1cai, are ca.!.lea z.ud.iotope.

Pag? 25.

Thn, nuclizr offis sioao.-ma t ra occurs lird-r

conditions, arA-ificia11y creatad in tha fissicr-typa ruclear

r-actocs, ir wh-.ch arc used th3 suL-::arnc-s with -6- larri atcm- c

mlass. RD wit", 'he fission-type nu=1l=ar rmactc'r frequ;?ntily catll

sipynuclear.

luc!,ar m .ss lurir.; 6,,-.s raaio-dctive aecav and +-he division is

?h? syrO-h-s~s (mrigcalacia cf rucid.4 of substarc-s

wit-h th low atomic mass can occur unliar the efffect cfO the vcry hiih

'zmr):atres. T fus 4 cn r~acticn &ri thti -rgir.-s, !n which i

flo~/~cur/1a~,call th- rmonucleir. Tftio oximple. to thrrmonucliar

tus-) th- mucoiis membzaae of ncavy iydrcg,,4r (d1mulriui) wihthn
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~plr.atire kinc?,iic enr~rgy or t-ni lowi:'' Muc1.-d.-

,7k zxAF, cvtc-rqv ef 1h forcesi cz, za-Llr :r~ta r--..ip4cn. juch.

.ah-p'~rtii4e :nu-4sh=- (it th.?y call plasna) ccntans 'Y;

-Ftcil U ''-/cd- itso Icl :

4thq fact ',hat -hp mnass cf the orcauct ilicl=-- cf h~~to t*.v

t~~~i~va1ui 4- 1cw.r tnan the miss of th- iniczi2. nucl-:* ::

vlrogon. Th- "vwass d-fect idi.catrzi" in thq Drasq'.cs of 4-hz

therioiolp~Iar c,isions is significantlt muore tha lurira t

'-%'.v cL-y (-r *hp nuci'-jir Wi-th -rcsocc. +- thi-s as -1

ir sult :)l 4---oril fusion ;.s .olitei a ccnsi'ierahlv q:a:-r

etuantil,! of hplt ?'or the sct u-, :)f plusiblt corkir.7 conlr:::onrs

of ~ bi-k h 4 'p~.~ ie ~ m~is ~h'-10 far- fcom i-ts

Wall3 w-l-h &K , of In-i manstic -f-ili.

In corfrrs* 16, f'Issiozi -,actaxr, of naola*,,.i - thermonucica:

'us;in ines not toal to the zadioactiv-i contamination cf th,; 4nqir

COMpon'sn~s anfi rockat apparazuz, 01 Rnvircnmc'nt.

Tli-mnuclcar 'iscns occur (rL. s-i su. a-,,:, 04,er sta::. Urier
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P! -. d/-, z t pr sa t ci.li .6 th,- c- %r r-~ xrl"'s'c. 4.-

th-zr'movicloar (hyiroacr) booDs. Co.L-:3L canability c: rnou~.~

fiisi:n is thp vpry first tasKi f cont: aporary appliqd n'icl::ar

Oh vsi cs.

tho z /~rea rnihilator) ,iLtila of substance (for xro,

~1etri~s)anl nartirles of the~ dftizatter (for example, posi4'rons).

V-hthia -- r-ctier -,' thea particis iidicated the- ecray, wh~ich is

rntii, -d in thieir mass, compi3teiy is converte,! into ths- rad~iant

enerly :)n the relationship/ratic

E=mc2,

'4her? -2 - raliant Pnergy; m - IniLil zest mass; c - spdof light

4' , vra uum, -'1u;% i-c approximatcly/ixeum'1ar 4 iy 3038 m/s.

Piqi 27.

YaRD, in which tho hiaat, iso.Lata'1 in tho pressnce of the nuclear

r-macti.ons, !.s lisad for heatini ai werking mr-dium/prcpallant, is

callbd nucl-ar -ng 4 'nrs with tna a~at :::-.arsf, r le, tha working

mediu mforoppl lint, eor 'eat exchange YaD xaust jit of YaRD can b,%

t-hz i;ivturp (,f thie products of the r-aizted nuclear fuel/prop-~llant

ar I wnork, n m-z1 iml/ror-llaar. Suct I r-il C ca !I x-~cu:-



Df% PAGi EJO

T-3 no- '~ tl-P poSi.L..zLV -:c3 ';: t -' nluclear

-17.4 whosj: oxhalist Jat consists r,'- :- -ir1-r nr4--clr~s, wh5.ch

ir- )btair-d (1'ir,.ra A- radioactiv* li .ay, 13 v.-*er. or nucl' ar fus~e-r

r2l1 . -or axampo, --r* known tae jrc--ts of r; dioisotoca Sail -h

7-- at -s A- asi r=~' cc nq'

~f:~'t- r'.t c or ttEn- a.r ar). tai 'n,:~ .' zns-rc-).c

of ernat~clas(;acmic nlicbe. rf i'i)

?h:vt on, or au-intumI, are calia faID whose rh;-ust j:t :Ls no": h

,-low of iMol'qcul's, icns, azcms or tI.3ir j articl-s, but. the flow of

o1~o~n~(elcctromagnetic juanta , or ].ijht quainta) . Tn ths photon

enqiies the rest energy (mass) ct r.u.-l--r fauml/prop,?llant ct,7-liv

.s c-)nv1rtpd 4.nto 4! radiant a nozgy, i. e. , phetcn s!nqin~s cr-at6

thriist as a r-sull of the radiatuL/a mission.

Diacrarus -- DIJ w"i'h zhermonucic-r )hccn ?rd annihil1it-on of ID

air,' icr)ict3'1 in Fiq. 1.16 and 1.17.

Phioton Rn~infas possess thaoratically maxlium charactaristics

amon7 all typ-s c" RD, since iibhaust jot, whl-c is light Illanta,

ooss-4ss-:s 4-h- maximally attainacid Fp-3 (SDId of light i~.thic

vacuum).
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1.1

F4 a. 1. 17. 04caram' cf OU dita -nLginl. of I - tank wt

substai-:c; 2 -arr."hIatcr; 3 - jaiabolic rqfl-ctor; 4 tank withl
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5PAl c T :C~owcicmoraor1 t4 OCaiiaooCal; orenbutme ,tBiiraTCJIII npOOlRT
At3UM 2 loporoH3Ha Aensuwerocx aeuxeCTil (3'7) cr1ohelcnaaR(9

pea KTopom 3. Onadloe 1n3JAyqeHme (

?PR~~~~ OCnaiiaior; npoXOiiTRT CTClt.nR)SC intT3liB
, , 1. Manasi ruira

Tepst imecO,,T 'OT~eCblf.IC P'1 IlCflO.lb3VH'TCAl B iirlK\CCTrW1llhlXj
rO Titna 2. FBonjiuan ytealbmam maccao.~ c~n;Ki cti 4/

:3. 3aniicwum niipa~tCrPOB PA1 OT PaCCTPIl!Ilsl Ito rn.111tta

(P"t UtnqR CPTI) ( )i'/C,)c He r1I)ON101l$W)TC4(/..

)ACKTJA - I. MArI Tar Ju q_______
CT1TwtecKieI T RCjIIaTI rI'~'II aT' 

'II'CfI*~H.

P' .Sjbii yCI~~ Ia rc a OT.IC.lbllblC P L ~I.bI I fCI~
cto-ri itb UtaHl ii oc -wroi bittll n

SMau rq Hntita YCK0P~eHIl, KOrOpoe up-Oller-eT pa- i~ytIMI3'' lO\IC1IXIlII

f il-iiltie P! KeTIMAI ainapaT apt pa6oreP1 93



ce*(7). 4).n.W U))~r ?OSSi hil 7 Ct. canr~I 'rS~

-V -r a w :n.(1) Cor Strl]Ction /dieSi-. (,12).

S4§~ h; tis. ?l) a%~~ ~

l- sf- -%ctor. (18) . ta -r nd. t y p . (9). Hiq v-l'is. (20).

sil; -'-y m f vjrr of ai, .i.rus -z. (21) P o s ib -41 4- y7

contina-)us onarit ion. (22). zoss.j;.lity of utiliza--ion c-. wc~kinrq

'edium/propellant with ico value 0. (23) . El~pctrcstatlc. (24*)

Elctr:)magn-t 4 c. (25). Pcssioilir1  z~ ntinuolis (of up to several

v-ari) - orrat.n. (26) . Ansenca ci fl3s1 in han of wo:-kirq

aiurn/oroo-Ilant to h119h te-ratur?. (27) . Sn~zc-ial

fatiiras/peculiariti- s Cf RD, anizr. li.nit thqir use/appllcatlon in

rockat eoparatlic~i. (28). Deyrae aaste:y. (29). Coimparaltiv-ly Low

valua 1: llx to smnall guantitj oz h~at, which is isolatel in th-

oresinca of chemfical reactions, aua lazge value p of: cl-amical

rcactlon prolucts. (30). They aze mas3t3red and oxtensively are use!.

(31). They ani inastnc:d; t.niy az6 usad :ar~ly. (32) . Low valu-. (33).

Larq: sn) c-lfic nass. (34). Lovd tricust. (35). They arr- rasta=-il; they

;%o ' 14 ~tfC*a at ~b~ 5 e an i sp~aca vehicles f,:r

Earth dtb.Li
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vrnaim f 114 'hist. (iii. Cowrvity of a3ji~nmqn-. (7) li:!

D@~nlcr~ca of nraistars oz hD cz. sc~a: Aistannac (for SPD) 1 4) .! =

ii tvrrq.wer'in ho-ch- tests; suerat, RD ar usel in-. artifici; !

- f M~) (11) . Ar mstared; unazzyc hawnz zasts; F-irl 11 a.: is"

Oapr 3).

In contrast to beat excaane of M~D ra1oisaoprs mail, mixtur-

corsisrs a" ')m flow C' ruciau azlialas, lono wedin,

aisr of phtos is rhc rpsult of t coursq of nuc2-ar rcaction, an

task cansists only of niiving ta axLaist jet thp rscuir~d dirwton.

Apoaratuses cin be movel in outar space, usinq sc-calleil solar

,;?!I ("ia. 1. 1q) . it crea-.as effort/ffo:za t,, th:, apparatu= as Ft

: sult~ ),f 'thu:'1'zr ct sunc~auis oy thc sur'lac, of Ithir ',

she4et (sail). Tn or'ler tc obtain ta gr?atvst ti:'isn, thm surfacz '



b)~~ Cyrj ~'wjnK n 3L 1x cieU p pnus b ac1 aa' ta

~~ ~!-a 7can wor li 1-z an"Lxvfc-or n

2. Acorlirq 4-o type- cf sutiiiza?-it "ti.147- 9S c rn-ca rl

vIii n r o-
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F '_ )T - -rj --. 1 rdicatcI 4,cie -v - Iop',?nt ;r. Ierwen~ on>I 7?J*.

nic ,th, chemical reaction ji: nitfl w-'iclh the fuel (e a:.,

kerosene) in~eracts with the dtmospaeric oxyg~en (oxiiiz-r)



S11.T!' ir sa4 1: a x,-d-i e:/c tnne :. sail 2

Fia. 1.19. Fi-g. 1. 20.

Wigi. 1. 19. DP*,aaraw of turbo jet en~ina 1 f if user; 2 , - tit~

~al~1w o~rssr;3 - aanula : )mjust.-cn chanq! r: 4 - t-irbinz: 5

-i~ 110.7.Z1C -3 - ijctcr of Zua. in j i-ticn.

Fijq. 1.20. D;iagram~ o' ccmpresso.-iss (1irect-flow/ranj-t) VRD: a-

d4 ffus'.r; b - cornbuslicn chamber; c - jet nozzle.

Paae 31.

'Titro1-in, vh4.(c- 4s rcncai.nad ju tae ii:, do-s rot accopt
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~- ~ '~ Th ~ ii :n :*ic~Koi :oc' Ss, at-A to~'~ wi

c_-,oen in the air the teripera:_ _zre In The_2an-

si ~flantly lowe r tharn in the cham-.ber ol: T hermal r _
A,-- I-rsily w-" an inczesi_ ir. a..:jtil(I ahc'V t;.:~~~

V7) arp slibrlivided usin the mqth )(I of air comr=,resion befori-

3UIDS ;-n4y :-' thf CO!!bustijn cnjrt~t: to 4-*-- -c: 7s _: -rfsa~~

c~r~ssrr Css rn.

Ini comorzssor- of VRD tnaa a-,r .s c~mpp-so(I by th soscia-I

Scallsd compressoz. .Ccmizarss , (axLi~l - r ctr 1-I1

r-itp by t!-.% a~as *urtine waiicn .Ls onal'~ /:e-ai ao

S!'VfJ wi6 '"'z ecCMorCSSC r (F.J. 1. 111 . Turbl-r- wcrks! or t.i*r~c-o'

ornf~ucl-s of raactici of fuel a~ad i4.r. 3uch inair.' -s ars useIfo th2

fliq~t,; -i a vplocity, whic~h does aot 4xcee-d th.e local vflocitv,. off

soun! at tho qv5 7 hplaht/alcitua3 mor) thar four tlm-s, i. -. , to

Comprzsso r1 VRD , c aILied aL&cd -_rect-f I ew/ am jot, a rc u1s:O i

er~a~,4S' comO:_-Sp'I into izs dazzu~o: (P4 o. 1.20) ats a z4sul.t of
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narixkini, with whit-h th,,e air tcILs 1ccc. n~i
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2. 1. ?i13 of anloofcatica Of rO ;j~t lppalratus-s.

r -e~ nqi'--s in the ov-3rdirld1r.j imajori:- - oK :-_Ise ar-

~js~33,rock-'-carri,:rs, sp~ace dxid o--er rock~t vehicles.

Th;e quid-1 hall-1stic missiles iaclude thq rockets, which thq9

significant part of the trajectcri aft3r enginq cutoff movq ovar th-z

SFor -xamol!, if we the f~t/cir of

thc_ 'iravItation~iI ioois cf tae zu aid mcno, thl-n in th=

gravitational f~i of the Earzh zccket nmovzs ov-Fr the cuve, which

,s -h, nart of the Pll5pse (?i4 2.1); -:his curve hn calIl

balli. stic.

1i*- place cf start ballistic iissil~s ara subdivid'd into h

,irouni-bas-d. ones and the ship onas, wile on th- f-ima dfstanca to

the rnzk~ts of low, medium and lav distance.
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- A-my~~ ro'~kz~s !lr mcv'?d zcczaxi;r w'--E h tr^'cn fcrmnsticnS an.!

Strat-4:.c mi_.silas ara- of mi'iim ilistancc ini i aro- 1istancc-;

taI~r.'1list rockets ca1ll also int.arcnz2.nztal. Tha

wal':-q war aT -a wholn.

Oaqq 32.

VIP are ised for the destrucr;oa 3f th-a aircraft, of - he snzmy

and 3f anmi~±a nssile - io: oi-janizing th - ant i-ballist .. c m_-sslP

3ystmr (PRO?), ** for - a irr.,tin 'frcT' ths; rockets of er 'vM.

:airr rnf-ko4s scrve to: -ze st:t:ing/aur.ch4_q ef azt 4.fiJc4.aI

Farth ael.~ (ISZ) and oth.ar sta:-4 vaeE"c~qs (KA) . Ta~ rock.ts

acco:iinq 10 lavicp and operatiny prin-.iplg ar,? similar to th

stratm'gic miss-lps and can difiar rrom them in terms cf th- nose

Sq:Cticn (pnyloael), tbo_ fligzt trajectory, etc.

BV soDaCe VIFhicl;?s are ISZ ajarxti3es ftr thi fliThts to th-

moon ar(I the plan-its of trio soiar systim. K.I wlth tha criw aboarl,

~.~,mi!nad KA, Rr,:, callead spacecraftz. Are' publish-d qcl.sntifi.c



oro*lcts of zA fr the interstedL z fIijhts, in :irt .:ri a

- lar7 rum o e z o s cu . rocKt s cf combe_:

.,.rc4 liin antitank missi!l-s,
::.I nI a t



2. 1. - bAG '

- irh4 ". o-~ A-Cu':off th:- ~ ~ o'"-

Thz- 'nqiris of rcke- adazlzu-. 3.ccc:,,jirjo

l-sina't 4 or/qurtosz ,:r suad.v dtza i-t-) :sh- march Or--s and thl

1~!sSt.. rxtairor -naines dozx zaslc titr a-.1 coc uriicat= -o

aoar -is e requiro I tctal im~ulsm. V rrnilr -'rq-a -v frt-

nal-h cotrcl of mrti-n -)t

1s--gn-tion/pxrpoco, i-ncluciing coza:Itiv-3, bzaki;nq andinils,)

c rlmatat'on qyst-m qra-nas and stj4l1iza4-j-.! of nocsticn of KA

Tha! cnrr-ctivc .nqinis use ioL the ccrrection (correction)

lraj-4:tor-.a of KA luring its il~t with 1-c switcht.r1-off sustaine--r

r q 4 .n



~ l-~o oo 'al~ t-ladn of KA cr- the

'noo !!IVi nlan-ts, wh~ict do nc-, ha- suff-4ci-nk14ly

?a7t, 33.

Th,% oriontation svstam anjijn.e iccorF4sh/isalize the turr KA

r,% 1a* zv 7 to on - or h a ct hz;r ax is/d xL -, nr-c,-s s arv :-c: it s o r -art atin

4 n utzr spacA be-F-r;- firi~ o-, t bne n corrctivo- angin-, for

orienting Itha- antenna of KA to :ihe arouid or Faaqls of ths solar

na n4r t-ho sun, I~.ir-rq th.i .matiz t-ic KA in, crbi-t, and so for-6..

Thce prg 4 n- cf P-&ib-4i;zdt.Low --vy'tem Freven, rotation or janLU2.Ir

oCISC.llat-ons of IrA r:,lative :o crto cc tha k~ its ax4is/axl,.

Fil. 2.2 1,pit,,:s general v'ift of autcmat,;c intcrpclanetary spaci

station (AMS) "'V~nera-4"', launcheza on 12 June 1967 and for ths firzt

timp in the history of humanitj ot tiat carried out a smlooth chute?

inO th dirqc+! measuremnents an tai atohmr:- cf ancth-r ohina*.

Toth;r wi!th tha I-s-ruzernts ana thes zquiDm'nrt in'to compositi-cn of
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lew- rast (T4~ rrcmc to rs) z -,ri !-rt at r r s vs ;T

Picket eriqines, in Farti.cular ZhflD [liquii prop-11ant rockzt

-n.74,Izl, cant b- 'is'?l alsc cis miL .nint cf aircraft. Such aircr,-ft

suh~'it ~v~iiacall1 space '_rrft Thv can 'fin" usa fc:_

-ervic-ina of orhi'-l spacecraft jsa- static ns) : f or t he

Iq1 4. rv/roc ur--r t rf loa 1, z zp.Lac; mrnt cf crow a.nd ~.3.
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Low

* - u aua

- nr 4.z. t5*r.(- s-r- 4, tac sziz - czr=ec~v -nin- -''.c:

4 -0 or-ntatioa sjsi..'n: S ccun'tcr fcr - h cosmi-c-:-v

vs-ar h; 63 sansor ard t roi oz &n rtr 7 - s~miJdir---tieina-

n~' 8A lal-ihuch mnklula; ni. - Iv AF~i~2 a:aholic aroni

10-s,Ir pan-i.

Paaa 34~.

Rocket enaines (ZRD or iUlf Lso].il-proni.1ant rocket --qinj)

cn b th- plito -=ngires of aizczarzt with VRD -Fcr tha- dcr'-as cf th

aircra4t take-f 4:o-ll, for a snorr-time increass ir. the v-lccity o



2n: e- 

wr)ri r ~ -c t-e r .1 2.-s ~- c c:r2 ~~)

01 picksC foi ,fr S1- Vtala io oi Co~e (on rC~ri~/u~h

rok- Lth usxanin Of41-h d.)K basic mas tauaner of rcc

orui~ iniii a iss c cmpar c.(t Rs-ato call mass tanks ofnrplln

-e s:r r.4 In rI--- el-rains, oz m,aw-i1st 1:u ch- , isc~ ath



inei of sti Thpr-fore tae initiil T'ass of rckt is:ls5a .



.44

= 1( I4

,yr 2. 3. Thp ' vpica1 sche-vati, oz sirlge-s+ag - rc:,,t wi:!I zh'D,

whic-i work o- by ThubU- companear rhz fuc_./rcp11_arn: 1 - ncsr.

.s~t~ g~4 ~ v ayloed; 2 - :ntzm)ti:Fmn -~ckag- for t-i

7irtrol systom; 3 - rx~dizar tir; 4~ - tark/ba2.ioor w~th t--

oumnn o~ 'i btu uni±_ (.NA); o - fuipj +a!, 7 - - un2 fcr

1i 7 c niri~ ~est-i: -.Lc n a- , s ('n ar sct c n

cn :/er: --2"'A; 12 -Coa"i. ma.,ci cf 4-h loliverv of

-up t hm Duvnro cc TN A 13 - ondu;.i /mani'ifc rcf th-

si or rqi~~/rc~st~~zaj~nof fu tank; 114 - tpr~ssurs rpluc r c,-

la ,15 - cc- i/m7a!i Icod of .~ suo --rcharcJ na/Dr;-ssur~z at -cn of

oxidiz-,r tank.

?aacu_ 35.
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T-o- I jz' r cc:: _f.i , r ,7- I r3I '

co Tn n- r jr~ nc t'>.I

21:

r C e4; 'I S; -1 F ta e ;R 1 .3. rnit

hi *f~~c-~thr- m'iss of wazx-nn-n cf r 1i- m~

Z):7x -1o 4 - 1 1 - - r~r .f a zC- t~ '.-I ~ r~ -m C m r

of rockpet 'xn'! , t1~ ' _ac:/a_-t~.cn c) th- c p::ra q onir to that

mom ,it/'r-rr7ur- vh -nna -re c S ztc r-4)evzlc o 4! ru;

z) the rna,3, ol -h= 3 c t C T cor 1,nZ n t or

or f, T) r E! < r- nai.a ir, ~n th ankS an! w.~ h

cnnr-c taoKF withn ht cnaiba/cameri (-:c h, cntoff val-v,:s) ,af-r

-?n iin e cu to f f.

C:)rs~quantly, thp total mis uf pope2lant comptonenits is P-4ial

M 1 9e s 411 -n1a+ 7ES ae sO'd in rF 2 .L u in I ha ria:-n of '



DOC = ____ rAq-,

-~~~~~~SS .:-' L >C2-c.>,"

Cc cn t r mcy.ie

C-7 :0Itf f (af ~ Iv rn'Iet/t,)r1 s U a- e zin- i~ Ss t 0 ~iv op

-U. -= -- : S' v c

4-v~rs wit c,)mp-,n~s o--:~ ~~ m. :c

T!'ilna int) Pcc--trt taz- dltClte' i..OVe dAS11'natiorS, it

"oOS34 b> .0 wr4  EC tha fo1icwi.na :.-alat cnszh-*rJ/ratiosR, Wni-ch l.Ink

d 4-f fr. nTi cnmnrlnr-onts off iass ct rock=-t:

M.24 in1 0 ,,A+ mp , mMIH = -- mc x
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C!z -2

Fig. 2.4. Schematic of rocket wth ne-

component ZhRD.

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

" -- ' "- .. ... ...... ... ' --" ---m ......... ..h .......H il~ iB ...... .. .. ......I Id .........
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'2 .4. Thie chariact rist ic veli3lry of rocket.

,-s 4-1s c irac- ri.s--c velocity Which iS Cal13d ':z SpDSS, r. c-SSary

for th? soiutior of the bal1l..5ric pr--blzm: thT achi-zvcm0.n of -.hz

orescrib--d/assig.d (Iistanca or height/altitzids, starting/laiinching

of satsllite to, the designated or~it, 3tc.

P-aae 36.

Availabl~e characteristic velocity V~is the: final sued ef

,7:ck~t b.-= -*zhY acquiras uadez t -i following conditions:

a) 4T, +h ab-co of atacsph~ar=, azd cons,.-qtmrtly, in thi

albssnc-- o! t:ha azerodynamic drals aizA thrust losses uhich occur in h

Drs4r- of thm atnosp~ere (sp 1.3);
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* -I n -7!1 - - --

s ) " ar F -c- t , a 3 ana a ' In.' so== can

VK11 =IV,.. In M .O (2.2)

4u' n'a 4-t5 cn nf Is ioxo vs K y i da s t h- vDar a rnt t-s o n w h c-

'D-1 +"I,- ial F001d Cf rOC~at. Th-c .rcater hli mQ'e t!,*-, a~~-:

L e I i on Mmaq/rnjoj, ~Te are a ter t he r illa 1 - r)ee d o f oc k -At a n . t h- w.: Jr

'han 1-iDt~ 4 1 tv of its 'It 2 z a~ C th4- itc on 0 fr

ba11~ic rrnbl -ms. T1- we accapt viluc m,,, invirianls, th.-n r~laticn

mn,,aq~mt~oHcan be increase(' by dacreas.r; the -viluc mC!Cons;?qu"1=t1Y, f-Zr

nta~r-.ra thc 1;- 1-al spaea cz rock~t !in"er thci coriit4jIns

pcinte! out abev- ar consaju.antij, also the,: la:gqs availablm

characteristic volocity dizriaj the liesign of th- argins (i-: is mor-

acrurate , oni 4 isl-a1ation) it is nicessary to a~tain:

i!) -1ho lari7s --x~arst gas veiocty bel..id the nczzlb of -nginr-



ro'-7-

T-?. ae! L P t M a

':- t R t - 'On :~ci t a n c~s nn C:7 Wc i' :E

~ Lessof ccictmKOiz ar(r.a, -brfc2 e- rcras -6

qru at icn (2. 1 ) will11 ccst under lcg vip

Du = ig :o-1k -4 f~ 1 nts iz -i os~ ai hpr - ar.1 i4 t h- sp: of

4n 411encp of grav .a: cnal :; ~i cs t a fi na 1 suc-m! o~ I ock-t i~low

th an ''3 char art-mr.st ic v 41 ciz i. ri~u -a t h - f 1 - ir;cati C't iS

n,;ra-sarv 4-o ssalpct A'hc cntim4l tl-laht t:~jsct1o-y, ieSuch

traj-:ctory with which ttce totai lc, scs Df c-arac,:ris-.ic veloci-ty

Pa~37.

F'jr cmrluoling thr rOC~et aiorta t~li& cptirnal trajectory in Its

713 ~ ~ 1' 101Smvs ?+c system, wn.~.c-i zreatis control forc-s, for
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*'c X i~ var-s or v-rn.4Lr aaiL- w-'c -h- svqt.-in cf t'rdi~

-F r'ick- arA his 'For r-ach typ4 ct rockets in or an~.rlimit. ThE=

valu.3s of speed IdepEnd on thft type of engin-? and they also havi a

r - (c:' ts R DTTo 3 r 0 - 3 5C0 z, s , tc C, zK C C k -t s W;-th 7 hD - 60 0 "1-6 %

1/s Lr f-r -6h8 -e~ckr's wizn traioj 9000o-flnin/scs.u:~,-

b~2l.'~to o il~to~ f sinjle-stag2 rccko ts, ?valwua-d bv h~

F2:r th- Sojqtion Cf Muany balii.stz prcbI-7ms ar rqir

substaon4.ially th5 higher vaiuesi of haracteristc volociti-s.

F'OC quidinig a satellite iato orbi:z arcuni -he Farth by r-ocke-

anparatus must be achipved/raachaa the speel, grerater : han circular,

or nrH.tal valrci-ly: - cn riie surzacq of th4- Earth is =qua! to 7900

m/s, and a* an alt,i-d- h=200 Ks - 7790 m/s.

If rocket annaratu s ac.juires the escaoe velocity (escape

vplozlty) , then it Pscapes tne Fuil --f gravity of 1-h- Earth and can.

b,: iirzc*1zd toward thr- moon, to otler ?lanc-ts, to sun andt so forth

escape velocity on the surface ox th? Earth is "qual to 11190 m/s,

mdn V: an, alttud- h=2f00 im 1 1lU10 m/3.



T)OC p4 RA",E

it*cassirv rh a ra rt"ist -c valocity a-s L). ;%cc or'.iincly hijh t-;: fr

cxamnple, for thp injecti.cn of isz. into low circ'ilir orbit vilue V

;.s oil +-n 1O1CO-1020C rn/s.

7ht-' verv '14ec-6iV~ et CZ L~t~uiniflc thC '-i' 1u C:

~h:~ v'P7c;4 - is --ai u~a/ap:I:ca4-icn e-: a

~ ~'~/cmoo1rd(multistajs) rock-at. Thls r)ckz-t consi3s cf t

ana ior-4 than s'-aps,/stages. multistag-3 rozkets arle suhdivid: Ai Into

'-hf roakets wi.th th-1 cross aad jaral1l! stagirg.

L34: us mxolalyn A-c special. z~atures/p--culiprities of work~ of

-nultistaaoi rockots based cn thia rz~apls of twc-stagme rockets (Firg.

2. 5)

with th- work of DU of fizst E:ap twn-stagg r,3ckr- with t h-

tan1~om stag4.nq (s-4~ Fig. 2..5a) i#; is ne:'eassary "(. cornsidc:- as on".~

sto/sltaai which consi sts of t-he Lasic buildingq blcck of -first stage

with DU and the nose section, dhich in this case is the second

to/stiqA, I.. t projects in r-bg role of payload for th- basic

biiilriing block of !irst staga. Aiter theB consumption of bulk of

aropelIlant compoonents in the tanys of DUJ of first stage its basi-c
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con~il- o hsi bilin bicha: a cbi3~ bnocks oth :Lrs' scaj
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'D ts41rv '' CfCh4 -e-rkh r Aahp 0u.I'. r~c~ tf bis_ c~ '

first ne by thr, main tlcat oufn f.bi ir ti-izain,!sDssbet

ca c~r tc vloivcf r3C(C ts" u.1.g c~s _f z- :a-

A- r-icps.-c jo/sorct i to-n4. Ziai :hzS basiciv tlockr
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. 2.5. Th e schatics or tna tdc-sta;a rock'-ts: a) withi - tn1-

stacLn; b) w'th by paraliel .saq.r.g; 1 - axp1cs 4 vw hclts.

Kay: (1). joe: saction with tai iastrum-3nt compartment. (2). Secor.i

S-n/saqe. (3). Basic tuildiaj oiccKs of first stage.

12.S. Re ,airements for the en.Jine instailations.

The power plant is effective for use in the rocket
vehicle if it gives it a high characteristic velocity
for this purpose, the speaific impulse of the engine
should be sufficiently large, while the mass of the
engine is 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, if the unproductive expenditures of working

medium/propellant in t1e period of cng.ae starting irr low, and af'-r

its 1'c.connct 4 .on ir t - tanks rs-aairs only a s-all quantity of



:)T -,IUSt ;II o Oro v i-e t ne jCii Clt 1 0f Ch in,-,

,7ratnncl: --'f or 5"/rrces aad .acu-r:s/:orjuP-s 4to: r ~ t

wii~Anc of rockil Vs='C2.e. 4ea Lr a caanq-- in t'n- thrus-t ion =-is

v-: f a~c ~:rrl z can a t- v- t.i zn nt r. Is s T

I- T)1- - C-;v ;I ~bZ 3 VI V:E U :Cr~ My~~ of YSS).T.

v ?locit'7 is rletorin~d oy int-3;rarinj tai aopiaran ac,-rZ-'

~.,~h~ 4 nalacc-1e-raticn, ccma~uricat-ed ro ccket vc h-.c - b"

ac'-' n L.r -:t fnrcps (rgine thztst, th-3 aercdynamic r~tsisTir.z fo:s

of tie at~osnh'-re, etc.), -4ita c-x;e.tion of t-- -forc -s of

qr~tv'.ti't cnal fPs The appazean, il:ti' is mrnaslid with

)4; -i-? -;n-~c;: irstrujnu3nts (accrmlI=:net-rs) , which fo)rm zart of:

lt"p Tontrol system. In flight of rccrcet of~b ~ o

51 s'onq grav4 tat1:Cn% f±ii ci j11:anr t1- 10oar-r- v-410ci-I (of

vihic!4 can consid-rab.y d.iz.Car Irc speed relative to liurch-irnq

ooint. 1y the sur~face of pldnet.

7h; work of system cf RKS lies in tiia fact that at Pic point of

ooworq41 flight 4lralectrry tha actual. vaiUa cf appars-nt v~locitv

V a.as comoar~l wi'h the prcj~aun;P valua of ipnar,:r.t v-ilocitv

Vxm~p Values Ivlam.ffp arE amoeidded ;:nto th-- soec±-;il control -svyst in

eq'i-~z~on4 or4(o: t- tho stazt o.- MaIs:c nSS4ilo. Tn th. cas-
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IVCal hortzcnl -I Cn ccr, T c nzz S Sczc C.1 c ur ;a c -: 0

'thh- linp, whici' ccnnects the cr-nt-2r or mass ~frcck?- with th'

T!-a cr.,lrs=: argip (Cr yaw) is calid t'C..o angls Lctw, v4i th-3 ;ix:'..

ofro-K-4- an~I rac~ panE. Taa att -uda c"" roll ef rock?' 4s

ie~i~dhy the tiirninq aniel, or * e transv-rso axas of rccket
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asso'bllis, aaarat- and 0 j. as~ a wholo an th, - corvrol/ch~ck -

pihr 'ali 4 y must boa' suff;.cje~jc.j sim.)le. Furthermnore', t~ie croces.-,?s

4 nd1:7tqd must y4 o1'd Aer autoation.
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Wj a sipliity ofhe aaeut dn tha pi~ftc transo!raon

stor: (I). Fm. (2). Pca/srcectio ou repair; lne 3.C~tro
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~ cemncn%?-,s ard to diftLrt -rrors of thc- servircR

~ *o '-hq ,"f'qt of coalir-Lorns of out',r suacs (for --xamole,,

* 0 h 11c-- fm crem oter.L ta ), ec

T.an tama~; 0s/v!1 man ufc- lii . Ti4s rI -:0~

F'r ht mar.1'Pocl'ire, tha ass~zaa11 arl :ac 4-stirg of DU.

rf 4 nto ccmposi',icn oi &;U azzsr savera1 sus-ta! ns- vincs, th--rn

tb- snrq,*d o~f thdsir thrust wia zae work in thq basic

moda/c~nd. tic',, and also during~ ;ch s-:arting/1eunchirg an-i the

d~~ ~ "ius#- 'in -cw. Onrwjsr a:?pokars la-eo:tb.r

moI a4rt/torquq, which must be caapers!Ltd, which iga-is to the

01 e,! cambsk- s %srilcs musz "1ov/Assuma liong shetlf-lifA itirin4

thto siarvif.can'o cscillatiCUS/31DatiO3 ot the to-aporaturq of tha%

itmosohAre, including with tas cnaaged/fillei tanks. In th , cas-1 of

tho emergence of 6,ho necessity en.ina itarting and missile takeoff

vust b! oprmvbil !n possibi.y tnja shortcr ti2A int~rval. This

reqtiir~mont raquirqmu-r' has i~a.Lal importance for ZtJQ. strataoic

ballistic sis3iles, whichi ar-a fcuna a3 unin'terrupted st-indby alart.
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vor 7.1 cn,-4:-al is .ht rfbusk-aia.r -na-ir- off '1ulti4plirpose

'1i-7naion/urpose. It must ailow/a'ssitne thom possibility of
nui' 4oly ng, 4..cluliraj cf af 'arwaza uprolcrqgcd (cf up to svr2

oosii~iyof -i significant z~ut.n'~~~ '-h : :s

Thp examD1- of mltiour,?os -anain3 is th-: sustainer qi of

th- "Ac,1oll" snac-craf+, wnich is ds~ijn~d fc. 50

'..n~iios/cnn~tcnswith th-j janeral/common/total. duration of

operation r=7 51) s. This engine it jiroviles:

1) to three trajectory correctioni of ship both in flight to th.l

2) braking ship during zhe araach to the moon for the

~.ni*,t~or i~n~o ',rbit of tha sat 3il-.k3 )f thd? mcor (T=360 s)

3) a change in the original elliptic orbit during the motion

around M-a moon to th- circular (r-360 s);

19) st~rt with thom crnit of ta aellitq cf th4 moon for the
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An Prror in~ thrust impula /mavpnti/pulse-, cr-a-k 24 brakp an'1

cerrecting by cnqirqs Cf KA, musz b liw for thq safeguarl of t,,

cortain caseas n~ot rors t1an +-J.CJ5 in/3)

Thn construc~icr/design of -.at injinEs, inteandid f:)r thc lan~ ing

of KA on ths stirfack! of cthb3r lan~ts, must allow/assume conductirg

chqgical anti thermal sterilization for the excetion/elimination of

thq Possibility of the recordiag oL t~crrstrial microorganisms to

other nians~s.
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S 2.6. Short history of rocket enjinss.

Th. first rocket vehicles were the solld-prtcll9nt rockets,

inv-nt4d in ane7,qnt Chira. The tirsk in th- wcrld scipntific design

of rockst veh 4.cle for the mannad fiig.ht proposed Russian

revolutionary, member cf "Narodnaya volya", inventor N. I.

Kiballchich (1853-1881). Being located in the prison conclusicn in

Petersburg for the participation in th3 attempt on the tsar,

Kibal'chich .lr4.nq narch 1881 developel tho "%sign of aeronautical

instrumqnt", in which were examined th3 device of solid propellant

engine, control of rocket vehicle ay changing the angle of the slope

of qngine, programmed ccmbustica ohavior, tbs stabilization of

vehicle and other qiiesticns.

The bases of the theory of cosmonautics and rocket engineerig

placed brilliant Russian Soviet scientist-inventor - picnq-r of

rocket qnginaer4.ng and ccsmonautics K. E. Tsiclkcvskiy (1857-1935).

In 1903 appeared his classical worc ,"iavestigation of outer spac- by
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JL-4 irives", in wirjh TSio1&OVSX.Ly froi tho Pnqinc-rinq positions for

thq !irs- t5.mn2 !rk.va! the laws o& thai mct.4 cn of rocket as the bod! s

if mai~0~ass, basp~l ths 3ossi;.litI of ths utilization of rockets -

for thp interpl~anetary fliyt:s, warg indicated thq rational ways of

t , iliv,4opm-ant cf missile constructioi and cesmonautics.

-?ir th- f4.r-s+ t-4ni in ta3 wczil T1-ioJlkovsk , gav~ rinils-

t1 h~ory of li-quid-prc~Elldnz rack-at ;engin-s an'i werq indicated the

-1l-m-nts o-9 4the4.r- ccnstruction/dt~sign. !3y 3.t they werf examined arfd

t:-ccrnm-;ndeId 4!n the atilization diiiec~at filols/propellants for 7hflD.

As thq oxidizqrs i~t planred to use liquiid oxygen. ozone, nitrogen~

geantaxidq, whi1's as tkho f 1e3 - 1a.juid hydrogen, matbane,

hydrocarbons, b~qnzenv, gasolina, turpeatino and other substances.

A
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Co'nstant~ ne Eduardovich Tsic1k,)YsL.Ly.

-'Pa 9e 4.3.

In the work, published in 1911 :45, pg. 89-90], Tsiolkovskiy

indicatpd the advantages of tha uralizaticn of nuclear energy in tha

rocket engine. In the same worxc Tsiolkovskiy wrcte: "3:t can be, with

the aid of the electricity it will be possible to In the course of

time with give onormous speed to tue, %j~ctpd frcm the jet drivi

Particl qs..

.....- .--
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?irst ZhRD (althouSh loj jizas/1im;ens-cnsz) were created and

testud Amqrican thqv were sciea-cific, ine ef th' picn, srs of rocket

technicians by R. Goddard (1d82-I45)

Experimpnts with the oxygtn-nydcocarbcn liquid propqllant

'cllarl beginn'.ngs 4n 1920, and tnh be-,ch 4-astr off cn tl-s

oxvqn-ether/ester fuel/propellaat - ia 1921, 16 March K 1'26 in

Wooster Coddard produced the first starting/launching of the rocket

with ZhRD (fu.l-l5quid oxygen ana yasotinF), which reached ths

altitul.q cf 12.5 m: the flign lasted 2.5 s.

It is earlier, in 1919, Goddaxd published the took "*thod of

achiepvnq tha extrtme 1.eights/altizudes", in which he presqnted

thpory and des4.gn concepts of .ul~tstaje rockts. In 1923 the

questions indicated were examined Dy German scientist, cne of th.e

founl.ars of rocket engineering and cosionautics by G. Oberth (born in

1894) . In 192q Tslolkcvskiy puD11sned ths work ,Qpacs multi stage

rockets", in which he develcped diagrams and theory of multistage

rockets r451.

one of th. pioneers of rccket Ragineering is Yu. V. Kondratyuk

(18q7-1942)e In 1919 in the worx "khat, whc will read in order to

build" it it d- valoped number of ta- busic prcbleoms, connected with

the space flights. In the theoretical studies "eonquest of
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in4-arplarstary spac-s&, PUDlisat-d i.r. 1)29 4-7 %4ovnsih-:rsk, Koniratyuk,

without knowing about the wczki ci Tsi4:1kcvskiy, originally derived!

the fundamental ernxaticns ot mition :)f rocket. In Kondratviik's works

are axaminpd the thqory of .nultistage :ockets, the e conomical landing

of rockqts on thq planet wita me utilization of at~ospheric braking;

zond:3tyuk proncsoi '_Pl4hts :o -_a. m 'n arCA tSh% nli-ts w-th t*-

injection into orbit of tnair aztzzicial satellitp and th- subs'-qusnt

repartmnent/separation Of tda~if and landing spacecraft as

onergqt5.ca11y aivantaqpcus. Fuzzherrnor%, by them are proposid as the

fucels '-or the rocket erginas sose metals, metailcids and their

bydroqpn compounds, for example aydroboride (20].

Large rppresntative of tna Soviit schcol of missile

construction was scieantist and inven~tor F. A. Tsander [ 1887-1933) . HIP

as early as the student years studaed theh transacticns of

Tsiolkovskiy and him was interasted in questicns o! space flights.

Paqe '44.

In 1924 Tsander published in tae journal "technology and lifp" thq

articlq "Flights/passaqes to otber planets", in which he presented

.ts basic i.dea - t!h% ccmbination or rocket with th" aircraft for the4

takeoff from the Earth with Zhi SUDSegusnt ccmbusticn of thoss placid

by the unnecessary ongs ef metallic parts (for example, the? wings of

L&4
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aircr_ 2
4a anl taiks aft ras prdctidcin/ccnsurntion/genz raticn o

*rnpllant comonents) in tna zrzust chambe: for an increase in th

flin4 range of rocket [44]. S.Laca 1 24 Tsander st~idied the idea of

Folar sail, for the first iae axprssel by B. Krasnogorskiy in the

novel "on the waves cf ether/ester" (1913).

In 1910-1931 Tsand: conszruc'td and 14st=- in th-: coT.D:zssd

air with thq gasc!i.n4 *ne -irsz jaL angine rR-I, which ievilored

thrust !rcm 1420 m4 r145 gf] a-d mora.

One of th? pjoneers of rocsa enginecring, who madq the basic

contribution to the development of Soviet engine construction, is

academician V. P. Glushkc (it das oorn in 1908). Beginning with 1924

Glsishko 5.t publishes the serias-/number of popular science an'd

sc4-entiific works on the cosmonautics.

on 15 May, 1929, on GlushCo's pronositicn in ths gas-dynamic

laboratory (GDL) in Leningrad was organized first group, and then

section, which began the creatLcn of electrical and liquid propellant

rocket engines.

Glushko - buildor cf tha first in the measure electrothermal

rocket ,ngine (Fig. 2.1a)which was by it theorotically devqloped,

constructed and tested in GDL in 1929-1933. Engine consisted of
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7'ambp_-/camaira wi-th -11-i nozzle, ini.c 41-icl with sno cial miechaa'sm

iepra sui'pliep1 th- intallic wiiras, wh.ich sim'ultanecusly serivl as tha

cor~ue-.+or of -l'-ckric current ind cis workirg msdium/prop:4llant. Wires

exDlodZ1 with the ~c-cric cur:-ant (pulsed discharges of

capacitor/condonser) . The fcrminy vapors cf metal flcwe-i out behirnd

cbj:i=/ca,.nra L-:i supfi:jjd r rzh 4njqctcr-%;lectroI1-s th:_

straims of t-', -l'-7tc-ccnduc%1va ifluids (m-rcury, elaictrolytras),

which also axp1rd~d in. tha cdamnber/camira with P1actric current.

In 1930-1931 under the aanatydmqnt/manual of Glushko in GDL was

develonsd and constructed fi:st exp;rimeuntal ZhRD OBM-1 (sxperimental

rocket motor) (sek- Fig. 2.7b) . Lt trtsted cr nitrogen ttetroxide and

',-ol'iens, and also on liquid :)xy~en and gasoline, moreover in the

lat4-er caso At dpvqlcpfd tarust tc 196 n [20 kqfj.

In 1930 Glushko hP proposad aiso subsequintly invsstigated as

thp components of propellant ZnSD nitric acid, the solutions of

nitrogen tetroxide (nitric tatrcxide) in the nitric acid,

totranitrome-hane, parcxide of hydrogr, perchicric acid, berryllium,

threm-component fuel/prcpellant - oxygen with hydrogen and beryllium,

powders vith the dispersed baryllium. In Glushko's the same year wers

leveloped special (shaped) nozzle ani heat-insulation coatings from

zircon .um 4ioX4..ieS, apried to tza intexrnal chamb,?r vail.



Page 4.
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11 1930-1133 w. D1 was cr.aacd th4 family of ZhPD: f-om ORM,

3R:4 -1 to OR1-52.

During September 1931 Ln Moscow with th- central council of

Osoaviixim of ha SSR was created 'hi grcup of th. study of repctive

moti-n (,11R 1 (rI!p' - O cu p -0-o : h b tv cf Jet Pr ' s4_on ' 
)  - .h'

nublic organ'-zatcr, wica c.-oinec thi erthusiasts of rockatry.

Diir.nQ Jun- 11q32 the sciution ef thp prasid.4trm of the csntral

con nzil of Osoaviaxim in Mosccw created tho group of the study of

r-active motion (GIRD) - scianzizic research and experimental design

organization for the developaent of rockets and engines. Chief of

GIRD assigned S. P. Kcrclev (1906-1966), who made the basic

contribulti.on to the practical ccsaonautics.

In GIRD the crqw cf Tsandar daveloped the design of enqine

installation with ZhRD OB-2 for boost-glide vehicle P.R-i (fuel-liquid

oxygen and gasolin-.; design thrust - 490 r [50 kgf]).

on 17 Augist, 1933, on the polygon/range in ,akhabino in the

*nvirons of Moscow was launched created by crew M. K. Tikhonravov

rocket "GIRr-09" (Fig. 2,8) - the first Scviet 4.xperimental rocket.

Her engine worked on liquid oxygen, supplied to ths chamber/camera

with vaner pr-.ssur cf its own and the sol.difg~d qasolino which was
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olace. in the combusticn caaab;?z, asvelopred thrust 2145-324 n [25-33

kqf 1. :)3tring th a maidsr fi-jht ti-.e ra)cket "GIRD-09"1 achisved

1 -qhtalt.tu, apcximately 4uO m.

F4..:st ZhRD of '.hp ccnstruztioL/iesigr of Tsander (OR-2) was

his !~t cortinuina t, zita, ~iitdin himn, rqccnstructr-d

anaim- fR-2 - rqica asolini with ethyl alcohcl for

i-lucing/lsc-ni~ra + tampariture ol- qascs and facilitation of

coolinci; introducsi cezamic liainy chambers/campras and appropriated

to it indtex 02 r231.

Tspirder ievsloppd/Frocessed .in GIRD fromi January 1933 also the

, ng5.nc& 10-ZhPD, which had to work cn liquid oxygen and gasolinp.

*During Avigust 1933 was changid the cc nst ruction /design of -5?nginq and

gasolinp was subs~ituted by alcohol. On 25 NoveMber, 1933, tcok place

the first launching/starting of create4 GIRD Under Korolev's

* management/manual rocket "GI3D-X"I with engine 10.

With the resoluticn of the council of work and defense of the

USSR at thoq end of Octeber of 1933 !.a Moscow on the base GDL GIRD was

create4 the first in tt1 world reactive/reagqnt scientific research

institute (RNII j(PHI4M). -Scieatiric R-3search Tnstitute of Jet

Propuls~on1).
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Sergy aYavlovich Kcrclrv.

Page 47.

The chiif of RNII was assigned I. T. K19ym-nev (1898-1938), assistant

- So ?. Korolsv, and frcm January 1934 - G. E. Langemak (1898-1938).

Thr collactive of RNII wcrked on all basic prcblpms of rocket

engineering, maintaining close ccnnection with Tsiolkcvskiy.

The collective cf the specialists in ZhRD, which grew in GDL,

developed in 1934-1938 in RNLI a series of experimental engines frcm

OR.4-53 to ORM-102 for the work on nitric acid and tetranitrcmethanq

as the oxidiz.rs and t'e first Soviet jas gqn.rator GG-1 cn the

nitric acid with the kerosene and zhe water, that produced by hours
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Zh iD 0~- R".~ 2.~ i~i~C~K j' Y. ?A':1~ 1. a r !wic h pa~s -

o~~~ltests 4 r )36 va.- thi mct', 4i-hv velopsd nrqir of 4t'*.P.t

~s.It worked4 on *-ho nitric icia and t hx keRrcsr s~ and provid.-A. a

ar! webre wit stod4/1Ia!?tained rapat+4d (tc 50) tvc. tost3 it' 6'ha

The collct5.vp cf SII criatc tha series/number of ezperimental

ballistic and wingid !u-ssilas And engines to them. In 1q354-1938 wori

,olprn thq fliahts of many rocxets. in 1939 werr carrisi out th,:

fli-;iht tpsts of the crqise missile of 212 ccnstructions/desiqns of

Korolev with ?ngtne 09!0-65, waile in 1437-1938 - Iround tests of

rockst q!lder IP-319 cf tne ccast:Lcti4-n/cs4 gn. of Forol~v with the

sam* anqinq. On 28 Fabruary, 1lO, pila.t V. P. Fedorov comolpt,4d

flight on this rocket glider with tngine FDA-1-150.

'A

first Soviet rocket aircraft BI-1, on 4hich was establishad/installqd

that Aeveloppi tn the* PNII ty L. S. Duihkin ZhRt fl-1-A-1100

fflip!/nropallant - nit*ric acid and kir~sser; rated thrutst 10788 n

r 1 1 o ki1)
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Paqe '4a.

Job suporintendent cn ZUBiJ in GOL Glushkc continu*4 this work in

the RltI (1934-1918). Cuxiag tais Fvrid apcearod of Glushko's bock

th- "ricksts, their d~yjce and ua./applicat'on" (togother with

Lancqm~k, 1935) [241 ard "liqui~d yrop.llatt fcr the jet engints"
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rn lq3q was cra*td the iadraptrent :rqairization, wh..ch grw i.

1q41 into qxperimontal design nsreau ()KB) of ZhRD.

In the 40's OKR devtloFed the family of aircraft ZhRD (RD-i,
R.)-IVZ, RD-2, ?)-I) w4 tn t 3 Fazp :d (fusl/prcnpllant - nitric acid

ard kerosne). Eng 4res provi1 d witipLyirgs with a changa 4- thi

thrust in the Earth frc@ 2743 a (J00 kgf] +o 8829 n (900 kqf1.

Enqines RD-i and RD-ll? underwent brnca finishirq and official tests,

and in 1943-1946 - about 400 4rcunc anI flight tests on aircraft P.-2

of the ccnstruction/design of V. m. Petlyakov, La-7S and 120R the

construction/design cf S. L. Lavockin, Tak-3 the construction/desiqn

of A. S. Yakovlev, Su-6 and Su-1 the coestruction/dtsign of P. 0.

Sukhoy.

Qualitatively new devEloFaent stage of rcckst engineuring was

bequn fter the Second Wcrld dar in tha USA and, especially, in thq

USSR.

Soviet specialists, beginning wita 1947, developed several ten

types of powrful/thick ZhRD, which had extensive application on the

rockets of different designaticn/purpose.
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To a number of these enyiaas they relate ZhRD RD-107 ('ig. 2.10)

and RD-108. Thvy were establisaed/2irstalled respactively to fir3t and

spcond stage of tht recket, with thq aid of which was launch.d on 4

October, 1957, the first in the world artificial Earth satellite. By

this starting/launching was estaDlishel the beginning of the space

aqe in humani..'s h.stcry.

ZhRD RD-117 and RD-1O8 ware ijpliad also in the three-stage

carr!..er rocket "rust" (Fig. 2.11).

On 12 Apr41, 1961, with the aad of the carrier reckqt "east" was

realized the first in the world flight of the citizen of the USSR YU.

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

Earth sa+ell!t,.

1(t



Valentina Petrovich. Gl'Ishtc.

Paq& leR PD-2lL4 and IlD-119 (i':.g. 2. 12), i-v,,l opd in 1952-1q57

and 1958-1962 risp-ict3vely, &z. eatablished/installed tc thq carri4'r

rockat 11 sxcs". VIA the aid of tckis rocket is launchid a large

quart ity of investigat icn satelit~es.



DOC P AG E/*.

~-.2. 9. Zh II O)R M-65 (G3ZL in jjr ur.1:3zent c'cici-a I t'sts in14 36

Pasic data of ZhBD FD-lC7, BJ-lCd, PD-214 and RD-119 ar,4 brought to

thr given balow tabla.
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C.) i ~uoihh TonziiBaI

Paxera- (4)K~~ (7j,
HOCHTeAb OKHczrrejb ro eI 7T

Pfl.107 nepea :.IKI Kepocuml 3079 314 1000

PS10 BOPaS To we M6&9 .35 94
cTvne~b

r1:1-214 a; A3omo. nPAY~b

(ees eea6"1)26* 6* 7,'

Key:(1).Roet b carer. (H .P3E1n c~oat.()

K(b) NiRoet-oisgcarr(16. (2)v . e Prproduts cofn~n (3rs )n.(1)

"Kosmos" second step/stage. (1d). Liquid oxygen. (19). Unsymmetrical

diumbthyl hydrazine.
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FOOTOTE 1. Highest specific iaEulsr- in thr.e vacuum amcng the known

ang 4 n.s of this class, which worK cn thi nitric-acid oxidizer and the

hydrocarbon fuel.

-------------- -. , 'st so-ci tic ia -_i1 - vacii' for ths ixvq,;p

-rginas of thcsi using the -DLir.j .

I
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Pa~50.

Picl. 2. 10. Sovi. q oxygez2-ierosans ZdaRD RD-107 "Vcstak' with thrust

P,= 1000 b& kn (102 1 and spec...ic impulse "'2u'3079 lies/kg r31'4

kgos,'k~l (lq5L4-1957): I steerinj chambars/came-ras; 2 - unit of

fluctuation and delivery of oxidizer; 3 - conduits/manifolds of

oxidizing agent of steeriag chambers/caaeras; '4 - simulated brackets

(construction s/dasigns cf engine axe absent); 5 - basic

chambors/cameras; 6 - power frame; 7 - gas generator; 8 - housing of

heat qxchanger on turbine; 9 - inzak3 pipe of pump cf oxiizer; 10-
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intakq pip cf fu91 rvInp; 11- rassur-= sarsor ir combustion c'nambzr;

12 - main valv! Of Oxidizer; 13 -cxidiz'3r p-.p~s; 14 -main vajvc of

fur-1; 19-flul Pipes.



DnC PACE 1

Fict. 2. 1.Saerf a~hvbCP"~s

Fig. 2.12. So~~vitoycrdmtyadaie ,DR-1 Kso"wt
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thrust P- 104 kn 1 1I) and -jcifi: impuls* 3452 '1s/kg

r352 kg-s/kg] (1958-1962): 1 -szjbrirg nozzles of pitch (sr-co..

rozzla from cppos 4 tla side) ;, 13 - stEaring nozzles cf course: 3, 15

- stipring nozzlss of banK (seccnd pair of nozzls frcm ODOosit-

sid.) ; 4.95,11 - gas distributors dith electric drive; 6 - coMbusticn

caber; 7 - cvl.,nm.Ir fcr ccpreaael air; • - tur-o1umn i ';t_.. -ais

acn-rator: 10 - power frame; 12 - mcunting ring of the steering

svste m (;n th- ce.struction/dasign cf enginr it is absent); 14 -

rsmovab!e silencer/plug.

Page 52.

On 16 July, 1965, was produced the starting/launching of

artificial Earth satellite "Frotcn 1". The carrier rocket of system

"proton" is capable of tearing several times the large mass cf

payloai, than carrigr rccket "East".

On th. carrier rccket or slszkm ,'!oton" arq used newly

developed povrful/thick highly e-±izient ZhRD, made in the most

modern diagram and whicb differ in terms of low dimensions and high

reliability.

In connection w.th 40- year-annivarsary GDL and grown from it

experimqntal design bureau (1929-1969) in Leningrad on the buildings
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of main Shipyard a.nd Icannovskiy ravelin of tha Petropavloysk

stability wherft in 1932-1933~ was pla:ei gas-dyam!ic laboratory, we:4

estabJ 4.shed/Installe-d memorial jazt~ls (Fig. 2.13).

DPVelopmant of missile-spacti techaoloqy in the USSR led to the?

crpatiin cf tF fl0w cr--ative calibctivss 'hcSo srociallis~s Iv=opf:I

a wh319 seri'ps of intarccntineataij rocxcats, carrie:-. rcckets, spac,-.

vehicles and ships.

Ths basic stages cf the mastezy/alopticn of outer space are

rqflqct td in the given below tale.
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I Leay iKotAiqecxoro nOa~e~a
8 CCCP s.CWA

3acycx nepsoro HC3 ()4.10 .57 1.2.58
3anycK nepeoro HCICVCCreemoro CnyTHHica 2.1.59 3.3.59

Cozuua 64A ) ____I

Bniepabe KA AoCTHr I~y~mbi~ 12.9-59 23.4.62

3ayicK nepsoro KA 8 CTOPOiiV BeHepw~ 2.2.61 27 8.62

flepshi fToaeT qe~ioseKa Ha KOC~fnqecKom 12.4.6 - 20.2.62
'KOpa6ae ffo op&Tce VC3( j

3anycic nepsoro KA B CTQpoiIy Mapta 11.62 2

BixoA KicooaSra a OTmpbdoe Kocm.M4et- ~8.3 U5j
aweC IPOCTPaICTDO (q

Bnepaahae KA AOCTHr BeHerbi (,) 6 71.1 MeCTS1.H

Sfepaaa usrxaN Ua-.K~a KA mta JIvHY 0 3; !.b66 3.o-

3acycc nepuoro mcxyccraenHoro CHYTHfKa 31.3.66 UbG

Bnepughe KA rnpOK3Be.1 meaocpeaCTeHHbze 12.6.67 He oc%'ucecrLjeH
H3.NepeHHR B armoccpepe Beuepbl (1,3)

flepwAi o6AeT .T13yHhi KOC.%HqeCK;,.N: KOPa6- 1 15.9.661 11 :~
iem ai era 8o3BpauxeHme Ha 3emAio (i)______

* fepsi CTMIKoaxa wUOmpyeNmx Kopa6.le% 16. 7. 3. zi'
v nepeXOA KOC&IO~a&TOB M3 acopa6Ax a Kopa6.ib

Briepabie KA cosepWHA nOCaaKY HaI BeHepy i7.8 7U0
m flepeAaaaA c ee nosepXHOCrii HH4OpmatwHo

huricagn oca~xa Kopadas Ha Jlyay C 803. Ceirrn6pb tlKO.Ib 9691.
BpamelINme Ha 3emjio (17) 1970 r.,(, ,;q)

flocwa Ha ATYMy awaTaqecacoro ca- 10.11.7u-, He ocvaT.-,
moxoAvoro azmapaua (aymoxoAa) ~4a
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Key: (1). Target of space f igat. (2). .at. of launching of rocket.
(3). Starting/launchng cf fi.zsz LsZ [ - arti Ficial earth

sat'lle e1. (4). Start. rg/launchLag Df first artificial salell-et of

sun. (5) . For ths first time KA reacnei th- Mcn. (6)

Starting/launching first KA to s-ae of Venus. (7). Maiden flight of

Tan ib--Ard snac~cra':' cn orb--- f' .S ar ~ . ,- hi rst K.1

+- s4= nf Mars. (?) . Ccsmondut's xi-* ir-o op-r cutar space. (13).

For th4 first tine A reached Venus. (10a). It is nct rnalizd. (11).

First soft landing of KA cn mccn. (12). Startina/launching of first

art5.1icial satillite cf moon. (13). Foz the? first time KA tcck dirpct

m-asurements in the atrciphere cr Venus. (14). First flight around of

moon by spacecraft and its raturn to tha earth. (15). First manned

spacicraft docking and transiticn/transfer of ccsmcnauts frcm to.

(16). ?or the first tiue KA ccafleted landing cn Venus and

transmitted from its surface infcrmation. (17). Soft landirg of ship

cn mcon with return o the earth. (18). September of 1970. (19). July

1969. (20). Landing cn uccn autcmatic Sllf-tCeDelled vehicle

(Lunokhod).

FOCTIOTE 1. Automatic statioa the "Zonl-5". ENDFCCTNOTE.

FOOTNOTE 2, Manned spacecrafz "ApollD-3" (with three cosmonauts



abnr) . ENDFOOTVOTE.

FOOT'I0TE 3. Dat-? ef matingj. Z'NOFCGINJ- .

FOOTNO0TE '. Automatic station 'ILuna-16"1, which ensured for the first

~4 ~r hw-''z. !:.I:? isttCv -A : SA7C'~ir17 OL nocr. irccint ani

ilts dlivqry/procu.-- mrt tc z . edth LNFCCITCTE.

FOOTIOE 's. l4anned ship "ApClla-11", waich ensiirei the debarkation of

tho amprican astrcnau'.s Armsz.rcrg arl Adrin 20 July 1969 to the

surfice of thq mccn. ENDFCOTNOIE.

FOOTNIOTE '. Au~omatic station *Luza-17"1, which -ensured for thi first

ti-mp Jn the werl1 the delivery/procuresent of self-propelled vehicle

* 'tunakhod-1" to the surface of taa mooi.

Page 54~.

The successful comfietion of the pcograms of automatic stations

"Luna-160 and "Luna-17" indicatas the beginning of qualitatively new

stagp in thoe cosmonaut.4cs - stage of aacomplishing extremely complqx

spacs experiments wi~h the aid of the automatic machines. Autcmatic

stations are very effective: fuifillinj in essence the same

functions, as the manned ships, such stations they 1.ave smaller
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cost/value, they can wcrk greater time# also, under more severp

conditions than thp marned spaacaczft, and furttermcre, during the

utilization of automatic stations therg is rc need for to risk

cosmona-Its' lfq.
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Fig. 2. 13. Memorial panel (broaze) , eszablisted/installed on the

building of tho Ioannovskiy raveljin of Petrcpavlcvsk stability in

Leningrad.
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Pa9P 95.

Chapter III.

VORKING M.DIUM/PSOPPLLANIS CF iOCKLT !4GINES.

1.1. General characteristics and the z1assificaticn of dorking

med5um/or op1lants.

Concept "Working medium of RD" is very wide. Working

n dium/prcpellant of RD is calLea th3 substance (in this or another

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

force, for the ingress cf heat, for th3 drive of turbine and other

kngine accessories, etc.

According to their desijnazion/pu:posP wcrk-ing

mediuM/propellants of RD are sutaividei intc th_ bases, th-

startinq/launching onqs and the aaati2nal cnes (?ig. 3.1).

Basic ars called the working aediim/prcpellants on which RD

works basic time, creating tnrist by the reject4.on cf exhaust jet.

Exhaust jet is the flow of workinj madium/propellat or reacticn
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products of initial worxing xediua/propq11ants, nmor, ovqr substance in

qxhaust let by its state oi 4qjzb4tio1, chem-cal ccmplositicr. ani

varameters usuially differs sijnizicnntly frcm initIal wcrking

medium/prcpellants, which are .Lccated in the tanks cr the

chauber/cam,.ra, of RD.

Starting/laurch-no wozkinq maciim/propellarts are used durinr~

1t.o start inqy/la'inchira cf it) (in ztip iitial period) . T1-ey are

necessarvi for Pxarup1e, for the starting/launchirg chemical RD, if

basic prcFollant comrcnents ara not ca?abl-e cf 4riapendently entering

into the reaction.
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II

I fe

Fig. 3.1. GOnoral/comucn/total classification of working

madiu 2/ propel lants of PD.

Key: (1). working medium/pzcpallants of RD. (2). Basic. (3).

Start ing/launchinig. (4). Additicnal. (3) . Sclid. (6). Liquid. (7).

GaSPous. (8) . B-- ng low-bciling. (9). *,i gh- boiling. (10). Crycgenic.

(11) . Nfoncryog.aiic. (12) . Wor king miim/propellants of short-timo

storago. (13) . Vcrking uediumproprallants of prolonged storage.

Pago 56.

_________I1
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thp additicnal cnes inciuda zhr working madlum/prop-illants,

which ensure the wirk cf turbine, tank prssurization, thI scav-nging

cf chaemba r/camnra and ccnduits/manifeills, tpening and closing valves

and ancther work.

fc 1 I ws.

1. Workinq PA4U.m/prope.llnts who-. chemica! enerqv i used in

PD, i.e., component cf chemical izIl/p:opellant. They are examined in

1.2 and 1.6.

2. Workinq medium/propellants whose cherical energy is not used

R.' WD (Fig. 3.2). They are not xna source of heat. therefore their

selection produce only cn the oasis of the condition the most

complete conversions of the heat, appliad tc the working

modium/prcpellant from %ithout, iato tie kinetic jet an-rgy. Table

3. 1 gives the properties cf such i rking madiumn/propellants (inert

gases, alkali metals, etc.).

As working meiium/propallant of R) can serve also high-pressure

compressed gas, prel.minarily chazgeI/fillqd into the engine chamber

and which ascanqs in the process o! it; work h-hind the nozzle.
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Due to the initial staze 0i Aggrelaticn uorking

mediuum/proppe11ants of RD can ba sai, liquid and gaseous.

On the tpmperature range zhe I,,ettic/presevations/naintainrinq

lIquid statq 15.qu-, wcrking4 me.Iu/propr-llants subdivide intc thosl
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r?

Key: (1). Working medium/proke~lJa1tsA (2). Electrically noutra1. (3).

Having Plectric charga. (4) . Not Ereheited in RD. (5) . Prehaatrd in

RD. (6) . Without change in state ot Agjregaticn. (7) . With ch.,ange in

statp of aggrsgaticri. (8). Not io2a.zad. (9). Ionized, but as a whcls

elpctrically niutral.
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Table 3. 1. Some properties of dorKnj in:?dium/prcpellants [351, F371.

-eX i - , o , I T . . .. r o T e H -
( I A cojof- B TBepoM. COCTO9-- 8iaaiP a ( q e e T e j o l o p - boxp ,1 1" ( ) i 9 AO P O C Oo . , -

HOMeP 1,e) fHI(pop , e I n z] lpl itOpmajibSOM aasAelw, u,,
9- "bK (KZ' aT)Ma

___________ teHTa
1
, -- 7 K~'

r'~'iHeF~ 2 4,003 47:) 2^ 235 v))9 n~ I~alHIt2 ,5A
,, I ((It,.,25,.5 6Ne 0 ,17°  ., - 21,48 27,05; 27,25 21,339

IeH C/ . I0 '" 1204rP~e#7'25K)

Api r 18 59,948 140 (ri 8375 40,ojO'PMi.o 1.15 K), 165 --,1 )18o 83,75; 83,,, 87_5 5,75
.Kp.rrroH Kr 36 83,800 1 115,95; 116,05 119,75; 119,95 13,996-c~H Xe-32 j5

1(e]HX 4 1,31,300 1 5(npm 0j,15K)l 161,35 16r).05 12,127
iA30T ,. N, 7 28,013 1 808 (n~pn7 Z 15 K) 735 14.54

xol -77 1n I
.rrl,,,I I) .i 3 I 6,939 I - I ,34( 8 1I 452,15; 453,15 1623,15; 1643,15 5,39
lHaTP1n ' q I Na I 2 22, 901 - 1972.5(npii273', ,k)370,65; .370,95 11.50,15; 1173,15 5,138
Ka.IAI K 13 0 ' (np, 86035',15 'r 336,75 10,38,15; 1049, t5 4,3,9

j IRb 37 85,470 1475{r 11',95K(l 13 319 781i,7
Ca 535 1.32,905 -1873; 1900 .301.6.5 96 91,15 3,893

PTY-m fiHg 80 200,590 -q-3 6 .____ 6294,78 10,4___-Af - - - 2., .1 28a .14
""n Q i 'b I - 18, 016 ll000(n 2771,15 'K - 273, i.9 7,1

Key: (1). Is working body. (2). Carmical formula. (3). Order number

of element/cell. (4). kg/kmcle. (5). in the liquid state. (6). in

solid state. (7). kg/m 3 . (8). at aormal pressure. (9). ionization

potpntial of atom Rating L.

FOOTNOTE teV - electrcn volt; I eV=1.6021 10-*9 joule (3.8276.10 20
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c a I. . 7"1D F r0T N n -E.

(10). Hriiun. (11). w4.th. (12). (ar. prassur, cf 25. 5 bars) . (13).

Npon. (14) . Argon. (15). Krypton. (16). Xenon. (17) . Nitroge n. (18)

Lithium. (19) . Sodium. (20)) P otassium. (21). Rubidium. (22). Cesium.

1,23) . 'nrcurv. (2:4) .Ota

Pac 58.

TC h~gh-boiling relate tha wozkinj medium/propellants, which

undpr operating conditicns on the earth/ground (at the normal

atmospheric pressure) have a ooiii.g point cf highar than 29ROK

(250C), i.e., they are under norma]. conditicns liquid (23].

Lcw-boiling ari called the wozking medium/propellants which

under standard condi~icus have a aoiliag pcint of lower than 298 0 K

(25 0C) ard are gas. However, some of taem can be employed as those

higb-boil±ng during tho maintenance of a cemparatively small pressure

in theq tank (for examule, ammonia NH3) or in thp case of the high

freezing pcint of working uedi-iu/prcpellart (for -example, nitrcgen

te4troxide N20.) - by preheating tars tank.

Low-boiling working medium wiLth boiling point below 173 0K are

spearated into the grcup of so-ca.Lied crycgonic working
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medium/prcpellants. They include tae lwersd gases: oxygen, hydrogon,

flucrine, helium, nitrcgen, atc.

Thp high-boiling wcrking aedium/pcoptIlarts, physically and

chemically stable during the prclorig-d (of up to several years)

she!l-lfe, calls wcrkcr by tha IoCiEs of prc1cnge1 storage,

rema~ning (and first cf all cricge*i) - by working

m-d !um/gropellants of shcrt-tiAz stcrag'3.

3.2. General requirements for the working medium/propellants.

Thp general requirements, presentsd to all working

modum/prcpellants, utilized in RD, include:

1. High donsity. The greater the density of working

mpdium/propellant, the less the volume of capacity cr chamber/camera

for its arrangement/pcsition. dith an increase in the density of

work4 ng medium/propellant is decraased the mass of tank compartment,

which raises the characteristic veiocity of rccket vehicle.

2. Physical stability (statl..ty). Working body is physically

stable, if in the range cf ambient temperatures, in which is employed

RD in the compositicn cf rocket veauizla, is provided its necessary

state of aggregation. The usually indiated range encompasses
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temperaturP from 213 0 K f-6 )C] to 3330< [6O 0 C7. For example, Soii;

fini RDTT must not bo scftanad az l.Evated tempiratures of the

Pnvircrmen+, but !.quid propaliai: c:m:onarts must tct .i- t h i

homogeneity (not to be exfoliarea), not give sclid precipitation and

not to vaporize.

L-_quid working medium/propaliarts are physically staail at a i!w

+lmperaturp of thair freezaag (or, tia- one and +h- sam-, n,1ting)

and to hiqh boiling pcint.

Page 59.

The use/applicaticn of wcrking iedium/prcpellants, which do not

possess physical stability undar conlitions Araises in price

construction/d-sign and operation; f~r example, in the case cf

apply!ng the low-boiling (especially cryogenic) working

medium/prcp.llants they are necessary:

a) the heat insulation of tanks aad mains of RD, which incrsasps

the dry mass of rocket vehicle;

b) the system of cccling for aezraasing the losses of working

medium/prepellant to tte vaporization ?rior to the start of rocket

vehicle, or thp system of the tci¢ing f tanks for the
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conplstncr/re-plen.shmert of tha lo~ses inrd;.catr-1;

c) the usq/applicatioa cf structu:al materials, which ocss-,s

sufficiont i.mpact toughness at low tema-ratur4es.

mri1ium/propellints is essartiai -in Ps~ac,- 1cr tIhp comnat

ffr th- carri'ir rockl,+ Cf KA and ror -A themselves the

us,/oPl±cat1.On of crycgenic working ia'dium,'propellants in view of

thqir high -ffsctiven-:ss frcm ctner parameters is nct only justifi-s,

but in the majority of the casas ay optimal version.

3. Chemical stability. In the worcing medium/propellant must not

cccur the chemical reactions, whica laid tc the libsration frcm its

composition of oth~er prcducts.

4. Simplicity of stcrage, transport and cp'ration. wcrki-ng holy

satisfies this requirement if:

a) the vapors of ucrkingj medium/'propellant in the mixture with

tho air are non,4xplcsive;

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

nontoxic) and elo not act on skin, rayes, ito., i.e., they are harmlqss
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for the service perscnnel;

c) working bodv dces not axjlcdS inler " influence on it of

impact lead, ft is low-sensitivity to :he pclluticn/ccntaminaticn and

ft .s not aggressive with respect rc t a structural materials.

Furtharmore, wh'.-n selac:iag L dCzll LI:un/ =CD 11ar. t i

nacassarv *o cons 4 d4r t4s cost/value ai,] mastzry by dcmpstic

nan uf act urp.

The working medium/propaliants, u3id for tho engines of KA, must

possess low sens.4-iv4.ty tc the cCsMtal radiaticn.

3.3. Specifi.c requirements for ZnA wrking medium/propellants.

Requirements for the working mefium/prcpellants depend also on

the type of the engine in which they are used.

The fuels/propellants, Ltilizbd i chimical RD, must prcvide a

large quanti'y of heat, isolatad with the course of the reaction of

the reaction 1 kg. of propellant compoaents, and the low molecular

weight of reaction products, moreover it is desirable, that they

during the aotion alcng the aczzle wari in gaseous state. Ths

fnel/propellant, which satisfias these requirements, provides the
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high value of specific jet £iriny,

• erking madium/prcpellaatz nocheaical thermal RD must possqss

in exhaust jet analogous vita chemical RD low mclecular weight, and

also lcw values of spicific neits of paasa transformations (melting

Tha wcrking msd~uf/Fropallants, which satisfy these

- ,i~rIments, provide the hi;h values 3f specific jet firing,

moreover for its work prcves to be sufficient the presence onboard

thq LA of a source of tnermal anergy of a ccmparatively low power

and, therefore, relatively small mass.

Page 60.

The first rqquirement is in~ortant for all types thermal RD, the

second for some engines does not have special importance. For

example, nucloar fissicn of atoms in the reactor YaRD with their icw

general/common/total mass gives a significant quantity cf heat, and

problem consists only cf workiag body receiving and was

abstracted/rpmovqd heat from t2o zone of reactien and thereby it

provided the normal operating temperature of reactor.

When selecting of wcrking mdiu./?ropellant for the engines,
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which use its electrical propecties, ace considered the special

f-aturps/pcul.arit.Ps cf tha icnizatiin of working medium/prcpella:it

and slbsequent dispersal/accalazation 3f its electrically charged

particles. For such working neiiue/propellants they are necessary:

1) least ?ossible energj ccntent, necessary for the icnizatio

(for thp electron detachtear fzcm axternal atcm shpll), I.-.,

possibly lower icnizaticn poteatial;

2) high electroconductivity in th3 plasma state;

3) the relatively larger aass of alectrically charged particles

so forth.

Are very sp.cific xequireaents for the vcrk.4ng

medium/propellants of the photon engine: the prcducts of their

reaction must. possess the ability of i.atensive radiation/emission,

i.e., initial energy cf working m -um/propellants must most

completely ba converted into the radiant energy.
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Page 61.

Part II.

THEORY OF THERMAL ROCKE1 ENG19E .

Chapter IV.

Real thermodynamic processes cf expanding the chemically active

(reactirq) qasas.

4.1. Reactions in the chemically active gases.

The processes of expansion occur differently, depending on

temprature and compcsition of gas cr mixture of gases.

During the expansion of cold simple gas (for example, hydrogen)

in it it does not occur any chamical reactions, i.e., the composition

of gas in diff-rent states does not :hinge. This gas call chemically

inert. However, if we raise the tamperiture of this gas, then in it

beqin to flow/occur/last chemical reactions, which it is possible to
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judgi, after conducting spc.cr.ri. iaalys'LS. Fe: -xanrl-., i. th e -as

of hatirg hyirogen 4c higa (oJCJ3&) -eaperatur- i- YaD a"n thcrT-l

type ERD in its composition ippears, basilas molcilar hviro'i.n .2,

also atomic hylrogen H.

2h'c! r-act-cr. Froducts ;a 4n zxambcrs/c .as C

are ih4 mixt'ire of differaat gases, he-t.al tc 3,flt.-4500 0 K. At this

high temperature in the mixtura or qises occuc chqmical th.

rpactions, wh'ch alse leads to a cnangs in its ccmpcsition.

Gases either the mixtures or gases, in which occur chemical

reactions, call chemically active, cr reacting. In the process of

expanding such gases the reserve o. their chemical energy is

decreased as a result of its partial ccnversicn intc ths hat.

Let us examins as the example to chemically active mixturo tha

fuel combustion products in the caamber/camera chemical RD. Into

their composition enter the products not only of complete (H2 C, Co0,

HF, stc.), but also inccplete comDustion (CO, etc.), cr oxidative

and combustible elements/cells in th3 molecular and atomic form (02,

H2 , 3, H, etc.). It should be notaQ that evon with the excess of

cxygqn are revealed the products ot incomplete combustion and

unr.acting combustible elemeats/cells.
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?aqp' 62.

The above is -zxziainea oy tr.t rev-jrsibi1.ity of cheilicej.

strptirht Li-ne anc in * e cp;Csitr cre-tJCn. Fzr -xa.nrr c, t-

straiqht/direct ar.l revc-rsc-/.nverza :eaztion Cf 'th re,-t.cn cf:

oxya~n ard hyir~'enr

H. ---LOH.O; H,O --H. -2-LO

or H2 -4--1 O-O HO
2 ,HO

Th-q :ompositior~ of gasecus mixture dapenads cn tho sneed cf cccurence

of the straight/dirpct and xevarsehinvarsa reacticrs: if forwari

reaction has high speed, then tke concintraticn of water vapor in the

rqaction gasqs !.n thi- ccurse oi tima iacreases/arows, and at the

greater rate of rev-qrse reaction it is increased concentraticn of i,,

and Op.

For further calculations is oi interest the qxamination of this

stati of the mixt'i=" cf gases, in which the rates of straight/direct

and reverse/inverse reactions are 6qual to each ether. This state is

call, d chomical equxilitxiu.
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7t~~ 1:4-171 y -'-p fact :ra: in sji:a of th- course of

str--/.i*c ar! r-verse/invarsfa chim~ical reacticns, its

cnmois 1t4on at r--rstar+s trmperazuLu arid pressure, does not change.

Intec this mixtijre inter not crij tag products of the compl~te or

I - -1 nts/ =11 s of i.r:.a Id icr/c.> II u n/ Frc D q- Iars S i th~

molacular or fcri.

T~e riactions as a result cr ihich trom the products of th~e

comaletq react4 .cn if wcrking indm/pr)pellants are formed the

eRljomnts/cqlls of initial working aekiiin,'prcpellants in the molecular

fo3rm or from tho altents/cells o± initial working uedium/rcpellants

in molecular form - atcuic sub~stances, call the reactions of

ilssociation. They !low,'cccur/iast witi the irgress of heat.

B-s!.das ch"0,7al reactions~, 1L th3 gaseous reaction products of

working aedium/oropeliants can flciioczur/last phase reactions and

reactions of ionizaticn.

Pbas.o arm call4!d tke reacticna in course of which chanqes the

stat' of aggroaat~on cf reaction pzcduzts, namely is formed the

cordensed (liequil or sclid) phase. Thi3s process is accompaniqd by t ho

Iibsbration of heaf.
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Th,: condcans,; substance ia co&.tra3t to t~c gas virt'ially das

no- chanqq its volum~e isitn a caaayt in the teirperature. Therefor,, it

canno~t acconmpl,.sh 'icrk cf expansion, bat accepts participation in the

ohysi-cocheiiical processes, w'nica taka placf, in the reaction products.

Tb~'~n~. ~u~a-c~alwals sakes li by vatc-,:izati-cn or

acctiuuate by cirlni.s~tion tar sai..- sabstarnce, w ich -.S fca:

vapnro1is stat- ani wHich particiiates In the: rsactions.

Page 63.

Thetefore, if procass with th-a paase ractions continut-s at an

invariable tomperature, the partialh prassurss of substances in the

mixt-'i of gases always are IBaiataan3d by invariable cnsas and equal

to tlie pressure of tle saturated steams.

The reactions of icnizaticn akpaar during hoating cf gaseous

products to tho high teuferatuze (tor axample, in thqe chamaber/camera

YaRD and ERD) .

As a result of rqacting the ionization of thp atcas of any

cherical glement, whicbh takes the trn
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where 9- positively char~gd/.Lcaard in;

e - alectron;

Exo- ionization energy, are formed lcns and electrons

( -- __. .. gas) . '7h-se. reac--icns cccu=. n. n T-s f t

4.2. D,:? r%,. r;!tion cf tae coiaos-tio.i of ch .!ica!Iv active gases.

According to law cf mass acticn taa chemical reaction- rate is

dirictly proportional to tns concintra-ions of the initial reactants,

each of which is taken tc the legrfe, aqual to the stoichiometric

coefficient with which tte substaace enters into the equation of

chemical r.act..en.

Thq content of separata gases ni the composition cf gaseous

oroducts is expressed by tneir ccncentzaticn or partial pressures.

The :iquation of chomical raacticn it is pcssible to write in general

form

aM + 6H ail +zC,

wheqr- M ani H - thi parent substaacps f reaction;

L and S - the end products of riaztior..



a, b, c an! . - s-cic ioimtric co::iAi.

A7cordinq to law oi mass iction tae rate of straight line an-!

rt:v--ra/ 4 nvers- roac~icn can oa wri.ten thrcugh thP partial prssura.s

of the gaseous substances:

' : F1 al'.! K2 - roucz onai.:t act.:Z ; :.- ',I tey cal' :..- -a-e

constants of strai hi4 /cdirect aad revars.e/invErse reactions:

pm and Pa - partial pressures of the parent substances of

reaction;

P.i and Pc - partial pressures of the -nd products of reaction;

Constants K, and Kz of difierent :eacticns have different values

and increase/grow wi.h an inczase i.a temperature. Consequently

chemical r.acticn rata also jrows Dy increase cF temperature. For

chomical of the equilibrium mixture of the gaseous substances

U = U06 p

Paae 64.

Hen ce p

or _K 2  A'(41-K=f(T). 4. I
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?Pt'i K2 /K,  -, called tae esj.libcium ccnstant of the reaction,

qxorbssad thonah the partial ones of :he pressure of the gaseous

substances of r-acticn.

E 'llib!u cns a. -. aaicgcis v_'-h - - :r-action rata constants

are 1tirmined by a 'vre cf reiction ia i Lv a *-norature, at which

thp reac~ion occurs.

It is most conv.nient, for the th-3-modynamic calculations

(especially for calculaticns in electronic ccmputers) tc use

equilibrium constants cf tne reactions of the dissociation two- and

polyatcmic gasis to atc~ic; thase rf.actiors call tha reacticns of

at omzat4.on.

In the overwhilming majori:y chemical BD are used the.

fuels/propellants in w'ich are inciuded the fcllowing elements/cells:

oxyqen 0, hydrogen H, carbon C, nitrogen N; is promising the

usa./ipplication of fluctine F. 1he Pluaticns of the atomizaticn of

the combustion orodlcts cf taeir take the fcllcwing form:

02- 20; HF- H LF;
H 12 - 22 H ; N . - 2 N :, •

OH- 0+-H; NO-> N+O; (4.2)
HO- 2H 4-O; CO- C 4-O:
F2-*2 F; CO- C + 20.
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Values of the equi!ibrium cozs+ants cf th- reactions are

.. ....c~i i~ a .... £ . 15].

4.3. Effect of t'?mprature and jrlssaz:e on th- iissccia+ion of the

1*xtur? of gas-4s.

Th1 compos.tien of thq chamically active mixture of gaseous

products thermal PO is detarained not 3nly by the composition of

working midium/propellant (for chemical RD - by composition cf

propellant components ard by taeir ralaticnship/ratio), but also by

the conditions of the ccurse of tne reactions of dissociation.

With a temuerature rise of gaseous products their dissociation

occurs more intensive. Ihis must be considered luring the thermal

des 4 gn thermal RD, in particular during the det.rminaticn of the

temperature in the chamber/camera chemical RD.

with an increase in the tamperature in the chamber/camera of

heat enqines first of all dissociate such products, as H20 and CO?



with formation OH, CO H2 , 02. Aith further temnerature rise

dissociate th. molecular jases H,, O ani 1 z -ith the fornaion of

atomic gases.

Page 65.

As a result o! 4 h ingrass oi hpa: thi diss-cciation in the

chamber/camera chemical RD dacreasrs the total quantity of heat which

is isolated in the presence of the chemical reactions. For sxample,

the zombustion proi'icts cf any fuek/propellant, which consists of

elements C, H, 0 and N, begin ncticeably to dissociate with T>2500oK,

moreover heat is absorbed so intensively, that the temperature of the

products of combustion cf such fuels/propellants cannot exceed 360COK

(in the absenco of disscciatioa it could be considerably above).

However, together with a reductlon/descent in the temperatire of

jaseous products dissociation causes certain positive effect/action,

namely: it decreases t~e apparent molecular weight cf mixtur3., since

the molecular weight of the formed gasous products is loisr than the

mass of the initial prcducts of tue reaction cf dissociation.

However, in whole reaction of dissociacion impair thp. characteristics

chemical RD.

In order to dicr.ase (to suppr.ss) the dissociation, select

elevated pressures p,(p,>lOOar r--100 kg/cm2 ,) and such ccmponent

- 77 -- iil ilIIII.... ... .... . . i... . .. . . a ""i iI
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of fuel/propellant the reactica Lvducts of which :hey hav i

comparat!.vely l2w tinm.raturj or struts with rqspect to th-

lissociation. To thp latter it rri.tes, in rarticular, hydrogqn

fliuorile HF - reacticn Erod'ict cf th-- raaction of fluorine ani

hydrogen.

In contrast t' chaxtsrs/camcras casical ?C iizsccatt.- in th

chamber/camera YaRD, ir whica is isolia:ad a significant iuantity of

heat, it is the positive factoz, wnich ensures the storage ef greater

e-nergy of working medium/prcpellant at its limit-d temperature as a

result of the increase ct chemical energy. The subsequent partial

conv-irsion of this eirergy in tns yrczess of expansicn into the heat

leads to the aporopriate increase in the kinetic energy of working

medium/propellant and specific -et firing.

4.4. Equilibrium process of azpandia4 thc mixture of gases.

In the process cf expanding tr.e chemically active mixture of

gases in tho nozzle cf chamber/camera thermal RD the temprature of

mixt',ir descends. Since each is gas mixture ten'is toward state of

chemical equilibrium, then in tke mixt-are of gaseous products during

its motion along the noczzle occur the zo-called reactions of

raccmbinaticn, which are actually the :sacticns cf turning.
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if during tho l.isecciation tnt par,. of th? heat cf jasqc,is

pDroucts is converted into oae chemical anargy, thsn as a :rsjI-t of

raactl.nq ths rccmb5.na~icn, on thb con:rary, th chemical -nre r Tf

gaseous protices partially is ccnvert-31 into the heat. The r.ack.ien.

of the recombination of gaseous products compensate to a cqrtain

etY'nt Of th* 1Xnoni't;I: C Cf t~.C --- At 2-r' C-3i1

issociation orior to the nczziE ertry. 7I- icc plt :eit_-.z .-

of the expenlitures indicatpd is explainid by thc fact that the heat

as a result of roacting the r-ccm;rnati'n ,lirina the ¢otion cf

jasaous products along the nozzle is supplied tc them at a pressur:?

less than PH.

pace 66.

As a result of t h rsccmbination if gaseous prcducts during the

motion nozzle their ccrFcs1t1cn ccLtinjously changes. In this case

are possible the following cases.

1. In process of expanding gase~u3 products, during which their

tesprature and pressure axe dacretsed, composition of Froducts

changes accurately in accoriance with zonditicns of chemical

equilibrium. This prccess of expansion they call equilibrium. It has

most important value ir the thecry thermal RE, sinco in most of the

cases the real process cf expansicn in the nozzle of chamber/camera
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is most close procis-ly tc tar e utib!ium.

Fuilibriu.m nxpansicr iz 3rorPtically mcst advantageous, sinc-.

as a result of the reacticns of recombination during this expansion

most completely is used the chasical eaergy cf gaseous products.

The equilibriums; :r-ce~s or exi.ansi:n -s actually expansicn with

the ie1 4.wvry of h-t 4c the gasecus producls. tve curve of prcc-ss is

arranqed/locat ,d 4- coordinates z-v be:ween the curves n=k (adiabatic

process) and n=1 (isckaric process)

I<nv<k

whera nrp - index of the equilioriu, process of expansion.

The equation of tle equilibrium process cf expansion has the

form of

pv"P =const. (4.3)

2. rn process of stcazdinj reaction gases rocombination doqs nct

flow/occur/last. This piccess is called maximally unbalanced. The

composition of gaseous Froducts in this case does not change: the

oartial pressures of gaseous prcducts ire decrpas.d, but their

relationships/ratios retain the sane a3 at the nozzle entry, although

the temperature o! asecus products luring their motion along the

nozzle continuously is dtprass~d.
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The maximally unbalancel jcrcciss of expansion in the absence of

hPa' axchang with tl- c.ambar waiis i; comrls4.ely nralcgous

adiabanic: the che4icaly active w;.xture of gaseous products bhhavas

in the maximally unbalanced pioce.b of expansion as chemically inert

workirn body.

.,. can bi seen frcx F44. 4.I, work cf axpansion for th4 process

wi-h index k in ona and the Sale latarval of Fressures is less than

for the process with t~e index n.

~~i~2ii
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P I 1
P?

P2 2"2

V

F .7 .1-a : i.ybrc cs e c P t'" e nax 4 Ta l v irnal anc- (1-2)

and iax.mally -qu!librum to (1-2') axpansicn of gaspcus products.

Page 67.

During the maximally unaalanced expansicn nassous products which

escape beh4.nd the nozzle, take awal with themselves the entire

chemical energy which during the e iuilibrium expansion is converted

into the heat. Therefore this axpansion is least prcfitable from the

point of view of the energy engine characteristics.

3. In orociss of ex~anding reaction gases recombination

flows/occurs/lasts only Fartially. This expansion is called partially

unbalanced; its curve is arran~ed/located in coordinates p-v between

curves of equilibrJum and maximally unbalanced cf the processes of

expansion. It is depictEd in fig. d.1 is dotted line 1-2".

4.5. Fundamntal Aquations of the equilibrium process of expanding
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the mixture of gasas.

Thn ch-iically active mixture, thi be4ng mixture, which is th-

mi xt ir,? of perfoct gases, is subjact t) the equation cf state of the

perfect gas

p.
P-= "  4.4

where pI, Q, R: .anl T - Fressure, darisity, gas corstant and temFeratIre

of thq mixture of gases.

Gis constant R, is connected with the apFarent molecular mass

Pz with the following by relaticnship:

5 •4..

Value is" can be daterminad, it ar known r.ressure the mixtures

of gases p:. artial pressure Pi ana molecular weight t-" of each of

thqm, according to the fcllowing equation:

Uz (4.6,

During the motion cf the chemically active mixture of gases

along the nozzlq its ecucfsitior chaages, which leads to a change in

values R: and Ii:. i.q. ir contrast to the chesically inert mixture of

gases R: Aconqt and t -const
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For th ?quil1brium process of zc.)ans!cn valie R. it is pcssibi.

to eetirmine from twc rarameters or state (fcr oxample, T ar n)

however, this dptermination in practice proves tc bo su.fici-Rntly to

difficult onas.

For the unbalanced process ct xondirg th- -ixturi of la-

must be prescribed/assicned :ha 14w, -iich links the value P-

other oarameters of the sixture o qasas.

Page 68.

Inlex np detervine from tne xnown parameters of the mixture of

qases at the nozzla ontry and at che output/yield from it. We us0

equations (4. 3) and (4.4) and let us fulfill scmp algvbraic

convl-rsions, as a rssult we 4ill ottai

Ig cc-tA
np= PC 4RcTZ, ."

or taking into account relaticiaii/ratio (14.5)

Ig 
'i

n,. PC" r (4. 8,,
Ig-

Lqt us write the aquation ct the mass flcw ratf cf the gas

throuqh arbitrary sectcr cf nozz.a, which has area f:

M=IQW. (49)
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Lat is in~roduce the folloeia, designaticns:

F- expansion ratio of gas in the nozzlc;

ur - cr'icl! rressure e: ial;

Ic - nozzle axparsicn ratio.

For calculating tle paraaaterb inlicated are used the fcllowing

equations:

- (4.10)
Pc
I:P --- 2 -(4.11)

.- f (4.12)
/k

From gas lynamics it is known that if is provided coniition

PiJPxp<rp, then i.n what cross section of nozzle it is rot possible to

drive away gas to the sreed, equal to the local velocity of sound a,

i.e.. in any cross section W<a; if nozzle has inswept and divergent

sections, then the gas velocity duri:ig the moticn in the latter is

decreased, and its pressure increasas/grcws, moreover nozzle does not

create thrust.

I!
- .1a
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unci~r con.lition 7j; pFP:p t'U -att-a:n ef 'cflCW Cf gas i h

expaninq sqctin'n of nczzla snarjili changes t 11s v-lCC4itv

con~in'ips to b- i-c'eased, andi its pr ssurp, thpd tamoraturq and~

i~nstv -to be dpcr'-,asea. in this casi ths. nc'zzlq crcvid-s

S'v- soi " i.). -II~ 1 --A -

~i~69.

Uniger coriitlor thia=~ density of gas p continuously

falls, and its speed alac ccntiru,;usly jrcws, but valuo pw in tha

;:nsw~r)* ani Pxpan'iing sections cf nozz14 changes lifferlnlly. In the

range of subsonic speeds (frcm Wr,=o wa-n Oc--.c t~o WKp7aP4h - n /;NP)

oroduct pW incrias, s/grcus wita aa i~icr~ase in-snetad W; in critIcal

spc 4i-oa it 4is maxlmal. In tha rar.jr 3 f suF-:scn-,c sr-eds (frcm W ' to0

U:)4-ho? orodlict o'4 with an incraasa i~n the valocity is dacreased.

It is thawed as on the basis of -4quat.-.cn (4.9)

morpovqr value in is censtant for aach cross section of nozzle, the

nozzls must consist of series-ccinaected the insvept and divergent
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s-ctions. This .-. zzl is caliei L4val nozzi- (cn >ii. his r~vntor -

Swdish Cngin.4-)

o.cssary noi.z!p oxpansicn rati) / dccends cnly on indox 11 and

qxoansion ratio of gas in nozzl -

In proporticn 4.c an increAse in necessary valie ec value [, it

.s nicc.ssary to increase. At cc axnd t.IA! sae '11'i a necsSary

valui ic the less, the greater the ir ax np. Therefore the utilization

cf working medinm/prcpellants, wh.Lch ensure large index fp, makes it

moss' ib! to d!creasp the sizes/dimensions and the mass cf nozzle.

valuas 1cpf(ecn.) aze given iz appen x 3.

Thq nozzlo throat area can bQ calculated frcm ths formula

f p t4. 14)PK

where a - specific pressure impulse, axpenditure complex or the

complex 0. determined according to the equaticn

P A i4. 15'

Value A. dap-nds nly on iue, np, it are fcund by the formula
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Paq a. 70.

Complex 0 it is pssible tc calculate frcm equation (4. 15) or to

istArm.-n (--imentally (accordiacu t3 the results cf -nvir

testing) , using formula (4. 14)

,= P'f"c. (4. 17

A comparison of the real and calculated (ideal) values of

compl-x 0 can be used for the avajuation cf the perfection of the

processes, which take place in the section cf chamber/camera before

the critical cross secticn (sea § 4.7).

Cimplqx 0 for cherical RD in essance depends on composition of

fuel/propellant; for the bipropeLant it is determined not cnly by

the type cf compone-n4s, bur also by the coeffiofent of their mass

relationship/ratio x:

o4. 18)

whera ionm and . - mass cxidizar ccnsumption and furl per seccnd

re s.p.ctv. v. ..ly.
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Complex 0 can sprve to a Considerable degree as the

thermodynamic characteristic cf catmical fuel/propillant.

On the basis of equation (4.14) it is possible to mak? following

conclusions.

1. Necessary area LncreAses with increase in flow of qas (or,

that one and t h sama -f expenditure of iritial working

midium/propellant), cf ccmplax 0 and with decrpasa cf necessary

pressure Pm.

2. For increasing Pressur3 p,,necessary to increase expenditure

of m or to decrease area &P.

3. Expenditure m and pressure PK vary directly (if we

disragard/negl.ct certain deendrnco of complex 0 frcm pressurp pK.

Onq should emphasize that in accordance with equations (4.13)

and (4.14) the expansion ratio ci gas in the nozzle does not depend

on its expenditure: with an inczrease in the expenditure

simultaneously increase/grow values PM and pc (and vice versa), but

relation P,]Pc remains invariable.

The equation of Bernoulli for 1 kg. of gas, based on the law of
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cons;mrvation of enprgy, in connectir.n with crcss saction at h

nozzle entry (wq accept fr,=O; i to its exit s:cti-cn hnas ths

followina form:

in K 4 2 1 4 19)

med iti /or ctpel lant.

Paqe 71.

Thi total qnthaloy cf tae chemi.cally activs mixtuire of gases can

be calculated from the equation

t ;T f,4.20,

whpr:? cp' - soec~fic beat ot ch maixture of gases for tha isotaric

prociss taking into acccunt cb3 coursa of the reacticns of

dissociation.

Gas enthalpy i is called zte value, equal tc the sum of its

internal energy u and rctential jressure energy pv (where v -the

spqcti~fc volue- of gas), i.e.,

i-u+pv.

Gas inthalpy can be expressed also by the equaticn

i =cp,
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wher _ cj,. specific heat ot jas for the isoharic prcc.ss dithout

tak'nq into .cccun-k !- course ot th- riacticns of isociation,

i.a., for the chemical.y inerm cas.

The re.laticn of specific neat caracitv cp and specific heat fcr

k CI
C!,

At condition -,=0 all Other parameters of gas have maximally

possible for this flow values, i.e., ire stagnation param-ters (T-*, pt'

and so forth). In many irstances sise IWc is considerable general

speed w,, so that the latter can ue disregarded/neglected (i.e. to

count Wr,=O) withoat sgrificant damag- for the pracis 4cn/accuracy of

calculation. Subsequently undar tne parameters with the index "to" we

will understand stagnaticn paraxeters, but lower for simplicity of

pres.ntation sign *.

The exhaust gas velocity Dehind the nozzle can be determined

from equation (4. 19) :

=, 2 (LY. --kd. (4. 211

Formula for calculating the exiaust gas velocity bghind the nozzle

can be obtained also frcm the equation of Bernoulli, written in the

following form:

I~~ ~ - ...M-,-t
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H~ncan np, I 2

Hen"c

Paqj 72.

On the basis of equaticns (4. 3), (4.14) and (4. 10) it is possible to

write the following relationship/ratio:
RcT"e

R.T. ,e -'/p (4. 22)

Therqfore

WC=1 /'p RT, 'I~ -n1I (4.23)

The analysis of equaticn (4.23) snows that speed W is increased with

an .ncrease in values 1, ., a, and decrease in index np. But an increase

in tempqratureT '.leads tc tne ccmElication of cooling

chambir/camera, and with the iacrease of the expansion ratio of gas

in the nozzle and with tha decraase 3f index no are increasid

sizos/dimensions and mass of nozzle. Therefore speed Wc it is most

expedient to increase via an increase in gas constant R, (or, that

one and the sam", by decreasing tns apparent molecular weight of th-.

mixture of gases ;,).
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Thi maximum speed cf gas at rescribei/assigned valuies np, R an'

7 can be achi-wvd/roached in the uursly theor-tical case - in the

absenco of any losses and when ec-oo, and the latter is possible only

for infinite nozzl ' J--o) In this case on the basis of ealuation

(4. 23)

-, a,=l,'n -RT. (4.24)
np- 

4

6 4.6. ?nergy losses in the thermal rocket engines.

Prom the thermodynamics it is known that the cycle of any heat

engine is called the sequence of the thermodynazic processes, which

occur in the working medium/pro~eiiant of engine and which lead to

the conversion of heat into the work.

Let us examine the cycle of thermal rocket engine (Fig. 4.2)

with thA follov4.ng special features/peculiarities.

1. Initial is working body (fcr chemical RD - propellant

components) is liquid and is su~paied into barrel.

2. Nozzle exit pressure is e4ual to ambient pressure (oc=p&). This

mode/conditions thq wcrk of tha nozzle of chamber/camera thermal RD



Do C FACE

call calculated.

w-A ll alCne case pc=p---, :rr vhich t.e nozzle, which

operatas in th- design ccnditios, it has finite ,iimpnsions. Initial

pressure of working mepium/prcpeliant PA,=Pe=pIInto cycle thermal RD

1. Process AR Is rccass ofz icrcasigr- prqssurn (compression) of

lirid working me i um/Frcp-zllaz.

PaWq 73.

2. Process SK is pzccss of delivery of heat to working

medium/propellant when ps=pH=const

3. Process KS is piccess ot equilibrium expansion of gaseous

work4ng m.d ium/propcllant with index k on pressure P; up to a

pressure o p,.

4. Process SA can be presetecd only theoretically, if we

consiler tha t via branch/removal of heat frcm gaseous working

meium/prcpellant, which has parameters Pc, Tc and Q, it with the aid

of soecial devices is ccntinuciely condensed and is ccoled to state

A. At this case process CA wculd De evaluated as the prccess cf
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con pression when PC=PA=const. i a .Lh .at it is abstracted/remcv - ,

4! h-% worki-g ii .I'tr/Eropeliart.

Ar&a ABKSA on cprtain scaia aumerically is equal to the complete

(available) work I kc. cf workinj medium/prcpellant in the cycle of

- -" ''* :4 : thi cyc:,e is theor-tica i. i oos 70o.

'.-:. . .r ' :-' Ce iz Cs f + tctal t ln p ,

taken away toqqthir wibh the worxing mediun/rrcrellant, which

qscaoe/ensues frcm the rczzle.

Let us examine the ezpead.Ltures of energy and loss, specific to

thA processes, which take place ia the thermal rocket engines.

Process of tha ccmpressioa or wDrking medim/propllant. If we

Dlot alonq the ax4 s v s~ecific voiume 3f liquii working

edium/ropellant, ther area Adba is numerically equal to the work

which must be completed for ccirabsion. ard supplying the working

medium/propellant into the engine chamber.

Process of the delivery of aaat ta tho wcrking

medium/propellant. In the actual engina the heat to the working

uediam/propellant is supplied act in tae process BK, while in the

process BK; inherent tc it are spacifiz lc.sses, caused by;

i ~ um maDdog"
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a) by thi lissoc5ation of gaseous prcducts;

b) by the dispersal/accelardtion )f gaseous prcducts prior to

the ozzl" .try, which leads to a drop in the pressure (in

accordincs with the equation of aarnoulli);

c) by thq fr-.cticn cf worfing medium/prcpellant against thp

chamber walls (on s4?ctjcn pricr to the nozzle -ntry);

d) by the incompleteness of the c:urse of the chemical reacticn

of burning or decomposition (for axamFla, in RD, the worker on the

bipropollant, in ccnnection with rne impossibility cf the ideal

mixing of components) or the incoapletaress of the transfer of heat

from its source to the working medium/?ropellant.
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5 K

aa

Aa

Fig. 4.2. Ideal (ABKS) and raal atlbgsd cycles thermal RD.

Paqp 74.

Due to indicated losses the heat to the working medium/propellant

thermal RD is suppld nct in isobaric process (p=ccnst), but in the

process which by coordinates p=v is evinced by curve cf BK. The

lossqs of enthalpy in the procass indicatad are determined by area

bKk. They cause the decrease cf specific pressurp i-pulse 3.

Process of expanding the gaseous ?roducts. The basic lossps of

this process are caused:

a) by the carry-off of the total enthalpy together with the

working medium/propellant. This loss is unavcidable both with the

real and during the ideal cycle. Area CEOA is numerically equal to

the unused enthalpy indicated;
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b) by the nonparallelism of cne itrears rf the working axle

center of +h., noz2lp (s -ij. 1. a) ;

c) by the fricticn of worxinj malium/propellant against the

Z I

d) by thp effect cf tne ta~ering portion of th- nozzle (entry

loss intc the nozzles);

e) by the inaquilitrium of tae process of expansion;

f) by the branch/removal ot aeat of the wcrking

m-dum/propqllant in wall if caamo r/camera (lcss tc the

nonaliabaticitv of the -prccass cz &xpansion)

q) by the fcrmaticn of tha ccadensed phase in the process of

moving the working mo ium/propalla +nt -long the nczzle.

Tha losses indicated causa taw decrease of thrust coefficient

KP.

4 .7. Pfficiencies of chemical rocket qngines.



Losses in c~'e'ical RD ci-t;.mcite '.) energy and by p-,lse

Onra ff4c -3ncy (efficianci of cycle anti c'h~rs) characterizq

Thq cffic4: cv C! cycle % is thG zatio cf thp. wcrk :)t: cycle L,

to (-h-e'4cal ene:rgy, wh Jch is corta.ne d in 1 kg.- of f uel/oro pellant.

?'is :3nary indicated we will cali net cdlorific power. Let us

-Iasignati- it 4H. [he

L. (425)
H1pa (4

The efficiency of cycle it is possible tc sxpress also by the

TI'- 1?71,t, 1A 26) -

where i n:-- -efficieacy characteriziLag losses in the chamber/camera

ch*%mical RD, thp lovering spacific prgssure ipulss 0:

?f- thermal efficiency consiaering thq losses, connected with

the carry-off of the tctal entaaipi togither with the rqacticn

poroducts behind tho nozzle;
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'7' f.cie'cv characteriziaj other losses in the nozzle, which

lea! to 4h- lcrpase cf th : znr ust co tf f icisnt cf chambc-r/camer~ -a

PaqP 75.

Ef:ic!i-ncy Yv ost 4 rrace~s -a ILrCP of ccrp-te-nPss of ti-s

.ranfra~no h chemical aneigy 1 (.g. ofl tue1/propellant into

hqat Q:

Tp Q
H~~a6(4. 27),

Efficiency n1c and .9t are userminel ths efficir-ncy of the

process of the axpansict:

(4. 2 8

Efficiency r~. charAct erizes the degree of cczpletenass of the

transformation of the leat, which was isolated as a result of

chmi-cal reaction in t le chambar/camera, in the works of cycle:

Let us qxamine thermal efficiency it, considering lcsses due to

the carry-off of the tctal enthalpy by reacticn products as a result

of the finite dlim-RnsicnE of aozzia. Siaze to ideal cycle are specific

only thus-A loss-s, then v~-im where ?io - efficiency of ideal cycle.

in pura-ly theoretical case (lc-*.o; Pc=Ph=O;.are absent all fcrms cf
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loss2sj entire/all heat, onich was isoiatel as a r-sul], o- chemical

reacti:n, it is converted _nto the kin&tic snirgy of r acti

products (into 4he kinetic -et auezay), i.e., for 1 K7. of he

fuel/propellant

w2 a
Hp&6 - .30

cr

W ,, 1' 2HPA6 . (4.31)

Since in the case oc--O, in juestion then in accordance with eqo'ations

(1.20) and (1.4)

/YA ,,a ---1 "c,,

or taking into account relaticashii./ratio (4.31)

Iyi max== 1 2HP,6  (4 32

Thi ideal exhaust velocity oi the chemically active mixture of

gases is called the sneed at which considar ctly ths phenomena,

connected with the disscciaticn ana the reccmbination, and the

losseis, caused by tho finite disensions of nozzle, i.e., the losses.

connected with the nose cf the total enthalpy together with the

gases, which escapa behind the nozzl.. Let us designate the speed i"r

indicated Kinetic jet energy is equal to

C 112.

Page 76.

Thermal efficiancy is the .alatica cf kinatic jet energy to the
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workinj Theat nvoluctivity:

CV2'

or takina into acrouirt =-cuatjoa (4.31)

3y (~ii.aK~c l~c~~C4.2;) an (.4.241 lattlr/last

aolliaticn it i.s znosi4hlr tc raduace to taa follcwinq form:

qj = (n )JR-(4.33)

Consequently, thermal efficic-tcy depends only cn tha expansion

ratio of gas in thl nozzle and cn index %.

Valu.; ?I . as lua1 to one Caly f~r pursly theoratical case

Pxainnd abovp (fr-00'. P,--O; ec-00).

Thq formula of the theoretical spacific impulse, which

corrcesoonds to th0T id,,al eXhdU~t velocity and considering only

losses, estimation of efficieucy ill, can be cbtaineA from equation

(4. 32):____( 34

The actual specific impulse, i.s., th%- specific impulse,

conside3ring all fcrms cf 10ss3s, is de.3ignad frcm the quiaticn,

obtaingi1 by rep lacement Hpa.6 in e.4uatiou (4. 34) by ?roduct ij'?1^H6:

IyLJ = (4, 35)
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E-.rgy efficiincy are u .zi only for 1ualitative eval a'icr of

t or-crss-s, whi4h take piaci in tie chamher/camora of cheaical

rocke-t -n sinas,

c intlv! use Dulsc ef±ic.encie6. ri.y estimate th .osses of

directlv specific imnulse, namely thase losses are cf .reatest

.interest. Pulso efficiency desicnate by letter 0 and they frequently

call siply coefficient 0.

Pulse efficiency are coanactea with the appropriate efficiency

with the relationship/ratio

?V~Th(4.36)

Paae 77.

Coefficient - is thm relatioa ci specific pressurs impulse for the

rial chambhr/campra and the chamber/camira, which works withcut the

losses to the incompleteness of burni24, the fricticn also of other

losses

(4.37)

The coefficient irdicated is callea tha coefficient of completeness
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of sp-cifi.c pr-ssur- -. mpulse (Dy coefficient cf completeness cf

expenditure complqx).

If we use for the real chdaber/camera and the chamber/camera,

which works without the losses, "A=MIA and then

. -- 4.3W:

Consequently, cofficlant .(pp caarictarizes thq losseos, connected with

th impqrfqction of prccesses in tae c:mbusticn chamber (or

decompositicn) chemical RD and leaaing to the decrease Fressures in

the real chambar/camera in comparison dith the chamter/camera, which

works without the losses. Coefficiert ' is called also by the

coefficient of completeness cf 1rassura.

The coefficient of nozzle (c is the ratio of thrust coefficients

xn thq vacuum of real chamber/camera aad chamber/camera, which works

without the losses to the frictica and other losses in the nozzle

K • 4.39)

Taking into account of equatica (4.34) and (4.36) it is possible to

writ3 formula (4.35) for calcuiatIng the roal specific impulse

through the pulse efficiency in the form

sle .and . fc tut,.6.4. 40)
U~sually value Tq and j% suf f.ciexitly close tc uni ty: -;0=0. 96-0. 99;

(P ,-096 -- 0,98.
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Prouct. is called the solidity ratio of simcii icnul s; and

designate (i, i.e.

4. 41

Coe ficionr .
W- is 3q ia1 to 0.92- 0. 7.
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Ch a pt r 1.

CHARACrTPISTIC KIODI S Of 'THE iOJA JF Ti3RMAL FCCKET ENGINES.

5.1. Characterisq-cs o~f tharmal rocket engines.

Wit1h th- work of engiaa ia -.arc =3inositicr! of flight v4hicle?

usnally c flrTht altitudte a ard, ccrsiqu .ntlv, also ambiont

nr~ssui p,,. Thqrrfora ;_t is nec-asary -o dtermin- and to consiA,:r

the loependiences of thrust and specific jet firing on tha

hmint/al 4tittO of f2.1;ght i.e. iuactions Ph=f(h) and Ilh;f(h).

In1 chapter II i' was shown zaat t6a'3 pr-ascribiad/ass.gned

nara!Deters of trajectery of LA ara provid~l by a change in the thrust

ofRD, for which respacively caanjes the mass flow rate of vcrking

m'iium/oropallant (propellant ;cwponants) n.Thsrafore luring
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* -a2.cu !a- (ors 1- io C t .~j nij vai - -i tln,

S'h rUSt An s iC iMpUISe Ca ti-c sCc. ~,I. fl, nct--C.

Ph=f(rn) -A ' IyA h-f (m).

DiS~hararl cha.r;ct,---ristic. 'raw =Kpc3ndi4-ir, (tlircttle)

-nlin/roppllant (propallanz com~orn.An:s) at c-:"'stant valu-i a r-I

vac1T: l' ar ?DrT, f uztnr~aor?, w F x-=const.

Lat us wr4.t.- again equaticn (1.9)

Pht= A W"' l f,(P - P/ (5.1)

A changa of prcessiire p. into ths orocpss of -dork th-rrnal RD

laads to some changtes in tna couzsa of or:cqsscs in the

chambpr/ram-7a, fer -xamile to a caag- of dissociating thq gas~ous

Droducts and, consqquintly, alac valies T,,,RK and W,. Howevar, for ths

MYajorv tharmial RD mass flow rata per seccnId of working

milium/propqllant changes withir comparati4vqly small limits. For such

RD it is possible to consider that tae dischargq velocity W. on

depiands on i

From tho r-ma 4.n~ng parameters, F.rzaring aq12ation (5.1), on

consumption of ; denpnds onli pressure Pc. Lot us letermini this

Ippendence, i.e., fuinction Pc=f(m ). For each this nozzlea (fc=const)
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zxpans:in ratio t'- phase in nzzje -c is const-r,:. In ccer rc

with P1 1iitions (U.11) and (4.14)

p- = - = - ,,. (5.2)

L4t is substitutP expression (5. 2) ir equation (5. 1) Pnd lo is

PI, IV rn(5.)

Pace 7Q.

All values, antcr~ng in brac4at di nct de;pqnl on ccnsumFtion of

a. Consequently, the equation of dis:harge characteristic is the

equation of s-ra4.aht line (Fig. 5.1) which cnly for case ph=O (i.1..

for thg cas- of the wcrk of angina 4a the vacuum) runs through the

oriair of cooriinatis, and in all remaining cases transveree axis Ph

so that with ;=O P,=-cPh-

With significant reductica ot floe ra~e ; thermal RD can work

unstably or with the wcrk at tae level of sea due tc largp

overqxvansion (sea pg. 83) proceads tha flow brqakaway of gas from

the nozzle liners. Tn the latter case iill change actual valua Ic,

I.., it w.ll be dpstroyed tha initial conditicn of discharge

characteristic. Tharafcre its 3iuation is ccrrect tc certain level of

a reduction/lescent in expenditure/7on3uimpticn of M.

A
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as (13--j14,- Ir actuality ia this s tzti<n virvoI takis thq formi,

elqpicta-d in FPig. 5. 1 and 5.2 as dot-la~h. 14.ne.

Th_ anal a of th AS lCpp O C;IL : r-* 4~ C: -.11 ao rc

wu ari t ho f actor of pro pcrti.3r.ah: -iLz s Ipia 1 o~b~

a-cnriss4-in i-p -qu4icr (5.3) . ?or this fual/propcllnt (workina

ni-im/uropellant) valae a depanas cr.1y or. valu,,is W,- anI .7. For zach

this engine nartmetors Wc, ec and 0 can 6e ccns4-IzreS taking i;:nto

account thp not-d abcve assumptionb coistants. Therefore its

iischarge charactsristics, plotztd fzc different heights/altitudes,

are th-4 family of th;e parallal, lines (;c-- Fig. 5. 1) . A difference in

the thrust for the work in tine vacuuai nd at the height/altitude with

the Pr~ssurve of atmosDbere Ph 3.s :4,ual to IPh.
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Pzarctg-a7/ \L
I',f h fc ft arctga2 '7

.:.5. 2.

D7r i-. I. F a ch aract ri .,c t h r ma 1 R 1 wi-4' wc rk 4-' v ac wim

a7. 1 11-"qht/Iltituln witn pr3zsu:e Ph

: (1 Lower botin'ary of staole operTation.

Fig. 5.2. Discharg- charactarlstics th~rMdl RD (11 const; differqnt

valucs w"'

Paqq RO.

on the basis of equation (5J) t~hrust J.n vacuumt (p.h=o)

PA W (5.41,

With one and tho same composition of chemical fuql/propqllant,

and in th case of norch-emical -:hezmal RD - wi~h cr.s and th-i same
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dorkin~j me imn/orcrn-41ant dald 4i~nrtity )f acrolizd4 haat, Ihm-ciic

~ i-an b-~ ra-sc-, incr=.is.:i iczzl-3 excasi:n ASti -A WIS

show~n in Eha,+- 17, with inc:adso *Tlncraas- s the expansion ratio

of qas in nozzl- Ec.

tho lari-r hatina ncw -r (cnemiicai RDO) or upon tanszfcr to wcrkinq

bo'iv with thp smaller mclecular 4eiitt andi n thp case of thei

ipliverv tn 41 of a groaazr 4uanz3iLy of hI-eat (nonchv'mi al th-rmal

RD)

Fii. 9. 2 shows +hr discaazge chacicteristics of hsat engine-s

wit*, t1hei invariabl14 sizes/dinanasions of nozzls with ths work on

f~u,-ls/rnrooPllan~ s witAh diffrarent htzatiag ow: Th? charactmristics

4-ndiiateRd PrOC:%d '_rOMn Ore and tna SaMA fictic-;CUS point, sinc- ir

bothi casss f~p,,=const.

Fig. 5.3 iepicts the discaarge :-h-iractiristics of two engines,

whic--,i a:e characte-rized by onli uazzle expansion ratio Je. These

charactepristics transvorse axiS Ph at iiffpront points as a result of

a iiffrence in values f.Froa Fi4. 5. 3 it is evident that for one

anA. th~i samp pressure Ph witn i(il to core advantageous use nozzle 2,

and whin i>m' - nozzlq 1.
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F-)r th~e c--,nstruictje.n of dicn.-r hiitzmiz

arldit j3!nal poinl'. It :smostr cflva0Rfl: to iisa thrist -n -:h- :iomin-1

rati~ig, i.e., point Ph=Ph,M=~Mff

the .xoan :.tirn/-nnsumctici if worA-ng d/rccla t,1 *

fun(-tiin if tha tvyaf,,hfr) Lat us iivid left and th.: right si'ie of

This eqnation takes the following algobraic form:

x m

Obtainpd dondprce I,,.,-=(r) is brie equati.on of hyp.arbcla (Fig.

Value a is equal to specific im.npulse i-n thq vacuum, i.a., to the

martnm specific impulse of zhas engin-; it 4t is possibl-9 to obtain

from Rqliat~or (5.5) fer conditica Ph-0':

/ -W fo.6)
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workinq maldiim/nroo3=1lant zo:: -cnd--ic-i h=eonsl- snicific j-t :f.rin.'

-escanls, which is explained by avittion from th- nr.enina2. rating of

Ffur+'-rrMor'?, w-th ths. iaczeasc- Dz; -%x ~O*tir-cniip, of 1

and or-4ssurq p,; in '-h,: chambtrs/cdw~aa ZhRD is d ?cr%%ased in -rjpctor

D:-ssuIrq drop, !,h~ch makes tne atomi~a-:4o.i cf prooqllant compor~nts

aid th proc-ss worso cIf thear raackiLca. dow4.var, the caused by the

svp cia 1 f-aturps/peculiaritias ind;.cit d red.uc~ ion/descent in thq

suee-ific impulse is not considared by iquation (5.5).

It is expedieni, but is cnsidecaaly more complicaitei117 this

pow~r chan(q, w-.th whicn its s?.3cizz :.mpulsr- does not do-scend. Fe:

this, for L-xamnl-g, ZhD mus:z prcviaa tia following conditions:

1) cp'*=c fl.t. , the constana tnj-:ctc: prissura drop, whi ch

makes it Dossible? not tc impair tab 1uility of the atomization of

propallant componpt'ts-;

2) p.-=const, i.e., constant irasvari P, which p:ovilis th-

invarl-abis conditiCfls cf ths couzsi ~ the chqmical raactions of



11 PI=P); d4W2~~~.nC 1 c.:i,-,;or in th- cas-e cf t-

3-c'f~ ijt ff r-na incraasas,/gr-j5-. This mo'ie/contions lth'

work o' *h- cz~ rf- chamosz/,zamra ciJ.1 caic'lat. (slR j5.2).

'7 , Z- e~r a:a o a e c1jr-tc -3 5'' Or :oc' t o a c Ani~ i In

n~cri pllart cm~onont flow 4ih red uct ion /,!esc-4rt in

~e~d~i~e/cos ~ ctio m' or 1,ressu:- P,, it is -_creassd. So that

1-h or-4ssljrg p,, would rema.-n iavarie-b1i, it is necassary

simiiltinsously wi'4h a rf:duct ion/,desc? r: in expend it ure/consu mption of

~to rc sDeCtive1y lecrease tne nozz1a throat arsa hmp. In turn, for

:.!'or~~rv/mai~aiin~tna dhsign ccnlitions o: th-n work Cf

no:z1 with 14creasi m- ust Da proportional rqduced the nozzle 'tt
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~. 51. s~a -- arac:.irisics th- rTmi2 Ifl, which are

chac~z~by ?-rily valu-is ITC

A oow-r changi w.4 h tna ratantrion/pr-as-rvation/naintaining of

:.nvariablq pr~ssiirm p,, is usad %,ry iii~idua to the large

cornol~xity of tlis- change.

1! 4-nto comp-si-t-.cn of aU .3ntcr s~veral eng-ies, then thrust cf

:)U sufficiqn'llv simply can ba jradualJly changed with the

-sronnick-Ien of -- oarate enjines duci-ig th- inrvariable moIT of

oosration ofrman..
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Pressurq pi in the cass of the ac.:oun+ of +_h? adoptei

asumpti-ons dirfc+ly p:cpozticnal to t.is axpn;-.tu:c/consumpticn cf

tho workinq madium/prc, ell~at

PC - M.

Therefore dep..n ;ncasPAf(pK and vaA 1-(P,) ar analogous to

1'?pvndanc-, , Ph'f(;n) ~I~~~)

Altitude performance. In ;1.3 it ias shown that ths thermal

r.ck~t sng:.nq, which wczks in are and. :hi same moni/conditions

(i=const), d.?vlops different thrust ia tha dp1- nce or 4-.light

altitude LA.

Dqoendence thrusts thermal RD on -light altitude Ph -f() call

alt 4.tud! performancq.

L-t us write again equation (1.9)

Ph=P.-,. (5. 7)

Values P. and f¢ fox each gi.va, enginp are constant. Therefore

equation (5.7) is reduced to tae equition of the type y=a-bx,

morpovir x.ph. The pr.ssure of atmosphre Pi to a great degree

descends with an increase in altitude. Therefore the engine thrust

with an increase in altitude of flight increases/grows.

hltitudq. p~rformarce of ta~raal rocket engins is depicted in
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Fic. 5.5. S.i'cimpulse t~ara RD i.nalogous with thrust with an

4 ncr-4as-z in Rlt'1'lc, ef fl-Jpt itcroaslis/grows, what is thatir ar,4at

vIvantago and it .-i pr.nciplj ijfzers :-haraal RD frcm all othqr hpat

?n qin es.
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Pt _ _ _ _

h-0 Ipacq a

?ig. 'S.4. !enQn~len' of specific .pail~ the-rnat D oti
i x~p .it~l--/couD 4 en cf woriing a4i,, /rop~la.t (propellant

'cO mponvnts) .

Pig, 5.5. &ltttude perforaance t~erma1 RD with const.ant'walu .

Pag 83.*

5.2. o~es/con, t ions cf the vcr off The nozzle of chamber/camera.

Th3 nozzle of chamber/camara, which has the prescribed/assigned

expansion ratio fo, can wcrk under conditions, which are distinguished

by .ha r'lat 4.onsh5 .p/rat.io cf• t.ae gas pressure In nozzle exit s~cticn

pc and ambient, pressure, at g~ve , hei~ht/altitud. PA, among other

t h£ng5:

I~~~~ ~ ~~~ =kv 4 iIf IvlllI .- --
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1) Pc=Ph. ,jed/conditionj cha wcck of nozz! under this

condition, as his already been irdicat'1, call calculatai, and the

helh*/ati.t;i ,d a+ which the nozzle works in t . design conditions,

calculitod. Tha or-ssure of gas p, detirmines the so-called nozzle

iisign altijtudl. Thq less P,. zaQ greatr the nozzle dasign altitude;

2) pc>pl, i.P. gas is expaadad in the nozzl up to a pressurs of

which ;.s mor% than ambiant pressurc (;as expands incompletqly). This

mode/conditins thq wcrk of nozzle call system of insufficient

exDansion. It is sgecific to tae Qczzl3, which opqrates at the

heights/altitudes, greater than rated altitude. In particular, under

the conditions of underexpansion works nozzle any thermal RD in the

vacuum.

Systam cf insufficient ex~ansaon can be created, also, with the

work of engin, on stand. For tnis it is necessary to raise thb thrust

of engine whose nozzle wcrxs in the lasign conditions, increasing the

expenditure/consuupticn cf worting mdiu/prcpellant into the

chambar/camora. In this case will increase pressure Px. and,

consequently, pressure. Pa. so that to b earsured ccndition F.>px;

31 Po<Pk. i.e. gas is expanded in the nozzli up to a pressurg of

less than ambient pressurs. In tha cas4 condition Lh-Pk is provide-A

iti some !ntrool.iate cress section of nozzle. During furthqr motion

14,89so 'a
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along tho. nozz1-. it its cartaiai laiqti thr gas dcas nct blow away

from th-4 walls. ghrf: as is zEA!-:n'larg-1, ie., in th-a final part

of the nozzle its pressure is le ss thin thp ambient pressura. This

operating moda occurs at the halght smaller than the calculated.

In part 4 culir, Ih- ga ?rassuz-! in ncrz!l" -xit SactiJ-n cf th'

enqi.ae chambers of first stana ci callistic and snace v;?hiclis -4,:

usually sls.ct-44 approrriata. rhhref~ra ir tho b.aginning of the

oowerpi flight trajectcry of such rockets th4e nozzle~ of

chamber/camqra and qngine wortca uncer the conditions of

ovpr. zpansion.

The system of overexpansion also can b'i created with the work of

engine in stand. For this it is necessary to decrease the thrust of

engine whose nozzin works in th~e design conditions, decreasing the

ix pan dturoe/consunptict cf worxing medi-um/propellant into th'4

chamber/camora. in this case of pressurs p, and Pc rpspqctively w-ll

be lowered and will be ensurad condition Pc<Ph,.

In the process of the climb the engine nozzle of first stage of

ballistic missiles first works uzdtr the conditions of ovarexpansicn,

at rated altituds - sam moment/torqua of time in the design

conditions. and during further climb up to the disconnection - under

the z-onlitiens of indarexpansion, the degree of undertzpansion

--
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continuously increasing/growing.

Page 84.

Thrust and specific impulse o :aach this engine with the

4nvar'ab!- -ozzl- i-cmrtry ia ant LOm-r ! rat4-g av- gr at val'ia, if

thr nczz _ of a.-gine camDer works in the design conditi-ns. with thi

deviation from the desicn coaditioris, i.e., under conditions the

,inder;xoanson and the cverexparsic.-, value P, and Iy,, respectivqly

desccnl. Thera.fora when selecting cf pr-ssurq Pc one should approach

that so that the nozzle cf engive chamber would work in the design

conditions. Howevor, in tha aajcr2ty of the cases this is impossible,

and orqssure Pc is selected Dy such so that the losses of specific

impulse due to the deviation frcm the rated nczzle ccnditions in the

powered ohase would ba smallast,

The value of avfrage/mean spec±fic impulse on the powergi flight

traJictrv can he determined accordinj to the equation

A (e-P p(5. 8)

whorv P.p - &vrag-b/mean on ha powered flight trajectory pressure of

thi atuospheri.

we analyze thq modes/conditions of tho work of tha nozzle of
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chamber/camera, using equation (5.1). For thq (11sign conditions it

takw3 'he form

With tho work of the nozzle of -hambsr/camura under thq

condi~ions of ov-or~xrn nion(pc<pj jr~duct fc(pc-pt,) is negative.

-f_ h- usT wich -;ar werk of th5 nozzle of

~r-:oan~a in: ~ cadi -ioa& 3f ov-r--:c-:Pns4.on is 1-iss thar. in

the lasian conditions. The decrease of thrust indicated can be

explainmd also, examinicg the liayrams/curves of pressure on the

-inal ort of th% nizzl (Fiq. 5.*). Algebraic composit.ion of forces

which efect on the rozzle linar fxom within and outside, leads to

the zrsation of negative thrust. I1 we shcrten nczzla to lengths 1,

i.e., t3 decreasi value J,, tnen tae angine thrust will increase.

Fir system of insufficiant sxkansion(pc >P) product fc(p-p&) has

nositiva value. However, in this casa thrust is less than in the

Afis5ln conditions. Speed W, with he work of nozzle under the

con4tions o! undor-xpansion is so lass than in the design

conditions, that is provided the ineq,lality

Aw..,,M > M, +f. (P.- P.).

In order to translate tn* zAlA21 of chamber/camera from the

syst-m of insufficiont expansion to the design conditions at

invariable pressurA PP it is necessary to increase expansion ratio

J, for example by the elcngation/aspgct ratio of nozzle, which in
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accordance with 'quaticn (5.3) "iads to the incriasi of thrust. Th1

thrast !ncro-r*k !n.icated can be explained in the examination of the

diagrams/curves of orssure on tna iiaginary ex*.nson cf nozzli

(Fia. 5.7). !et force %ith the aiebraic addition of tho

diaqrams/curves of the pressure, whi=h effqcts on the imaginary

~x'v~w- 1,c i:~r d cu~s:,ea thT. firtct~rn ccircilzs wlth

t.'e th:us-. vqtcr. Consequently, zt- addition of nozzle to th

nozzle, which operates under the coniitions of unrerexpansicn, makes

it possiblA to .ncr-asp the an-inj thrust.

aqe 85.

D2pendenc-. Iai--(ph) caa oe .btained from -quation (5.7) by

liviling its riaht and left sila ;c the expcnditure/consumption of

the working mediua/propellant i:

f, Iph (5.9)

Consequently, dopendences Pi--f(h) and It,=h1(h) are analogous, and

if alttudq nrforiance is bilz n the form of graphs pjP.-f(h) and

4Ilyjthjyf(h), t.hen botb defandances are depicted as one curve.

Let us additionally explain conzept "critical speed" and let us

examine the special features/peculiarities of the work of Laval

nozzle, for which 144t us analyze zhs modes cf its operation with

differqnt relationshi ps/ratios c¢ the gas ptssure in chamber/camera PR

7~~~~. .- --- _ --- _
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and of ambi.n t prassura P

Lpt us Axamiqa Ihi folIowi.:y coiiticns for chamber oopration:

1) P=Pa. whqra -P3 - pressure cf the atmospher? in th. Earth (at

A-- lr', ! of s%1): ?r- 7url p.N by 1ar0vCstrl;

2) pressurc phrc-.rstantiy It is ,-ecr~as=d.

Such conditions can be provided, if tc buil4 up thqa

chamber/camera indicated into the upper air in the composition of any

rocket.

At a prl2ssur- of *he atospn.ze, only somewhat small3r than the

pressure Pm, of the gas velocity in the nozzle small; they

considarably lover than speed of scund, mareover the gas flow is low.

In proportion to lowering the pressure of the atmosphere ti e gas

velocity in the nozzle increasas/grows, remaining in all cross

sections lower than the local velocity of scund. In this case

respg.ctively grows the gas flow. Nczzle works as the Venturi tub.:

the gas velocity in the tapering portion of the nozzle

incroasses/grows, and in that expanding - it is decr.ased, the nozzle

creating no thrust.
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/Pt phi~

-PraI'ph

joran

Yi . 5.6,Fi . 5. 7.

Fa. 5.6. Diagrams/curves of forces of pressure, which qff ct en

nozzle liner fr'5m within and outsiae with wcrk under the conditions

of overzxpansion, and graph of cna.gq in gas pressure along the

length of nozzle.

Fig. 5.7. Diagrams/curves of forcts of pressure?, which affict cn

nozzle liner and imaginary extarsicn of nozzle from within and

outsids with wrrk under the ccnd-L-acns of undrexpansion, and graph

of changa in gas pressure along the length cf nozzle.

Page 86.

After the gas velccity in nozzlq thrcat vll achieve the local

velocity of sound, shar~ly chaages the course of processes in the

expanding secti.on of nczle; gas velocit7 aftir thA passage cf



cr4*4.cal cross s'.ct~cn dcis no: d ~c r., but it grows. Nozzle b-gins

to (1.velon thrust.

Further docras4q cf th- presur, of tho atmosphere no lcnger

affqzt. th gas flow through the nczzle, but it continues to affec-

t h I h rus : "' 6 -4as-s/j-c 4s wi-;-I' - ,h d- cr-.s a F; th rossur- c-_"

t f .tmosph.r- 'n1 tc pr;ssurt cf gas Pc b ccm'as equal to P1,.

In proport 4.on tc furthez decreasP of or-ssure Ph the

aftec-?xpansion of gas cccurs out cf the solid nozzle liners.

However, th. engini thrust contiaues to grow due to the decrease of

vroduct fcph in the formula of tArust and reaches greatost value Pu

(when Ph=O, i.e. in th- vacuum).

Lit us exaruinq altitude performances of two engines, which are

distinguishad only by rczzl. disi n altitude, moreover

fC>fC'&Vd hPCq&hA%

(Iipac- rated altitudp fcr the engire nozzlq).

The thrust of first engine (with the greater nozzle design

altituie.) is more in the vacuum and it is less .n the Earth than in

tho second engine. Ccnsequent.ly, the thrust of engine, which has

nozzle with the larger height, changes with the climb more sharDly

than th . thrust of engine, waich has nozzl . with the smaller height.
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' '!This sn.cial feature/peculiaziti of itituW perccraa.ces is

-xD~a4-n- ", -tuc4.,c/desct examine1 above 4 "P -nginq thrUSt in

nrooortion ti, he 1, v4.ation of t:h moio /conditicns of th:_ work of

nizTle from the calculated.

4%os 4 advintaapous tzom tha point )f via w of obrainin th

<:_-aa.st s'cf~.c 'mu!s is :a nczzlB, which -nsures ccnditicn

Pc=p i- any fl!.ht a!+itude. This nozzle is called nczzli with -

i'1ally variable height.

So that during the stapie operation of engine with in increase

in flight altitude nozzle wculd continue to work in tha dsign

conditions, it is necessary to increase nozzle design altitude

(axpansion ratio T, mcrqov*r vita the wcrk in the vacuum must be

orovided condition Je-oo.

Altitude n.rformarce of aagne with ideal nozzle examined above

4s t .h envolopq of altitude parforanc3s cf mctor line, which ara

characterized by only value j, (Fiy. 5.8). Altitude performance of

this engine passes through tha joints, which correspond to design

conditions of ths work cf each engine from the s$ries in questicn (in

oarticular, through pcints Phpcn, and PAIM12).

Paqe 87.
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1v ainel Lavil nczzle witn zha jradually variable height is

thc, '.wo-oos.+J- nozz1a cf toliscopic ;cnstruction/design (?ig. 5.9).

With transport and work cf ipagini at low altitudqs the mobile spction

of nozzle is located above exit sactioa of the fixed section of

nozzle, which nrovil-s ccmca:tn,.ss c=_ 3ngins, mcrcovpr f,=f. At 'n-

!irgs h' ght/ttu- .an sca1 coimand/crw with the aid of th-

hvdraulir driva 4 he chile seccion of -ozzlx is displaced to end

lowmr positien (for sxit section of th) fix.d section of nozzle). In

this case thi nozzlr oxit ar.a and, consequently, also valuis .c,

raspctively increase/grow. aeignT/altitude h', at which must be

given command for the displaceient/movament of the mobile section of

nozzle for an increaso in vaiua 1, cin be determined frea the graph,

shown in Fig. 5.8.

Altitude performance of this tw-Dositicn nozzle is th- curvs

BrI with thq frictura at point T (cm Fig. 5.8). Shaded area depicts

qain in tho thrust in ccmparison with angines 2 (area A) and 1 (ar~a

9), that have nozzles with an icnvariiale nozzle exit area of f, and

f,j v~spqct~v~ly.

The example of the nozzle the expansion ratio cf which can b.

smoothly changed, is nozzle wizh the shaped needle (Fig. 5.10).
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T~rsil arq? changas 4- thia constant flazzi& i 4+ arsa by displac-Lng

* the shap-mi w'ilhir the chamber/cirierat

In +-h;? ,)v-rvhelmirtg majority of thermal rockit Fenginqs th-

* tempariture of gases is sufficiently high. Because of the nac- for

* 'he issrti. complica'-,cn oi -:az rczzl-s ro4 on'-v W.th "'.1

smooth, but tlso with tte step,?ed varittion -xnansicn ratio in th -

contemporary enginps in Fractice do not usa.
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tie. 5.q. Altit ua p- crmances thermal D w th 3i frent invariable

nz~tl lesian al'itrde (1, 2) and altitude p-rformance thermal RD

w!.t h i- 'all y va t-*ab1-e I igh t (3),

Key: (1). continuously it changas so that at all heights/altitudes.

45. 3. Orccndurz of thk apprcximata computation cf chamber/camera.

In thi- spri'es/number of handoooks for the working

medun/proppllants (ccmbustion Fzooucts) ars given the values 0 ani

p, whi=h in tho apnrcx' maze compuzatioas can be with certain error

acceoti4 as constants. Then calculation of chamber/camera is obtained

sufficiently to simple cnes.
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F~ut~.'~ l. ) ~~ngiat.a acccunt Zc 1at'-Crsh ./rato (14.114) Car

Ne writ'*". in the fcllcwin.] fczz:

P. =Kp M.(510

During calculation of csnqine tarust p, is tie assiqned magnitude.

Thtlrqfcrc for calculating the taxpanditure/consumptiort of it at the

~ v'~~ ~ -a4 r-c zsady ;,3 i rmin, orly c in'Kp.

P- .- coss5.b12 -Io show tha-z v'alu3 KP with th?

nr~sc-ribsed/assiqnqsI wcrkiag 1ei.Lum/propellant (prescribqd/assigned.

aropqllant components) and the prascribed/assigned expansion ratio

fc depords rnly on values ec and A,-'

If we substftute values oi ; ar!A W, from aquations (4.14),

(4.15) and (4.23) into foraula (.)and lot of relat ions hip/rat io

(4.13), (4.12), (4.16) and (5.10), then after scme algebraic

cornv'rs:Lcns wo will obtain

A - n2 (ap" ) ( ~ ) f

-~~~ L _2~
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Fig. 5.9. Flq . 5. 11.

F! a* 5.9. Two-prisit5.C11 nozzle .3- to1rnscopic ccTnstruction/i1 sfgr 1

%xt~isiblq spct~on of rczzle; 2 u rackat for fastening of stcck/rcl

of hy aro- vire/h ydro-cc nduct or; .3 -cylinder of

hylro-v:Lrt/hydro-conductcr; 4 - stock/rod of

hydro-w4.re/hydro-conductor; 5 - muounting brack,,! of

hydro-v3.rq/hydro-conriuctor; 11 aa4 12 - length ef chamb~r/cauqra

haforq and aftor a~1vancement or section of nozzle.

Fig. 5. 10. Nozzle with shaped nasdip.

Page 89.

In J4.5. it was no4pd, that necessary nozz1a expansion ratio 1C

1 qp %nds enly on fl, an~d 9c; theraiorv thr'ist coefficient in the vacuiti
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is their fuintion, i..p.,

'7ilues Y F-!- n p froma 1.Ja to 1.25 and for e from 20 to 1500

ar" civan in ao".1i 4X L&.

*xnnd'I.,C~~m ~ m it i:.s pi.%sibl-3 to det,?rina snrccific,

A:-a !~ .s %vj'j 3iflj a-luat.Lca (1.51

while irma 1.-according to e.quarzkca (4.12):

1. -l.A,
*oroovor vptlue J, is detoraine41 on equation (4.13) and app.-Aix 3.

Af4.r ltccowplishing .ef calculationas irdicatel i+ is pessibl. to find

i,, an i I, fromi quaticr-s (1, 12) and (1. 23) .

Is exauinsl bqlov the exaapid of tha app~oxima~p cemputation of

the chimber/ea.'ra of czygen-bydroyen ZhRD.

Example. To detternin. values a, 4 .,P, and /.,, for

oxygen-hydroqon ZbRD, if are prascribed/assignod the following

paramtirs: Po-100 kn, P,.m!AO bar anu Pe-O,5 bar.

-ow---
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2. we d-siqn coef ficient K,- in ippand ix 4.* For t oD'P- =IO0.5-200

Co:pwar1 'o charo AP lin.,ar in1 tci raniui of c~anv' rm 1.2 3

24, 1.?C. ,4b~*- fctV ,a1.232

(1 ,7903 - 1,7807).0.002
KP= 1. 7903 - 0.0 78I,84.

3. Wo dotrin,% area I,

f~~p P. 100-103 0552 W
KpK1,7884-100-1O 03 059a=62h 2

4. we fjir excarsicn ratia T,. : hrotign appendix 3 for n.-I.23 and

-124 valup 4 is aquai to 1814 and 18.285 respectively.

Thqr-f~r,, for 49-,1232

A- 18.745(18,745-18.285)-0.0021.45002- 8C50

Consequtentl1y,

f. -7T~.,- ta.65M0- 104 306 mm'.

Page 90.

S. we 4eteriuine expendituare/consumption oO
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00 !1 ~ 2 3 .0 0
m'K 77884.2431.1 ZC.

6. Wa ldeqlcgr soaci tic impulse in vacuum:

P. 100- iOl
7. : 7- - - - -- 4,347,i ... ~ ~3

m 213.UU

7. W-1 f4-0 th.rut and siecifc imp-is at the leVAl Of sq&

ip-IOI br)p 3 P.-p~iIOOOO0Oi.01310'10436010' 8 42 8

P,. 89428
Iyz~ =- - 3888.2 gi -eextvz.

$54 3ffect. of th basic calcaazid paramptqrs on t~e sp-acific

imoulsi and the 5 4 zs/dimenscls cl ahamber/camera.

it 45.1 is ixaminod the alti~tud3 effect, of the flight of rocket

vehi~zli and flew rato per seccad to tha thrust and the specific

imoulsq of thermal rocket engiaes. Shows b~low the, affqct. of

differont calculated parametars on the specific impulse and the

s!.z~s/iiM,qns.oRq of thazzalSD
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C~r~~X~ ffa'sthe aad4.th zAcust in the O!±r'ct2y qroporticnj1

1.pendaflcq. lIn 641 it was noted, that -,he ccmplax 8 is hrova

ani1nt provort!: it cnly t3 t-ar l~w deqres- depends en valute s N~

and ~

It 4s pcss.bla *er show thdt wnra np=const ralation f~/p~l

not i~p, nd on valni 0. Actually/raally, if we cons-;'der squati.ors

(4. 14) ani1 (S. 10)e .wO will ootiin

P. P0AP p hKp

Index n, changes during tas uzilization of dif!@rant working

medium/propollants (prcfellant coaponents) in a comparativqly low

ranqa (see Table 10. 5) . Therefore ta~iag into account the fact that

relation J.BJP, i'eqs not depend on complex 0, it is possiblq to draw

the zonclusion/.Ierivat ica that alL types thermal RD of oni and the

sava th~rust areo appreximately/aseaelarily idsntcal with raspect to

sizes9/dimens.ons.

The qffect of indox a, or k an the sizes/d~minsions of nczzlp

(to Iegr*. of widening 1.) is exama.2el into §4.5. Let us additionally

notp that wl.*h an increase in icdex flp the lateral divergent section

surface analogous with value Is is dacruasod, which leads to the
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appr-pr4 at- 'cr-as- :'f tha mass oi no/zl4 anI s* -nllfi.s :h prob! m

of its coolinq.

The ef-fct of irdcx np an coexficien: Kp cPn I A rvFIluat63,

examining apenlix 4. The effect indicated is rplativalv small: with

ch ni nrm 1.'R ' 1.25 co.) r :ic4-n KP i n hv r -/ C 4h %

E, -20 an I by 16o/o when e,--1000.

Page 91.

Prissura p, rotcakly afiacts th3 specific impulse and thA

sizes/dimensions of chamber/camera thermal RD. With an increasa in

Pressur Pit to 80-100 tars [--dC-l.0 kJf/zm 2 ] at invariablo pressure

Pc specific pulse snbstantially is increased, but with further

incrsase in pressure Pu specific impulse increases/grows less

notiaeably, and in this case increased values Px are selected to the

greator daRgrqe for ths decreasa of siz3s of nozzle and chamber/camsra

as a whole, than for an increase in th3 spPcific jet firing.

In spite of the need for an increase in the qxpansion ratio Ic

at an increase in pressure Pu ard invariable pressure P,- the absolute.

sizes/dimenslons of noz22a (first of all, ar.a ic and f,,r) are

dicrlased. Thq speci.al feature/peculiarity indicat-ed can be

explained, using qquaticm (4.14).
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34th an increase in j~rejsar p, aL:aa f., is -:creas=.1

aoor 'c~ t~y/ 'ca~a~lyin Za:.i LV-3rsOlY proocrt.cnal *tpsrilencs.

Com'nlpx P~ w4h iricr-as- ptc insi In.z -- ant ly incrr-as-s/grows. Dum to

* the effect of oressure cn the sFec;.fic impulse fer the creation of

'h 3!,2. .. f1oki. WimProl

(oropellant comoonents) whicn iwals, as can be seen "com ;quation

(ti 1t), +Ii-h~ -- tifitcnal recluctior. in areaIH%

With tho docr,!aseh of pressure Pr increases/grows the specific

impalsp of chambor/campra but simu.&tineously they are increased tha

sizes/iimensions of nozzle (discharge area f, and the lateral

v 4 v-rg-ant secti-on sarface), whica Is uadesirahlc as a r; sult of an

incr-ase in th- mass of nozzle and increase of "he difficulties of

its cooling.

Thq spl~ction of cptimum values pw and Pe depends on type and

spacial f eatur,, s/pqcull.arities cf therial RD (S-, '.9. 2 and 6. 2) .

in a number of cases instaad of oas chambsr/camera in the

tharmal rockot qng.i'.s they usa several chamters/camsras, which have

hq same gross thrust. The effect of the division of unit

chamber/camera into n of cnaieoers/cameras is manifested in the fact

4'hat duiring -hA livi.s4 cr indicized aLs-3 increasls/qrcws their lateral
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'OZ7.LFS OF~ T C HVI 93PS/ CAME 3AS UF THS.IAL RCCKFT ENGINFS.

Th- noz1 of c1'amher/caia tbrlsral RD ccrv~rts gas onthalpy

Durinq 4-h- les,.on ct aozzies it~ is necessary at

or-scri/assignal pressure A, tc 4-iI~ o ;a rinimum of loss th r
nozzle and t.o ensure Alcr prescriDau/issigned areas fmp and fc least

DOSS4blp lanq~th and th-P lateral suizfaci of nezzlp, which gives the

Sqrizs/ninb~r of advanta~es, nasely:

a) is decreased tle mass of nozzla;

b) is facilitated cooling rozzle and chambr-r/camera as a whole4;

cl is decreased the hydrau~lic rasistance of the coolant passage

of nzzle (if it is cedled by the wc.-king ieeium/propellant, which

takes place between the double nozzle liners).

Pa 9?.
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During calculation of -acn ccncrat- nczzlO S is impor: nk tc

(Ind its optmal ncfile/airfoi1, ar jilso cutim al qecnet-rc

r a lati onsh i pc/ratios.

Tn c- _ d1s7z -qlusned circuLac co7zlps an-i nozzl-s W it'

inrer body (Fic. 6.1) Cn :th jecmctri; crm cf divcrgent s-ct-.on thr-

circulir nozzles are subdivided into taa conical ones ani slapod.

Conical nozzles (Fig. 6.2) satisfy with angle 2N, by the 4ua to

approximately/exemplarily 25-300. For prescribed/assigned nozzle

sxptns 4.on ratio with an increase i, In4le 28 c is dicreased tht. length

of nozzle and the surface of its malls, but increase/grow losses to

the nonparallelism of the streaas of tae flow of gas of the

longitulnal a.s cO_ nozzle. Conicdl nozzles are most simDl in thi

3anufacture, but they in the magnitude of losses and to miss

characteristics ari infericr to shape.1 nozzles.

Shaped nozzles (Fig. 6.3) are the most widely used type of the

nozzles of chambers/cameras tharual RD. They have variable along the

length of divergent section expansion ingle 29: greatest in the area

of crit4.cal cross srrticn and saliest in exit section. Such a

gqomstry provides the essential advantiges of the shapsd nozzles
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* ~ for~ cn-.c-il: w-', c: a and -.. zamti :aru= z'- ~ Kp ~r

,ir 4-b. mtss o" shn- nczzla.s, anu al~so t'-m s',irfar- of :-h=er -411js

is aaDroxiYatel/exemJ1plarily to 3O-5046'#* 1=-s t-an ir conical cn-?S.

Certain shortronming in th~e shapel nozzles is the relative

n~ cm 4 h arnufaciura.
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7* . . ,:.1 'j 6.2.

Vi. 6.1. T-new_ of nozzles of cbamos:'/cameras RD: 1 - shapedl 2 -

Tor;-cal; 3 -nczz!, c' intarnal xpa-ision (wih sk-irt): 1 - nczzlp of

,xtnril qxpans4.on w'th inner oady ii *ne fcrm ef cone; +a and -a -

,ositiva and n-gatl.vp angles of suzfaca slope of critical crcss

?4ia. 6.2. Duct/contour cf conical iuczzi .- cf chamber/campra.

73aa:: 93.

Tha characltrfstic faatura of nozzles with the inner body is the

fact that their critical cross section is ring.

Thp nozzle throat plane with tha inner body in the particular

case can be arranged/located parpendicilar to the axis/axle of the
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c hamb,,/ca'!'ra t~s _*nalcgous with c_:cular -cz.) .2,1t gr~at ;Zt

irlast arq oOf *1 so'-caled nczzi.-s 4ith~ th forced lsvjatjon of

llr w. I"- nlan.- o4 4-h.I-ur critlzal or ?s of c~css sect ion is

arranqgd/locat,;dr at c~rtain angle (positiva or regativf) to the

axis/ax1.q of chambar/camera (cm Fiy. 6. 1), which causes thqe deviation

:ndicitd 1_,.; toss~ble -so oo-caiLi 0iff?:c!'t cf *h- iistr-_b~ition of

thrust b~tweeqn t-ha -nnpr bodIy and th.3 SKirt.

1 +-h flow o-F gas divarg-j r- ij sld-I, cf irnsr body and

entire/all thrust is created by inter oody, than skirt can ble

=qmovol, in this case +he flow of gas, which ascapes behind the

nizzle, from thp outer side wiil ccme intc contact with the

onvironmont. Such nozzl'os call nozzl~s with the external expansion.

Inr~r boly i*s cmli % or -.runcazcd cons.

1! tho flow of gas divergas tc thi sidi of skirt, and entirs/all

thrust is creat'id by skirt, that inr body it is qxppdient to

satisfy by short. The flcv of gas is forcel against skirt and

occupiis only qpr _pheral voluma in tha walls cf, skirt. In this case

with the environment tcuches tne intarnal surface of the flow of gas.

Such nozzles call nozzles with the intarnal expansion.
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Nozz!.'s wlth thn 5rnsr Looly pcssass thr, xssnt_-ai advantag-s in

front of the circular nC2ZzlBs. Thrust, arriving per un-,- cl- &I-

surf-ice of inner body or skirt (esp.cially near the critical crnss

ssction wheret thair surface is almost perp-ndicular tc th4 aXis/axlq

of chamber/camcra), -I-~ is considerably more3 than tha thrust cf

circula- nozis T rqforc~ thi nozzles with the inner b odv

crust i,! circular ones whose walls arc arrangrd/locatnd at

siifIfici_-ntly small argjle to th4 ax:./axl-3 and muist hav - larqe- surface

for the croation of ene and tha sama thrust.
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Fia. 6. 3. Ccns+r,,ction cf the duc/czn-our of t-- shapi4 n:zzlr of

chamber/camqra.

Page 94.

The important advantage of nozzles with the inner body is the

automatic requlation cf expansicn ratia. During the off-design

conditions of tho work cf nozzlo tne flow of gas changes its volumq.

with the work under thp conditicns of underexpansion the flow of qas

is forced against skirt in the rozzla with the internal expansion or

against the innqr body in the nozzle with the -xternal sxpansion. T'V

possibility of the overexparsior c± flow gas in such nozzles

virtually is eliminated: gas is exiaod-d only tip to a pressure of the

anvironment, after wh.4.ch it olous away from the inner bcdy or the

skirt, 4fter all with fcrm, nozzles with the inner body provid- th'.

optimal expansion ratio of gas and high specific impulse with thq

work of engnT at any height/alt.itude.
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9ozz!s w4.h th inner Doy al- l3cat-d i- th- stoa3 cf

Invsti~at'ons, in'v for their irtr uctiorn in tli r-al

co-strac i.on'sI gns_, -g Is in prospjct of ov .rccm'-ng thr series/number

of d.ff.c'ilti-s - f-rs+ of all to -clv3 th- probl4m of cooling.
, -/c~r wit'- 'he nozzle- -a :' -- ~ s t~ri

n., rtS Whe - ;a uo s zs s cr cmp a ri-so r

*t U yl. n cham'-rS/ca:qris jzc-t~r surfac-. wriich must b?

cooled. Nozzles with t1.e innar todl have consii-ra-bly gr~atir

* r 4  r of crlt4.al cross actioi.: a3 it will b- shown in Ghaptr

vT, 4.r Ih- i tis cra s Ectici haa' fluxqs from thq gas tr

the wall have the grsatest valies. Fur:hermore, in the

chambers/cameras indicated hinders the delivery of coolant to the

surf-tcs of the walls which sust Dc ao~led.

$6. 1. Losses in t - nozzles. The s~l~ction cf form and exoansicn

analis pliffc-1.

The forms of loss-s in the nozzles were given into 4.6. Let us

sxamin4 thi losses indicated in more datail [171.

The losses, caused by nonparallel nature of tho streams of tht

working ax!i center of the nozzle (s-ee Fig. 1.6). In parallel to the

axis/axle of nozzle flow out cnly the streams of the working

---.
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dia~i/~op~.,arrarged/1ocat~d i.,j: ;? xis/axlr. of nczzlq.

7?=ma;n_,nq str-ans flcw cut uabin t!'_ aozz13? at certaln aagls to Its

ixiq/atia, *h anglR 5.rcrqasa.nj./qycwin. in prcocrtior to

r-~oa/lsac 'rem the axis/axle f n,-zzlpe.

OS~SI 'ni!Catlr (I~mt 'I'S d"191ata ::tS ;') frcn b,~ is qx)rEnss-;.

2

Ar-i qiv'n below values #1 tor somi angles 20c:

(9c 12 1-16120 1 24 128132 1 36 40

0.920,99511 0,99241 0,969 0,9%5I 0.9806 0,9755 0,9698
90 1-006171

Form ul a (6 .1) is valid f or tale :o-lical1 nozzle. However, 2L it is

oassib1i to txsa, alse, for tas sha -I iozzles, since copfficient 01

for thy.- d-ipends in iessence on angl- 9 in no3zzle- exit secticn, i.e.,

from angle Or'; *.!'ertfore for the saaped nazzlos

I+ Coq .

2

Page, 95.

wall-friction loss cf nozzle. Witli the flow of working

mdium/oropellamt about the, nozziw lin~rs appe-ars tho force, causal
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by the presence of the friction of working melium/prcpellarnt against

wa vlls. I A-crt.ass to a carzalr ect3nt.!- t!hrtuist force -f

chambqr/campra. For crescrioad/a.signe1 areas ;,., ;in; /,. -h lossas to

the friction descend with the Jacrease of th- 1nq;th (ani,

consaqunntly, of surface) of nzzi*, ani also with an imorovam-'nt in

'ho Dijty/_'.nish -if tE tz-itmuenz cf :a .int-rral. Surfac= r h--

wa113. 4all-friction Icss are astimatel by co .fici'nt 2a; =": h

nozzles ZhID 62=0.940-0.995.

Fntry loss into tl'.e nczzla. Abcve it was assutmcd that gas

reaches critical spoed (W=-ax) strictly in th_ throat plane. In

reality as a result of the compreasi n of gas jc.ts during thsir

motion along tho tapering pcrticn cf ti3a nozzle the pressure in th

central streams is more than ai)ouc its wall. Therefore gas in nozzle

l.rers sar!ior 3s accplerated/disjerse -to the critIcal speed and

crosses 4t over th- curved surfac4, which by its convexity is turnd

to tho side of expanding section of nozzla. with excessive camber in

the zritical cross section, and also in the region of coupling the

ducts/contours with the diffarant curviture can appear the large

nonuniformity of the field oi the velocitias in the critical cross

section, shock waves and flow arrikaway. The ncted special

fpatures/peculiarities affect tke character cf flow in the expanding

section of nozzle, causing tha aipropriate losses. In order to

exclud . tho possibl.lity cf the eatrgmn: of shock waves, nozzlq
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conto3ur is satisfi :!1 in thia forma auxfi:nr:t 'n1! anti smooth.

curve. Er'ttv lo5s into -t- nozz1G w~ll bc ICw, if we' cbsqrv- th't

followina rqlationshics/ratios duzr.g -:- ccnstruc-tion ef nozzi;

con tour (seta Fig. 6. 2):

11+ he r a Iius o f co u pI.n j t hi i - s~ vr i :t n i e n n'7 '~ S

2) thp ral5.us of c-cuplij cy'i!rt-7al chamb-' r wall with th4

taoring portion of +te rozzle

3) the angle of the tapering jpoction, of nozzle 20.,r-6--9O : hovevqr

frequently tho. conical section is absent, i.o., radii R, and R2 arat

coupled w.th each othor.

For ths constructlon of the uuct/contclr of profilod nczzle ara

recommendtqd tho follovirg relaticiiships/ratios (see Fig. 6.3):

Rj_ O,75d,m anti ri-O, 22 5 4i,

Paqta 96.

The construction ef the divotryent, section of shaped nozzle is

examined at the end cf the presenz parigraph.
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L3sas to 1 ;'r quiiDcjam ji thia prrcc:Ss' cf ax-,a-sion.

%n n~~
4 !P i r 4-~* rr -cZ in q lui.L tr -in v!''~l Cr c m p ty

vin halinr::0 -ioans"n) 'he specir.; 4im ilip" c~aqibar/campra (lascenis

hy 5-11 % in comuoariscn with its valut for t~a chuilibrium

m-14u m/nrcoal !an*: lo t~e walls. laim-sa lcsa !aDfl cn +.h- tyoa of

coolinari hamber/cavnora. If cnaaoer/cam~ri his t1 o coolant passaqp,

ard t1-, *ak 4 .ng cl.- r it ccolax. c !s 3,p'zoDrd *I-VI inside thct

chamber/caimqra, t1-4n tie lossas cz spe:itfic impulss as a result of

th- brinch/ra.oval if 'bo heat ct wcrklng meri4.im/provellant into the

Walls W4ll not ba. If chamber/camera dies rot have *+he coolant

Dassage, then 1-h, hqat fluxes, which came fxcm working

mad~um/prop-liart thp walls, give rise to the~ -. propriati 1oss-s ef

soctcific impulsp; in this case cz chamu)er/caviera it forevor .-adiatas

heat into the surrounding spda

Losses, caused by the foraation of the condensed phase to the

roc ss of ov4.ng the wcrkin q aeu ium/p -opellant alongq the, n o z z l p tn
a number of cases, for example with tha addition of metals into th"

fuel/propellant, in the products, which take place on the nozzle, are

formed thi particl--s of ta* condblispi 3has1z. A tempt-rature dIrop and

an incrsase in 6th- particle speea iqmains frcm a change- in thi
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z:rr-4ioondJna oaranz*-rs of jas, 4Lz conditi.ons thA lcss='s of

scifi-- impulsb: in ccrrtaia cisia th-s losses can ceciposs 3-10o/o

in~i moi

Expansion ainglo in excit s3ctaicn off shap"] nezzles is soqct~td in

-s 29, =21 2 0
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Fiq7. 6. 4. Tho 1dapeniqrice of an;.1as e, aid 41' or thi valuss of ratios

4a'rl, LnI relrup (num-rals en, the lines ii~catc- anacs r. thq ieg-:-s)

Pagoa 97.

During calculat4.or cf an~ji. 6, 2f the nozzles thermal 29 wi-th

the large hoight, intended far taa wor.-. in th- vacuum, it i-s nosSiblq

to use the equation

whepr4 Me-W~ia,,.

RiiUas rc-dt'2 cbtain Lroa tue th-irual lesiqn chanbers/csimeras.

The missinig for t!te construczion -f thap luct/contour (see Fiq.
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L6.3) valu'3s (anc~le 01 and * b l.ausyh )-f nc-zzlo 1J) ar-- dr-terined with

tho -Iii of 4-h'% gr-'. (Fig. b.4).

NOZZle Contour in the SJC.i~n frcu- Dooint B 4!o Fccint C 4is Ah :

oarabola, ConStr11Ct4 cr ty whi.ch is shoin in Fia 6. 3.

16.2. 3Sel-ction o4 -pt-al pressurE:

For the a~s-~ nins of :~sit i~s -xpzd4-Ilt to sv 1'Ict

this gis pressurp -.n nczzlro ax sfcticn, with which the mode of its

,!)aeration to the smallest dejree devittas frcm the design conditions

on the average along th~e trajectory of the powered phase (spe §5.2).

For the engines, intandad for the work -An cuter space, prossur-i

Pe can ho soilsctod as tc low cnas as ,.re and in spite of this

:Atqi ne)-zzle conditions will not be se-.ured. It is necossary to

iniicate that the s-1ection af very lod pressure Pe causes un'ber

condition pit-const, on or~e hanl, az incr~iase of thp - xpansicn ratio of

gas In noz-zle fc. and, ccnseqizentlj, spicific imotilse, but on the

other hand, !ncreaso cf tne necessary 3iZes,-dimensions cf nozzle?

(valtiq fe) and i.4-s mass. The cri.tbrion 3zf t~s s-!lnctlor cf prissurs

Pe 49s the charactqristic velocity cf r-)cket vehicle or its

stoor/ st q e.
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eor~s~fl~"-- ~r~ecf j~a.u~PC ;:c W-h 4-thn spr-cific imnuls-

ctv-rs th, 7!~c~F ar incriass ir. t-ii mass cf nczzic by tho

charactqriski4c vgolor~ty, so rhat thez litter 4incriaasa s/g rows. With

firther increase in arqa fc anI corra3: -nding decre4ase of pre ssure

Pc ~ w"'~ ncas ds~~s: of wh - r (1'z -r ± har. s

velocity is lecreased.

Th3 qzfact of a chdnje in the specific impulse and mass of

angi.na on '.h4: characteristic vaiccity 3f vphicl- is conveniqnt to

qstimatq so called mass equivaiert of specific impulse.
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Page 98.

Lat us write the equation of Tsiolkovskiy for the work of engine

4n th . vacuum whe- l'a=0. usin tsratis (2. 1) and (1.22)

and after designating relaricn nZaa-in'. through Ro.:

VXON = Iy.= IIn =ox.

Lt us d1 fferqntiate the c :.aired equation, co nting v..

=const:

O----d1YX., In R..o. -- 1 =.2 d1,o-

Of 4N~oR In.. di yj""od in o y.-- *

Laut us write the latter/list +equation through the increases
A f o I - n . n (6 .3 )

AKMR 'rYZ.11

Equation (6.3) Is the equation of the equivalent of specific

impulse. With its help it is possirle to determine, it is expedient

to increase specific Impulse via che selecticn cf lower pressure Pc,

or this increase becomes unfavoraale due to increase of mass of

nozzle. Tentatively it is possibla. to zonsider that to an increase in

the spacif!c impulse or cne percent is equivalmnt the decrease of the

finite mass of vehicle tc 10-15c/o; the value indicated, as can be

seen from equation (6.3), it depends on value fL,, of rocket vehicle.
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With th- lacr.ass cf the mass of the finite segments of nozzle

(for s.armplA, via failure of tna ccolant passagf with thg double

walls and thp transitic./traasfer tor the cecling by

radiation/emission intc the surrounding space) it is possible to

adrldtt.onaly ,-crpaso tressure p.. and to raiss sp cific imp u s /

In tha prosorcp of tze coolaat passage it is nPcessary to

consider the following shortccmin4s, connected with the decrease of

pressur pc., with an increase in area f and expansicn ratio A

(besides the shortcomings, caused ty an increase in sizes/dimensions

and mass of nozzlo): increases/grows hydraulic resistance of the

coolant passage of nozzle, and becomis complicated the problem of

cooling chamber/camera.

For the nozzles of the enjina chambers of the first pressur.

stage p, usually selects equal to approximately/exemplarily 0.5-0.7

bars [-O.5-0.7 kgf/cm2 ], while for the nozzles of the engine

chambers, intended for the work under -onditicns of outer space, to

0.01-01 baAs zO.-0.1 kgt/cm*].

One should emphasize that tha engines, which have nozzles with

the large height (i.e. with low prissuze p,), cannot be started at the

I5
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level 3f sea, since in this case tney dill work in the

modo/conditions of significazt cv;.expinsion; pressure on the final

nart of :he nozzle will ba outsida morn than frcm within, that it is

possible to ca ise tht warping of nozzl3 or the flow breakaway of gas

from its walls. In the latter case dacraasqs the actual value of

-10Zz!1 -. panio- ra-14C !..



DOC EAGE

paga% 99 4 hapt-,sr VII.

Th.rmal des?.gn nf th-rmel rociet ingin-s.

7.1. Procd0re oft the tharmal design of thermal rccket engines.

Da1ring th- thermal desiga cr tha chamber/camera of thermal

rockit enqines is 'letermined:

a) the specific impulse in vacuum /,.';

b) necessary flow rate per second of wcrking medium/propellant

(f uPl/propellant m;

c) the necessary sizes/dimensions of the nozzle of

chamber/camera - the value of arzas f,, and h.

For accomplishing calculation they must be known:

a) initial is working body (tcr tao chemical rocket engines

propellant components and coefficisnt x);

b) thrust in vacuum p,;

____; _
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c) the pressure cf wcz:ia4 m4u u/prcpallant at the nozzle entry

d) th, pressure of workinj medium/propellant in nozzle exit

Actually optimiun values P,. Po end ark previcusly unkncwn: fcr

their selection ar rqcessary special zalculaticns (see § 6.2, 9.2

and 10.6); however, in the tnerma.. design they are considered the

given ones.

Working body in the chamber/cameri of thermal rocket qngines is

the mixture of gases in which, ds it was noted in chapter IV, can be

founi substances in the liquid and solid state, and also ions and

electrons. Working body in the caamber/camera (for example, at the

nozzle entry and at thp cutput from it) in composition and parameters

in many respects differs frcm wcrking ediuu/propellant by the entry

into the chamber/camera (from the initial working medium/propellant).

The procedure of calculation of chamber/camera following: are

determined the theoretical values of specific impulse in vacuum

, the flow rate per seccnd cf working medium/prcpellant M,, nozzle
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thrcat arqa , an3 nzzlo axit area ft. In this calculation

consilar only the phenomena, connectal with tho dissociation and ths

recombination and the Icsses, ccanect3l with thp carry-cff of heat

anI chemical enargy tcgether with the scream cf wcrking

medium/propellant, which escapas oehind the nczzle.

Then are determined the actual values of the parameters

(/.=.; m=, ~ an f,.) indicatad taring into account all remaining

lossas.

Pag 100.

The thermal design cf caumber/camira thermal RS is conducted in

the following sequence.

1. Is found through tables total enthalpy cf wcrking

medium/propellant i,. fcr conditicns for entry intc chamber/camera.

In general in the engine chamber to the working

medium/propellant it is Fossible tc supply or tc abstract/remov, frcm

it a quantity of heat C. Let us designate tho total enthalpy of

vorking medium/propellant at tae nozzle entry inK. then in accordance

with the law cf conservaticn cf tne energy

In." _ Q=/.a. (7.1)
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2. Are dstermined temperaturt and compcsiticn cf wcrking

med!um/propellant at nczzle ea;zy, on the basis cf condition,

sxprssid by aqnaticn I).1).

3. Is desianed by ctaiaed composition cf working

-nil1,/nrop1.na' "c artropi iz nc7zli entry s, (soe A 7. )

4. Find t-ipera.ure and coirlosition of working medium/prcpllant

in nozzle qxit sacticn, considering expansicn maximally equilibrium

(see 4.4) and isantrcpic (s=ccast), i.e., entropy of working

m-dium/Dropellant at nozzle entry s, is equal to entropy in its exit

section:

SK=. (7.2)

5. Is detorminpd ty obtaiaed composition total enthalpy of

working m*dium/propellart in nozzle exit section 41..

6. Is designed Ideal exnaust velocity of working

uedium/propellant at nozzle outlot, jcrording to equation (4.21)

where total enthalpy mst be exEressed in kO/kg, and constant number

(2000) is carried out frcs under root;

W , =44,72V -1..,. (7.3)

7. is found through equaticn (4.4) the density of working

medium/propellant in nozzle exit section

c" *(7.4)
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Gas conf.34-t R, -.s clesignid ircm equation (4.5), mcreover apparent

mol-cular weight Is is fcund in ccaposition of the working

mzd.um/prcpellant (so. § 7.9)

8. Is determined according to equation (1.22) theoretical

s c 4 f..c i-IP s - vac 1um:

Iya.,=W"+C, f ' .9(7.5)

The unknown value of relaticn fcImn is determined from equation

.9): l. =

Mi QcWC g

Pago 101.

9. Is designed frcm equaticn j1.21) theoretical flcw rats of

workinq medium/propellant ,,. necessary for creation of

prescribed/assioned tbrust b,:

pat . IY . (7.6)

10. Is found through equation (.9) theoretical nozzle exit area

m' (7. 7)

11. Is determined according tc equation (4.7) or (4.8) index of

squilibrius process ef expansion np.

12. Is designed frcm equatioa (4.15) theore~tical value ¢f

complex 0:

Pe MW A ,. (7.8)A~p
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Value An is determined 4ccurding to equation (4.16).

13. is found through equatica (4.14) thcre~ical value of throat

area

- = r(7.9)

14. Datmr!-4 (., necessa-y) tr.c-itir31 valuis cf thru.st ani

specific impulse at the lavel saeds P, and I7 3. using 9quations

(1.12) and (1.23).

On this calculaticn of the caamber/camqra of thermal rockat

engines without taking into acccunt many losses is finished.

As is evident, in the taermal design d-termine the thermodynamic

parametqrs (i, s, R) cf workinj mediium/propellant in the

characteristic cross sections the chambers/cameras. For this it is

necessary to design the equi.Libria chemical ccmposition of wcrking

Medium/propellant: intc most cases (KhRD, YaRD, ERD) it is

sufficiently complex (ten and mcr6 than substances). Therefore the

determination of composition occupies the large part of the thermal

design.

7.2, The total onthalpy of working mdium/propellant.

In 4 4.1 and 4.5 It was sacwn that during the uoticn of working
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, " m/prop.llant along this chamDoL/:am4:a of tt,?rmal rccK.t anqirs

chanqs not only the er.thalpj ot c. w)ring cedium/propellant -, but

3lso its chemical energy. Tne 43neraliz3d parameter, which

-ncnpasses AnI * h.lry, ani chemical 3nergy of working

medium/propellant, is tctal enta.Ly i,. The concept of the tctal

't'uilnv is closely re&.ted #itb tte concept cf heat of formaio

substanZp, which Is called ta- guartity of hiat, isclated or atzorb,.d

with tho format~cn of the unit c: the mass cf this substancR.

Page 102.

Heat of formaticn cf suoszancr depends on temperature T which is

selected for the reference point. This temperature have parent

substances and to it are cooLed or are heated the end products of

ract on in the branch/removal fzcm th3m or the delivery to them of
the corresponding quantity of neat, which is heat of formation of

substance at a temoerature T and is de3ignat-d AI',T.

The chemical energy of suostance composes basic part of the heat

of its formation whose value is tn measure fcr a change of the

chemical energy in the reactica of for-sation cf this substance.

Stri-tly speaking, a chazge in the chemical energy relates to all

substances, which participate in the rmaction, but for simplificaticn

in its calculations ccrditicnally they carry to cne of the
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Fir convenience In caiculacas of the tctal arthalpy ara

intriducqd the concqtet cf ta* standari state of qlemen.s/cells anr

staniarl heat of forraticn.

Tma standArl stale c: ieaentb/:eLs is c~iled thpir stable an!

,os t widely usqA 4.n the nature szate at a selected temperaturq T.,

takan is the rc!f-rinc* oaint oi Cmathily, and at a rrrssure of

0 =1.0 1 3 bar [1 phys. at.], moreover ia the state indicated tho total

enthilpy of isliments/ce11s taxas ab eqaal tc zerc. Let us accept, as

in handbook [15], for the refarenct point temperature T=2930.15 K.

Stanlard state for hydrcgen, ozygen, flicrine and nitrogen with

TO=293O.15 K and o,=1.013 bars (I jhys. atm. ] is phased state in tho

form of diatomic gas.

Standari heat of fcruaticn ox substance is called tho heat of

its formation from the elements/cells, which are found in the

stariard state; this heat designae Aft',7.

Subsequently it is accepted:

1. A chanqe in the chemical *nergf with the course of reaction

relates to th- substance, formed irom tne standard elements/cells as
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i result of re'iction.

2. Chem 4 CIaX rargy d nest ot formation of substance ar--

cons' lmrvd rositiv-, if as resilt cf raaction he-at is atsort-el by

substan'-e, and negative - if, naa by t.aeu is allotted.

- -6o04al zn~*halpy Cf substaa4,e is equal to th-E- sum of its

r~eicil enorly, eval'iated nj aeat of formaticn, in, en~thalpy.

'"l-r'Afire tptkini intc account tra nr-t~l abeo,. spacial

fqatures/peculiarities it is passibla to write the following !or~tu-la

of t~e total enthalpy at an daitrary tomparature T, expressed

throaqh th. standard Pat of formation:

or taking into account eguatica ,4.20)

lbtaina4 arperifontally Y.AS .i/i' are brought to tables r 151,
whenc, it is possible tc taxe teem for calculations.

A iifforence in the total atnalpies of substance at

temperatuires T and To is dieteraintad in the most general case

accorl5ing to th~e toru'ila

7.11
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wher. *- - 6a capacity of sDsrarca in th'e gaseous (co, liq.i (cPi

anI soiI.. ,ra; sta t -;

- t of phase transformations (melting and vaporization)

and oolymnrphic transfcrmations of substance.

ThA heal o' ahase and polymoz)hic transfermatins Hand hadt

can.:ity cO anA 4-0 is dsterminea expirimentally; heat capacity is

nhas c-o th-y Iss.gn r 1].
Ip

Assuming that heat capacities rO and 4 do not depend cn

tpmperature, then a difference "n tha total enthalpies for the

substance, which at a temperature To i iccated in he solid, but at

a teiperaturp T - in the liquid stata, it is equal to

Sn--uT. =V .(T.7-T.) r-cT-T"8 )-- -- H? <7 12)

The values of the total enthalpy of basic oxidizers and fuels

are givqn in tables 10.3 and 1u.4.

For the cryogenic elements (ior 3xample, H2, 02 and F,) the

total qnthalpy is different from zero, while under the standard

conditions it is equal tc zero. Tais i- easy to explain: hydrog.n,

oxygen and fluorine under the staodard conditions are gases; for the

ligusfact!on of tha.se substaacus it is necessary to lead of them heat

in crier to decrease tle teuperatuze of gas to T=T., and to ensurq



DOC PAGE AI

th- rohas!: tran55formati-cn (coad~risation).

Thi valtiq of tho tctal antha.y 1 kg. of wcrk~rg

m-dium/proppilant noncleffical rikermal I~D, mcncpropellant and

compon~nt two- and ccmrcsite prcji.lants, whIch ara thc- mixture of

sqvna: 4-1;0 lual s'Ibstarnc~s ihi--r, ar3dis>~ *- ,z

doeslanp from the fcrrula

j-1

wher'? gi and i, - mass portica ana thi total. -thalpy cf the i

4ndiviiual substance; gipa - mass poraion cf the i solvend; Qi -,

hpat of solution 1 kg. cf tne i salvenl in the complex solvent.

Positive sign in fquazion (7. 13) indicates ingrpss of heat,

while sign "minus" - its literataion.

page 1014.

rf iadividual substances in tue, mixture are not dissolved4 jn

each other (Qjp",C=O), then formula for cilculating the total enthalpy 1

kq. of this mixt'ire tapes the fcllowinj form:

1-11

The total qnthalpy for two-ccapon-int fuel chemical RD is
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't;?-nei from fcrmnula, analojous f'oriula (7.30) (see 7.5):

'U T ~ + ('IO 7. 15)
~ +.

Th4 total ?nthalpy ct, tne MIXUC3 Of aSRS (COmbusticn prciticts,

decomposition or heating) depends cn their ccrcs4-tior and

temcrature and Is diosigned -from tnep f~rmul~

~ M -flJ3)~ of kilamclas oz the i gas in 1 ka. of th- mi~x t -r P.

o f casas at 4 ts t-moarature and i.resstire.

let us 19signato a number clf xiloimoles in 1 kg. of the mixturei

of the gases through M3 and lat us write the fcllowing

raolationships/ratios, kncvn from tiio thiermodynamics:

MZ=~ M,; (7. 17)

M,=p, M; (7.18)

7 .-I- (7.4.9)

lith their account equation. J7. 16) can be written in the followinq

formus:

(7.20)
I-1P
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whpr- , - th . otal entlhaipy or t s i gas which is '3k'-- frc-,

tablis (151.

Paqq 105.

, 7.3. Mass comnoslticn cf worxin m£ei/orcr-' tn.

The comoosition of wcrxing meuiam/prcpeliant is expressei by the

mass portions of equivalent components:
n, As 7.22 )

wher g. - mass porticn of tae j eleient/cell; ', - number of

atoms of the j element/cell in tnr molecule cf working

mediau/propellant; A3j - atomic mass of the J element/cell; p -

molecular weight of working aedium/propbllant.

The mass portion of element/cll they des -gnate by its index;

for examplP, Ho, - 4he mass portion of hydrogen in the oxidizer, and

Hr - in the fuel.

Molecular weight of working medium/propellant is determined from

the fcrmula

'-Itt'-- V , n.A,,. (7. 23)

j-I

During the check of calculations is used the relationship/ratio

'-S

~ =1.
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Example 1. To calculate the muss zompositicr of nitrogen

tetroxi5e N20, of 100/oc concentrarion.

',Ilution. we _!ni through foruli (7.23) 4he moleculr w=iqht r-

nitroqn tetroxide

t=2.14,007+4 • 15,999 9,010.

W9 determine frem formula 17.;2) :he mass cortions N and 0:

2.14.007 4.15,999N== 92,010-=0.304; O,.= 0.10 =-0,696.

We check the mass compositionz

N*,+O.. =0.304+0,696= 1.0.

Calculation of mass composition somewhat becomes ccmplicatqd, if

working body is the mixture of several individual chemical

substances, In this case calculation they ccnduct according to the

formu la

= ,g ,(7.24,
I-I!

wher g - mass porticn of rhe i substance in the orking

m.dium/propellant: g, - mass portic 3f the j element/cell in the

i-th of substance; it are detarmia&d from fcrmula (7.22).

Page 106.
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Example 6. To calculate tne mass compos.ticr of arrozine-50,

which is the mixtur. 5Co/o hidazr-e Nai 4 and 5Cc/c of ansymmetr. cal

iimot h7lhydrazine (tDMH).

Solution. We determine zha mass compositiot of N2 H, by fcrmulas

(7. 22) ar d (7. 2 ):

L.,yi 2.14.007 + 4 :,008 = 32,046;

4.1,008 , 2 - 0,874.
HrI - ,046 r 32.046

We find thq mass ccmpositicn LDMH, which has a foruula

H2N-'l (CH3) 2:

ILHnaMr =2 . 14,007+8.1,008-2.12,011 =60,1:

2.12,011 8. 1.008
C7 12 = 0,400; Hr- =- , 134;

60, 1 60.1

2-14.007
N'2  60.1

We calculate the mass conposition of fuel by formula (7.24):

Nr - N.H, -Nri + la M Nr2 - 0,5.0,874 + 0,5.0.466 = 0.67;

Hr  gN,H .HrI + =Hamr.Hr2 - 0.5.0,126 + 0.5-0.134 = 0.13;

Cr - mamrr2 = 0.5-0.4 = 0.20.

W. chAck the mass ccaposizicn of fuel:

Nr+H,+ Cr-0,67+0,13-4,20- 1.

G 7.4, Coefficients x and a,

The coefficient of the real relationship/ratio cf componqnts of

propallant x chemical RD is called the relaticn of the mass cxidizer
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consumpticn an(1 fuel F-r secona:

= '.' .(7.25)

Oxidizer !uel can be suppiiaa into thR chamber/camqri ZhRD in

different relationships/ratios, in t.is case in the fuel/propellant

and, consequently, alsc in the ccaDustion products can be contained

t - :s of nxillzcr or fu3l. F-1Is/?rop-l1lnts TPTT 1A %T a! e

can hav; an Txc-ss of cxidizar Cr uSl. Combusticn prcducts with th

significant excess of cxidizer cali oxidative gas, and with the

significant excpss of fuel - by reaucing gas.

Furthermore, is pcssible the so-called stoichiometric

relationship/ratio of ccmponents ct propellant x,,, with which the

quantity cf oxidizer, which fails on 1 kg. of fuel, in the

pr'icision/accuracy is equal to the quantity necessary fcr its

complete oxidatton.

Let us derive formula for calculating the coefficient xc,, for

the fuel/propellant, wbich consists of four chemical elements: C, H,

0 and N.

Page 107.

In general the compositicn of fuel is axpressed by mass portions

C,, Hr, Or and Nr, and the compcsi.4on of oxidizer - by mass pcrticns
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Co.Hou. 00, a n d .'

Lit us let'rminp the small yudntity oF Ox41iz-r (oxygpn),

nocessary for the complete oxidation of carbon and hydrogen, usiig

for this purpose of the equation cL th3 burning

C-' 0.,=CO .. 2

H2- 112 0.=H 20. ,7.27

Express is mass quan-.tias of eilaents/cells, enterinq equaticns

(7.25) and (7.27), in the kilcmclas or the kilo-atoms. Onq kilomol'!

of oxygen and hydrogen is 31.999 and 2.016 kg. raspectively, while

one kilomcle of carbcn dioxide and water vapcr - 44.01 and 18.015 kg.

respectively. One kilo-atom of carbon is equal to 12.011 kg.

Entering/writ.ng a mass quantity oi .l3ments/cplls in the equation cf

burning (7.26), we ottain

12,011 K4 C+31.999 02=44.01 X C0 2:
I K4 C +-31,999/12,011 4 02=44,01712,011 r5 C0:;
I K4 C+2,664 ,A O2=3,664 K CO2-.

In 1 kg. of fuel is contained C, kg. cf carbon. Therefore

C? K C+2,664 C, K4 02=3,664 C X4C2.

It is analogous for the *.luaticn 3f burning (7.27)

2,016 xg H2+'/2-31,999 02-} 18,015 5 H20;
I rq H2 +7,937 KA 02-8, 37 H2
Hr 9 Hs+7,937 Hr K 02 - 8,937 Hr rA H20.

Consequently, for complete oxilation C, of the kilograms of carbon

and Hr the kilograms ef hydrogan is necessary with respict 2.664 Cr

and 7.937 H, the kilograms of cxyjen.
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if in I kg. of fuel is coatainpi Or kj. of oxygen, then for the

complete oxidation 1 kg. of fu-31 iT is necessary to bring rot (2.664

Cr +7.937 Hr) kg. of cxygen, out ara less to value Or,(2.664 Cr

+7.937 H,-Or) kg. of oxygen. If oxidizir is pure/clean oxygen, then

c-Ilculation is r.)nrlsl c-d. Io4evar, oxilizer car con-tain v~lrc'In An!

carbcn, ani also nitrccen.

A quantity of oxygen in tas cxidizer is det@rmined by mass

portion 0o.. Thq Part cf oxylen from tae compcsiticr of oxidizer will

be expended/consumed on the oxidat-on 3f carbon and hydrogen, that

are in its composition, in this case for oxidation CO" kg. of

carbon is reqnired 2.6(4 C,, kg. of oxygen, and for oxidation

H. kg. of hydrogen - 7.937 Hom kg. of cxygen.

Consequently, in 1 kg. of oxidizer is contained ,0aQ-

2.664 Co.-7,937 H.) kg. cf free oxygen.

Page 108.

After the calculations indicated it is possible to calculate the

quantity of kilograms of oxidizer, necassary for the complete

oxidation 1 kg. of fuel.
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Le t us in odace the fcll:)iny !13ignations:
5=(2,664C, .- 7,937H, - Or

A (O - 2,664C,0 - 7,937H.,).
If for oxidizing 1 kg. tha fuel it is required B kg. of oxygen,

and in 1 kg. of oxidizer is ccntained V kg. cf cxygen, then for

)xilizinq 1 ka. of the fuel it is re--iireb., 2_ k--. of oxvqsn, bit a

value which is gretter ry is m~ay timei as the =itLu; V is less tlhan

onq.

Consequently, fcr the complete oxidati.on 1 kg. of fuel it is

required 6/v kg. of cxidizer.

Therefore the coefficient at ths stoichicmetric

relationship/ratio of rxcpellaat compo.ants is equal to

2,564Cr + 7,937Hr - Or (7.28)
C?" ZQO_-2,664C -7,937H, (

The mass oortions cf nitrogen, which Ioes nct participate in the

reactions of burning, dc not eater into the ccmpositicn of the

obtained formula, but tteir affect/action lies in the fact that

respectively are decreased the mass portions of the elements/cells,

which participato in the reacticna.

The formula of analcgous fcrm 13 ased also for calculating th-

coefficient x of tle fluorine-bearing fuels/propellants, in this
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case instmad of oxyger tha oxidizing element/ctll is flor.4.ne, anI

coeffizients in the equations oa burniag have ether values.

Example 3. To determine tne coefficient of tha stoichiometric

relationship/ratio of ccmponents cf pr.)pellant x. for

i.%ro a!la. ~N2n++ aerozine =5G.

Slution. We take the compcsizion of oxidizer and fuel from

9xa moles I and 2 Co,-0; Ho-O-: 0o.-0,696 No--0.304: CrO,20; H,=0.13; Or-0: N=067.

using equation (7.28), we cbtain

2.66.0,20 + 7,937.0jt3 t.S6ZMZ -- 0.69 -- 9. 2,248.

M~r the evaluation of that, how the propellant compositicn and

combitstion products differs from stoichiometric relationship/ratio,

is used the excess oxidant ratio, equal to the ratic cf the

coefficients of the real and stcichiom3tric relaticnship/rat.o of

propellant components and designated aD:

aw - .(7.29)

with th. excess of fuel ia the fuei/propellant the denominator

in expression x-mo.Jnr is nor* than in expressicn xc,..mo/mr;

therefore for the presext instance x<xcrn and .

Page 109.
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Consequantly, for the case of thw ex:ss of cxidizer in th-

fuel/propellant

> >I

For the stoichicmptric relaticnship/ratic cf propellant

compon~nts coefficiqnt a., is -qual to one.

In thi chambar/camara Zna usuallj providq certain Pxcess of

fuel, i.e., ao,<I (a.cz 0,7-U. 9 ).

8 7.5. Mass propellant cctposition.

If are known the mass porticns of chemical elements in the

composition of oxidizer and fuel, and ilso ccefficient . then the

mass portion of slementi/cll ia fuel/propellant gs, is determined

from the formula
9S == 9.1" + %910,, t7. 301
T I+ ,

where g, and g, - mass pcrticns ox slament/cell in tho fuel and ths

oxidizer respectivly.

The constrnction cf formula (7.30) can be confirmed by the

following consiieratior: value r is iqual to a quantity to a

quantity of element/cell in I cg. cf fiael, and value x . to

qnantity of elpment/cell in x ky. of oxidizer: therefore nuierator

as a whole is equal to a quantity of element/cell in (I+x) kg. of

7!
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fuel/propellant. Consequentij, zor o)riining the mass por ion of

eRlemn.nt/cell in 1 kq. cf fUl/jJ¢C llat-it is necessary expr.ssion

,.-- x to divi e intc value i+

On the basis of equation (7.3u) calculation of the mass portions

of-' *ha -!m-s c ! s -!i/,.:oi lan4-, wh'.Ch contains carbon,

hvIIroqin, cxyg--n and :'-- _n, ccxuuct through Ih- fcllcwing th:

for mu la:

C.__Cr+__ . t Hr3-HoKc
1+2. I + -

O,.+%O,, Nr +-N,)
1+%. 1+%.

Chemical propellant composition (initial working

medium/propellant) can be also expressed in the kilc-atcms of

qlement/cell cn 1 kg. ef ths fuel/propellant:
[91] , = , 7.32)

wh-r [3], - symbol of the j ca~sacal elempnt, entering the

propllant compositicn.

If are known the total mass prcpgllant ccmpcnent flow ; and

coefficient x, then, by using equazion (7.29) and relationship/ratio

m~m,,+*, it is possible way simple algebraic transformations to

obtai the following equations for calculating ths values -o,,; and M.:

MmM, (7.33)~ 11(T.1+3)
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7.6. ;z-ralFz! system c. ejuac;crns of the dc~tvrminat. on cf ths

ccTpos 4 ton of oases.

fcr : ining thp equiliariua couiposition of gases in which can

flow/s) .cr/last anv chemical reactions of dissociation. Such gases

-an products cf ccaousticn cr d4ccmpcs4ticn cf cherical

fupI/propsllant or 'te 1roducts cf heating wcrkirg medium/prcpellant.

Lat us introduce the followiny designaticns:

m - number of j Plements/celis, eatering this mixture of gases;

n - number of i gases, entering this mixture; z. - number of atoms

of thq j element/cell in the i gas.

Differenc-P m-n is a number cz mol~cular gases, entering this

mixture.

F3r the cipilaticn of the equations of the deteruinaticn of the

composition of the mixture of gases let us write the generalized

reaction of the disscciation of the i iclecular gas tc ths atcmic

gases, i.e., the reacticn of atcmization which taking into account of
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th.sa4 'icc~ptemd above lpsi~aaiors L? -4c t-~ f' 1lcwIni .:crmn:

i-e BeweCTEO-V' Z131.- ~ 34)
iI

K'y: (1) sbst ance.

For exampla, the reaction cf the itoto'-zatiCn of wat-e:r vapor

+ak-s thie lorm

H2 ---2AH+ 0.

Express through the p.artitI pteSsires cf a~SeS, Orntering the?

mixt'ire, the genc-rallzed eiuilibrium constant, which correspcnds to

reaction (7.34):

KI= 1'P~j(7.35)
P,

whera /7 is the symbol cf multiplication of ccmpcnonts of the type

,P,; Pij - the partial iressura or i a-zomic gas from the j

glemant/cell; p, - partial1 prassuz- of j mclecular gas.

For example, the equation ct equilibrium ccrstant, which

corrospondIs to the roactica of the a-.oiization cf wator vapor, takes

the form
2

PHPO

4 number of such -quaticns o~f 34quilibrium ccnstants comprises in-n;

frcin a total number ef gases, 3gual mn, it is necessary to aeduct n of

atomic gases which are immune tc. turther disseciation.

Page 11
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In addition to the equations indiated it is possibla cn thm

basis of the law cf ccnservation oi nass tc ccmFcse th- equaticns of

the coiservation of mass of ta eiemnts/c1lls: the mass portions of

each element/cell in 1 kg. of initial working .ediuM/prooDllant and

in 1 kj. of +h- n..',r of ;asas ;r. th 4 camnb r/rca'tra pr .  t

each cther.

The generalized equation of the conservaticn of mass of

slirents/cAlls tak-s tte fcra

[3 11 , = j ' M , , 7 .36

where. 13T - number of kilo-atoms cf tha j element/cell in 1 kg. cf

initial working niium/propqllant, d~termined according to equation

(7. 32) ; 31, - num '-r of kilcmolei ci kilo-a cms of the i gas, which

contlins tha j element/cell, in I kg. of the mixture of gases.

Actually i.n aquation (7. 36) a numbr cf prodlcts z.1 not n,

but it is lass, since in some i gases the j element/cell is absent

(number z, for them is equal tc zero).

& number of equaticns of the conservation of mass of

elements/cells is equal to taeir aumber (r).
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Express is ;quat.cr. (7.36) .nLcujh thp part4 al pressur.s of i

gasas, Ahich contain te j lemenz/cell, using squaticn (7. 18):

[1 11 = --: -l,

or taking into account relatioashij /rttio (7.32)

-- - "': O. !7. 37

In ;,cu1ia4j n (7. 37) appear two unknown values - p a and ,

However, at orpocribed/assignel pcessulre pT it is pcssible to use the

equation cf Dalton which for the crcss sections at the nozzle entry

and at output frcm it takes zhe following fcrm:
-01 1

P !- -=- P .- = Pt;

7.38
i-I I

Value tW is determined oy equation 17. 17), but it to it is more

convqnient consider additional ubxnown.

Pag, 112.

Consequently, the generalized system of equaticns, utilized for

determining the compesition of sixturs m of gases in which can occur

any =hqmical rpactions, consists of m+1 equations into number of

which they enter:
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1) (m-n) the equaticns of tha constants cf the chemical

-qiilibrium of thi roactions cf atcmization (7. 35)

2) n of the equaticns of the conservation cf mass of

elemants/cqlls (7.37):

3) thc equation of Dalton (7.38)

k number of unknowns is eiuai m+2 (m of partial gases, Ps and

Al2).

The obtained system of equations can be solved in two ways.

1. Values p% and Wz formally recognize by unknowns, and n of

quations of ccnsprvaticn of mass cf ilements/cells (7.37) taking

into account equation (7.19) writa/record in the following form:

I-A

A,. q zjpij

1-1
93 ," - (7.39)

2. One of equations conservation of mass of elements/cells

eliminates by divistcn into it ct cther equations indicated (in this

case it is eliminated also relataon M2 /pz). This method widely is used

qspecially with a small rumber cf elaments/cells in the working

med ii m/prcpellant.

I - I I I ' - I_.. . ..... .



DOC P AG.E

The o iaiiRd systam of aquatLcns they scive by succzssivs

approximations. with three and more alements/cells in the comcosition

of working medium/prcpellant tue solution of equations is obtained

sufficiently to bulky and worK consuming cnes, in ccnnection with

which carry it out in elc-:.rcnic ccmo iters C2.

I cqrtain casis, tcr axampl for calculaticn ZhRD, which works

on the fu-i/propellant ef oxygan~nydrogen or filcro+hydrojan, the

system of equations can te solved, al3o, with the aid of the adding

machines.

Is Axamined b1cIw the method cf the solutions of system of

equations for detrminirg the ccmpcsition of working

mrdium/propellant based cn the exampla of calculation of composition

of combusticn products in the ctamrer/camera of cxyge.n-hydroger ZhD.

8 7.7. Detqrm_.nati.o, of composition of combusticn products based on

the 1.xample of oxygen-hydrogen fual/propellant.

During the reaction of oxygen with hydrogen (n=2) are fcrmed the

following gases: 820, C, 02, H2 , C and H, tberefcre, a=6. Let us

write four (m-n=6-2=4) pcssiole ones of the equation of the
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qqtquilibrium constants ct tne r3acticns of atcmization, Using equaticn

(7. 35): 2
Ko, = O (7.40)

"H.s = -i (7.41)
- PH,

(7.42)

PHQ

Paa~e 113.

?or the f'el/propellant oxyyen + hydrogen mass portions 0,,,=

an4 H,.1; therqfore the relaticn mass of the Forticn of oxyge=n and

hydrogen is equal to x or aox(Ter. Taking into account this and using

equation (7.39) , lpt us urita rh6 equaticrs of the ccnsprvaticn of

elements/cells for oxygen and hydrcgan and let us divide their one

into another:

Taking into account that 2X~x (see j 7.4), and
1.008

int.roduncinq valu" a-ato/2, latcer,'1ast equaticn can he written in tho

followi.ng form:

a=2PO, + Po+POH+PHO (.4
a pf+H = (7-242 PUP+OH+2PM'O

Let us write the Fguation ct Lalton for the crcss sectien at thoe

nozzle entry

PZ=Pu-PO,+PO-pH4~PH--+POH.- PH. (7.45)
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Uiqations (7.40) , (1.41) , 17.42) , (7.43) , (7.44) and (7.45) form

IhP sYstpm whose solutcn maxes ir possible tc detrmine ccmcsiticn

of combustion oroducts cf oxygen-hydrogen fuel/propellant at the

prescribed/assigned values oi tbeir temperature and pressure.

--ilition is conducted It a Dr~scribed/assiined (it is mnor%

acc - , selected) -aoimeratur-a. 1he values of .quilitrium constants

Kn, K 0, Ao, and K,4 0 fcr the temperature indicated take from

handbook [151, whern tley are given in the physical atmosphere (phys.

atm.) ; thereforp pr-scribed/assigred pressure (p,-_pK cr pz-p,) also

must be expressed in tte physical. atmosphere. for example, if

pressure is prescribed/assigned in the bars, then is used the

relat ionship/ratio

P 4iis. 1,013

Thoe obtained system of .paaqrans they solve, after assigning

pressure p... on the basis of equation (7.41)

pH= V/KHp.

Lot us write equaticns (7.43), (7.42) and (7.40) in the

following form:

KO ,O PO; (7.46)
HO

PoH="K--oHPO; (7. 47)

1 2KOO PO.(7.48)

Page 114.
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Let us substitute latter/last eluations into aquality (7.44)

2P 2

p7 p+P o ' PoP

2P.+ P1,+ PH 2p

The obtained -iquaticn is juauaatiz equation rflat!v.ly Po; th-

o-uation inlicated it is possile by algebraic transformations to

radtice to the Oollowino form:

K-- -- a - I) po-a 2pM.±pH)=O.

Let us designate expression in the brackets by letter A and solve

equation relatively Po:

A A2- 8 a(2p.+pH) .49)

Ko.

It is necessary to note that there is cnly a one system of

roots, which satisfies any system cf equations in question. for

example. if during the scluticn of equation (7.49) are obtained the

positive and neqative 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 lpast into cae of equaticns leads to the negative

value of th" partial pressure of any gas.

i
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Aftor deterinirg ressare po. we fin4 through eguaticns (7.46),

(7.47) and (7.48) prossure PH.o, PoH 4n! P0o,

w4 daterm4 nq tho sum of tas partial pressures:

P-=PH --P P.0 Pon- P0Po,.

f p, >p , t.hpn they solve systm ox equations in the second

appriximation/approach, in tais case art assigned by new, rduced

value PH,

PH,

vhen pz<p th-y are assigned oy increased values p,,:

Paq 115.

It is usually sufficienz thrbe, maximum cf fcur,

appr3ximations/a.DproacFes, in crder to with the lw errcr (not mor

than +-lo/o) was provided the equation

P! = PK.

The solution of the system iadicated is convenient to conduct in the

form of the expanded/scarned table (sea Table 7.1 V § 7.11; numerals

in the brackets of table designata the number of line).

7.8. Daetermination of the parameters of combustion products at the
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nozzle rtry.

For dqtrmining t~e basic parametirs of chamber/camera i- is

necessary to dssign crl) twc values for the entry into its nozzlo:

the apoarent molecular weijnt at ccmbu3tion products (or gas

constan' : - their entropj s,. Thiever, for f-ir ti'l 1 --

rquir3 to calculate temparatr. and compcsiticn of combustic

products on thq nozzle entry, 4nd tor :alculatinq the latter - total

qnthalpy cf- products at three te.peratires.

The apparent molecular waigah of coabusticn prcducts is dqsigned

from equation (4.6).

Lst us examins Pquations fcr calcilating the entropy of

combustion products.

The entropy of individual suostances depends on their structure

(chemical nature), tem erature and pressure '.

FOOTNOTE 1. In more detail aoout the entropy see (18]. ENDFCCINOTE.

In handbook (151 are given tAe values of entropy so in cal/(mcle-deg)

at the standard pressure po= 1 of pbys. atW; values sot undertaken

from handbook C 15], It is necessary to corvert according to the
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for - 1

S0 [K&Y3 P(KMO~lb - pad) J= 4,187 SOf Ka,7 .VO.1 b - Zpw3a )

Key: (1). kJ/ (kmoleedeg). (2) . cal/ (moleedeg)

The entropy of individual suasta ce at the arbitrary pressure p.

-'- in thi phys. atm., is Lrtrmired accordng to the qquaticn

sp =So-R In p.

Aftr substitutirg into taa latter/last equation value Cf R=8215

n-m/( kmoleodeq)=8315 cf kj/(kzclJedsg) and after consilering

rplationship/ratio In p=2.303 Ig p, we will obtain the following

formula for calculating the entropy in KJ/(kmclede9):

s,=so- 19 ,135 Igp. (7.501

Page 116.

Entropy the mixtures of gases of lifferent composition, such as

are products combustien, design zzcm the formula, analogous (7.21):

I -!

which taking into account equation (7.50) can be written in the

following final form:

I--I

(sop-19,135p, Ig pi)

-(7.5 )
SPZ l--n

i-

i.e .-
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Tempraturq anl conpcsiticn of coou-ticn products at the nozzlq

':ntrY ditirlin- by u~ilizaticn a,jtioas (7.1), which for the

chamber/camera of chemical rocxet engines takes the form

i,.,=[i,.1*,, (7.52)

wher a  
- the total enthalpy of fuel/propellant at the entry into

*hq 71'ihir/cam-ra; 11"'. - tne cctal enthal.y cf ccmbastic-

aroducts at a tsmperature T,.

Calculation +hP tPmleratures ard compositicn of combustico

products at the nozzle ertry conduct i the fcllowing sequence.

1. They are assigned by tesparat'ar T, in area of expected

value, which can be taken from the thermal calculations which
were made earlier, from tables (in particular from Tabl eO, e10.

2. Is designed composition of ccanusticn products at

prescribed/assigned tesFerature employing procedure, examined into §

7.7, or employing cther procedures (38].

3. They calculate total entnalpy of fuel/prope-llant i., and

combusticn products 4.. at temperature 7. according to fcrmulas

(7.15) and (7.21).

4. Will bq brought in ontained value ",, fcr graph i,.x-f(T,). The
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total onfhalo{es of thp coiuscoi prolicts of chemical

f'iels/prop-llants 'ave negativa vajues, so that tc mor ccnveniently

buil graph i.R=f(TX)

5. Compare obtained value ju with total enthalpy
fiz~s/nrczlla If - va!u4 i' -- ha- C>1

value i=, then it i recessary :o assign grsat -r teipperatIre 7T an

vice versa. For tha ccnstruction ot more acciiratm graph =iIT, tty

ar9 assigned by thrpp values of temparaturp T, and are designed

composition and values z. for each of its values.

Pago 117.

6. Build graph iuN=f(T,) (?ig. 7. 1) and find through it

temperature of products -comous:ioa on nozzle entry T using

rslationship/ratio (7.!!).

7. Define classification 3f products combustion at obtained

tapprature, for which cn three points (T, T7 and TK) are built

graphs pj=f(Tx). Graphs it is convenient to build by those combinld

(on one sheet), selecting for aacn partial pressure such scale so as

as fir as possible tc use entire field of sheet. Fig. 7.2 shcws

finding partial pressures pHo and POH graphs PH,o=f(T,) and POHjTi.



DOC =PAGE

8, D~t~r'nr. apparent mol u.=r waight cf products combustion

at obtained ta-p-rature, for 4nich is buiilt graph Pu=f( -.

Va ac sa r I L-fcrtepat-rq T7 T ani r: design from

equation (4.6).

q. ?ind through =auaticn j4.:) 3as ccnsta-6 cf _ ro c-s

combustion on nozzle entry.

13. Determine acccrding to aluation (7.51) entropy of prcducts

combustion at temperatrzes 7,. T,, and T, and graphically at

tpmpqrature T, is fcud entropy s, (see Fig. 7. 1).

Calculation -xam 4 red anova as conveniently ccnducted, filling

for teRpoeratures T., T. T- and ontained temperature T, table 7.2

(ses & 7. 11).

The sums of calculation at tamperazures T., T, and T. and also

the results of graphic ccnstructln will bring in in table 7.3 (see

7. 11)
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ps PCO

valuest 44 ad -;

three~~T sTce vaue TT;a.d-

Key: (1). Unknown value.aue
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7.9. Dptermination of the pdrlneters :f combustion products at the

noz0z outlet.

Calculation of thc Farameters of combusticn crcducts in nozzle

exit sqction in many rrsFects is analoJous tc calculation, examined

in 7.8. Differencas ccnsist ia tnae fact that instead of equation

(7.2) is used equaticn (7.2) and irstead of conditicn p, V pi is
iftl i-I

provide4 condition Pc=p.'

Due to a comparatively loi tamparature cf ccmbusticn prcducts at

the nozzle outlet some Lartial Frassures (for examcle, Po and PHI are

very low and it is possible not to consider them during calculation

of the parameters in this cross section.

Calculation of tho parameters into the outlet cross section

nozzles conduct in the fcllowing sequence.

1. Given by tentative valae ot ind-x of equilitrium process of

expansion fnp (e.g., from Table 10.5), is determined cn formula (4.22)
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?xni:td tqmoeratu'i of combus~i~a or~lucts at nozz'r- outimt (w e

acce-nt P=~

T, :: T, P c) (~
2 Hp7.53)

2. T.hqy are assign~ed by tarea valu~s of temFperaturm- T,, T, andi

rc 1-ra of -x),ctFs t~fiLezatuza, i-,l fcr each ialue T, .s -43~

composition of pro~1ucts ct combusz.or..

3. Find values of entroy s~, s, ;and s" for Pach value cf

t,? m p ra tu re s.

4. Is built graph sc-I(Tc) (Fi4. 7. 3) , and frcm conditicn sK=sc are

letermiried temppratures cf pzodzczs combusticn in rczzle qxit

section.

5. Dpfjni- class;- F4catica o-f PLod'icts combustion at obtain-id

t;,moeraturs? Tc, usincy gra~hs p.=f(Tr,), which can be- constructed by

obta 4 yiod crnmosit4.n cf combastica orolucts at temperatures T, T* and T:.
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_-1_C

- iac 

a.c

P r T r, r r

VaU S=sK (iccoriing to -tae zesult.s of calkuilatcn i h

soloCtgd vaua-s rTr -nd T:)

Page 119.

6. By analogy with calcalatioz, 3xamined in §7.8, determine

apparent molecular weight e:c ana gas constant , cf products

combustion in nozzls xit secticn.

7. As during calculatica in 27.d, calculaticns conduct, filling

for .ach value of tempfrature T, Tablas 7.2 anI 7.3 (see §7.11).

'37. 10. Calculation of specific impulse and sizes/dimensions cf nozzle

taking into account losses.

In calculations, examined in tha preceAiing paragraphs, are

consider*d cnly the pherczena, ccnracta-1 with the dissocia-icn and

4i
_____________ A
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thp rpcombination, and thi loss, connact-d with the carry-cff of

hiat and chpmical inargy together with thr prcducts of combustion

bahind the nozzle. Forifula for deceriuining the solidity ratio of

snpcif.!c impulsp at the. level of sea, whic ccnsiders remaining

losses, can be taking into account equaticns (4.40) and (4.41)

written in the followirc form:
1 .. , ,7..-)4'

IVI.3t

SDecific impulse !yl.3.& 1.3 jasigne4 from equation (1.23), the

valuas of thrust P3 and expenditure :f components cf faql m =mw+mr

measurinq during the bexrch test of engine. The order of calculation

of value 1'.3t is examined in §7.1.

If we during engine testing ansure ccnditicns P =P,:.,
;n=, anL xA =xt. than ejuaticn (4. 37) for calculating the

coefficient can bs taking intc account formula (4. 14) writtpn in

the form

l;,' - --. 7.3 '

f~p

where fp.Am - throat area of real chamber/camera; f-p, - throat area

of the chamber/camera for which ip=1; this area is calculated from

equation (4.14).

In terms of the values of ccfficients V, and (P. obtained from

eqiations (7.54) and (7.55), it is possible, using formula (4.41), to

find coefficient T:
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_7 56,

If calculaticn of chamter/camcra is Ferfcrmed tpfcre the bench

tests of enqgin on results cf which c in be letsrmined ccefficients

r and Te, then their value is selected, using results of the tests of

the chambers/cameras, which nave analogous ccnstruction/design and

whic. work rn 4-1e same fuel/progeilant.

PaQ 120.

Aft r selecting thus coefficients (Pt and Vc, is designed from

aquation (4.40) value Iy and tccm formula (1.23) tho

actually/really necessary fuel ccnsumption:

M, =-- , -. (7.57)

If we' write equation (7.57) rcr case qx=l and divide the first

equation into that obtained, and also consider conditicr Pa==P3 , and

9quation (4.40), then
m= Yp(7.58

If we for the real chamber/camera hold out conditicn Pxx.Pv,'

then in accordance witb equaticns (4.14) and (4.37) the area of its

critical cross sectien can be determined according to the equation

which taking into account equation (7.58) is possible to write in the

simpler form:
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flcpx pt, (7.59)

If wq cons4 ler *hat index np fcr the rial chamhqr/=am-ra anI fcr

the chanber/campra vhcse coffticient WT is equal to cre, is

idqntical, is provid-d equallty Jc.A=fe,, and for calculating the area

of nozzle exit section of real chamber/camera it is possible to use

the equation

f CA (7.60)

$7.11. ixampl _ of the thermal design ZhRD, operating cn the

oxyqen-hydrogen fuel/prcFellant.

To conduct the thermal design of liquid propellant rocket engine

for the following prescrzied/assigncd paremeters.

1. Fmpty *hrust Pa.-io &n.

2. FuPi/prcpPlant: liquid ox~qgn + liquid hydrogan: coefficient

u0o =o.8.

3. Prassura of ccrbustion products at nczzle irlet P=-10o bar.

4. Pressure of combustion products in nczz! exit spction

pe-O,5 bar.
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5. Co~ff .c.4.nts ' =o.98: (r,=o,99.

Solution. 1. Let us extract Known data fcr ful/prcoellant

liquid oxygen + lqui!d hydrogen:

a) co f f ncin e 7,937 I S ra .. )

b) total anthalpv cf lijuid oxyg-4n at boiling Foint

S -38 kJ/kg (sc Tabl 10.3) ;

c) complete enthalpy of liguid hydrogen at boiling point

.. --3828 kJ/kg (spi Tabla 10. 4)

Paaa 121.

2. WR find through equacion (7.29) tho actual value of

coefficient x:

.x=.aox, 0.,.7,937-6,350.

3. We determine acccrding to equation (7.15) total enthalpy of

fuel/propellant at the inlet into chamber/camera (we consider that

tamupratur" of propellant components is equal to their boiling

point):
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_- + 828_ +6,350(-398 = -- 864.7 kJ/kg.
+L 1+6.350

Calculation of the parameters of combusticn products at the nozzle

entry.

4. In accordance with Table IC.5 temverature T. cf combustion

products of oxyqen-hydrcgen fuel comprises when ao.-O.505 3000OK: for

ao.-0,8 it has high-r value. 4e select T*=36&r

5. We qxpress pressure P. in physical atmosphere:

100

P.= -=98,716 phys. itm.1,013

6. we determine value a in equation (7.44):

a 0,8
a = 0,4.2

7. We will calculate compositicn of combustion products at

temperature of 3600 0 K, using system of equaticns, examined in §7.7.

Calculation we corduct acccra1in to 1able 7. 1, in which before

beginning calculation we fill linas from the first to the sixth

(values of iquilibrium ccnstants K,,Ko.,KHo and Koo we take frcm

the handbook (15] for temperature 3600 0 K), and also lines 10-12

-... .. ..... ... . n n nn i n/r n m m ..... .. ... .. -J
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(a=.4). In the first a proximaticn, we are assigned by the partial

pressure cf molocular hydrcgan P, .9 phys. atm.

8. According to results of calculatior we fill cclumn 3 lab!,

7.2.

9. We determine acccrding to equation (4.6) apparent molecular

weiqht of ccmbust4 on arcducts at nczzle irl-t (sei column U Cf Table

2)

I--n

-g=AILp 1379.3p 98,3- 14,010 kg/kmcle.

10. We will calculate according to equation (7.21) total

enthalpy of combustion Froducts at nozzle inlet. Values i, (column

5, Table 7.2) we take frcm handbcok :15] in cal/mole and shift in

kJ/kmolo according tc the equaicn
1 (1! 1

1. i ( 3 XC, w"Ab = 4,187i,, (a.i MOAb).

L . 1 -994421,2 63)

i '-- 1379,3

i-I

Key: (1). kJ/kuole. (2). cal/uole. (3). kJ/kg.
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Pa' 122.}pTa51i. 7.1. Calculatica o. comoos'ticr cf ccmbistion

pro(ucts of oxy1,r-hydrc;en fual/prop411arl- wit'- T.. 36o0 N,p.-Yi -

ohys. -atm. and cz--0,8
131 4 iqcjeloe HaqeN.e

CTPO- ; ") Be.,lt'ixa - pt'1w141 eNh1

nepee rpebe

SP' 98,716
H 65,365-10-1

4KO 3,916- i0-
5 KH, 0 7,956.10-2

S KOH 3,053. iO-i
7Pp, K, 9 22,21 21.17
8 (3]-(71 4,828 11,915 1],3579 'pli= 1 [8 2,197 3,452 3.370

.0 a 0,4,'A 2a-I -0.21

12 a-I -0,6
13 [8]:[51 60,683 149,76 142.744-4 /[11].[131 -12,138 -29,952 --. , $4a,
15 (9:[6] 7,196 -I1 ,306 11.038
16 12].15] -- 4,317 -6,784 -6,623
!7 i-(141-{16] 17,455 37,736 36.171
18 2[71+[9] 20,197 47,872 45.71019 [181.10o 8,078 19,148 18.284
20 (1712 304,677 1424,0 1308.321 [19]: (4] 20,628 48,896 46.69022 8.[21] 166,025 391,17 373.50
23 [201+[221 469,702 1815,17 1681.8
24 1 (231 21,672 42,61 41.01
23 -- [17]+[24] 4,217 4,874 4.839
26 4:[4] 10,214 10,214 10.214
27 p - [25]:[26] 0,412 0,4770 0,4738
28 [272 0,170 0,2270 0,2245
29 pO,"128]:([4 0,434 0,5797 0,5733'
30 Pi,0 131.[271 25,001 71,435 67,63031 PoN'l 4= 15 1 27 ) 2,964 5,393 5,229832 Pz=7]+(91+27]+ 40,008 103,55 98,45

: ( )-( 29 + 30] -[3 )a
Kp:(1). lian. (2). Value. (3). Numerical valuR of quantity. ()
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Approximation/approach. (5). tie zirst. (6) . t*- sccord. (7). tho.

thirl.

?OOT141?F 1. Numqrals 4ir the araciets lesignate the n,,b-r of th= !in=

from wh.ch must ba taken the numeracal value cf quartity.

Page 123.

11. W find thrcugh equaticn (7. 51) entropy of cc.'ntustien

Droducts on the inlet irtc nozzle. Values s., (col;umn 7 tables 7.2) we

take from handbook C 15] in cal/ (moleoleg) and shift in

kJ/(kmoleedeg) :

spz(P -sgp 19, 35pi gpj).
IPI

379 - .23787,5. 17,246 a (m zzpaO),

I

Key: (1). kJ/ (kg-d;-*g).
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' able 7.2. Calculation cf th pardmeters of the combustion products

of cxyg-n-hydroar. upl/pro-aliant at T=3600' V,pK98,7:6 thR phys. atm.

ra3 KZ Pi (][]][5] -I .m, i [2]] Ko [3][5] (h 0 x,"

I K.WAb iA .' .'r'~O

H2 2,0:5 2:,17 42,67S7 5:: 5:2, S .2 S4... 2- 1, -

H 1,008 3,37 3,397 286918,3 9J- 914.'.7 ",6-,,

0 15,999 0,4738 7.5803 318680,9 i3f, 99i,0 2: 3 ,,72

02 31,999 0,5733 18,34151 122666,5 70324,70, -.92,u06
HO 18,015 67,630 1218,354 -78929,1 1-5337975.0 297.t,_54

OH 17,007 5,2298 88,9432. 151 531,7 792480.48, 23,54:7

CyM- - 98,45 1379,3 - -994 42:,2 -

ra3 (31.[7] Igp. 19,135(9 i [31.[101 [8]-[11]

H2  4441,664 1,3257 25,3673 537,0257 3904. , 83

H 561,141 0,5276 10,0956 34,0222 527.1 .8

O 101,198 -0,3244 --6,2074 -2,9411 ,04,1391

02 167,407 --0,2416 -4,6230 -2,6504 1 170,0574

H20 20141,932 1,8301 35,0190 2368,335 !17773597

OH 1379,839 0,7185 13,7485 71,9019 1,307,9371

Cyxia .... 2 a787,5

Key: (1). Gas. (2). kq/ksole. (3). phys. atm. (4). kJ/kmole. (5).

kJ/kmoleodeg. (6). Ccntinuation. (7). Sum.

FOOTNOTE t. Numerals in the bracAets indicate the number of the

column frcm which must be undertaken the numerical value of quantity.
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ENDFOOTOTE.

Paqe 124.

12. We conduct analogous calculItions for temperatures cf 3409

and 3500 0 K an -bti'nvA rasuits orrin in ir Tatl- 7.3. UIsini +

graphs (sqa S7.8), we find na value 7K T',i,K and sy- which %isc

brirg in Table 7.3.

13. On the basis cf Table 10.5 we select index fp for

equilibrium expansion cf comLusticr, products cf oxygen-hydroqen fuel

and on equation (7.93) it is d~taxminsd their expected temperature in

nozzle exit sec+ion:

p Ip I11p= 3600 0,232/1,232
TC :t T. ~ ~ 1330-K.

Sinc3 thr- valup of index in Table 10. 5 for ao..0O, thi3n fcr

calculating the parameters of ccmoustion products at the nozzle

outlet whpn a..-O.8 wo are given assign .d by the higher values of

temperature T.-190D, 2000 and ;IOOOK.

14. We conduct calculaticn of composition of ccmbustion products
0,5

at tamperatures indicated and pressure O's.-r.0,494 phys. atm.,

using Table 7.1.

_ ... ..L M. .. ~ ,, .: i njii i#m



DOC - PA G E

1TQvaluos of 'lUi1brjum c LS4,-,ts

analoqolis1y to Tabig 7.2.

1.Sunis of c~j -UI ua t1c~ a -n I-f .
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Tab1! 7.3. Rpsilts ci calculatinj -" -Aravrtcrs of ccmrnstir

products at the nozzle irIt (at :.rne i

obtai.-I va!leq of tem rerature T0)

o.ILOt KZ K.•zpao

..... I ;~~, '33 -:3:.-

35u0 14,19 -! 9

3,00 .4, 01 .7,25

3580 14,04 -- 864,6 1720

g~: (). kg/kmolim. (2) , J/xg, . .3 kJ/kg*de,;.

Table 7.4. Rasults of calculatinj the oaramet .rs cf ccmtusticn

products at the nozzle cutlet (at thre4 nrescribed/assigned and

cbtR.rmI values of tem rerature 7T)

.-. .aO KZ zraO KZ

1900 4,80 562,2 17,3S --677, 1

2000 14.78 562,4 17,54 --8W 1 4

2100 14,77 563,2 17,79 7O97,1

1950 14,79 562,3 17,33 ---8499,6

Key: (1). ki/kmolq. (2). n-m/kj-deg. (3) . kJ/kq*deg. (4). kJ/kq.

Page 125.

16. Using data of lables 7.3 and 7.14 and equations, xaminel in

57.1 and 7.10, we find basic parameter; of chamber/carneri. Their

calculation 4.s conducted, filliny labl 7.5.
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Table 7.5. Calculaticn of tha ia-ic parameters of chamber/camera.
Qb (2) uhpwaa '-,]Ic~AU- 1-063Ha Pcp-eAI-

O6o3a.- PaMep- Ur O6oa- PH O" Goe
qReHe MOCMb onpee- aqe- Hele qme HOCT- ope.,e- oee

____ __ _ ____ J Hi _ __ I

wc srA 
0M

3
e.-c (7.3) 398.R (4.40) 4063

x( I

Qc (7.4) 10,0456 M., (1.17) 24,61

H*CEW K? 73
"-"' j--L- (7.5) 4188 MOK,

5,(7.6) 23.88 mr (7.33) 3,35

t M2  (7.7 0,1340 fxp.x Ag2  (7.59) 0,00551
Alp (4.) H 1,142 fc.A jg2  (7.60) 0,135

(4.8) p*. , (1.12) 86500

(jx .- c (7.8) 2284.7 (a.. - (1.23) 31,5

.f,P . (7.9) 0,0546

Key: (1). Designatirn. (2). Dimension. (3). Formula for determininq.

(4) . Numerical value. (5) . s. (6) Nes. (7). kg. (8) . or.

A!

i
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Chapter VIII.

ENGINE INSTALLATIONS WITH THE FELaM.AL ROCKET ENGINES.

48.1. Engine installaticns cf cocict vshicles.

Should be distinguished concapts "angine" and "engine

installat .on"l (DU) .

Engine arm called chamber/cauera and totality of aggregates,

assemblies and condults/.anifolds, which acccmlish/realize supply of

working medium/propellant (propellant components) into thq

chamber/camera, and in a number of cases and creating efforts/forces

and moments for the ccrtxcl of tocket vehicle.

Page 126.

Thp units indicated and aggregates place directly on ths

chamber/camera or on tte special frame, utilized for fastening of

engine to the power ring (frame/fcrmsr) of rocket vehicle. Through

the frame is transmitted to the irame/.crmer the thrust, developed

with engine.
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Liquid working medium/pro;Lants are suFplied the

chamber/camora, which has the relatively larg . thrust, with th-

pumps, l.ntring together with the turbine intc the so-called

tirbopump aggrqgat,' (TNA).

For tho wnrk c- turbina, .riz d for l- ' . .vi, "-t is

necessary to have in tQe comncsition of erlir an ac;_eqats, whic _

produces gaseous worki.g body iiza thoss riquired by pr.ssur,. and

temperature. As this aggregate can serve special gas generator.

Furthermore, gaseous working body can be obtained in the coolant

passage of chambpr/caucra,

Most frequently are used tk. chemical gas generators, which use

liquid or solid propellant couEcnAnts. The gas generator, which works

on the liquid propellant, is called the liquid-gas generator (ZhGG),

on the solid - by solld-Fropellan; gas generatcr (TGG). Solid fuel is

placqd directly in TGG.

ThA supply of working ediua/propellant in+o aggregates and

units of engine is realized by te special system, into which are

included different valves, which are opened/disclosed or which are

closed at the roquired cment of time.

In chesical RD in a number oi casas proves to be necessary a

- - _ I
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system, which ensures tbe beginning of the reacticn of burning or

dmccm pos! t4in.

Engines with turbcpuap assumbius are started via turbine boost

by the gas, obtained in the startiAng/launching gas generator

In +he main of scme enginas with rNA build in the aglregates of

pressurized system, which produce gas which is supplied into the gas

cavity of tank with the ]i.juid wozring medium/propellant and is

created in it the pressure, aecassary for the normal work of pump.

With starting/launching and engins cutoff in a number of cases

it 4s necessary to blow the cavities of some aggregates, for example

combustion chamber. For this puipose tha engines equip with

t ank/balloon with compressed gts (usually inert) and corresoonding

valvies and condults/marifolds.

For the creation cf conzrol forcis and mcments/torques engine

chamber establish/install to tas rocket vehicle on ky hinge joint or

gimbal suspension, change tke expenditure of gaseous the working the

bodies in front of exhaust nozzles of turbine, etc.

Engine installatien encompassas t:he following aggregates and
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systems.

1. Engi.ne. For accemplizshiny one and the same mission objective

in DUI of rocket vehicle it is 9,casible to use a uonc- or multichamber

:1 (usually a number of chaubers/cameras Is equal to 2-4) engine of tho

rpquired thrnst, and also savaral sinigle-chamber angines with ths

samo gross thrust.

.1 Page 127.

For the multichamber engina is zharacteristic the supply of

working medium/propellants into all its chambers/cameras by cue and

the same turbopump unit.

In DU rocket vehicle together with the march ones can be

includod the pilot Rngines with the relatively lcw thrust (helmsmen,

brake, etce).

2. Tanks with working medium/propellants. Earlier (chapter riI)

it was indicated that fcr rocicet thrust-chamber firing together with

the basic working medium/propellant there are necessary the

additional and starting/launching working medium/prepellants. Wlithin

or outside the tanks can be estaalished/installed different

aqqreqates and units: valves, ccnduits/manifclds of servicing and
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drain of working msiium/propellants, tha conduits/manifclds cf their

delivery to the engine, etc.

3. Aqgregats of pressure feed system. They are necessary in

such a case, when in the engine thbre is no TNA. For example, working

bodv can ba disnlaced _ntc th3 caamber/canora by the comprssed gas

which enters tank frcm the special tank/ballocn.

4. Aggregates of Fressurized systems, blasting of tanks, if they

are not included in engine.

The design features of engine installaticn and engine are

connected with each ctler. For example, if in DU of rocket vehicle

are vernier engines, then drops oif tha necessity for the hinged or

gimbal suspension of main engines. If for the inflating of tanks are

used ZhGG, adjusted on the upper bottoms of tanks, then from the

engine eliminate the aggregates of pressurized system, built in in

its main.

In the engine installaticnas of RDTT engine it is difficult to

separate. ZhRD with the Ireslurcrized-propellant feed it is ;ossible

to establish/install directly vithLn the tank and to weld with it. In

this case the tank and engine in structural/design sense are unit.

- -
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In DU of rocket vehicle caa D includal the angines of 1iffer-.nt

typ0so For.oxamplo, rotrc-engias irstallaticn cf space vehicle

"Surveyor" (USA), i.n 4 anded for its sft landing on the moon, is RDTT

and three steering ZhRD with controllable thrust.

~ 'sifc~of thermni- .. st tn2v.-S ' t'%sig

f~aaturis.

* D!Dending on method the supplise of working midium/prop.llant

into thq chamb-r/camera distinjuish rocket engines with the

pressurization, the pump, toc. sysates of supply.

In thermal RD with the prassururizad-propellant feed is workinq

the body is rpmoved from ths tank uy the gas, prpvicusly stored up

tinder the large pressure in the so-called gas storage tank of

pressure (in abbreviated form AD) or by the gas, generated in TGG or

ZhGG.

The gas, which enters in oais from AD gas, can be prehaated by

the !act or another uetbcd, fcr example, by the products of

combustion of TGG.

Page 128.
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The gas, which is genaratcd in Zhj3 ar used for khv

Dressururiz4- ropllant feed, can be:

1) the decompositict products of additional liquid propellant

component;

2) th: roaction nrcducts ;t tc ,iiaiional liquid propllant

compon;nts; to avoid tle hijn aem-iratires cf the products indicated

4s usel significant excess of ane of the propellant components, i.e.9

aox>1 or aoH 1 .

ror the supply cf the liquids indicated, which are stored in the

separate small tanks, is necessary special aggregate, for example

TGG.

In thermal RD with the pump feed liquid wcrking

medium/Dropellants are supplied in bar.-ls of TNA. Such engines

distinguish by the methcd obtainiags of the gaseous wcrking

sedium/propellant, utilized for tne feed/supply of turbine TNA. As

the gaseous working mediua/propellant are used:

1) the decompositicn products of liquid basic or additional

propellant component in the lijuid-gas genarator, which in this case

is cillqd one-component; for sup lyng the additional component in
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ZhGG is necessary a special system;

2) the reaction prcducts of two bdsic propellant components in

ZhGG morpover so that wculd not be fus3d the bladss of turbine also

necessary to provide ccndizion a.x>1 or ax<l; such ZhGG, widely

.t;.14zed in ZhRD, call twc-ccmpcnent;

3) basic are worklrg oody, aad also basic or one of the basic

cosconents of propellant (for exaupla, hydrogen), selected/taken from

the cooled channel of chauoer/cemara);

4) the products of heating working aedinu/propellant and

decomposition products cr the rtactions of tasic prcpellant

components, selected/taken from the basic chamber/camera. Befcre the

supply into the turbine must be ccoled them in any manner (for

example, by mixing length with the col! working medium/Fropellant).

Gaseous working bcdy after operition in the turbine can be

thrown out through the special nozzles of exhaust pipe into the

environment or head in chambers/cazeras. In the first case of the

nozzle of exhaust pip" they develop augmented thrust.

The gasaous is working ooiy, which enters from the turbine the

chamber/camera chemical BD, it can be:
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a) en* of the basic ;ropellant components, gasified in the

coolin t passage of th o. chaabar/camera bofore thp supply into the

turbine;

b) the decompositjcn products of one of tho basic propellant

components !.n singla-/mcnc-caponent. ZhGG;

c) the reaction prcducts af two basic prcpellan% components in

two-comnonent ZhGG.

Liquid working medium/propellants can be supplied with the aid

of the gJectors (see §13.1); for thJs purpose it is pcssible to us.

centrifugal forces (.f the rocket vehizle It is rotated with the

sufficiently large angular velocity), icceleration cf rccket vehicle,

gravitational field of the Earth cr another planet, etc.

Paqe 129.

Feed systems with the utili2ation of c3ntrifugal forces were used, in

particular, in the engine installaticns of artificial Earth

satollites, stabilizP4 by rotation.
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Th= ccnstructior/ easiq of chdbae:/camera th~z.zal RD to a

considerabl. degrm, dsepeds an the n=.taod of iks cccling. Fre,,-[ntly

is used oxt.rnal flcwirq cocliag. In tais case ovec the coolant

passage, formed by space betdean tap i)uble chantsr walls,

flows/occurs/lasts wcrking the tcdy, which rsceives heat fluxes from

heatin rodqCtS, C-'TUst1 oz e X.. n is inrt t-_ chamb-_r walls.

The chambers/cameras whose coolinj is provided by other methols,

arq morq simple by thi ccnstructicn/dasign: .n them there is no

coolant passag,, and therefore thers a.:- no inh.rAnt in it hydraulic

losses. However, at a high tamperature of gas and with the prolonged

work of engine the creation of such :himbers/cameras causes great

difficulties.

Chemical RD subdivide in a quanti~y of propellant components

into the the monc-, twc- and tarese-component cnes; sach component 4s

supplied into the chamber/camera on th- separatq main.

-ag mono- and two-compcnent ch3mical engines (RDTT, ZhRD) extensively

are used in the contemporary rocket vehicles. The premising engines

include three-component ZhRD and aDiGT, capable of developing hiqhest

specific impulse of all types of chemizal engines.

In the value of developed rocxet anginq thrust can be subdivided
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as fIllows:

a) m;cr-o+ ors 1 n [-~).1G-j - 10 n [~-1)00 ;i;

b) low-thrust engines: 10 n (--1 kgf] - 10 kn [--1 TI;

c) -n c,.-.s c. averaa thzust: 10 kr [r-1 T- 1ThVr-3;

T:

d) thr: -ngines cf the larje tnrust: 1,I1A' r--100 T]- 10 f /

r-- 1OOO Ti;

e) thp .ngi.nas of the ultrahigh thrust: it is more than 10 ^4/

r--0ooo Ti.

Engine installaticns with tte thermal rccket engines can be

servicid previously at the same Flant, at which is produced the

assombly of DU or rockpt vehicle as i 4hole. Rocket vehicle is

transported in the charged/filled stati and can if necessary to

allow/assume prolonged storage and to provide rapid

starting/launching after obtaining of command/crew. For example, they

prceviously load by fuel/propellant RDTT, and also series/numter of DU

with the liquii-propellart engines.
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Tanks of DU ef space rock3r vbhicles (3specially DU with ZhRD of

large thrust) sorvice directly ca t.a launcher. Pocket vehicles with

the amptv tanks it is sufficiently simile ard i+ is safa to

transport, but th. places of tatir launching/starting must b.

equipped by capacities with the reserve of working medium/propepllants

and devices for servicing of tanks, whizt substantially complicates

the launcher.

Paqe 130.

In the number of inclusions/conn4itions thermal RD they

subdivide into the engines cf one-tima and multiplying. The engines

cf cne-time inclusicn/ccnnection are used for first stages of

rockit-carri.rs ani for the overwholmiag majority of single-stage

rockets. The engines of multiplying have a more compound circuit and

a construction/design, tut their utilization makes it possible to

noticeably improve the characteristics of rocket vehicle. For

example, the carrier rccket, at latter/last step/stage of which is

established/installed ZhRD wita the reclosing, can derive in orbit

the satellite of greater mass than RDTT, which usually connects one

time. Are especially necosssary engines with multiplying for the space

vehicles.

By the character of work distanguish continuous engines and



DOC PAGE *9

nulsq enginAs, J.e., t.e engines, which work in the pulse, or the

re. Iay, mode/con d itions.

Continuous anginas are engines with cne-time or m'Iltiplying,

whoss time of continuous operation is :on-iderably more than the time

of the output/yield to the nominal rating and of thq decay tina in

the thrust.

For the pulse engines short perioi of work follows also the

short period, during wlich the angne is switched off, the periods

indicated continuously replacing one another. Pulse engines are

necessary, in particular, for the stabilization systems and

orientation of satellites and space vehicles.

Thermal rocket engines can be subdivided also cver possibility

and range of a change in the expenaiture of working medium/propellant

and, consequaently, alsc thrust.

Some engines do not have special aggregates for changing the

expenditure of working nedium/pzcpellant. Such engines work with the

approximately/exemplarily constant expenditure for which them they

previously adjust.

The construction/design of thL majority of rocket engines
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Djroviiesq for a change of the axpenuiture of workingj wsliua/propellant

in *hP ralat v-ly sm~all ranje (fCZ eKalplE , +-5-110/0o of th! noMinal

value).

Two types of sangines indicatea ara used in essence in the

So3fmo rocket ongines (fcr axamyel1a, braking 7hRD of the spac'A

vehicle. intended for the scit landing on the mcon or another planqt.)

provide a larg- (ini rrelation 10~:1 aP5 iiora) reducticn/descqnt in the

expanditure of work. ng Erediua/,)r~pfllant in ccmparison vith the

nominal value.
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Part III.

,:>NST.iJCrICN AND EESIGN CE CHEMICAL ROCKET'"NGIN-75.

chanter IX.

TYPICAL SYSTEMS OF LIQUIE PRCEELLANI ROCKET ENGINES.

§9.1. Special features/peculiarities of systems of ZhRD (liquid

propellant rocket anginae].

ZhRD with pressure feed system into the chamber/camera can be

subdivided using the methcd of cttaining the displacing gas cn

engines with the gas stcrage tank cf pressure, with ZhGG and TGG (see

Chapter VIII). The simplest diagram of one of such ZhRD is examined

in §1.2; in detail they are described in chapter XIII.

ZhRD with the pump feed system classify according to the state

of aggregation of the prcpellant components, which enter the
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i ~~chamber/C ime ra, an!J acccxing tc th* , _- f--~clart~

C: the j:r ic-/rzc'ial cf *:-. k r e.; :/pr ja.rne a tr i'r

operation in the tutin; frecier tly workin4 odv is 4eneratcr jas.

i.e.. it is produced in tie gas gensrator.

zL C i c -,i. S ar. ic C J Wt -l tc: w c -It t -r. 13 a i C a .C : C f

additional prorillant ccrcne.t. 7h1refore subs=juently are .xami.:.

only such diagrams of Zb)t whcse tutbine works on ths gas, cttained

of cn or twc basic propellant cczpcneats. Usuall. chamber/cavera is

cooled by fuel; this is taken intc consideration in all diagrams,

examined/considered in present chapter.

ZhBD with the throw-cut c" the exhaust generator gas irtc the

environment (Fig. 9. 1) . Cxidizer and combustitl arc irtroduc.d

inside the combustion chamber of such ZhED in the liguid state, ite.,

engine works on the diagram "liquid-to-liquid',, and the exhaust

generator gas is thrcwn cut thrcugh the nczzle of turbine ex aust

into the environment. The thrcw-cut cf the gas indicated decreases

specific jet firing. Although the nczzle of turbine exhaust, as

already mentioned above, and develcps certain thrust, its specific

impulse due to the low tsFeraturs cf generatcr gas and small degree

of its expansion is ccmparatively low.
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Page 132.

.hp iacrax of ZhkD i 1 q'ien g-nerator ga- is ttr prcducts of

tha ir.cop!ete cc:Lusticn cf twc-ccipcnent fuel/propellant, which

contain the large excess of cxidizer (ao,>I) cr fuel (amoI). 7hGG,

t.I 7-------------------- fl. h- ,

ZhD.. with thr supFly cf exhaust genaratcr gas ntc th"

combustion chamber (afterzurLin). In such ZhPD the gas, which passed

through the turbine, heads cn the gas conductcr into the

chamber/camera as cc* cf .he baaic propellant components, the engines

can wcrk or the diagram "cas-li.uid" and "gas-gas". Their

general/common/total special fcature/peculiarity is the high gas

pressure at the turbine extaust: it exceeds pressure P. on the value

of the hydraulic losses in the gas ccnductor and of pressure

differential cn the gas injectcrs cf chamber/camera.

Besides the generatcr gas, produced in mcno- or two-component

ZhGG, as the working medium/prc;ellant of turkine can serve the gas,

which is generated as a result cf heating one of the basic components

of propellant (for example, hydrcgen) in the coolant passage cf

chamber/camera.
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ZhRD with one-compcnsnt ZhCG It is Fcssitl to creato, if one of

tha basic propellant ccmpcnents is capable to be deccmpossd/enpandid

with th% liberation of heat.

Let us examine diagram of ZbFC, in which the working

m:ium/props1lant cf turtine az* t h- deccmpositicn products cf

oxidizer (for exampls, peroxide of hydrogGn HaOa) (Fig. 9.2). In ths

gas generator of this engine is supplied complete oxidizer

consumptior. The generatirg gasecus decomposition products enter

turbine, and then on the gas corductcr- into the combustion chamber.

B
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' I

Fig. 9.1. 9j7. 9.2.

Fig. 9. 1. ZhRD with throw-cut of exhaust generato: gas into

environment.

Fig. 9.2. ZhRD, which wcrks on diagram "gas-liquid" with cxidative

one-component ZhGG.

Page 133.

Fuel flows/occurs/lasts cver the coclant passage of chamber/camera,

cooling it, after which it ir the liquid state is supplied irside the

combustion chamber. The gas generatcr of this engine is called

oxidati ve.
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Is pcssible u-ili.,aticr cz ZhFEL wih one-component r';"ucizg

Zh G, ir. thifJs case !.nto th- ccmLustcr, chambGr a: irtroducrj liquid

oxidiznr ind a~compsiticr crcducts cf fuel (for example, ammonia VH3

or hydrazi.e .E"4 )

41" . . .. 1- o- t - - C : 9;'. 3) t h P

iat---ri3 .lile ; co~ile.e oxidizer coinsulmption from the6 u: zand

tr's relativv.ly low part cf t~e fuel; its basic part

flws/cccurs/lasts over tho ccclant passage and in the liquid state

is introduced inside the chamber/camera, which in contrast tc

diagrams examined above is afterburner. Therefore such ZhRD call

afterburners of generator gas,

To their number it relates also ZhRD with reducing two-component

ZhGG (Fig. 9.4) ; into the chamber/camera cf this engine, enter the

spent reducing generator gas and liquid oxidizer, and in ZhGG -

complete fuel ccnsumpticn (after the passage through the coolant

passage of chamber/camera) ard tke relatively low part of the

oxidizer.

Since pressurs in ZhGG of the engines in questicn is acre than

pressure p. the pressure cf that Fart of the propellant compcnent,

that heads in ZhGG, must he mere than the pressure of basic part of

the component, supplied directly tc the chamber/camera. For this

II~lli J II II
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purpcsa consecutiv-ly/serially after th basic pimp (pump of first

stage) is installed the additicral ("pumping") pump, called also

secondary pump (see Fig. 9.3 and S.4).



/
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Fig. 9.3. Fig. 9.4.

Fig. 9.3. ZhRD, which works on diagram "gas-liquid" with oxidative

two-component ZhGG.

Fig. 9.4. ZhRD, which works on diagram "gas-liquid" with reducing

two-ccmponent ZhGG.
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Let us compare ZhRD with cxidative and reducing ZhGG. Usually

fer two-component ZhRD coefficient x is more than cne, i.e.,

oxidizer consumption is mcre than fuel consumjtion. The available

power of turbine, as it will he shcwn in §13.13, depends on the gas

flow through the turbine and cn prcduct RT of the gas indicated.

Therefore from the pcint cf view of the gas flow for the drive
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turbines ZhRD with oxidative ZhGG have an advantage before ZhRD with

reducing ZhGG. However, the oxidativ3 gas, whizh has high

temperature, exerts the strcng cxAdizi: eff±ct/acticn on the

structural materials; therefore its temperature it is necessary to

decrease. Howevar, as a whole in 2hFD is more profitable to usq

oxidative ZhGG.

Product PT of reducing gas gpnerator gas of hydrogen ZhRr due tc

the high gas constant of lydrcger tas high value; therefore in them

is more expedient to use rsducing ZhGG.

ZhRD with the gasificaticn of the working medium/propellant of

turbine in the coolant passage cf chamber/camera it is possible to

create, if as fuels serves liquid hydrogen. In this case there is no

need for in ZhGG, which simplifies the schematic of engine.

One of the possible schematics of this ergine is shown in Fig.

9.5. Liquid hydrogen passes through two consecutively/serially

established/installed pumps, 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 chamber.

Oxidizer (for example, liquid oxygen) is supplied into barrel; pump

can be installed on the separate shaft and be brought with the aid of

train of reducing gears from the shaft on which are
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sstablishd/ir.stali,3d t w. hydrcqen Fumps and turiirs.

Th; distinctivr- sopcial fcature/pa.culiarimy of such ZhRE is the

low turbi-e inlet gas tewrqature ccmprising

appreximataly/examplarily of 220-215 0 K. In the engines with ZhGG the

3,vr i z'1 'IS7;nt:31.l; Ibv DCV-l1750K).

Shortccming of ZhPn with the gasificatin of the working

-zdium./propellant of turhine in thq coolant passage cf chamher/cam,.ra

is relatively low pressure Px (40-50 bars [z4O-50 kgf/cm z) ).

In ZhRD, which work cn the diagram "gas-gas" (Fig. 9.6), both of

propellant ccmponents completely are usad for the drive of turbopump

units, while in ZhRD, which wczk cn the diagram "gas-liquid", one of

the zompcnents compl-tely is not used for this purpose or is used its

small part.

Ida,__ __ I
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jii. 9.5. Zh-D, which wcrKS cr. ti'c diagram "ds-I2Uld" with the

gasificatlen cf tha wczking mEiu,/proellant of turtine in thp

coolant passage of chamter/camera.
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In ZhRD, which work cn th0 diagram "gas-gas", there is cn two

TNA arnd ZhGG. The combustion products of raducing ZhGG 8 will become

by the working medium/prcpellant cf the turbine 7 of TNA of fuel;

after turbine they are forwarded cn gas conductor 6 for afterburner

1. Analogous with this the combusticn products of oxidative ZhGG

enter the turbine 3 cf TNA of cxidizer, and then cn gas conductor 2 -

also into afterburner.

Pump 9 basic part of the fuel supplies into the reducing ZhGG,

and smaller - into the cldative. Prom pump 4 basic part of the

oxidizer enters the the oxidative of ZhGG, and smaller - into the

' " ,,",,i -.................................................i..-_:'_
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reducing.

As is evident, ZhRD, which wcrk on th: diagram "yas-jas", are

afterburners of generatcr gases in the chamber/camera. Such ZhRD can

have the higher pressure cf ccmbusticn products in afterburner in

comiFarison with ZhRD, which wcrk cn the diajrim ";as-l.iuid", or c ne

and tha same high pressure in afterturnar at smaller necessary

pressures of propellant ccmponents at the output/yield frcm thi

pumps.

ZhRD with the input/intrcducticn of working medium/propellant

after operation into the turbine into the expanding section of nozzle

(Fig. 9.7). If engine wcrks cn the diagram "liquid-to-liquid", but

workirg body after operation in the turbine is not thrown out into

the environment, but it is irtrcduced into the expanding section of

nozzle, then specific jet firing increases/grcws; however it is less

than the specific impulse 2hFD, which work on the diagram

"gas-liquid" or "gas-gas".

Mae-
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Fig. 9.6. Fig. 9.7.

Fig. 9.6. ZhRD, working cn diagram "gas-gas": I - afterbu~rner; 2, 6-

gas conductors; 3 - turbine of INA of oxidizer; 4I - pump of cxidizer;

oxidative ZhGG; 7 - turbine of INA of fupl; 8 - reducing ZhGG; 9

Fig. 9.7. ZhRD with input/introducticn of working body after

operation into turbine intc expanding section of nozzle.
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The example of engine with the input/introduction of working

medium/propellant after cperaticn iirtc the turbine into the expanding

section of nozzle is Zh!FD F-1 cf, first stage Cf American carrier
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rocke.t "Saturn-5" .

In engine installaticn with ZhRD enter the syrtems, the

aggregates and the assemblies, %hicb ensure:

a) a::an~g~ =..t/~ 7 ... and ._c:.. of liquil c- p-. -s of

propellant (tanks)

b) their supply intc chamber/camera;

c) engine starting;

d) propellant igniticn (fcr the engines with the

ncr.spcntaneously combustible fuel/fropollant) ;

e) cooling chamber/camera;

f) a change in engire pcwer rating;

g) the creation of efforts/fcrces and moments/torques for the

flight control of rocket vehicle;

h) engine cutoff.
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Some systems in many riEs.ects are analogcus fcr differcn .t

thermal RD, while scme - fcz all types of rocket engines. Fc:

example, for the creaticn cf effcrts/forces fcr the purpose of the

flight control of rocket vehicle an engine of any type, including

electrical, car be diverged tc certain angle which causes the

a: r. rat=Jt df!icticr.

Tha f£ed sys-_3MS Cf liquid prccsllant componnts in th-q enginc.

installations with ZhRD (E-e Chapter XIII), cther thermal RD and arl

partly with the electric MctcLs alsc analogous.

All types of rocket engines with the relatively high temperature

of the products of ccmbusticn, decomposition, heating or plasma have

a cooling system, i.e., branch system of the heat fluxes, which enter

the chamber walls.

The mode of operatict of the majority of rocket engines changes

by changing the expenditure/consuaftion of working medium/prcpellart

(for chemical RD - by changing the propellant component flow).

§9.2. Selection of optifal pressure

In §2.4 it was shown that fcr cbtaining high characteristic

velocity of rocket vehicle were necessary the high values of specific
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impulsa DU and ratio cf the initial mass cf rccket vchicl' tc the

final.

The degree of the perfecticn cf engine installation can be

estimated by relation IuImAy. Cptizal is this Fressure p., with which

the relaticn indica-ted fcr assicned 3a;nitude Iz it has r-at valus.

Optimal pressure p, d-ends, first cf all, or the feesd system

of propellant components intc tte chamber/camera.

For each type of pressururized-propellant feed (with the

utilization of gas AD, ZhGG or TGG) with an increase in pressure ps

to certain of its value relatic: him 1, increases/grows, and with

further growth Pi, it is decreased.

Page 137.

Let us explain the srecial feature/peculiarity indicated. we

will proceed from conditicns mA -const and PeCconst. For the thrust

chamber is characteristic an increase in the specific impulse with an

increase in pressure p. but in ;tcrcrtion to its increase an

increase in the specific Impulse significantly is retarded (see

§5.4).

I
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Simultaneously with an increase in pressure P,- it is necessary

to raise pressure in the tanks, which r.qui.es, in turn, incr.ases in

the wall thicknesses, and ccnsequer.ly, their auss. Furthermcre,

increases/grows the mass cf the nCzzle of chamber/camera in

connection with an increase in values e and lc. Therefore with an

increase in pressure Pr fcr th. safeguarl of 7onditicn m-v =const

the mass of fuel/propellant in the tanks DU it is necessa~y tc

decrease.

An increase in relaticn It/may with an increase in pressure p,

is explained by the fact that in this interval of pressure p, the

specific impulse increases/grows intensively, and value It is

increased in spite of the decrease of the mass of fuel/propellant.

with an increase in rressure Px over the optimal relation

I zmay begins to be decreased, uhich indicates the greater effect of

the decrease of the mass cf fuel/frcpellant 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 pX.

The less the mass cf tanks and system of displacement fcr

supplying the prescribed/assigned quantity of propellant comronents

from the tanks into the engine chamter, the more the completion of



DOC 81009001 PA 6F

DU.

hr e imprcve.nsnt of Ie-d systsm increasts/jrows relation

1/mAY and or.tinal Pressurp p,. Fcr example, pressure feed system

with the utilizaticn Cf ZhGG is more effective than system with gas

._ (: 1. *, 4

Usually pressure. p fcr ZhRC hith tha pressure feed system of

propellant components is within the limits of 15-30 bars [Z15-30

kgf/cm2 1. Ir ZhRD of space vehicles use in a rumber of cases lower

pressures (7-8 bars (a7-8 kgf/cm2)], which makes it possible to

foregc the external flowing coling of chamber/camera and to attain

the possibility of a significant power change, and also its high

reliability.

For the cngine installaticn with the pump feed system of

propellant components intc the chaaber/camera also is an optimal

pressure p., depending on a numker cf factors, including on the

diagram DU.
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.u- 9.9. Derend( .nce of ralation I. l7- Dressure , "&- T..D

with the pr&ssururized-rcsIIa nt f;:: wit' the gas stc.agz tank cf

Prssur (2) and ZhGG (1) (m,,=const ,=c ost)

Page 138.

In the engine installaticr, which includes ZhRD with the

threw-out of working medium/prcpellant after cperation in the turbire

into the environment, with an increase in pressure pa is increased

the necessary pressure cf propellant components at the output/yield

from the pumps, which causes the reed for an increase in the power of

turbine (in §13.13 it will be shbn that to increase the power of

turbine is possible in essence ky an increase in the gas flw through

it; hcwever in this case it descerds specific jet firing, see §9.1).

In certain range of pressure p. in propcrtion to its grcvth

specific jet firing increases/grcws: an increase in the specific

impulse of chamber/camera due tc an increase in pressure p, exceeds

S
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the aecrease of sFecific -et firing as i rasult of ar i.czea3l In the

gas flow thrcugh the tu:tine.

At cortain pressure Ps is prcvided the greatest specific jet

firing, while with further increase p. it begins to oe decreased

(Fi;. 9.9) . In this case a rei'cticn/dsscent ir. the secific 'e-

firing due tc an increase in the gas flow thrculh the turtino. ixzc-els

growth in the specific irfulse as a result of an incraase in pressur q

PX.

The selection of optimal pressure p. and for ZhRD with the pump

feed system must be produced not cf the condition of the greatest

specific jet firing, but from the ccndition fcr greatest relation

I aMjY •

In the engine installation with ZhRD, which work on the diagram

"gas-liquid" or "gas-gas", the specific impulse of chamber/camera and

engine is one and the same value. Per such engines with an increase

in pressure PN simultanecusly with an increase in the specific

impulse grows the mass cf chanbe:lcamera.

i
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PK.O.L (Pc-co "S ) PK(PcCO'rL$V

Fig. 9.9. Fi.q. 9. 10.

Fig. 9. . Dependerce cf s.plcit c imulsQ of chamter/camara (1) and

engine (2) with throw-cut cf wcrkirg meliu/propsllint -afer

operation in turbine intc envircnzent on pressure ps (p-const)

Fig. 9.10. Dependence of relaticn 1 ,/MAY for ZhRD with throw-out of

generator gas into envircnment with ZhGG on auxiliary com~orents of

propellant (1), on basic comprents cf propellant (2) and for ZhRD

with afterburning of generator gas (3).

Page 139.

Therefore also there is an oFtiral Fressure Pa. corresponding to

greatest relation I/Pniav.

The acre modern the fed system of propellant compcnents into
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the chamber/camera and the liagram of ZhRD, the greater tha ralati:n.

iiay. ozecov~r it .s incrsa- d %ith an _-c:ase in prssure P,

(Fig. .1). Best arF DU with ZhFE, which work on scheme "gas-liquid"

or "gas-ias". It is especially prcfitable to usq such engines at high

pressures px for DU cf high thrust.

in ,5.4 it was shown that with iz-ceasa p, are _ecrzased t-

s-es/1ii-rnsicns cf chamtqr/camera and is sin-zified its manufacture.

Hiqh-pressure use/application pK is connected with some

difficulties during the creation cf engine. They include: the need

for more effective coclirg, difficulties of the safeguard of

airtightn-ss cf joints, and also strength and efficiency cf engine

accessories. However, these difficulties successfully are overcome.

Shortcomings in high-pressure utilization Pm are also an increase in

the cost/value of engines and certain reduction/descent in their

reliability.

Pressure PK for the majority of contemporary ZhaD with the pump

feed system equally to 50-IC0 bare [p50-100 kgf/cm?2; for some ZhRD -

to 200 bars C&200 kgf/cm2 ]; is investigated wcrthwhilaness of highor

values Pu: of 280-350 bars [a28C-350 kgf/cma ] and more.
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Chapter X.

LIQUID CH?%1ICAL PROPELLANTS.

In 1.2 it was indicated that chemical fuel/prcpellant are

:ll-z tH. s'1bs-* - c=...C '- ch .h t . . -:-,-c the chemical

reaction isolate heat and fo:a in essence gaseci Prcducts. Most

typical chemical fuels/Trcrllants consist of oxidizer and fuel.

Oxi-iz.r is called the sutstance, which consists mainly of the

oxidative elements/cells, and by fuel - from the combustible

elements/cells. In the prccess of chemical reaction occurs the

electron transfer in the cutezmcst electronic shell of the atoms: the

atoms of combustible elements/cells give up their electrons to the

atoms of oxidative elements/cells.

The component of chemical fuel/propellant (Fig. 10.1) is callad

the liiuid substance, stored in the separate tank and supplied on the

sbparate main into the engine chamber. The component of chemical

fuel/propellant can be the solid, placed directly in the

chamber/camera. As the component cf chemical fuel/propellant can

serve also the mixture either of liquid or solid individual

substances, and also the mixture cf liquid and solid individual

substances.
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In certain cases intc the prccellant component introduce the

special additives (from the pcrticns of percertagg tc sevqral

percsrtaggs) for the currcse ct an i o;rn i any rc -_v.

The liquid propellant compcnents, which Contain s  
i- etallic

particles, call metal-ccrtaining, cr mctallized; they distinguish two

types of these components: susrensicn and colloidal scluticns.

Suspension is called the liquid component in volume of which evenly

distributed the fine/small solid particles of metal. Colloidal

solution differs from susrsensicn in terms of tha smaller size of the

particles of the metal.
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Fig. 10.1. Classificat.ion cf the comnponents of chemical

fue, l/pr opell1ant.

Key (1) . Component of chemical f uel/pro pellant. (2) . Solid. (3) .

Liquid substance. (4i). mixture cf liquid and solids. (5) . one

individual substance. (6). mixture cf two or more individual

substances. (7). Emulsicn. (8). Cclloidal solution. (9) . Withcut

additives. (10). With additives.
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eig. 10.2. classificati cr of cheuical fiels/pr-=llants.

K. v: (1). chp.ical fu, is/Frcpe!!ants. (2). Solid. (3). Liquid. ()

Two-ccmponpnt hybrid. (5). HCrogerecus. (6) . Solid-liquid. (7).

Hetercgr-nic. (8). one-ccmronen 1 . (q). Twc-com~onent. (10).

.7 r n,, v- a~ r-=

MictUra Of: SeV=Ial Ir.dvidual substa:ces . (14). i::.7

spontaneously. (15). CcmItstirq rcrsacntarously.

Page 141.

Chemical fuels/propellants (Fig. 10.2) classify according tc the

following signs:

a) in a quantity of tasic cotrFcnents - (mono-, two- and

three-component fuels/prc-ellant-);

b) due to the state cf aggregation of basic components cf

propellant - (solid, liquid and sclid-liquid (hybrid) propellants);

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 hyperqolic fuels will be ignited through (3-6)*1 "; - s

after tho contact of their components (the tire indicat=d is called

the period of the delay c' spcntarecus combustion) . For the ignition

of the nonspontaneously ccmbustible fuels/propellants is required

special system.

A -umrer cf -hr-ccmponErt furls/prcoellants iLcludzs, in

pazticular, f: fu ls/prc el!ants J.n which are included th- cxidizer,

combustible and component with the low value p (for example, liquid

hydrogen) , which occasionally referred to as diluent.

Solid fuels can be homogeneous (uniform) and heterogenic

(heterogenpous or mixture). Hcmcgeneous fuel/propellant is the

chemical substance whose mclecule ccntains oxidizer, and comtustible;

homogeneous fuel/propellant is alsc the solid solution of two such

chemical substances. ComFcsite Frcpellant - mechanical mixture of

oxidizar (usually crystal) and fuel which simultaneously plays the

role of binder, providing thereby the creation of solid-propellant

grain with the necessary mechanical chaaeristics. Sclid fuels ars

examined in chapter XVI.

§10.1. Simple oxidizers and fuels.

The components cf chemical fuels/propellants contain both

-- ti =.
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oxidative and combustiLlE elements/cells. The propellant comFcn.?nts,

which zonsist of one type cxidaitiv. or ccmbustibla elements/c'lls,

call respectively simple cxidizsrs cr fuels.

The oxidizers include oxygen and halogens: fluorine, chlorina,

bromine and iodine. The createst cxidizin ability thv possess

oxyga.n and especially flucrine. Thpm are us---d i. the fc-m of simpl.?

oxidizers and in connecticn with cther less effective oxidativi

elements/cells. Some prcperties cf simple oxidizers are given in

Table 10.1.

Ths basic fuels of chemical rccket propellants are hydrcgen,

lithium, beryllium, boron, carbcn, magnesium, aluminum and silicon;

other combustible elements/cells - sodium, calcium, phosphorus,

titanium, zirconium - are less effective. In Table 10.2 are givan the

basic properties of simple fuels.

The fuels/propellants in which as the oxidizer is used fluorine,

are more effective than fuels/pzcpellants on the basis of oxygen.

Page 142.

This is explained by the fcllcwing special features/peculiaritias of

oxides (the end products of the reaction of fuels with cxygpn) and
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fluoriLs (tha end products cf the r3action cf fuls wi.+h flucrine)

1. HF-t cl fcrimaticn of flucridqs for majority of ccmbustible

elements/cells examined is mcre tta. heat of formaticn of oxides.

c- _in cl-t and metnq cf liori aes Jis slitstantially lower

than appropriate temperature of cxides. Ther3fore in ths majcrity of

the cas-is flucrides drsqrt the rczzle cf chamter/camera chemical RD

in the gaspous state, ard many cxides (especially Beo and A120 3 ) in

the liquid or solid state.

Hydrogen during the reacticn with oxygen and fluorine gives not

the highest heat of fcrmaticn of corresponding oxide (HaO) and

fluoride (HF), but these ccmpcunds possess low molecular weight and

low values Tm and Tna, which iakes the fuels/propellants in which

is used oxygen and fluorine as the oxidizer and hydrogen as the fu~l,

by very effective ones.

Highly efficient fuels are alsc metals and metalloids with the

low molecular weight (Li, Be, B). Carbon relates to a number of

relatively barely effective ccmtustible elements/cells.



1DOC = 81009001 PAGE

&a:ls 10.1. Scma props:rties cf simFle oxidizers [35], [37].

Ir., r rb
flaimum ba1NA- ________

Xwi.%tqec- = , KOM COCT5'.HHH
OKI:c.AItTe.1b KaM,, E: rip HopMaab.OM

4opMy,. la _____________ __ a___e_____

=:;E I, KAo., -"I I _______K

KI c.IOoa 0 31,999 1144 (npit TK n) 54,3,5 90,18
I I

(PTOp F. 9 37,997 507 (npi T,,,) 33,33 85,02

(it) - __ _ ,- (-- --

XJiop CI2  17 70,906 1537 (npH T KKt) 171,85 238,45;
_ _ 1 239,05

5po 1  B. 3 159,808 3102 (ipm! "  265,85 331,05;

" I__ 12980, 15K) 1 331,93

HOA J, 53 3960 (np () 386,85 455.95;
25380931K) __K_ 457,50

Key: (1). Oxidizer. (2). Chemical fcrmula. (3). Reference number of

ele ment/cell. (4). Density in the liquid state. (5). at normal

pressure. (6). kg/kmole. 17). kg/M 3 . (8). Oxyg9-n. (9). with. (10).

Fluorine. (11). Chlorine. (12). Ercmine. (13). Iodine.
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Page I43.

Table 10.2. Some properties cf simrle fuels (35], (37].

" TKH"
Xn i -'. jx. I 8

Xi,,giqec- '=M re-cc B a K cc%

ropmoee Ki COCTOH14 Mn HOP&a.abQNI
o i% i . - asaemmt

'K

Boop ' ' i 2.0161 - 70,97 13.94 20.39
1 I ,npl, Tx..)

.IHTA Li 3 6,939 5340 507 453,65 1620.15I(rip.

,0 8 473-,15K)

ep HJUHA Be 4 1 9,0121 85o - 1556. 15 2 57,15

sopJ BI 5 j08112002300,15 3950,1
Yrxepoi C 6 12,01 1 1387339 4473

MarxNI M __ _ 1(12 1435 700923,15 1381,15

AAIovwRi# I Al 173 126,9821 2700*1' )228a 932.15 I274n.15I I I(nPII
1273- , 15K)

Kpewnd Si 14 28,086 2000 t - 1 - 2873

Key: (1). 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/03. (9) . Hydrogen. (10) . with. (11).

Lithium. (12). Beryllium. (13). Ecrcn. (14). Carbcr (graphite). (15).
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fagnesium. (16). Aluminum. (17). Silicon.

FOOTNOTE 1*. At a temperature cf 298 o, 15 K. ENDFOOTNOTE.

§10.2. Special requirements fcr the liquid chemical Fropellants.

General and specific requiremerts for the chemical

fuels/propellants ars examined in §3.2 and 3.3.

In accordance with equation (5.10) of fuel/propellant must

provide the high values of thrust cefficients Kp (see §5.3) ando

(sae §4.5). The ccefficients indicated as rate U" (see §4.5),

increase/grow with an increase in temperature and gas constant of

products ccmbusticn at the nozzle entry, and also with an incrsas3 in

the expansion ratio ec and the decrease of index ,p.

Page 144.

Essential is the effect cf teiperatur . T,. which depends on net

calorific power HM,, of that determined by type and

relationship/ratio of prcpellant ccmponents.
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The components of chemical fuels/propellants analogous with al'

wcrking medium/propollants RE (see §3.2) must possgss high d.nsity.

Es:-.1ial this is important fcr ths oxidize.r, sinci its density in

essence determines fuel density.

.. z'nectic with ... fact teat cn - chAractsristic vsl-ccit v

of rccket vehicle values I:,t and QT have differ-ent effect, appc-ars

ncEd i- thF ccbin-d estimated Earamater. Such parameter is

-xpr.ssion ly, QT where c - .index whose value is detsrmined

according to the equaticn

Ig-I - MT/Ill"

Here mn- - mass of propellant compcnents.

To the maximum of the characteristic velccity of rocket vehicle

corresponds the great value of expression / 7 8 d1  Index c, which is

determining the density effect of fuel/propellant on the

characteristic velocity cf rocket vehicle, is lower than unity.

Therefore specific impulse influences characteristic velocity more

than fuel density, With the decrease of index c (i.e. with an

increase in relation ,n/ni.,) the density effect Q, is decreased. At

value m,/ma,-,O,8, characteristic for the ballistic missiles, c=0.5.

For the upper stages of rockets th3 density effect of
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f uel/propeJlant is decredS-ed, ar,, tbe ef f P,: cf U~~fz I:us a

irncrLasas/4rcwz. Therifcre for. the uper stages of :-cckpts is

reccetnred the use/applicaticn cf a fuel/prcfellart liquil cxyyer.

l-Jiu-Id hydrogen, in spite of the extremely low density of liquid

hydrcger. (pX.7l kg/rn3).

Th? iJmpcr-:ant charac*:_:r_4t.JZ, cf chsirical fu~l/Fropf-llar.It a:,;

also th- stability (stability) cf the? course cf the reaction of

burnirg or decempcsIt5.cn and Etarting/launching properties.

The stability of burning cr decompositior of fuel/propellant is

determined in essence by the amplitude of fluctuations of pressure

Pm: is more, the less stably cccur chemical reactions in the

chamber/carrera and the lcwer the reliability cf its cperatio. (see

§15.1).

Fuels/propellants with gccd starting/launching properties

provide stable (without the large cscillations pressures px) the

start-up conditions of engine. For example, bipropellants with goed

starting/launching properties easily and smoothly will be ignited in

broad limits of a change cf ccefficient x. which is explained by

their following special feat ures/feculia rities:

a) by light volatility;
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b) by Icw igniticr temperature.

Page 1L45.

d) by the short igrition delay r.,.

From the point of view of the safeguard cf good

starting/launching properties and stability of the process cf

burning, and also simplificaticn in the construction/design of engine

the hypergolic fuels usually have advantages before those ccmbusting

nonspcntanec usly.

To the liquid propellant ccmpcnents present the follcwing

additional requirements:

a) low viscosity/ductility/tcughness, also, as far as possible

its small change in the temperature range of ths operation of engine;

b) small surface tension;
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C) thE icw saturated vapcr p1:essurs.

'- - ---1. I

i -  - " w virs cs t v/ ductil12tv,; u 7,7 n i _c c - 'I

comr-:r.-rnts is .scrFasc! the hydrauli r:sisar.ce cl _ tr; mairs 3f

argire, which leads tc the decrease of th- nec3ssary experait.jres cf

w:.- tho w viscositv/ductilitv/touhress . the snal surface

tension of luid proppllant c. rcnents is imFrovad tneir

atomization, i.e., the fragmentaticn to thG siallest articles duri.-

the input/introducticn cf comFoaets intc tha cnaaber/camera, whic.-i

facilitates more complete comtusticn.

The low saturated vapor pressure of prcpellart components

decreases the losses tc their vapcrization and is exarted favcrab-e

influence on some other parameters cf engine and rocket venLcle as a

whole.

If engine chamber has external flowing ccoling, thon one of the

propellant components must pcssess gccd cooling properties.

It is necessary to indicate that there are no such

fuels/propellants which it wculd te possibls to use with the

identical effect for the rccket ergines cf different
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J10.3. Charactarist ic cf :iquid FrcFellants.

-. esscrcr( are uie,1 "F c an. ~

r t, ~ " r I arS I s r 1: 1 F c 1t i 3rc .t r jP Is Si! c i I I - 1r,

:cmut .hir arr s'tT:,r, ir. the sc a: ato t anks an.-~ i:-? si-roI-F a irte

t he ctam ber/camiera or. t t * di ffetr r ains.

Arp mere simpl* by tF% ccr~tructicn/design ard ir. the cFeratior

: f ZnFD, which work cn tkce cne-cczircrent (or unitdry)

f um l/ propel lant.

The mcrcrropellarnts, which ar? th-s -.ixture cf oxidizn- ar2. fuel

or the solution~s of fucel in. #Ac cxjilize.-, can :,ossess sufficiently

fti# energy characteri4stics, rut s,,ch fieIs /F ropollants are irclined

to the ebxplosicn. The same can te sail about tne mcacpropellant,

which consists of one substance irtc molecule of which they enter

bcth cxidative ard combustib'Le oe1eents/cells (for example.

nitromet.iare CH3NO2).

Page 1'.6.
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mc:. c cnc£ropellants, which ccnisist cf cn ! n~iviiual substancp

(for example, hydrazine NZH,) and thich isolate heat as a result of

decc:position of the presence of catalyst, are sufficiently stable,

but have comparatively lcw enercy characteristics.

:',- used both solid and liquid catalysts. Solid ca-ralyst is

:!acEd iir-ctly into the chamter/camera; its mass with the wok of

sr~i-r virtually does nct charge.

Liquid catalyst is placed in the separate tank and continuously

is supplied into the chamter/carera cn the special ccnduit/manifold.

The example of starting/launching propellant compcnent for ZhRD

is triethylaluminum Al(C 2E,) 3 - the liquid, which is ignited in air;

it are used for the igniticn cf the ncnspcntaneously combustible

fuels/propellants.

During the design cf ZhRC ard any other typo of RD they strivs

as far as possible to exclude starting/launching and additional

propellant components. The use/applicatLon only of basic propellant

components simplifies the construction/design of rocket apparatus and

servicing devices of starting buildings, facilitates servicing tanks,
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etc.

It was abcv indicati.d that into thP rocket proce11n: i-'

number cf cases are intrcduced the additives. Are used, in

particular, the additives, which etsure:

a) the Frolonqed chemical stability of ccMnorn nt oz !7c-

(ir.hbiters)

b) a reduction/descent in the ccrrosiveness cf component of

propellant (deactivators);

c) the decrease of value ,s (catalysts);

d) the spontaneous ccmbusticn cf the fuel/propellant (this it is

pcssible tc attain, for example, by the introduction of liquid

fluorine into liquid oxygen).

§10.4. Liquid oxidizers and the fuels of rocket propellants.

Oxidizers usually compose the large part of the fuel/propellant

throughout the mass. Wholly of cxidative elements/cells consist

simple oxidizers (0., F2) cr corFfcunds from the oxidative

elements/cells (oxide of fluorire CF2 , fluorides of halogens: CIF 3,
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CIF S , 3r: J, 5r:s, JFs, qtc., p;rchlcryl fluo:i l ClOjF, etc.)

sDz - 'xidizers contain in t.e Lfolecule .cqether with the

oxidativi -lesrt/crll nitrcg~n, %hich is the neutral clement/cell

(n.trogen tetroxide N20 4 , flucrides of nitrogen NF3 and N,,F, Itc.)

.NC3 , tatranitzc7athane C (NG2 ) 4, srchloric acid Hclc,, Etc.)

Ia peroxide of hydrcen HzCz are included oxidative and

ccmbustible elements/c lls.

Page 147.

Most widely in ZhRD are used the following oxidizers: oxygen,

nitric acid, nitrogen tetroxide and peroxid- cf hydrcgen. The

physicochemical properties of basic oxiiizers are given inTatle

10.3.

Are most effective the fuels, which are whole cf the ccrbustible

elements/cells. The presence of nitrogen or oxidative element/cell in

the composition of fuel, as a rule, decreases energy propellant

properties.

The utilizad and prcmising fuels of liquid propellants can be

~. ~ - _____ _i __i
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subdivided into the follcwinj grouFs:

1. Liquid hydrogen and the hydrazoic fuels: hydrazine N2 H,,

ammcria NH,.

2. .--s, w ich cont'in i- th-=4 r_  -)c1Zositi hV1c(,., uzi :,

carbon and being derivatives ct: hydrazine: monomethyl ::3.ZIne ("3)

H.I-NH (CH3 ) , unsynn, trical dimf.thylhydrazins (UD,,) 2N-N( C 3)2 a.

arozin-50, which is mixture (1:1 throughout mass) of hydrazine anr

UDMH.

3. Hydrocarbon fuels: kerosene (mixturs cf hydrccarbcns,

obtained with distillaticn of petrcleum) ; methane CH4 (liquified

hydrocarbon, which is fundamental ccmponent of natural gas); -thane

C2 H6 propane C3H8 (alsc liquified hydrocarbons), etc.

4. Fuels, which contain in th-_ir composition hydrogen, carbon

and oxygen (alcohols) : ethyl alcchcl C2 H5 OH, methyl alcohol CH3 OH,

etc.

The ph.ysicochemical properties of basic fuels are given in Table

10.4.

§10.5. Characteristics cf tiptojellants.
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The characteristics cf hasic bipropellants are giver in Table

10. 5.

In Table 10.6 are ncted the igniting spontaneously and

Fuels/propellants on the basis of liquid oxygen. In the initial

period the developments cf ZhFD and during the years of the Second

Acrld War used extensively a fuel/propellant liquid cxygen 02 +ethyl

ilcohol C2 HsOH. A comparatively low heating power of this

fuel/propellant led to the replacement by its fuel/propellant

O2 kercsene.

Fuel/propellant 02 +kerosene is cheap and reliable, it is well

mastered in the production and the cperation. Some difficulties in

cooling of chamber/camera due tc the high temperature of the products

of combustion and comparatively srall quantity of fuel in the

propellant composition successfully are overcome, and fuel/prcpellant

02 kerosene extensively is used in contemporary ZhRD. Are developed

ZhRD, which develop on this fuel/propellant thrust to 7000 kn [z700

T].
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Table 10. 3.

_____________ os I XlmmtiqeCKaA rlpe~e~b.o iionyc-j

OK;Ic~~~mre~~m XHT:1ca f% opa4aMca6RbILr KoHtettrpa-
to~h II ~ &.bILT,

(0KI) We~ 4-~mA (//21HM1

KsiCAOPOA 02 31,99 54,35 90,18 1144 -398 CTa6Hjiem 1-eroicime

r fepeKMCb uoAoponA 1 H610, 34,015~ 272.261 423,351 1442 --5m3 HeC~a6tuaeu 1,0

Maomsu rnmcjoT HNOS 63,014 231,56 357,25 1504 f-2753 *5,0

4-erbapeoXIMCb MISr N20 92,011 261,95 2943 142 -209 CTa6NrAba2a 5,0

CT F2  379 535 185 -3M V T86Aes( 0,03

OXHCb 4Mrpa OF2 53,996 49,35 127.85 1521 222 CT36H~bNa 0,01

TpmplopmI xiopa Ciia, 92,448 196,83 284,90 1809 -2000 CTa6HAeH Oqehib TOKCcHqeI
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11e, Ta4)TOpL xopa CI!'5 130,457 - 1750 O Ca6o TOKC1qeH

Tpmoropwt a3oTa NP 3  71,008 66,36 144,14 15,1 -2050 Oqenb TOKCHqeH

Tetl)a pT jtpa. N F4  104.016 105,15 200,15 1500 - To we

1"l,'tI'. 6poA. BrF 3  138,916 281,92 .398,9 2797 , ToKcHqeti

reNTaTop..n 6pOMa I BrF 5  174,916 210,65 313,45 2-165 -2625 .

fepxmoplf@Topwz CIO:,F 102,457 125,41 226,48 1691 r-13698 0 C6o ToKccH'em

XAtopxag KHCJIOTa HCIO 4  100,465 161,15 40,3, 5 1772 --- WO I1ec ra imHa "oKc{iqIa

Key: (1). Oxidizer. (2). Chemical fcrmula. (3). at ncrmal pressure.

(4). Chemical stability. (5) . Maximum permissible concentraticn in

air. (6). kg/kmole. (7) . kg/ 3. (E) . kJ/kg. (9) . mg/mJ. (10). Oxyger.

(11). It is stable. (12). It is ncntoxic. (13). P'iroxide cf hydrcgen.

(14), It is unstable. (15). Nitric acid, (16). Nitrogsn t'.trcxide.

(17). It is stable. (18). Flucrine. (19). Flucrine cxida. (20).

Chlorine triflucride. (21). It is very toxic. (22). Pentaflucride of

chlorine. (23), It is weakly tcxic. (24). Triflucride of nitrogen.

(25). Tetrafluorinehydrazine. (26). with. (27). the same. (2e).

Trifluoride of bromine. (29). It is toxic. (3C). Bromine

pentafluorlde. (31). Perchloryl flucride. (32). Percblcric acid.
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(33). It is unstable.

FOOTNOTE 1*. Values at a temperature cf 2980, 15K, and for the

z -zc l___ n cx:. z: :._s - at i Lc li-_ 1 ..

Z. Values at tewFerature cf 293 0 K, and foz low-boiling

oxidizers - at boiling Fcint. ENDFCCTNOTE.

Page 150.

By the best control characteristics even aore steady-state

burnirg in comparison with thr fuel/prcpellant Q2 +kerosene pcssess

fuels/propellants 0 2+NH4, C2 + 3H, C2+MIIG and C2 +UDMH. Frcm them most

axtetsively is used the fuel/prcpellant O2+UDMH. For these

fuels/propellants, and alsc fcr fupl/propellant 02 H2 in spite of

their high heating power is characteristic a reduced temperature of

combustion products, which facilitates cooling chamber/camera.



Table IJ.4. Scze properties ot liquid fuei3 £2], p23", [35].

.I I IC ( I Me, b-

.lP HO pIaJIb.-: Q L XI IIC K &IleH"X11mKI t I HKOI :B3 %'M-

a Hop0.11a Ha.b T, pTaOhsb- T

B ,.opo H. 2,01!6 13,941 20.39' 70,97 -38"'2 Cta,61.1ej eTOK-

.pa3VH N74,'68,366,65 1004 1573 Kc4
'M$)o/ek . NH3  .7,,32:195.39,23973 682 -4180 20--5o

H,.,N- 46,075220,753360,651 874 1222 OKC11e.ni epr
a3HH NHf(CH ),

H:l Mr HN- 60,1021215.95336.251 784 774 I21(.CH36251I.

1 A3po3r-50 - 45.584265.851343,25 899 1173
Kep HH C7,21H13.29  - 20 4.50 820- -1728 300
11 yClOBHag 220 850*op-y- 1

MeTaH CH 4  16,047 89.15111,65 424 -5439 Cia6o
TOKCHqeH

3mn9oba[ C2H5OH 46,070159,05351,47 785 -- 6025 1000
CflHPT & ( 2$)
,H6OpaH &,16  27,67 107.65 180,65 430 438 CTaftiem Bechma

B repMe- TOKCmqeH
THqHOM

(a (~:i 6auce I
InentaOopa. B5H 9  63,27 226,34 335,15I 618 381. o ze 0,01

Key: (1). Combustible. (2). Cherical formula. (3). at normal

pressure. (4). Chemical stability. (5). Maximum permissible

concentration in air. (6). kg/kicle. (7) . kg/m 3 . (8) . kJ/kg. (9) .

mg/M 3 . (10). Hydrogen. (11). It is stable. (12). It is nontoxic.

(13). Hydrazine. (14). Tcxic. (15). Ammonia. (16). Monomethyl

hydrazine. (17). Aerozine-50. (18). Kerosene. (19) . conventicnal

fcrmula. (20). Methane. (21). It Is weakly toxic. (22). Ethyl

alcohol. (23). Diborane. (24). It is stablq in pressurant storage
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tark. (25). It is very tcxic. (2o. P~r.taboran,?. (27). 7h1 sa- n.

FOOTNOTE * Values at a temperature of 2980, 15K, and for the

~ -'~- - at a 1-ciil-r.q ccrn..

2 Values at temcerature cf 293 0 K, and for low-boil4i7- fun-s

- at boiling pcint. ENDFCCTNOIE.

Page 151.

The greatest specific impulse (to 4800 Nes/kg (=480 kgos/kg ]) of

all ccntemporary familiar fuels/prcpellants provides fuel/prcpellant

liquid oxygen + liquid hydroger (C2 +H2 ). Ars developed ZhRD, which

develop on the fuel/propellant indicated thrust to 1000 kN [Zi00 TI;

in the USA is conducted the wcrk cr the creation ZhRD with thq thrust

to 7000 kn (700 T]. In spite cf the low dansity of fuel/propellant

02 +Hz (0,=320 kg/23) its use/application for ZhRD of upper bccstar

stages makes it possible tc significantly increase the mass cf

payload.

With the addition cf liquid flucrine intc liquid cxyqgn in a

quantity to 5o/o all fuels/propellants on the basis cf liquid oxygen
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becc-e igniting sportaecusly.

ith refuelling C2 H2 by fuel/ropellant (7Cc/c 0 2 30c/c

F2 ) ia specific jet frirq is ircreased. Mixture 02+F 2 can be used

with UD4H, kerosene and liquified hydrocarbons (methane, ethane and

F als/rrc-llants cn the basis of peroxide cf hydrogrn. ?Prcxida

of hydroger was used extensively as the oxidizer in ZhPD durinq the

Second World War.

However, in that period peroxide of hydrcgen was used in the

form of 80c/c aqueous sclut-ior, which decreased the heating pcwer of

fuel/propellant. In propcrtion tc the development of the methods of

stabilization of peroxide cf hydrcgen appeared the possibility to

increase its concentraticn tc 9Cc/c, and in certain cases tc 98c/o.

Fuels/prcpellants on the basis of highly concentrated peroxide

of hydrogen are not infericr to fuels/propellants on the basis of

nitric acid on the density and at the same time provide somewhat

larger specific impulse at a substantially smaller ccmbusticn

temperature. By the additicnal advactage befoze the nitric acid and

oxidizers on its basis is the ssaller corrosiveness of peroxide of

hydrogen.

N-'
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Most 4s used axtensivealy fufI/ props llant H20 2 kercsene; morR

rarply thor use: H202NUDMH, H2 C 24NH 3 and H2 0 2 N2 H4. Concertration

4202 in all fuels/propellants Irdicated is equal to 900/o. Tc a

number of advanced propellants cn the basis of peroxide of hydrogen

.- ats !2-2+2H6 and sPECi4!lv H2 1+.5 -i9.. T -icrt&' a- vanta Q 'f

latter/last fuel/propellant is the fact that it cc:,sists of

high-boiling components.

Fuels/propellants on the basis of nitric acid!. The heating power

of such fuels/propellants is less than the heating pcwer cf

fuels/propellants on the basis cf ligui3 oxygen, but in contrast to

the latter they possess high density and can long time be stcred in

the completely charged/filled rcckqt.

Nitric acid of 100o/c ccnc.ntration is unstable product.
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Table 10.5. Theoretical characteristics of some bipropellants r It!

(p= 68 .9 4 6 . of bar (68.046 phys. at . ; pc= 1 ,0 13  bar (1 phys. at. 1;

--x,n?; pA=P3; equilibrium exnansi cn).

Xapa Te- 
O xnca"re~b

IPICTHfKa ropioee i
0r Hq01 O HNO, N204 F2  OF, C- F-,

H2 4,00 7,33 6,14 5,25 8,09 .5.67 I., 5 i I 1,30 Si .5o 6,1.-

N2H4  0.92 2,03 1,50 1,33 2,37 1 1,50 2,71 2,70 3.25 1.50
HIMr 1,70 4,26 3,00 2,57 2,45 2,69 2,85 3,0 3.17 2,70

B5H9  2,12 2,23 3,00 3,00 4,56 4,00 6,69 7,33 6.69 .3,76

H2284 435 393 353 468 .375 605 616 517' 403QT N2H4  1065 1261 1254 1217 1314 1263 1458 1507 1105 1327
a ! H/ImF 976 1244 1223 1170 1190 1214 1325 1381 1028 1289

BH 9  897 1021 1107 1084 1199 1179 1413 1493 1027 1239

H2  2977 2419 2474 2640 3968 3547 3705 34M .3814 3003
NA 3406 2W 3021 3247 4727 4047 4157 3901 4481 3467

H*KMr 3608 3008 3147 3415 4464 4493 4003 3799 4226 3657
8H59 4160 2969 3588 3913 5080 5009 4656 4447 4840 4242

H2 1,232 1,247 1,258 1,260 1,237 1,239 ,260 1,061 1,259 1.253
N2 H4  1,164 1,187 1,199 1,191 1,177 1,166 1,220 1,237 1,061 1 ,|80

np HhMF 1,144 I,.60 1,172 1,166 1,149 1.167 1.189 1,198 1,186 1,171

Wit 1,111 1,112 1.128 1,121 1,150 1,136 1,1.50 1.152 1,155 1.125
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H2  2431.1 2011.3 2001,5 2134,9 2553,7 2562.5 2145,7 -212 ,1 2.72 ,2 2 1 .5
N2(~ jH 4  1890.7 1753,4 1714,2 I1179,9 2212,4 2091 ,8 1928,0 1827,0 2056.4 794.6

ot ceic
HaMI 1856,4 1714.2 1654,4 1725,0 2087.8 213 ,0 826.0 17r26, 0 1959,4 1754,4

8SH 9  1894,6 1832.9 1753 4 1781,9 2175,1 2165,3 1859,3 1751 5 2013,3 1784.8

H2  3835.4 3161,7 1 3135,2 .3341 ,1 4038,4 4012,3 3.363,7 3i45.0 .1564,7 .3373,5
N2 H4  3068.5 2813,5 2737,0 2854,7 3573,5 3392.; 3059,7 2889.0 3282,3 2895,9

HIMr 3037,1 2782 1 2671,3 2796,9 .3411.7 3453,9 ' 2925. . 27.9,6 31 47.9 28-10,0

B.!H9  3135,2 3031,2 2880,2 2935, 3539,2 .546,1 3026,3 2846,9 :3275.4 29.15. 1

H. 1-171,8 3675.5 36.36,3 3872,. 4683.7 469),5 38871 )20 .,, 1118 8 3909.9

2H,.P N3H 625,5 3310,7 3210.7 3.353. 4210.0 4009,9 3567,7 i WQ, 9 327.5 34n6 .9

HAMF 3610.8 3294,1 3153,8 3304,8 4050. 1 4085.5 .344f,2 .11239, 1 3t,96. I 3351,9
BjH .3777,5 .3659,8 3454,9 3.526,5 4224.7 4248,2 3616,7 3402,9 3899,1 1525,5

Key: (1). Characteristic. (2). Ccmtustible. (3). Oxidizer. (4).

kg/M 3 . (5). Ns/kg.
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Therefore in ZhRD use the concentrated nitric acid, which contains

about 2c/o H20 and 0.50/c of cxides cf nitrogen NO2 (this acid is

nitrcz3n t?-trcxide N2 C4  (this sclut icn is calla , 4-.-.c

a,74_) . Latter/last oxidizer is !cre effective. Thr - Iirm~ln on

its casis, which uses UDMH as the frual, is the xa:nplc of _ho

igniting spontaneously stcratlr prcpellants with gccJ contrcl

characteristics and steady-state turning.

However, fuels/propellants cn the basis c" nitric acid -n

essence are displaced by fuels/prcpellants cn the basis of nitrogen

tetrcxide.

Fuels/prCpellants cn the basis of nitrogen tetrcxide. ,cst use

extensively, including if necessary fcr prolonged stcrage,

fuel/propellant N2 0,+N2 H,, N42 C,+MMC and 9specially N2 0,aercsine-50

and N20,-UD~IH. They arA scmewhat inferior tc fuel/propellant

O2 kerosenF on the develcped %ith engine specific impulse, tut they

exceed it cn the density.

-: ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ -- --------"-'I llf. . . . . .. . . . . .



DOC = l1OCgoo1 PAGE

Fumls/p.cpE1J..arts N2 C,+afrcs-JrE--O and N 2 , ak-a it

pcssi.ble tc create zeliatly w crking ZhFD wit-h tii Li--'h sp=cific

;Toulse an] 'wijtf th; very hich thrust 'n cne chamb r/camera.
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Page 154.

For the engines with the relatively small thrust are used
'/ :cp~ .a.-.ts 0 '! 4 and N:2 C,+'.3; th,- b . C -

F .-ties poss~ssss th< latter cf fuel/propelnt.

Fuel/propellant on the basis cf fluorine. Liquid fl'crine it is

mcst expedient to use paired with such fuels as ammcnia, hydrazin,

pentaborane and especially liquid hydrogen. fuel/propellant F2 +H2

exceeds 02 +H2 to 4-5o/o on the sass specific impulse, developed with

engine, and on 70o/o on density specific impulse, and also cn the

density (to 55o/o). It is most iseful for ZhRC of upper booster

stages and for ZhRD of space vohicles with the rqlatively short

flight tims and large necessary total impulse/momentum/pulse [13.

Fuel shortages F2+H 2 include:

1) the high temperature of ccmbustion products, which

complicates cooling chambsr/camera;

2) the high cost/value cf flucrine;

____ ____ ____ __ 1
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3) the large toxicity cf fluc-i-e and cc M'Ut -on p:cOucts (F).

The high values of the density specific impulse, devEloFed with

engin- during the utilization of tuels/prepellants cn the basis cf

fluo_-in4., can be ulgsd frcm gie'Jr b~Ic. . .e Y0.7.

For ZhRD of soace vEhicles is Fcssible the use/apvlicaticn of

the fuels/propellants: F2 *NH3, Fz*N 2 H4, F 2 +MIG, F2 CH,, F2 +92 H6 , etc.

Fuels/propellants on the basis of the fluorine-hearing

oxidizers. oxide of fluorine OF2 it is expedient to use paired with

liquid hydrogen, UDMH, MMG, hydrazine, ammonia and methane. For ZhD

of space vehicles is possible the utilization of fuel/propellant

OF2 +B 2H6.
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Table 10.6. Characteristics of the inflammaticn cf scme

fuels/prope llants.

I i%) OKHcawTeab

I 0, K20, HNO, N,04  F, CI F,

II C -Ht H H H H C
N H; H K C C C C
NH3  H H K K C C
MMF H H C C C C
HIMr H H C C C C

C2HIOH H H H H C C

'Tte. N - incombustible fuels/Frop4llants: S - hypericlic fuels;

K - fuels/propllants, which igritz spontancously in the Fres.nce of

catalyst.

Key: (1). Oxidizer. (1). Comhustible.

Page 155.

The mass and density specific impulses of the engines, which use

fuels/propellants on the tasis cf fluorine oxide, are more than the

analogous parameters of ZhRD, which work on the fuels/propellants on

the basis cf liquid oxygen. All fuels/propellants on the basis of

fluorine oxide are igniting spcrtareously and possess, with exception

of fuel/propellant OF2 H2 , a ccmparatively high density.

- -f- .. . .. . II i i I i - l J lli 
mll ll

d
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Due to the high ccst/valuv cf fluorine oxide in a numbor of

cases it is expedient tC use fixture F2 +O2, which is only a little

inferior to it on the effgctiveress.

As the igniting spcntanecusly stcrablq propellants very advanced

prope lats C'F 3 +'H 4 and -sncIA CJY 2i . on-- of th-

difficulties, which appear durirg th. utilization cf fu'i/prcpellant

CIFs ,'2H!, is the formaticn ct solid praci:itaticn on internal

surface of chamber wall.

Highly efficient is fukl/proellant BrF 5sB s H,; its dansity is

equal to 1990 kg/m3. Volumetric jet firing, which works on similar cf

fuel/proppllant, when p,=68.7 tar [7C kgf/cm2 ] and pc =0.981 bar [1

kgf/cm2 ], equilibrium expansion and optimal coefficient x is equal

to 4.81 N-s/m 3 [ 89 kgf-s/l].

To a number of effectivE cres relate the fuels/piopellants on

the basis cf trifluoride cf nitrcyen NF and especially

tetrafluorinehydrazine N2F. with the utilization of hydrazine,

pentaborane and liquId hydrogen as the fuels. However, the

use/application of tetraflucrinehydrazine impedes its high

cost/value.

§10.6. Selection of the optimal excess oxidant ratic ao
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After the selecticn cf ccmpcnerts is designed h otte. v

of the fuel component ratic x cr ccefficient ao. _-ng

calculations indicated find maximum expressions ITyhQ '

~ ,L



DOC =31003002 PAGE

Table 10.7. The dansity spscitic ix"u--_1 cf oxyjyn an-; flucri-.h Z -,D

at the level of sea (P.-66.7 baz [68 kgf/cM2 ]; 'c=0,981 b-.: [1 kgf/cmn2 ;

0=._; __quilibrium expansion).

ropmqee

N.ceK c - _ __r ,

V4
3  

Ad' .

H I 1,069 109 1,834 187

NH3 2,569 262 4,1i9 420

N2 H, 3,258 335 4,678 477

Key: (1). Oxidizer. (2). Comhustible. (3). 1,S/n 3 . (4). kgf sIl.

Page 156.

Specific jet firing and density of fupl/prcpsllant deperd on

coefficient aom, i.e. Ijh-f(cLk) and ,=f(co.

Specific impulse has the great valus with the excass of fuel,

i.e., when aom<1, but not with the stoichiometric relationship/ratio

of propellant components, in connection with the fact that with the

excess of fuel in composition of combustion products is increased ths

content of gases with the low molecular weight (CO, H2 , etc.) in

comparison with the content of gases with the increased molecular

weight (CO2. H20, etc.). Furtherzcre, when ao< descends the

map
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tcmper-ture of combust.4cn prcducts, which leads to the decri.ase of

the expenditures ot the chamical energy of fuel/propellant fcr

disscciition. Simultaneously is facilitated cooling the

chamber/camsra: by high fuel consumption to mcri. easily cool the

chamber/cavera in which icrecvr, the combustion products have a

w&ith n increase of thb temperature of ccmbusticn prcducts the

value of cc-fficient a,,. with which is provided the maximuw cf

specific impulse, it is decreased.

Usually the dsnsity of oxidizer is more than the density of

fuel, i.e., Qox> Therefcre vith the decrease of coefficients L.

and x the density of fuel/prcFellant QT is decreased.

As a result of the density effect of fuel/propellant the value

of coefficient a., at which reaches the maximum of the characteristic

velocity of rocket vehicle, is displaced from the value of

cceffizient a,, correspcnding tc maximum specific impulse, to the

side of smaller values.

The optimum values cf coefficients aox and x depend also on thA

expansion ratio of gas ec. For the chamber/camera with the high

exparsion ratio of gas a.onr-'I (usually ao.-=0.95=0.98) as a
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result of the more complete ccurse cf the reactions cf recomtinaticn..

TablE 10.8 gives the values cf cce!!ici4-nt x uskbd tcr scine

=uqls/prcpe-lants of ZhRC.
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Table 10.8. Values of ccefficient x _ir jome ftie'r-,

utilized in Zh&D.

OKI4CJNIUb ropEoqes

02 ,{ 4.50--5.50

00! KepocHR 2,20-2.38
02 NH3  1,25
F2  H2 8,00--12,O0'

N20 4  'H.N-NH(CH,) 1,64-2,54 1
N20 4  'P.AL po]xs-50 1,50-2,00

85ji-Mas.' iQKepoc~m 8,2
N1202

Key: (1). Fuel/propellant. (2). oxidizer. (3). combustible. (4).

Kerosene. (5). Aerozine.

Page 157.

§10.7. One-component liquid propellants.

most widely as the zcnoproellant ZhRD are used peroxide of

hydrogen and hydrazine, which are the substances, caFable of being

docomposed/expanded in the presence of catalyst with the liberation

of heat.

The highly concentrated (90-96c/o) aqueous solution of peroxide

of hydrogen during the utilizaticn as the moncpropellant provides
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specific impulse of Zh.R 150C-ICC os/ £[ 8- kgfos,/kg :, i.

:his case the temperature c. st.a -as in th- char'ber/ca::ra of

decomposition composes 571_-12'_C 0 K. During -he large expansion of th-

deccompositior products cf percxide cf hydrogen in the nozzle cf

chamber/camera water vapcrs are ccrdensed, which causes certain

Hydrazine is mcrc .ffsct.vr !rcncrropllant than psrcxid cf:

hydrcgen. It is decompcsed/e=x~ar.dsd during the heating to 75COK,

forming the gaseous products NH3, H2 and N2 (during the ccmplete

deccmposition only H_ and Nz).

The decomposition prcducts of hydrazine have sufficiently high

temperature (to 14750K), lcw mclecular weight and they are nct

inclined t, the condensation. Hydrazine provides obtaining sFecific

jet firing 2200-2400 n-s/kg [Z 2 2 0 - 2 4 0 kgf-s/kg].

OnR-ccmponent ZhPD, which wcrk on peroxide of hydrogen c:

hydrazine, possess smaller specific impulse, but the reliability of

the operation their higher than twc-component ones. Therefore

peroxile of hydrogen or hydrazJ.e usually is used as the

fuel/propellant for auxiliary ZhPB with the lcw thrusts, including

for the satellites and hydrazine braking ZhRD with multiplying and

controllable thrust for the soft landing cn mars of KA,
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developed/processed in the USA [ 1.

With the addit ion of nitric acid or nitrate of hydrazin . N2_i15 ,03

(componort with the oxilative propertles) intc hydrazine is raised

specific jet f.ring and density cf fuel/propellant, and alsc descends

N2 iSNO3 throughout the mass)

Thq mcncprcp !lant, rspres~ntin mixture 79c/c N2H,, 24o/c

NazisNO 3 and io/c H0, prcvides specific j+.t firing tc 2600 roz/kg

[z 2 6 0 kgfes/kg] and the density cf 1110 kg/m 3 , i.e., in the energy

characteristics it approaches average-energy bipropellants of the

type N_,O4+aerczinP-50.

Table 10.9 gives values 7,< and , for ZhIRD, which wcrk on

different monoprcpellants ( 1].

In one-component ZhBD are pcssible the utilization of cthePr

fuels/propellants, including cf ammcnia, UDMH, isoprcpylnitrate

(CH3) 2CHONO2 , etc.

The products of deccMpositcr cf hydrazine, percxides cf

hydrogen and UDMH use alsc as the gaseous working medium/propellant

of turbine in twc-compcnent Zh2D %ith the pump feed.
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Pagc 153.

00.8. The combustible and three-ccrponant fuels/prop3llants

ccntaining metal.

one thF 44i cticn.E Cf an incrnas th s-.c:fic i:~2lie cf

3.?D and t-h A-nsity cf fuel/rrcFeFlant is the utilization cf metais

(Li, Be, Al, !g) , their I.vrides (LiH, BeH 2 , etc.), and alsc boron.

It is possible to use thr :

a) in the form of suspensicn (r colloidal solution of metal in

the fuel;

t) in the form of the third ccmponent, stored in the separate

tank and supplied to the chamter/camera on the sepa-ate main.

For each fuel/prcpellant shcuid be selected the type of metal

and its optimal content. For example, into the fuels/propellants

02 H2 it is expedient tc add beryllium, and into fuel/propellant

F2+H2 - lithium. The relationship/ratio cf the constituent elements

of fuels/propellants O2 +Be#H 2 ard F2 +Li H2 is expedient to select by

such so that the chemical reaction wculd occur between the cxidizer
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* (O2, F2 ) and the mintal (Eq, 1l) and yA.oz was s tlc-.2:4

working body, which lcwers the 3clec I a: w- cf aZ: ;as--s, which

escape frcr the nczzlF.

Instead cf th; fuel/Fropellant F2 +Li+Hz it is pcssible tc use

fu I/ ci 'a-:s F 2 +:,-4 tt-ii +* 2 c:f:z:ie-:th

lithium.

After the davelcp.nnt of the rthcds cf stabilization cf liquid

ozone by most powerful/thickest chemical fuel/propellant it will be,

probably, fuel/propellant O,+ e+H2 .

The use/application cf fuels/propellants with the fuel

containing metal impedes the follcwing.



DOC =d1009002 P A GE

Table 10.9. SCflE CharacterastlcZ Ct 7j, ht ctn

toncpro peli',aits.

ma- T ' '. l~ px9S 6ap
qumiite Tem. i xr,c~w2 j~
nepatvypba

TonAmiio 'Tep%iHqec)xof 1)
Cra6wHJHO- 'K m-ceK!xZ Kr'cec/Kz

CTII

.9%"~H12 -:50 :765
%-t~ H0 2 383 1 -4'v :S93-

NH, 533 134t5,- 2422--- 247-z
N2H4 (750,,)4 -N2H 5NO, 49! 16 1i" - 2569-L 6?-

~24 , +H20 (10;)

Key: (1). Fuel/propellant. C.2). Upper value of temperature cf thermial

stability. ( 3) . with. (4). tar. (5). kgf/crn2. (6) . n as/ kg. (7) .

kgf *s/kg.

FOOTNOTE 1. The values are given taking into account to the

ccndensaticn cf watcr vapcrs during the raction along the nozzle.

2. values arse givqr fcr ccndit+ion thatl 400/C of fcrmed

ammon~ia arE decomposed/expandfd intc nitrogen and hydrogen.

ENDFO' TNOTE.
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I. Di , ,ficult. - s cf wixing cf Fcwdered metal and liquid fuels,

especially crycgeic.

2. Zai _c wi.-ticles -'i trarsrcrt and 17 CrocEss

s 7-a, arae settled~. 14- i4c pc~sitl=- tc tix ffue l i

meta irectly or. thsI iaurching si_; howver, 4n this c ase a7(ar

la:g )pcrational inconvaniances. Farticlcs ars sattied to a lesser

degree with an increase in visccsity/ductility/toughness and density

of fuel (for example, with the addition of wax or paraffin), and a-so

with the decrease of the sizes cf the particles of the metal (to 1-40

3. Productio of pcwdered metal, which espacially contain

beryllium (i.e. powders BE and EeH 2 ), is characterzea by ccn[lexit7

and high costs. Furthermcre, pcders Be and BeHl it Fossesses high

toxicity, which excludes th4 pcssibility of their use/application as

the additions to the fuel fcr the first-stage angines cf carrier

rcckets.

4. During the supplying cf fuel containing metal intc

c~amb-'r/camera is possible scilirg injectcrs. Definite difficulties

ciases the organization cf the ccabustion of metallic particles.

I m.... IS -IiliiIi I i i i i i ' i mm N mmow
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During th. utilizaticn cf a thr.-cc.pcr.nt fusl/propellant thz

metal ::an be supplied intc the chamher/camera in th mciten fcrm, fc:

-xarr.pe, by the compressed inert gas. D'iring testing of the

experimental chamber/camera, which works on the three-comFonent of

s:ecific iapuls.? in th vacuum cf mc-: -han 5Cl n.-s/.g [-50C

kgf-s/kg [1]. Metal car he intrcducrd into the chnamher/camera or the

s~paratp main and it is direct in the form cf finely dispersed

pcwder, which however, is ccnncted with the great difficulties.

The shortcomings of ZhRD, which use a three-component

fual/propallant, include the cciplexity of their construction/design

and changing the operatirg mcde.

The use/application cf the ccftustibl_ and three-compcnent

fuels/propsllants containing metal leads to an increase of the heat

fluxes intc the chamber walls, %hich complicates its cooling and

raises requirements for the structural materials. ZhRD, which work on

such fusls/prcpellants, it is mcst expedient to use for the space

vehicles and the latter/last bccster stages.
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Chapter XI.

HEAT TRANSFER AND COOLING CF ZhFE.

pii.1. Trarsission modes of heat fluxes.

With the work of the majcrity cf the rocket engines cf the wa''

of their chambers/cameras they receive a significant juantity of he-at

from the products of ccmtusticn cr decomposition of the components of

propellant or products cf heatirg wcrking medium/prcpellant. For the

safeguard of reliable chamber c~eraticn and engine as a whole it is

recessary to abstract/remove the heat indicated tc those or in

another manner.

The transfer of the heat (it they call also heat transfer)

quantitatively determines the values of heat flux and heat transfer

rate.

Heat flux is called the energy content, transmitted in th3 form

of heat per unit time through any surface of F. Heat flux measures in

the watts (J/s; kcal/s] and they designate by letter Q.
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iih3at transfer rate (cr heat-flux ensity) is calle i the heat

flux, per unit surface area, heat transfer rate charact-rizes

heat-transfer intensity; it they designate by letter a. Conseguently,

Q q--7 "(11.1)

H='at t-ansfer rat - his a d ! [T/s'),; kca,

Most heat-stressed is the area of nozzle throat. For some tynes

of ZhRD heat transfer rate in the cross secticn indicated reaches

70.106 W/m 2 (60.2.106 kcal/h.osz)).

Heat fluxes can bo transmitted by convection, thermal radiation

and thermal conductivity cf mediuw (substance)'.

FOOTNOTE 1, For greater detail, see (17] and [18]. ENDFOCTNOTE.

Specific convection current designate qxon, and radiant (or

radiation) - qz.

The relative value cf convective and radiant fluxes in different

types of rocket engines is tc a ccnsiderable extent dissimilar.

In the charbers/cameras ¢f Zh r with the coolant passage the
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oasic form of heat transfer are ccnvective heat fluxes from the

combustion prcducts tc the internal chamber wall and from it to the

ccclant (prcpellant cempcnent).

Heat transfer by thermal radiaticn in ZhRD has noticeatly

3 a i~r Valu.l, Howevger, t a nczzles cf: the C'- .sc =- . so :-

rhRD in ths finite segment dc not have the ccclint passaj'. The

thermal cor dtien of this section (nozzle) of nozzle is detP:mined by

heat transfer from the ccmbusticn Trcducts to the nozzle liner ai4 -

heat transfer by radiaticn frcm the wall into the surrounding space

and to the combustion prcducts.

For YaRD and thermal ERD are characteristic the higher

temperatures of gas, than for the chemical engines. Therefore the

rcle cf radiation/emission in YaRr and ETRD ncticeatly

increases/grows. Furthermore, in YaFD the convective heat exchange

makes the complex prcblem cf the tranch/removal of heat from the fuel

elements to the working medium/Irc~ellant.

Page 161.

Electrical rocket engines are characterized by the very low

pressure of plasma in their chamber/camera. Therefcre the ccnvective

heat fluxes, which depend on the gas pressure in the chamber/camera,

I
I
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ara also low ar th therfal ccndition of these engines is ditemi-Ad

in essence by radiant fluxes frcm the plasma to the chamber walls anr

from them into outer space.

§11.2. Heat transfer by ccnvecticn path.

Lat uS examine thl eq:at-crs aczcoiing tc which i- s cc _b.

tc datarmine specific ccnrac.icr. current from the gas to thp surfaca

of wall and. from the wall to the ccclant.

Let us introduce the followir.g designaticns of the paraff.ters cf

chamber/camera with the ccolant Fassage:

7r3.8 - the temperature cf the reduction of gas, which is

determining heat transfer frcm the gas to the wall;

Tan- temperature cf the heated (receiving heat) surfacq of

internal chamber wall;

To,- temperature cf the cccled (giving up heat) surface of

internal chamber wall;

To,- temperature cf the ccclant, which takes place through the

coolant passage;
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- specific ccnvective heat flux, transmitt'.2 fro the ogas

to is heated tha surface cf ixtfrral wail;

- specific convective heat flux, transmitted from the

cco!.1d surf._:e of in =rnal wall tc th= coc>r:''

- coefficient cf convective heat emission from the -as to

thp heated surface cf internal wall:

a*.,- coefficient is ccnvective heat transfer from the cooled

surface of internal wall tc the ccclant.

The coefficient of ccnvective heat emission expresses a quantity

of heat, transmitted by ccnvecticn path through unity of surface per

unit time to each degree cf a difference in the temeratures of wall

and gas or liquid; this ccefficiert has a dimension

W/(M2zdeg)[kcal/(h~mZdeg) ].

Therefore specific flow qon.m is designed from the equation

q,,o,,=c,,(r,=,.,-r,.),ll 1.2

but specific flow qo.n - according tc the equation

qO. a 0 (T O. - To%, 11. 3)
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Tamperature Tr,., sc-n-i~at -S- _ har. tP:. tc:.n. ratur- cf

stagnation of gas, since t.= 'ia:t c_ .th heat, which was isolated

durfng braking of gas in r ncundary lay-z, is abstracted/removed

from it by convection path, alsc, b'icause of the thermal

conductivity.

All difficulties of calculatir, th3 convec-:ive heat zxch .. ;: a =

reduced to the detgrminaticn cf heat-transfer cccfficients az. an!

Page 162.

They are designed, using a dependence between the dimensionless

criteria - the criteria of Nusselt, Reynolds and Prandtl:

Nu=-f- (Re, Pr). (11.4)

The criteria indicated detertine the cha.racter of a change in

the rate and temperature in the bcurdary layer which to a

considerable degree influences the ccnvective heat exchange.

Utilization of dependence (11.4) for the case of heat exchange

between the products of the ccakustion of chamber/camera of ZhRD and

its wall gives the following formula for calculating the

heat-transfer coefficient a...:

-(11.5)
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wh~r~3 , - ccmbination cf the thermcphysical oop :ties of ccabustic

products, d~ending on their ccmpcsiticn and temperature: -

dimrsicness ccefficient, ccnsidring the effect of a change in

temperature and Mach nuwter cr the height/altitude of boundary lay-_r;

- mass flow rate per second cf ccmbusticn Froducts; d - diarneter of

Coefficient ,, derens cn prciuct pw and .:ncraases/grcws with

its increase. This is explained by the fact that 4ith an incr; ase in

gas density is increased a quantity cf fracticns/particles of gas per

unit of volume, and with an increase ir. the gas velocity

increases/grows a quantity of its Farticles, which pass per unit timq

in wall. During the convective heat exchange the heat is transferred

Dy particles. Therefcre with an increase in the density of gas and

its rate the process of heat emissicn from the gas to the wall

becomes more intensively, i.e., values aOu and q..j. increase/grow.

Product pW has maximum value in thq critical cross section (sei

§4.5) ; consequ-ntly, and values a, and qo also are maximum in

this cross section (Fig. 11.1).

LM
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qc

an q ac h zi-ngt h cf c ,a abe r/ca r.z za.

Page 163.

Utilization of dependence (11.4) in connection with heat

exchange between the wall and ccclant at the hign values of the heat

fluxes, charact.ristic for the chambers/cameras of ZhRD, gives the

fcllowing formula for calculating the coefficient of heat crrissiona:

(11.6)

or taking into account eguaticn (4.9)

ao., = 8,P ( w.x 7, , (11.)

where B2 - combination cf the thermcphysical Froperties of ccclant,

depending cn the type of coolant and its temperature: -

coefficient, which calculates a change in the thermophysical

properties of coolant cn the tasis cf the height/altitude of boundary
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layer; mo,lQ and W - .iass :icw :at pu s-.-cn., .sitd an the

rate cf coolant respectively; 1.- a:.T crzzs s-cticn cf .h2

ccclant passage; dm - the hydraul:c (i'7uivalent) dcat~r of thc

ccclant passage, dctermined acccrding to the equation

dr.H -- 4I.

Irt us ac= -'t - . ccP - tha ' - - ) . . . . .

passage.

§11.3. Hcat transfer by radiaticn.

Solid bodies radiate the waves of all lengths from X=O to X=-,

i.e., their radiation/emissicn is characterized by ccntinuous

spectrum.

Gasrs radiate and atscrt electromagnetic energy only in the

specific wavelength ranges AX, i.e., radiation/smission and gas

abscrption is characterized by the so-called line spectrum. This

radiation/emission and absorpticn are called selective, or selective.

The simpler the structure cf molecule or atom, the mcre brightly

expressed the linear strccture cf radiation spectrum, and the

necessary the account of this structure of spectrum during

calculatior of radiation/emissicn.

Selective radiaticn is ettirely specific to the working
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aeaium/propeIiants off elEctricI L cCk't nis, i.S., to az tcmiz

gases - to cesitc, tc lithi:m, :c r :..- sc :o:h; calculaticn cf

their radiat cx/.7isicn is very ditficalt. Hcwver, carri i cut

calculatiors s.-.cw sharp increase ct radiant fluxes q., with an

increase in the temperature ct gases.

Frz.,7 the c , ent:in ccc itio jM z c o i s-I cu Z:7S c f

chemica! f, I1s/ rct:'Pl arts, tc the qreatest agr r- rac- a ar absor -

energy the pclya-nrc gasc-s, which have th- unsymmetric structure of

molecule, first cf all the water vapor H2 0 and carbon dioxide CO.

ths radiating and absorptive power cf mono- and diatcmic gases can be

disregarded/neglected.

Solid bodies usually radiate and absorb energy ty surface, and

gases - by entire volume. Therefcre the radiating and absorptive

power of the gases, which contain H2O and C02 , determines not only

the temperature of gas and partial Eressurss H2 0 and C02 , but also

the combustion chamber ccnfiguration; the latter, in turn,

characterizes the mean pathlength cf ray/beam i.

Page 164.

The radiaticn/emissicn of water vapor and carbon dioxide is

subordinated with some assumptic r s to the Stefan-Boltzmann law; for
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calculating the radiant thermal flux from them to the chariber •a ':t

is pcssible to usc +he equaticr

q a = c, [ r3,c o \." 
4  _ 0-- , . o, _ n1 . 8 )

wher- s e - effective ewissivity factcr of th- hrzated surface, of

internal chamber wall;

Eras ai. d Z;, - egi~sivi , facto_ cf as :es ,c ivel'v at

tCi1F-=rat urCs Tra3 a2ra Tn r;

c. - radiation ccefficient cf absclutely olack solid body, equal

to 5.67 W/(mz.deg) 4 )  ( .96 kcal/(h.w 2.zdeg4 ) ].

Value eC, depends cn errissivity factor cf wall and gas (-,, an!

Fraa respectively) . Values ECT, definable by material cf wall and by

thn state cf its heated surface, take from tahL ( 17].

Value Era3 fcr the ccmbustic Froducts, which ccntain water

vapcr and carbon dioxide, is equal to

ras 1H,O ,CO.-r'H.O& ,. (11.9)

The presence of latter/last ters in equation (11.9) is explained by

partial mutual radiation absorpticn H20 and CO2 .

Values Em,o and eco, deperd cn the temperature of gas ard on the

product of its partial pr.ssure on the mean pathlength of ray/beam 1,
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wnile value m,o, turthermore, frcm thE prassu:e of cornLbust iC

products pz. Fc: determinaticn FH,O and Fco, a:-? used special qrauhs

[17 1.

The 1istribution of srecific radiant thernal fluxes q, along

C a T 0. S C A1 n, L7

ir ;:e ,.¢ :,c ustio. chamber, sincc:-. it a z.-!sur- , ccnsu.>-"

vaI!u p .,o and Pco,) anO teTreratur= Tra hive the grea.tesz values.

Taking into account the degree cf app:oximatior of calculatiors

of radiation/emission, cre shculd determine value q, only fcr the

flow co:: in the ccmbusticn chamber (the value indicated let us

designate , and value q1 in cther crcss secticns to accept the

following:

1) it is direct in the fire bottom of the head

q=0,8 q,,.x;

2) in the section, removed at a distance of 50-100 mm fcm tho

fire bottom of head to the crcss section of the tapering portion of

the nozzle with a diameter of d..,2dm, value q, is constant and

equal to q,,,.

3) in the critical cross secticn

q,, =" ,,.qxn,
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4) in the expanding s~cticr cf nozzl= with a diamter cf

d- 1,5du qa= O,lqa..;

5) the subsequent cress secticn of nozzle with diameter

d-Z ,9, q,,-O,02.qa,.
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After connecting the pcints cf smooth curve indicated, we will

obtain the distribution cf the radiant thermal flux along the

chamber/camera.

with temperature of the combustion products of 2000 0 K qa it is

small in comparison with specific ccnvection current quon., but at a

temperature of combusticn products cf 3000-40COOK value q., can reach

30o/o of the general/commcn/tctal heat flux i. the wall.

§11.4. Heat transfer as a result of the thermal conductivity Cf

material of wall.

If with the work of engine with those or by another methcd to

provide a difference in the tenjeratures of the surfaces of chamber

wall, the heat through the wall is transmitted because of the thermal

conductivity of its material. Ic this case heat transfer rate is

-~1
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determined according to the equaticn
q,,

wh--e 6,, - wall thickn-ss; 4c, - coefficient of the thermal

conductivity cf material cf wall, which characterizes its ability to

ccnduct heat.

With the same thickress cf wall 6CT -o: the safeguard cf

prescribei/assigned flow q thrcugh the wall the necessary

differt.mcp ir the t4mppratures cf wall the lass, the greater the

coefficient X,. On the ccntrary, with low coefficient 4T a

differance in the temperatures cf wall T"L-Toz can be sufficient

large on the thin chamber wall. Fcr example, with moderate heat

transfer rate through wall qe,=11.6910 W/ma (10.10' kcal/(hemZ)] a

difference in the temperatures cn the wall with a thickness cf 1 mm

made of the stainless steel is equal to
r., _XC 23.3 q- . = 1 " I ' " 500 P- 0

Key: (1). deg.

Of all materials, with exception cf noble metals, pure copper

possesses the greatest ccefficient cf thermal conductivity. Fcr

copper, impure, and the alloys cf copper with other metals (for

example, bronze of one or the other compositicn) of value X it is

noticeably less.

". - ...........
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The coefficient cf the therial conductivity of the metals and

other materials depends on their temFerature. Fig. 11.2 depicts

graphs X=f(T) for pure cc~per ard stainless steel.

I.
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Fig. 11.2. Depqndence is tht ccefficient of thermal conductivity fcr

pu:e cooper (1) and stairless steel (2) on the temperature.

Key: (1). W/medeg.
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Taking into account the deFendence indicated, the coefficient of

thermal conductivity in ecuaticn (11.10) must be taken at mean

temperature of the wall
.+ T..

§11.5. Characteristic of heat transfer through the chamber wall.

In the process of the wozk ef the engine of chamber wall receive

both convective and radiant thermal fluxes. Therefore total heat
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transfer rate, which enters the chamber walls, is equal to

q:- q,..- q....+ q,.(II. II)

Heat transfer rate . can te written also in the following

form:
w h Fr a;,o(iT,,. .,) cc(i. )

both convq.ctive and radiation heat exchange b-etwa.n the comhustion

products and the wall.

on the basis of equations (11.2), (11.11) and (11.12) th h

heat-transfer coefficient a, i equal to

+=a, + q . (11.13)
S Tm.- T 3 ,a

The graph of the distribution cf total heat Transfer rate q,

along the length of chamter/camera is depicted in Fig. 11.1. Due to

the effect of radiant flux the azisum of total heat transfer rate

somewhat will be mixed frcm the critical cross section to the side of

the head of chamber/camera. rrcz the graph, depicted in Fig. 11.1, it

follows that the area cf critical crcss secticn is the most

heat-stressed section of chamber/camera; therefore its reliable

cooling causes the greatest difficulties.

The heat fluxes, which ccme frcm combustion products the wall,

pass through it and they are trarsitted to the coolant, which takes

place through the coolant passage.
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in the beginning of the bcrk cf sngine tc ccclant is trensittal

not entire heat flux, which ccies the wall frcm combustion products,

but cnly its part; another part goes to the warm-up cf chamber walls,

as a result of which the temperature of chamber wail centinucusly

incras-s/arcws. With an incrsese ct - temF.rat2_= of wall that

pdrt of the heat flux which is spent on the warm-up of walls,

continuously it is decreasd. Ccnseque.ntly, the initial operating

I cycle of engine is characterizee by nonstatiorary system of cooling.

If they are made the specified ccaditicns, then after certair period

of the time (for the chamber/camera of ZhSD it is low) is

established/installed equilibrium.

Page 167.

it is characterized by the fact that entire heat flux, which comes

the wall frcm combustion products, is transmitted frcm the wall to

the coolant. Therefore, if we ccnsider that the areas of that heated

and cooled the surface cf wall are equal to each other, then is

provided the equality

in entire section cf the transfer of heat flux - from the

boundary layer of combusticn prcducts to the boundary layer cf
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:oolant - is established/installed the constant distribution of

tsmperatures (Fig. 11.3), Sc that, in spitt) of the presence cf heat

flux, temperature T T. and T, they remain constants.

Ccnsequently, in this case is pxcvided steady state cf cooling

-t chamber/camera. The heat flux indicated during steady state cf
w' ? ' i: -bsgquer.tly aralcacus with equaticn (11.11)

desion -e qv. Conseluently,

Therefore equations (11.12), (11.10) and (11.3) can be written

in the fcllcwing form:

qS--(T,, -T**.,
q,--s, (T.,,- T.,).
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gas, coolant and i tra al

Hencs

Af tr stitkestdin enpesioal (11.16) in daiofnt (11.15)eer of
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obtain
T..=T,,' €: , € €,(11. 17)

(o.n .CT

iuaticns ixamined ahcve are conveniently ussd for the analysis

of the effect of different .arametezs on the rode/conditions cf

ccoling chamber/camera. A change in any of the parameters indicated

t-a srair. 2e-:e ca.-i h -ahcfti

distribution in a wall layer ircm the side cf combustion prcduc-s,

according to wall thickness and ir a wall layer from the side of the

ccoln (s*e Fig. 11.3).

For example, if is ircreased the temperature of combustion

products r.,, then temperatures 2", and r,, increase/grow (see

curves I and 2), moreover simultaneously increases/grovs temperature

To,. During the replacement of material of wall to the material with

the high coefficient of thermal ccductivity 4, descends

temperature T.,. but somewhat ircreases/grows temperature F,., (see

curves 3 and-). The same effect is obsae.ved with the decrease of the

thickness of internal wall 6e,. If we in some manner or other (for

example, by an increase in the rate of coolant Wo,) increase the

branch/removal of heat fluxes frcm the vall tc the ccolant, then

simultaneously they descend temFezature T.n and To.v (see curves 2

and 3).

As can be seen from equaticns (11.14), (11.15) and (11.16), a

" -' - -. - V'= - _ _.
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differ-nce in t mperatures and, ccnsequntty, ai.c the angl cf sl: .

of the distribution curve cf tsaperature they are decrgased:

a for the wall layer of ccmhistion products, in which their

temperature descends frct Tra., tc Tu, - with the decr.ase cf value

q: an! th- i-crsas? cf hsat-transfqr cr:~c--_ Q..*

b) fcr the wall - with the increase of the coefficient cf th-

tlsrral conductivity of Its ma+erlal Xc,:

c) for a wall layer cf the ccclant in which its temperature

drops from TO., to To, - vith the decrease of value q, and the

increase of heat-transfer coefficient gao.

The effect of the parameters of the products of combusticn,

wall, coolant and coolant passage cn ths mode/conditicns cf ccoling

in more detail is examined in §§11.7-11.9.

Page 169.

§11.6. Requirements for the ccoling system of engine chamber.

if we do not abstract/remove from the wall heat fluxes, then

through cqrtain period cf the time cf riding-crop it will be
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overheated, and will occur the inadmissible reducticn/descent in the

streagth of material frcm which it is prepared, or its hct sFct,

which can lead to the deccmpcsiticr cf chamber/camera.

Due to the high rate cf prcducts the comhustion, especially in

the m anding section of nczzlo, chamber wall undric s=rcsicr

(wash.cut). The erosion cf walls beccme3s especially ncticeable durirg

thsir superheating, since in this case the errosive resistarcq of

material descends. Therefcre fcr the reliable chamber operation of

engire the temperature cf its wall must not exceed the value, which

is the permissible fcr the selected material cf wall according to

strength ccnditions and errosive resistance, i.i.

To,< K T5 .,

but for the chamber/camera with the external flowing cooling

T. < TAo..

the system of external flcwing cooling must prcvide the

following additional conditions.

1. Temperature of cccled surface riding-crops To.n in all

sections of chamber/camera must not exceed value at which will begin

that called skin boiling; preserce cf skin bciling leads to

considerable dacrease of heat flux, abstracted/removed frcm wall to

coolant, and to its hot spct (see pg. 174).

______________
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2. Temperature cf ccclant rust nct redCh such values it which

coolant begins to be deccmpcsed/exranded with formation of solid,

resinous or gaseous deccm.csiticr Froducts. Sclid and resinous

particles are depositod cn the wall, fcrming a layer with the low

coefficient of thermal ccnductivity. In this case the transfer of

'-eat from the wall to the coclant is decreased, which causes an

inzr-as ir. the temperature cf wall, and it can burr. down.

Furthermore,, solid and tarry Farticlrs can clcg th _

openinrgs/apertures of injectcrs of chamber/camera, which is

inadmissible.

During superheating cf scme ccmponents of propellant (H202,

HaO0, UDMH), utilized as the coclant, can occur the effects,

equipollpnt to explosicn.

3. For ZhBD, which work cn diagram "liquid-to-liquid",

tEmperature of coolant, which enters from coolant passage in

injectors of chamber/camera, cust rct excead boiling point of

coolant, i.e.

TO,< T..,

moreover value T, it is necessary to take fcr pressure of ccolant,

which it has at output/yield frcs cclant passage.

Page 170.
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if conditions T,<T,. is not cbserved, then coclant enterz

:njictors in the form cf vaper cr smulsion. In th!-S case the mode of

operation of injectors, designed fcr atomization of liquid, sharply

is disturbed, and is feasible tte explosicn of chamber/camera.

z.-:-, f:zc ,  - secticn cf chambmr wall w*i.c- 44t b cco" -

by the Pvaporated coolant, sharl). dacr-ases tne bzanch/remcval of

heat, and is feasible their hct zrct.

4. Rate of coolant must r.ct ke too large. With its increase

grows the heat-transfer ccefficient ao.. and descends tamperaturs

T,, (see equation (11.11)), but siaultaneously is increased the

required power of the feed systew cf propellant compcnents into the

chamber/camera and, consecuently, also the mass of the system

indicated.

5. Coclant passage cf chamker/camera must be technolcgically

effective, i.e., its sizes/dimersicts and form must be such that it

would not appear large difficulties during serial manufacture of

chambers/cameras.

§11.7. Effact of different factors cn the heat flux from the

combustion products to the wall.
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A The temperature of the ccmkusticn prcducts exerts a substan~tial

influeice, or. values qx., and q,, calling with its increas- their

grcwth, which is evident from equations (11.2) and (11.). The

tsnd~ncy cf a teinp~rature rise In thp combustion products in the

c h a~e r/ a 7 =a c :Z RD i s c a u E ; -ise/ a r)i ' i:. z

effective fuels/propellants (%ith th.e large heai...-er fcr

ottainr~ig the high specific impulse. wilfth an incr ;a- -,.n thp spscific

impulse descends the necessary prcrellant com~onert 1-:w which

causes additional difficulties during cooling of chamber/camera,

since zcolant is one of the prorallant components.

Coefficient x influences heat fluxes through the temperature

of combustion products and partly through their ccmpositicn. With an

increase in the deviation ef ccefficient xc from the stoichicuetric

value heat flows from the combusticn products to the walls descend.

At values qxm and qx exerts essential effect pressure p.

The dependence of heat flux Quo.. on pressure p, can to shcwn

based on the example of critical crcss section, for it in accordance

with equation (11.5) 6.
816 M
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After substituting in the latter/last equation value of 1 from

equation (4.14) and after considering relationship/ratio f.9-nd2 4,

after some conversions we will cbtain

Page 171.

As can be seen from equaticn (11.18), value a,,o,.,.,P, and,

consequently, value quon.m.. increases/grows with an increase in

pressure P, to degree of 0.8.

Valua q, also increases with Fressure rise p. in connection

with an increase in partial Fressures pco, and pmo, which are

determining radiation heat exchange. The greater the heat fluxes into

the chamber wall, the greater degree to which is heated the ccolant,

which takes place through the coolart passage, Consequently,

transition/transfer to the higher ccmbustion chamber pressures leads

to an increase in the difficulties cf cooling the chamber/catera. The

dependence indicated cccurs witt the invariable

expenditure/consumption of coclant, so that the increase p, in

question is achieved not by an increase in the propellant component

flow (and, consequently, the expenditure/consumption of coolant), but
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by the reduction in area cf critical cross secticn.

The effect of total heat flux qj on the temperature of the

heated surface cf chamber wall T,,, can be evaluated on the basis cf

equation (11.14). In propcrticn tc an increase in value qz the

temperaturT,: , I descnds, ind vic . versa: with ra ductio / -as,:In- 0:

temperaturp T,.. increases/grcws alsc in the extreme case when qz=0

(i.e. in 'the absence cf heat flcw through the wall) tsmoeraturs T,

beccmes equal to the tem.erature cf combusticn products rr,,

Consequently, with increase q2 temperature T"., descends, if we ccunt

the temperature of the prcducts cf combustion Tra,., of constant.

fhe effect of rated thrust of chamber/camera on its cccling is

connected with the fact that with the decrease of thrust in the

directly propcrticnal dependence descends the propellant compcnent

flow and, consequently, also the expenditure/consumption of coolant.

The area of the surface cf chamter/camera, which must be cooled, is

decreased to a lesser degree. Therefore the creation of highly

efficient ZhRD, which have thrust is less than 500 n [--50 kgf] and

cooled with 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 achieved
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by a reduction/descent in the prc~ellant compcnnt flow (and,

ccnsequently, coolant), in this case respectively descand va i-s p.

and qmo, ... consequertly, with the decrease of Fressure P,

simultanecusly descend values in, and q,.

In accerac d -an -. d iat! n I c- n.' s f

0.8

i~e. with the docrease cf pressure p, thf ex3fitur/c '--iOr 9f

coolant is decreased to the greater degrep than ccnvectivq -Olt flow.

Furthermore, with the decrease cf the expenditurs/consumption of

coolant descend the rate cf ccclart in that cooling Cf channel and

coefficient a. Therefcre with the reduction/descent the thrusts of

the chamber/camera of temperature T. and T0., in accordance with

equations (11,15) and (11,16) increase/grcw.

Page 172.

Consequently, in propcrticn tc a reduction/descint in the thrust of

chamber/camera increase/grw the difficulties cf its cooling, what is

one of the essential shcrtcomings in the chambers/cameras with the

external flowing cooling.

§11.8. Effect of the parameters of internal chamber wall on its

cooling.
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The temperature effect of the hoat d s arfacs of chamcer wall

T,, cn the mcde/conditicrs Ct cccli.g. Pir,-issible temperaturg T,,

is dettrmined by the heat rssistarce of matrial of internal chamber

wall. ?he large the temperature T.. can be allowed, is those less

. ,), in this cas- Is dac:-.azfd tz+. 2 .sary valt of coC.f.ici&nt

In §11.7 it was shcwn that if be accept Traa. that q2- 0,

i.e.. the necessity for wall cccling drops off. However, temperature

T,.., for the majority of ZhBC is great (Trm-2800-000.K).

Therefore temperature To., must te dacreased, abstracting/removing

heat fluxes from the chanter ball. Equality the temperature cf ths

products of combustion and wall car be allowed only for the

chamber/caucra of one-ccrponert ZbhC.

Effect of the coefficient of the thermal conductivity of

material of internal chanter wall 1., on the mode/conditions of

cooling. with an increase cf coefficient X, is decreased a

difference in temperatures 7..-T. in the invariable parameters of

the products of coabusticn and coclant. If we do not change the

parameters of coolant, then with ar increase in coefficient Xc,
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descerds tmFerature T... which has certain effect or temp-ratura

7-oz. This effect is explained thcse, that with a "reduction/descent in

temperaturo r". scmewhat increase/grow heat fluxes qxo,., and q.., which

leads to an increase in the temperature of ccclant, and the lattor in

accordance with equaticr (11.16) - tc an increase in temperature T.,.

if we compare two materials cf intarnal chamber wall, mcraover

41,2>.cI. then ar-e valid tis fcllcwirg relationships/ratios:

S<T

The greater the coefficient o,,. the less the angle of th. slope

of straight line of the temperature distribution according tc

internal vall thickness and the less the temperature T.., at a

prescribed/assigned temperature T.,a. Therefore it is expedient for

the internal chamber wall tc select materials with the highest

possible coefficient of tberral ccrductivity 4.,. However, it is

necessary to consider the following operational constraints cf

materials with high value Af,.

1. With increase in coefficient , is decreased difference in

temperatures TZ-T.,. which increases danger cf superheating cooled

surface of internal wall. Therefore in a number of cases the

difference in the temperatures indicated it is necessary to

artificially increase, which is reached, as it will be shown below,

by at increase in the thickness of internal wall 6,,.
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2. Usually materials with larger coefficiant . possess

smaller heat resistance, i.e., fcr them it is necessary to select

lower e.emnerat.jre TL, in connecticn with which inc :z/;rI

difficulties cf ccoling chamter/camera.

Let us explain the effect indicated based on the example of

chambers/cameras with the steel and copper walls.

The permissible temrerature fcr copper (575 0K) and bronze

(1075 0 K) is lower than for stainless steel (14752K). Therefore during

the utilization of a ccp~er cr krcnze wall with the same temFerature

Trw, total heat flow q: increases/grcws, i.e., from the wall it is

necessary to abstract/remcve to the coolant greatar heat flob.

Necessary value a,., for the ccpper wall is approximately/axeItlaril!

2.0-2.5 times more than fcr the wall made of thq stainless st.e!

(with the same thickness cf wll) [7].

Let us write equaticn (11.1G) in the following form:

qm- 1.19'

As can be seen from equation (11.19), with the same thickness
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6., of riling-crop it can ;ass the greater heat flcw, the 7reater the

product ).c,%T. Calculaticns shcw that wi:h the sam thickness the wall

of copper or bronze is caFable cf Fassing 2.5-3.0 times mcre heat

fluxes, than wall made of the stainless steel. Theretcr6 during the

intensive ccoling of chaater/caveza with the copper %all is Fermittqd

P~ levit , ,  temperatur- c-' i wall !aya--.

Effect of the thickness cf internal chal'b- "r dall 6, cr. the

mode/conditions of ccolirg. Tho decraase cf th-,-r.,ss riling-crcs

6, iffects heat transfer just as an increase in the cceffic.ent of

thermal conductivity a,. In acccrdance wit equadtion (11.19) with the

decrease of thickness 8 increases/grows the heat flux, which wall

can pass with the same difference Ir temperatures r,.,-ro.

The optimum value to %hich it is expedient to attenuate ef wall,

depends on total heat flux qq. kith the increase of value q:

descends temperature T,,, Therefcre in the area of critical cross

section in which heat fluxes have uaximum value, wall thickness is

selected smallest, but it must grcvide the required strength of

chamber/camera and be technolcgically feasible.

The temperature effect of the cooled surface of wail T= on the

mode/conditions of cooling. With the decrease of total heat flux q.

increases/grows temperature T . proaching temperature r,...
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moreovar tcgetnzar with value T. respictively increases/rcws value

T.... But value T,., is limited hy the temparature of coolant.

Temperatur T, can exceed the temperature of coolant only tc certain

permissible value.

t'? t h' - ~ ino boilin3 c-" coolant.

Therefore at low heat flc- q ard lazje temperature T,,, wall

thickness it is necessary to increase ,for obtaining the permissible

temperaturo TO.

In order to exclude boiling coolant on the cooled surface of

internal chamber wall, teaperatume T,., must be lower than bciling

point of ccolant at this Fressure.

However, in the majcrity cf the cases for the purpose cf the

intensification of external flcwlrg cooling is provided temperature

excess T,.u above the bciling pcirt cf coolant on 10-55 deg, which

leads to the simmering cf coolant cm the cooled surface of wall and

the formation of bubbles ("nucleate bciling"). Due to the flcw

turbulence of coolant the bubbles will be carried into those more

removed from riding-crops and the colder layers where they are

condensed. Therefore with nucleate boiling heat fluxes from the wall

tc the coolant are abstracted/remcved more intensively; at the

constant rate of coolant the heat-transfer coefficient a0.,

. . . ........ .. . . . .
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increases/grows two or mcre times.

However, with further temperature excess 7,, abovP the boiling

point of coolant sharply is irc:eased a quantity of generatrices of

bubbles, they not managing to be washed off by ccolant flow and to be

ccndensed in i1 colder laysts, but they decant b.we.- tes!vs,

forming continuous sheeting pair cn the surface of wall ("s in

boi-ling"). In this case the ccefficient of heat transfrr a,.. and

hc.at flow from the wall tc the coclant sharply (10 or more times)

they are decreased, which leads tc the inadmissible increase in

temperatures T.., and T., and tc the hot spot of chamber dall.

§11.9. Effect of thq type of coolant and parameters cf external

flowing cooling on the mcdA/ccnditicns of cooling chamber/camera.

For the effective external flcwing cooling of chamber/camera are

important to select optical the type of coolant, its inlet

temperature into the coolant passage, and also most advantageous form

of the coolant passage, which ensures necessary distribution of the

rate of coolant along the length of the coolant passage.

Effect of the type cf coolant on the mode/conditions of cooling.

The analysis of equation (11.7) shcws that heat-transfer coefficient

ao,, and, consequently, the cocling ability of different liquids with
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one and the same cooling of channel depe-nds suostantially on. thzi:

type. If wr assign the ratseof ccclarnt, and also t11e~ tc-chrnclc ical2 y

feasibl.e sizes/dimensiors and tle 4fcrm of the ccolant pas--ag4 , thPPn

for each type of coolant it is rcssible to determina the value of

ceafficient cc..., called available; let us designate. it ao...pacs.

Paac 175.

The necessary value cf cci3fficiert (z~~v~ can be determined in

equation (11.16), after sutstitutirg in. it pgrmissitle temperaturns

r,, a n d T

Normal cooling is prcvided urder the condition

@3,c> 0 nuy

For the evaluation cf the codling properties of coolant have a

value the beat capacity cf coclant, tha temperature range of its

liquid state, and also the pciticn cf coolant in the prcp~llant

composition, determined by coefficient x

Temperature range of the liquid state of coolant is determined

by a difference in temperatures Tmon-Tu.1 , morecver boiling pcint must

be taken at the pressure cf ccclant vhic-h it has in the coolant

passage. with the increase of the difference in temperatures and

specific heat of coolant indicated its cooling capacity is increased.



DOC = 81009002 PAGE 4

Under ccnditions of rccket vehic- lr fcr the external flcwing

coolirg of chamber/camera it is rCssibi2 to use cnly propellant

ccmpcr.tn.s. The proFellant ccmFcne .nt flow (and, consequrntly, cf

coolar.t) is limited, but furthcrmcra, not all compcnents possess the

s'iffic_3-n ... . . COc1inC :.-c ,= --

of all liquids the hs. cccLn' capacity possesses the water.

The heat-transfer coefficient c c- nitrogen tetrcxide and nitric

acid is 1.5-2.0 times less, and kS.csen3 and UDMH - are three times

less than th. value ato cf water. Usually as the coolant 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

peroxide of hydrogen).

The advantage of the use/apflication of an oxidizer as the

coolant lies in the fact that its expenditure/consumption 2-4 times

usually exceeds fuel consumption, i.e., x=2-4. However, if coolant

is oxilizer, then material of 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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mod/conditiczs of ccoling. The analysis of q~uaticn (11.17) shoas

that with the decrease ct the tei~rerature of coolant the temneratur

of the hpatpd surface of irternal wall 7,, also is decreased, which

as was shown in §11.8, it is desirable, in spitq of certain increase

of total heat flux q,.

Th:? t :::: u_- of ccclarnt car 'e lowerad, ii tc aec-ease value

q! (sa §1 * . It is Fossitle tc supercool it to the tamperaturt

lcwer than a.*',=nt temperatur,, with the aid cf the special system,

which forms parr of starting/launching device.

Page 176.

Effect of the rate cf ccclan . cn the mode/conditions of cooling.

The rate of coolant W,, in sigrificant degree uetermines

heat-transfer coefficient aou (see equation (11.7)and, consequ3ntly,

also heat transfer from the cooled surface of wall tc the coclant. In

accordance with equation (11.3) with an increase in coefficient ao:

increases/grows value qz, tut teu~eratures T.., and T.. descend (see

§ 1 I 8).

The rate of coolant in the ccclant passage of chamber/camera can

be raised, after increasir.g its flc% rate per second n;, when

fo.,=const or decreasing the flow passage cross-sactional area of
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coolant passage k, when mox=const. Area IoT they decrease by the

selection of the corresponding sizes/dimensiors and form of the

coolant passage (see §11.11).

With the increase of the ve iccity of coolant is increased thp

hydraulic resistance cf ccclirg charrel Ap,,.,, is ti. nSira-.

Usually value Apo., is 5-2C hars [p5-20 kgf/cmZ]. T,ier&zore it is

important to select the. ctival speed of coolant 117,, in diff.rent

cross sections of the coolant Fassage. Heat fluxes have gratest

value in the critical crcss secticn, and speed U', in it must be

greatest; it can reach 50-6C m/s.

Effect of the area cf the cooled surface on the mode/ccrditions

of cooling. If we disregard/neglect th3 thickness of internal wall

6,, then in the simplest fcrf cf the coolant passage (in the form of

the annular slot between the external and internal ctamber walls) the

area of the heated surface of internal wall F.. is equal tc the area

of its cooled surface F.& i. e, Fx=Fo.n.

Cooling efficiency can be raised under condition Fo.,>F.., which

is provided in the presence cf the edges/fins ot one or the other

construction/design cn the cooled surface of internal wall [7].

During steady state Cf ccoling the value of hsat flux, equal tc
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Sum QHEO+Q., it is time-ccnstant. 1lerefore when Fo.,>.,, Uccirs

insquality qov<q.,, mcreover q."=qz=qo.H+qa

The decrease cf value q,, in ccmparison with value q,. is

determined on the relaticnship/ratic

qo., F,.,

Using ribbing on the cccLel surfacq, cf intdinal wall, i" is Fcssib-

to increasp area FOX 1.4-1.8 tives and mcre -r comparison with area

F~a; in so many cnce is decreased the necessary value ef

heat-transfer coefficient %.z3 In ccmparison with value a., for the

coolant passage of the simplest fcrm (without the ribbing).

Page 177.

§11.10. Calculation of preheating coolant in that cooling to the

channel of chamber/camera coolar.t ccntinuously receives heat fluxes,

its that that temperature alcng the length of the cclant passage

continuously increases/grcws and it reaches the greatest value beforq

the entrance in the head cf chamber/camera. Depending on the

sizes/dimensicns of chamber/camera and heating pcwer of

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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determined according tc the equaticn
(I1.20)

Valu? ATo, is dsig-'i as fcllcws.

The quantity of heat, r.ccived by coolant in the i section of

z .=haa/a ', i-s - -'

Qi =,q:Fi,

whre q-i - total .7-rif.c heat flcw in the i secticn, determined

from graph qr=f() (s- Fg. 11.1), which must be preliminary

constructed according -o the results of calculating the heat fluxes

into the wall; Fj - surface cf the wall of the i section, through

which heat flux is transvitted tc ccolant.

If in the i s-ctic¢ cf chamber/camera the temperature of coolant c.

with heat capacity tn. is ! ncreased on Ar,,, then the heat flux,

received by coolant in this secticn, can be written in the fcllowing

form:

Q,=,&o1 co2iTo,. (11.21)

Consequently,

,&7'.,- • k .11.22j
rNOz Cox

The heat capacity of coolart c,, depends on its temperature,

which changes along thA length cf the coolant passage. Therefcre

preheating for each secticn is designed at mean temperature cf

coolant by successive apprcximaticns, moreover in the first

!7
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app:cximaticn, they accept, that the temperature of coclart all over

length of this section is ccrstart and equal to its temperature at

the entry into this secticn.

The temperature cf ccclart at the output/yield from the coolant

.._.z. - s .. ual t.o

i-t

TO. am& = Tax. .. + -

Teperature T 0u in the majcrity of the cases must not exceed

the boiling point of coolant, mcre ver the latter, as has alr.ady

been indicated, must be taken at that pressure which a coolant has at

the output/yield from the cooling lccp.
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Page 178.

On the basis of equation (11.21) the maximum heat-absorbing

ability cf ccclant is '.qual tc

Qma = oco, (Toz.-g - Toa.,,1). (11.23)

Exnmin aticn of Pquaticn (11.23) m aes it possibIa to cc m tc

light/detect/expose the fcllcwirg ways of an increase in the

heat-absorbing ability cf the ccclant:

a) a reduction/descent in temperature ToL=-I. i.e. the

utilization of a coolant in the supercooled state;

b) use/application cf both prcpellant comPonents as the coolant.

In a number of cases with the insufficient heat-absorbing

ability of coolant they search fcr ways of reducing/descending the
1-a

heat fluxes into the chamber walls, i.e., decrease value
1-!

§ 11.11. The design features of the cooling systems cf

chamber/camera.

I
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In the preceding paragraphs was axariIn;d i. "ssencs External

flowing cooling. With this methcd heat fluxes are abstracted/removed

from the chamber wall with the aid cf the coolant, which takes place

thrcugh the coolant passage otr e cr the other form. After the

coolant passage the ccclart (Ercpellant compcent) is introduced

through tne head inside the cc!htsticn cha.,br.

External flow-through cooling is called also regenerative, since

in practice entire/all heat, uhch entared into the irternal wall and

given up by it to coolant, returrs to the comtustion chamber and

effectivaly is used (it is regenerated). Furthermore, the prebeating

of componert of fuel/prcpellant contributes to its mcre rapid

vaporization and more ccerlete corbustion in the chamber/camera.

external flowing cooling ccmparatively rarely is used in the

pure form. Usually chamber/camera as a whole cr at least its any

sect on is additionally cooled ty ancthar method. This cooling is

called combined (mixed).

As the example it is possible to give cooling basic part of the

chamber/camera by external flcwlrg cooling, and the final part of the

nozzle - by radiation/psissicr.

Construction/design of the coolant passages of chamber/camera.
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The effectiveness cf external flowing cooling significantly

• Fpcnds o. s.zs/dimenscns and ferm of th4 coolant passagc which

must provide the desired values of the rata of coolant and

heat-transfer coefficient ao.n along the lengtb of channel.

Are d"i:t.4guished t'wo types of the coolant passages:

a) the smooth ring coolant passage, in which outer and internal

chamber walls are not connected tetween themselves along the length

of the chamber/camera:

b) the coolant passage with ribbing, in which external and

internal chamber walls are fastened between themselves by the

edges/fins of one or the cther ccnstruction/design all over length of

chamber/camera.

The smooth ring coclant passage (Fig. 11,4) has simple

construction/design and pcssesses Icw hydraulic rasistance. This

channel can be used for Icu pressure and it is sufficient high

expenditure/consumption cf cclart.
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Are very effective the ccolact passagas wiz- th. ribbing. To the

channels with the ribbing and the axial mct.cn of ccclant they

relate:

a) cha-.nel wi'- 1,e lcngitudiral siges/f.ins

b) channel with the adapter, which has lcnqitudinal

ccrrugatior s;

c) the channel, made frc the lcngitudinal tubes, soldered

between themselves on lateral surfaces.

Caannls with ribbing and mcticn of coolant along the helix are

the channel with the spiral edges/fins and the channel, formed by

helical tubes.

If internal and 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 Iressure

in the coolant passage. In the ccclant passages with the ribbing to

more easily ensure high rate cf ccclant, than in the smooth ring



DOC 8 1OO9OO3 PAGE

channels.

In § 11.9 it was sncwn t at th. Fr.?ssnce of rdges/fins increases

heat-transfer coefficiet a. . Charrels (longitudinal or spiral) more

evenly distribute coolant over the cross section uf channel.

in the chamters/cameras ZhD [ - iuid prcL-!an

ergine] in spi.9 cf the cciplicaticn of th-.ir constructior./d-ign.

Channel with the lcrgitudinal edges/fins (Fij. 11.5a) fulfill by

milling longitudinal edges/fins on thA extarnal surface of internal

chamber wall and by subsequent ccnrection of edges/fins on the upper

ends/faces with the external %all %ith the aid of the seam welding or

rations.
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Fig. 11.4. Chaipber/camera with the smooth ring coclant passac. (6 -

Page 140.

Channel with the corrugated adaFter (see Fig. 11.5b) is exterral

and internal walls, into radial clearance between wh.fch is inserted

the adapter with thq longitudinal ccrrugaticns. The apexes/vertexes

of ccrrugaticns are connected with the walls hy sclaer;ng.i

corrugated adapter takes It pcssible to divide ccclar.t flcw into twc

flows and to achieve in this case an increase in th4 rate of coolant.

furthprmore, in this case the ccllector/receptacle of coclant (fuel)

placs not at the ond the nozzles, but approximately/exemplarily in

the middle of expanding secticn cf nozzle, which decreases *he length

of the ccnduit/manifcld, which suFlies fiel to th3 chamber/camera.

In this coolant passage the low part of the ccolant flow 120-30c/o)

goes along the channels, formed by adapter and otternal chamtvr wall,

before exit section, and then alcrg the channels, formed by adapter
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ird int3rnal wall, towards critical cross section. Basic part of h

ifbw goes immediately tcards critical cross secticr. th:oughcut ths

zharrcls, fcrmed by adapter and external wall. 1n the special

ccllector/receptacle at the ertry into critical cross secticn both

flows arp mixed and then evenly they enter the channels betwetmn the

. r thE n:<-.nal wall, and also b-w?=n th- adauter an th-,

internal wall.

The channql, made frcm the lcngitudinal tuses (Fig. 11.6), is

the variety cf the ccolant passage with the ribbing. The most widely

used form of the cross secticr cf tubes is rectangular or trapezoidal

with the filleted corners. Tubes bent on the duct/contour of

chambir/camera. Width and crcss-sectional area alcng the length cf

tube different.

The ends/faces cf tubes sclder in the collectors/receptacles fcr

supplying and branch/rescval cf ccclant. One cf thi advantages of

can-type chamber is the FossiLility to introduce coolant intc the

channel and tc derive/ccnclude coclant from it from cne and its the

same end. In this chamber/camera that supplying and cfftake

collectors/receptacles place at the head cf chamber/camera.

Ill [ I / m " ' , ,m .,. .... . : " - t ,. - ,



DOC =81009003 PAGE

-~ -1

a) 8-B

b >82

Fiy. 11.5. ChamDers/cameras w the m- llcd I cngi:;ir al channels (a)

and the ccrrugate(I adapter (b).

Key: (1). Soldered seam.

Page 181.

Coolant makes two courses: in each 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 longitudinal wets of tubes connect between themslves by

soldering, so that tubes form charter wall.

In order to raise the strergth of tubular chambers/cameras ever

their length they place several bands/shrouds/tires (power rings) or

is wcund chamber/camera by taie cr wire from steel or high-strength
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alloys, and also by fiberglass.

Can-type c;-ambers pcssess high str-ngth anl rigility with the

relatively lcw mass; as a result cf the effect of rihCing and small

wall thickress they reliably are cooled. If in the chambers/cameras

with the edees/fins cr th . ccrr gat. r i a-a:t7rs zli? can fl ' i

intc the channels and ccv.r thez, t.en :n -ne can-- ye ch .r =rs zhis

shcrtcoming will be eliminated due tc the arrangenent/ ositicn of

soldering seams out of ccclant channels.

Channel with spiral channrls (fig. 11.7) is used when channels

with the longitudinal channels dc nct assure the required

heat-transfer coefficiert ao.a. Spiral channel can be monc- or

multiple. The affect of the use/applicaticn of spiral channels liFs

in the fact that at cne and the same values cf the height/altitude of

channel and expendit-ire/ccnsumrticn cf coolant iti rate mcz- than the

rate in the longitudinal channPl, this difference increasing/growing

with the decrease of a rumber cf approaches. Furth-ermorr, the surface

of edges/fins in the channel with the spiral channels is alsc more

than in the channel with the lcngitudinal channels, whi.ch

additionally increases cccling efficiency.

However, for the ccolant passage with the spiral channels

characteristically high hydraulic resistance, and execution cf

channels, especially in the secticns of chamber/camera with the

variable/alternating crcss secticr, is complicated.
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Fig. 11.6. Chamber/carr~ra, scld, red frcm shaped longitudinal tubps

and wrapped by layer cf wire.

Key: (1). Soldered seam. (2). Layer of wire.

Fig. 11.7. Chamber/camera with ccclant passage, which has helical

charnels.

Page 182.

Therefore the coolant passages cf this construc-tion/design usa only

in the most heat-stressed secticns chambers/cameras, in the first

place, in the area of critical crcss section.

Chambers/camp-ras with the thka spiral of winding of tubes did nct
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win acceptance as a result of the significant hydraulic resistance

and difficulty cf zho safeguard of a smooth duct/cortour cf internal

surface (on the generatrix of chamber/camera).

Methods of reducing/descending the heat fluxes into a chamber wall.

H!at f! ux.. fcm thi comtusticr products into thc wall cf

chamber can te decreased by the utilization of internal cooling or

layer of the t>"rrmc-insulating material, applied to the internal

surface cf chamber wall.

Internal cooling. The cooling, during which the coolant is

introduced inside the chamber/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 less

necessary expenditure/ccnsumpticn cf oxidizer. This can be explained

by the greater slope of curve of dependence Tra=J(a,,) in region

aw<I, than in region %ow>l (Fig. 11.8). Furthermore, working

conditions of the heated surface cf chamber wall in in

recovery/reduction medium are easier than in the oxidative.

The coolant, utilized for the internal ccoling, must pcssqss
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iazqi heat capacity in the liquid and gaseous state, and alsc high

values of the boiling pcint, heat cf vaporization and dissociaticn.

The effectiveness cf the internal cooling increases, if during

the decomposition/expansion cf coclant are formed only gaseous

:cucts w.th ths low mcclacular weight. This r-. ,irement to a

cons.c:ah'c deg.- satisfis the seri-s/number of the fuels: H.,

NH3 1 MIG, etc. The chemical enercy cf propellant component, which is

located in the excess in near-wall layer, is used not completely.

Therefore internal cooling to a certain degree decreases the specific

impulse of chamber/camera.

The coolant, used for the -nternal cooling (combustible), is

derived/concluded to the heated surface of chamber wall by the

follcwing methods:

a) through additional fuel nozzles, placed on the periphery of

the head of chamber/camera; b) tbrcugh the belts/zones of curtain and

c) through the belts/zones of pcrcus inserts.
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s Ir

Fig. 11.8. Dependence of the tenperature cf products of the

ccmbustion cf fuel O+ karcs~-- cr rc:ffici-- o.

Page 183.

The first method is structurally/constructionally most simple;

it are been commonly used in the ccmbination with the second method

(with the belts/zones cf curtair). This is explained by the fact that

a wall layer with the excess cf the introduced coolant in proportion

to mot I on frcm the hisad tc th, nczzle is mixed with thn ccmtusticn {

products.

Usually a quantity cf belts,/zcrns of curtain does not exceed

three, moreover them establish/install before the heat-stressed

sections chambers/cameras, in the first place, in the nozzle entry

and before the critical cross section.

The belts/zones of curtain are rd the fine/ssall and of greater

partly tangential (tangertially tc the cylinder of chamber/camera)
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operings/apertures, lccated in the circuf zsnc, ir this crcss

section of chamber/camera, or arrular slot (Fi. 11.S).

Coolant is supplied into t e cpenings/apertures of belts/zones

directly from the coolant passace cr from the collector/receptacle to

which it is supplied by the special i (see

11.9). r. the latt.r case in the :.ring c curtain ar: zu1±illeJ :wc

groups of the openings/apertures, displaced in circumterence cne

relative to another. Thrcugh the radial (cr tangential)

openings/apertures, which are the cpenings/aperturs.s of ths helt/zcne

of curtain, coolant is irtrcduced irside the chamber/camera. The

axial openings/apertures (in Fig. 11.9c dotted line showed ore such

opening/aperture) provide duct ccclant through the ccclant passage

through the ring curtaics.

The chambers/cameras of ZhFC cf thne low thrust (50-5000 n

[--5-500 kgf]), including with multiplying, can be cooled only by

intcrnal ccoling (without the Pxternal flowing cooling) . Its

effectiveness depends cn the prcperties of components of propellant

(in particular the component, utilized as the coolant), and also on

the heat resistance cf material cf chamber wall. The lower the

temperature of combusticr products, the more effective the coolant

and the the large temperature cf heating wall allows/assumes its

material, the less the necessary expenditure/consumption cf ccolant

and the connected with it losses of specific impulse.
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. The izrams c- thc intut/i.ntrcduction cf ccclant inside

.amber/camg ra for czganizing the internal cooling: a) through

-r b=! /zcns of openlnqs/apertures into the internal wall; h)

through the slot belt/zcne of curtain; c) thrcugh opening into the

ring of curtain; 1 - ring of curtain; 2 - oblong hcle; 3 -

ccliector/receptacle of curtain; 4 - opening/aperture of curtain.

Page 184.

The final part of the nozzle cf the chamber/camera of scme ZhRD

(for example, ZRb-F-1) is cooled by the working medium/prcpellant of

turbine which is introduced inside the nozzle through the

collector/receptacle, distant behird nozzle exit section at a

distance, which ensures the excess cf the pressure of the working

medium/propellant above the pressure of combustion products in this

cross section of nozzle. Gas frcu the collectcr/receptacle is

supplied into the nozzle through several slot belts/zones of curtain

or belts/zcnes with the tangential cpenings/apertures (tangertial
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input/introduction of gas raises ccclinI effici-ency)

During the cooling with thE curtain the final part of th? nozzle

can be prepared from the usual stainless steel, including for ZhRD

with multiplying and significant tctal operating time. certain

shortcoming in this cooling is the reed fcr pressure incraas, at the

turbine exhaust, which decreases the developed with it pcw_-: (see §

13.13).

Coolart can be supplied inside chamber through the wall frcm the

porous material. In this case the ccclant under the pressure

continuously acts on th. numerous smallest pores which evenly

distributed by entire velume of wall, and creates on the heated

surface of wall a layer cf the liquid or evapcrated coolant. This

cooling is called porous.

The difficulties cf designing cf chamber/camera with the pcrous

cooling are explained by the couplexity of obtaining uniform porosity

of wall, by the low strength of pcrcus materials and by the

possibility of soiling pcres during the wcrk cf engine. Therefore

this cooling it is expedient to use only for the chambers/cameras

with the increased calorific Intersity,

coating of thermo-insulat.ng material on the internal surface of
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chamber/camera. The eff ect cf the use/ap :i-ation cf a layer of

thermo-insulating material in addition to external flowing cooling

ccnsists of the following. In the case of the high nelting pcint of

thermo-insulating materials it is rcssiDle to allow Cf high h ating

the surface of its layer, washed by combustion products, which

dgcraass th _ heat flux? intc the wall and ?:'hatin cf cccl2.1 i'.

the ccolant passage. Futthsracre, dLe to thi !1cw coefficisnt cf

thermal conductivity the temFerature of a layer of therno-insulating

material sharply falls acccrding tc its thickness. Therefcre the

temperature Cf the surface of wall, tc which %ill be brought in tht

layer indicated, noticeably lcwer than temperature of chamber/camera

without the thermal insulaticn IFg. 11. 10).

As thermo-insulating materials can serve oxides of refractory

matals (dioxide of zirccrium 2rO2 , oxide of magnesium MgO, cxide of

aluminum A1203 ) and their carbides, molybdenum disilicide MoSi 2 and

so forth.

The thickness of the layer cf the materials indicated which most

frequently will be brougbt in by Flasma spraying, is 0.3-0.6 mm. For

the best adhesion (cohesicn/coupling) of a layer with the surface of

chamber wall to it preliminazily will be brought in the substratum of

chromium or nickel with thickness cf up to 0. 1 mm.

__ I.
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Are mcst finished tharmc-irsulating coatings frcm the di..i; cf

zi:ccnium and molybdenuf disilic'di.

A layrr of thermal insulaticn crks undqr severe ccnditicns.

P?,jI, M 5.

Thersforp the creation of chambhr/cam-:ra with a layer cf thermal

irsulation causes large difficulties; in the layer indicated

frequently are formed the cracks and crumbling cff in the

series/number of sections. Ccating cf thermal insulation on th_

internal surface of chamber/camera ccmplicates its manufacture and

increasps its cost/value and mass.

Other mqthcds of wall cccling.

Let us examine ablation and radiant cooling of the finite

segment of nozzle or entire chawher/camera.

Ablation cooling. Atlaticn cooling is called the cooling,

provided by a layer of material which will be brought in to the

internal surface of chamber/camera and in the process cf chamber

operation undergoes sc called aklaticn. Ablation is the involved

complex of the processes, which take place with the ingress of heat
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and leading to the destructicL cf surface layer. Such processes arp

the processes with the rhase transfcrmaticns (as!ting, vaporization,

sublimation) and the Frccesses cf dzcoposi-ticn; thp heat, sFoent on

their :ourse, is called the heat cf ablation. As a result of ablaticn

are formed the gaseous ard sclid Frcducts, which create a wall layer

with a reduced temperature and are taken away by the "low of crollic-s

ccmbustion. lh:-:efcre thickness cf the lay3r cf matqrial, apliel tc

the wall, in the process cf chamber cperation continuously is

decraased.

The material, which undergces ablation, is called ablating (or

destroying). Ablation cccling is called also cooling via the ablaticn

of substance.

The heat fluxes, entering intc layer of the ablating material,

go it essence to the maintenance cf ablation, so that the heat flux,

passing through a layer cf the ablating material, is not great.
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i

, kT >>M3

Fig. 11.10. Grapr~s of t#he temperature distribution cn thickness of

chamber wall wit.h a layer of thermal insulaticn and without it.

Key: (1). :)roducts of comtustion. J2). P-oclant.

Page 186.

or the surface of the layer indicated is estat1ished a ccmparatively

low temperature (several hundred degrees) , which depends cn the

composition cf the ablating material.

As the ablating material can serve fibers or fabrics frcm oxide

of silicon, graphite, carton, ashestos and quartz, impregnated with

phenolic resin. Chambers/cameras vith the ablation cooling have a

serie s/number of advantages befcre the chambers/cameras with the

external flowing cooling. Such advartages they are:

6L ci
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-onellar- cct cnents and decr'asES -r rcssL:_-t, c: Its f. __n

irdoe cond.iticn.z cf cute: scace;

cceffciont 0-. : the tZatu.-. -, - -.

0:-ssure Of ccfiust icr. crcducts (ar , conse u c' -

chamber/caTera) under t v conditicn -or reliazlc cooa.i.

Hiiwever, to chambers/cameras with the a.l~aticn ccolin aLe

specific esser.tial shcrtccmings, naffoly:

a) the limitation cf the valup cf specific iit-uss -- ts

increase must be incrcased the thickness (and, corssquently, mass)

a layer of the ablating matqrial;

b) the limitation cf the oerating time cf ar.,gins; fcr thp

prolonged work of angine is requir-d the large thicKness cf the layer

of the ablating material;

c) the need for the acccunt cf an increase in the

cross-sectional area cf the ncz2le (especially critical cross

section), callel by the decrease of the thickness of the layer of thR



A:) Iat 4cn zC-.Cin ; is u'sed 4 n es -a r r:)r t: (-n am C-rs/c IT r:7as

v it h t-e s~all values cf t :,js ard press~ir?

-ass4"ri t-ruc~ht-. wall c' t-rS ch -m~ r/rimcra an~d ra~ i--c-1 ;rtc tb:

surrourndin space, are ccnra ivEl'. .c. rt.E:a_:cL= in. acc:~an.ca

with ejuatior. (11.14) wall has sufficjentlI. h-44. tEMez. :tuzr (tc

FD: t'~e chamnbers/cameras wlt the :a,!-ant c, .lin. is

zrn racterist tic prolo,-ge ito t(" s arld ncrr) orer~ttlnc y in th

,cr.staticnezy systzm of ccolir.g. At the eni of" zr-c rperiod cae

,s est~or-lsh.e' the Pquijlitriuv teirperatire c'. ddll, !Esce rveoins t'h;

iaiualiP.v thc heat fluxes, which ccwe the wall an~d abstractEO/rgmoved

f rom i-.

The utilization of radiant cccllnq4 in a numLner of cases makes it

pcssitle tc significantly Jecroas* the mass of chamber/camera (amon~g

other thirgs ir compariscn with the chamber/camera, which has

ablation ccoolir1), esrocially with the long operating time cf orgini.
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Shortccmings in the radiant cccling are reed the

uses/applications of the expensive high-temperature (strength)

alloys, the manufacture of parts frcm which is complicated.

?aj,: 1:37.

Furthermore, these alloys are brittle and ?oss ss low chemical

stability to the combusticn prcducts. In order tc avoid the oxidation

of such alloys by combusticn Frcducts, to the internal chamber wall

will be brought in special coating; for example, wall from the

nicbium alloy they covor/coat with a layer of organosilicon

compounds.

In a number of cases the ccating not only shields the surface of

wall from the oxidation, but alsc increases its radiating capacity,

which makes it possible tc additionally lower the temperature of

wall. Such properties possesses, in particular, the oxide 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 be ensured, using heat capacity of material of

its wall. If chamber wall pcssesses large mass, and its material by
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large heat capacity and by theraal conductivity, then Wall can

receiva ths heat fluxes which ars distributed ail over mass until thc

temperature of wall achieves the maximum pe.rmissible for this

material value. Such chamhers/cameras (them call also unccoled cr

cooled with the aid of "sponge" ccclings) they use in essence in

bench excrizerta! of ZhRE.
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ehapter XII.

CHAMBE.S/CAMERAS OF LIQUIE PRCPELLANT ROCKET EliGINFS.

12.1. General/commcn/tctal characteristic of chambers/cameras.

Chamber/camera cf ZhSC is its basic ani zcs: -

ajgreata which to a ccnsiderable extent d-termins cirfectic" an,

reliability cf engine and CU as a whcle.

Chamber/camera ZhRC, which wcrks on th- diagram "liquid -

liquid", ccnsists of head, combusticn chamber and nozzle.

Head must introduce prcptllant components inside the

chamber/camera in such a way that the chemical reacticns cf their

reaction wculd occur fully and intc the short time intsrval.

In the ccmbustion chamber (deccmposition/expar.sicn) cccurs th3

vapcrizaticn, the mixing cf prcpellant components and their

ccmbustion (decompositior/expansicn). The ccmtustion chamber volume

must be as far as possible low, but sufficient for the safeguard of

complete combustion cf FrcFellart ccmponents pricr tc the nczzle

Pntry. Volume cf combusticn chamber count the volume of
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chamer/camera from the internal (f ir-) bct m heals tc th_ c-:tica!

crcss sect. on. The l. .th Cf cctest±. c-. -cff :

completeness of the burrir cf frcellan ccoronerts, out tc a 1esz ,s

degree than volume.

: -i/ e rate *fCr b a .. n t. h l pi-c : u _ 2

chamxPr/camera.

Page 181.

The most widely used type of the chamber/camera of twc-ccmponent

ZhD, which work on the diagram ,,liquid - liquid", is cylindrical

chamber/camera with the ccclant passage and ths head, which has threi

bottcms (Fig. 12. 1) . Oxidizer is subplied thrcugh intake pipe 1 into

the cavity and between external tcttcm 2 and average/mean bot:om 3,

and from it through injectcrs 11 - inside the combustion charter.

Fuel is supplied thrcugh intake pipes 7 (their -usually two)

into collectcr/receptacle 8, usually arranged/located on certain

distance from nozzle exit secticr (see § 11.11). Spreading on the

collector/receptacle, fuel enters the coolant passage c, formed by

external wall 5 and internal wall cf 6 chambers/cameras. Thi flow of

fuel is divided intc twc tarts: hasic part heads toward the haad of
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chamber/camera, and cthsr - tc zctary collectc:/r6ccptacle 9 at thq

end of thn nczzle azd after rctaticn along the corresponding channls

also to the head. From the occiant passage the fuel enters cavity b

between average/mean bottcm 3 and fire bottom 4, while from it

through injectors 10 - inside the ccmbustion chamber.

Chamber/camera ZhRD, which wcrk on the diagram " gas- liquiid"

and "gas- gas", consists cf head, afterburner (in certain casc.s -

combustion chambers) and nozzle.

As it was shown into § 9.1, in the diagram "gas - liquid" into

the chamber/camera of preccmbusticn are supplied generator gas and

liquid propellant compcnent, and in the diagram "gas- gas" - reducing

and oxidative gases cf thc ZhGG.

During the design and tht construction the chambers/cameras must

first of all be provided;

a) high reliability;

b) large specific impulse;

c) low mass with the sufficient strength;
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d) small sizes/dimersions, psecially alcng the lrngth, sincs

the length cf chamber/carera det ines the length of engine as a

whole.

Chambers/cameras of ZhRD differ from each other in terms of the

zcmusticn chamter ccrfi!,a_-aticr, in t-*rrs of h typ of hal an(

used in it injectors, in tierms cf the type cf ta-2 nozzle (see Chazt

V.), in terms of the methci of the coolina (see Chapter XI) and in

terms of cther sFecial featires/peculiarities.

% 7

'-I

Fig. 12. 1. Diagram of cylindrical chamber/camera with coolant

passage: I - head: II - ccmbusticn chamber; III- nozzle; 1 - intake

pipe of oxidizer: 2 - external bcttcm of head: 3 - average/mean

bottom of head; 4 - internal (fire) bottom; 5 - outer wall; 6 -

int.rnal well; 7 - intake pipe cf fuel; 8 - inlet manifold cf fuel; 9

- rotary collector/receFtacle of fuel; 10 - fuel nozzle: 11 -
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oxidizar nczzle.

Page 189.

§ 12.2. Ccmbusticn chamber configurations (afterhurnings).

On the geometric ccnukrst:cr chamber corfigu~a-icn a

they subdivide into the cylindrical ones, sha~e , sFherical cnes and

ring cnas (Fig. 12.2).

most extensively use for the enginrs of the most varipd thrusts

cylindrical cmbustion chambers Fig. 12.3). They are simple y th:

construction /design and they are nst complex in thh manufacture. The

ccnstancy of cross-secticnal area alcng tha length ct such

chambers/cameras makes it possiJble to organize the effectivp

combustion of propellant compcnents; in particular, is eliminated the

fcrmaticn of thE stagnaticn zcres, in which dces nct Frcceed the

process of burning. The relatively low outside diameter of

cylindrical combustion chambers lightens their use/applicaticn in

multicnamber of ZhRD or in the engine installaticn, which consists cf

several single-chamber engines.

To shortcomings in the cylJndrical combustion chambers in the

comparison with the spherical ones they relate:
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a) the 1cw red/reduced Str rgth chara:-tC:4i.;-cZ,, 4.e to

ircrease wall thickrxss;

b) the greater hydraulic resistance of the coolant passage;

c) thc increased surfac c! alls wi:: s-.7-

Distinguish isobaric and hich-speei/high-velccity

chambers/cameras. Iscbaric are called comtusticn cha-ocrs, in w.ich

the pressure of combusticn prcducts cver their lrngtn remains

approximat~ly/exemplarily constant; ths ratio cf cross-srcticnal area

to the throat area of such chamhers/cam,?ras fIWI >Z.

Thq relation indicatqd call relative drea of chamber of

combustion and designate. o, i.e.

fo12f
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a)d

Fi3. 12. 2. Thc- comtlustion cham zcn .!,rtir a -v :!n~i i

b) semi-hcat nozzle; c) in th. fcrT, cf zh- shaped taFerinc Fcrtion:

d) sphcrical; e) ring cylindrical with th- inner body; f) r'nj,

toroidal w-.th the inner bcdy.

Page 190.

Chambers/cameras with value jx<3 call high-speed/high-velocity.

They possess the so-called thermal resistance: the stagnaticn

pressure of gas at the end of such combustion chambers is less than

at their beginning; this iffect is caused by the delivery of heat to

the flow of gas, which mcves in cylindrical pipe (28]. With the

decrease of value J, the gas velccity and the thermal resistance of

chamber/camera are increased, leading to the appropriate decrease of

its specific impulse. Furthermore, with an increase in the velocity

of combustion products increase/grew losses of pressure due tc

friction of motion in the ccstusticn chamber. Therefcre fcr safeguard

of one and the same pressure cf ccbusticn prcducts at the nozzle
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entry with the ecrease cf value IK must r3spcc-ively rais- th-

pressure of componerts cf the prcpellarnt, with which thsy dre

supplied into the combustion chartet.

Limited application found cylindrical combustion chambers, in

which value J, is equal tc cne (sEe Fi,,. 12.2t) ; the _ thay call

semi-heat nozzle.

In proportion to perfection Zh;D is increased pressure PH' they

are improved cccling chamber/camera and thq ccnstruction/design of

head simultaneously is decreased its outside diameter, are used new

components of propellant and structural materials. In this case is

decreased the combustion chamber volume and increase/grow the

sizes/dimensions of ncz2le.

In certain cases is used the shaped inswept comhusticn chamber,

in which simultaneously cccurs the combustion of proFellant

compcnents and tho dispersal/acceleration of combustion products to

the critical speed (sen Fig. 12.;c).

Spherical combustion chambers (so Fig. 12,2d) possess the

smallest surface with the prescribed/assigned volume, which lightens

cooling chamber/camera and it makes it possible to decrease its mass,

including as a result of smaller necessary thickness of walls.

.... . ._____ .. ... , , t-D2
_

ri- .
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iiawever, in such combusticn chamters it is most if:icul.t -r .nsu:=
the oven liStrution cf the Uxtnt o-/c1 UM p.iC, Ct c: i:-

products acccrding to the crcss sect'io, an! in th- zcn. of h:=lt zn

be formed stagnation zones.

z ' ;bcrs Of an' -I'Fic>
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Fig. 12. 3. Chamber/camc-ra ZhFE ED-1C7 the "Last".

Pagc- 191.

The injectors of such chambers/cameras place cn the flat/plane

bottom, and also on the Freccottsticn chambers (artechambers) , which

make it possible to increase surface for positioning/arranging the

in jec tors.

In connection with the relative complexity of
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=onstruction/aesign and technolcgy of the aanufacture of sher ica

ccmbustion chambers and thp absence of their parceptIble advantag;s

before the cylindrical cr.es spherical combustion chambers found

limited application in ZhRC.

Annular ccmbustion chambers have a form cf the cylindricl, tin:

(ser Fig. 12.2?) or th= tczus/Tcrr {s'e F14g. 12. 2f)

Annular ccmbusticn chamters tcgether with the nczzle of axternal

expansion (or by nozzle with the inner bcdy) possess the

series/number of essential advantages in comparison with the usual

chambers/cameras. Bases cf them are examinid in chapter 6. Other

advantages include convenience in the arrangeffent/position of the

aggregates cf the feed systen cf Frcpellant ccmpcnents within the

inner body of chamber/campra and pcssibility of designing of

efforts/forces for the flight ccrtrcl of rocket vehicle (during the

sectional constructicn/design of combustion chamber)

The greatest effectiveness of ZhRD with the annular combustion

chambers is assured with their wcrk on the high-energy of

fuel/propellant (first of all on fuel/propellant 02+H2 cr Fz+H2 ).

§ 12.3. Injectors.

A
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Liquid rojellant ccz=cnEr.t- are intrd ac- I ins e tite

ccmbustion chamber thrcuch tnf in-ectcrs whic prcv!. alsc 1,

ato m iza t ior cf propelant cc cre r. , which is accompan iel t.,

significant increase in tte surface cf drops.

Are lis 4in -uished t~c Lasic tvres -3 tan! in ct_:-s -3

ce (ntrifugal.

The jet injectors are the small accurately carried cut

3penings/apertures in the fire tcttcm of head. Such. injectors are

prepared alsc in the form cf seFarate parts with their subsecuent

scldering into the heads; in this case of injectcr they differ little

from each other.

The jet injectors inject liquid in the fcrm of the parallel or

cclliding streams (Fig. 12.4).

Output nczzle orifice is called nozzle. Ihe liquid jet, which

escape/ensues from the rczzle, is at certain length from it solid

cone with small (5-200) angle at the apex/vertex. Stream decays into

the fins/small drops under the effect of the friction of stream

agaicst the products of ccmbusticn and transverse vibraticns, which

appear in it.
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The :major -idva r,tape of h'd with he ;t :.jCrzi ' i.

C 1a t iv P Si4:'r1:c it yaC ar F a c Y

T-P ca acity cf h-ad is called the propellant coi otr.* lew,

passing through unity of the surface of its -cttcm with th

"e 192.

The jet injector has smaller sizes/dimensions than centrifugal.

ThersforE per unit cf injctcz tacE it is possible tc place a jreat4r

quantity of the jet injectcrs, thar centrifugal cnes. Furthermore,

the coefficient of the ex enditure/ccnsumrtion of the jet injectcrs

(see pq. 200) 2.5-3 timas more than tho ccefficient of the

expenditure/consumpticn cf the swirl injectors.The jet injectc.s

provide the relatively greater range of streams and the smallq:

thinness of atomization, that centrifugal.

Injectors with the collidig streams (see Fig. 12.4b) give

finer/smaller atcmization and smaller length cf the zone of

atomization, than injectcr with the parallel streams. But the

capacity of head with the colliding streams is less than at the head

with the parallel streams.
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two, - - =' four or fiv 7,:C-crc , 7r -Cv4-r C-I c r -m''

a) the olocks of nczzl~s ci cx:J..z:-

') cc.s a ;t h t h c x 2. d i r C 2Z> S a :1; t'- la a rin

mumbL-r of cases they prcvidc1 thr tcst c-arac-czistics in cc.- Eariscn.

Witn Iblocks indicated atcve.

The block of injectcrs, i~n %ihich therc are only oxidizer nozzles

or only fuel nozzle, is actually the mcncpropellant injector, while

the D)(,ck cf the cx:±dizpr nczzlps and fuel - Ly th,: dutplex-fuel

nozzle.
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Fig. 12.4. Fia:/plane injectcz assetrblies with the jet injectors: a)

with the Darallel streams; b) with the colliding streams; c) with

baffle platps.

Page 193.

The streams of oxidizer and fuel can be supplied to flat/plane

baffle plate (see Fig. 12.4c) ; the thin liquid films, which are

generated with the spreading of the streams of propellant components

on the plate, collide, prcviding their good fragmentation ard mixing.

Thp variety of the jet injectcrs are the slit injectors. Their

nozzle has a form of annular slct, tut not circle.

In the twc-compcnent slit injectors (Fig. 12.5) annular slots

are inclined at an angle tc the axis of injector, so that liquid jets

in the form of two hollcw spray ccnes collide between themselves.
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The jEt injectors Tcre frequently use for the hlyergolic fuels,

and also fcr the chamters/cameras %-th the lcw area heads. Ihsv ar

more suitable for the atcaizaticn cf propellant ccmFcnents with thz

relatively lcw viscosity/ductlity/toughness.

Cmntr fugal arl called the irjectozs, in iich cccirs the

torsion of liquid; the licuid jet, uhich esca. gs behind their nczzl.,

is the thin conical film with the argle at thq apex/vertex to 1200,

which t.asily decays intc the saallest drops.

Cantrifugal injectors are subdivided into the tangential ones

and the auger ones.

In the tangential injactcrs (Fig. 12.6b) the liquid is twisted

by its input/introducticn thrcuch cre or several tangential

cpenirgs/apertures, i.e., the cpenitgs/apertures whose axis/axle is

direztsd tangentially toward the cylinder of the internal cavity,

called the chamber/camera of twistirg.

In the auger injectcrs (or injectors with the swirler) (seo Fig.

12.6a) liquid it is twisted due tc its motion along the spiral

channels, cut on the worm screw (cr swirler) ; liquid enters thsm from

the rear end/face of worm screw.
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_ 2... .. : C-C _.- s i A j--c : . . ._ J L I ,.. _- ai"

the variacie area Of thE. injacticn mechanis3, --c: fisplaci the

stock/rod is not shown).,

FIg, 12.6. sw='rl injectcrs: a) auger (with swirler) b) tangential.

Page 194.

Tha swirl injectcrs Frcvide finer/smaller atomizaticn and

smaller length of the zone cf atcui2ation, than jet. Their

shortcomir.gs are relative structural/design complexity and smaller

capacity.

Centrifugal injectors analcgcus with j-t ones ar6 subdivided



DOC = 8IOC9003 PAGE

into the orn-component cnies ai, t".e two-co io~n,-t cnr.%. ir. t7-ie

two-cc o- C swirl ir.njcr ( , . 12.7) th - cc;:r cntrn

car be mixed both wthi., t, ir e ctcr (int- na! nixin) ana cu ts .df it

(external mixing). Injectcrs %ith the internal mixing frequently ar?

used for the chambers/cameras, which work on the nonspontanecusly

In thr ccmbired durlx-furl nc-.zlcs a:s combined j-t and swirl

irjrmtors; in th( injPc-cr, d.-cictsd in Fiq. 12.8, slot ful nozzle

is plac-.d around the aucer cert-ifugal cxidizer nozzle.

The example cf thr ccmposite injector is alsc injector with the

worm screw, in which there is an axial opening/aperture, be jet

injector with small angle of spray ccne and large range.

The use/application cf thF duplex-fuel nczzles decreases the

lEngth of the zcne of atcrizaticn, since the components of

fuel/propellant in essence are tixed even in tha liquid phase and

therefore more rapidly they burr. Furthermore, the capacity cf head

with the duplex-fuel nozzles is higher than at the head with the

one-component swirl injectcrs.

| i,
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Ficq. 12.7 Fig. 12.8.

Fig. 12.7. Two-component swirl injectors: a) with internal mixing; b)

with external mixing.

Fig. 12.8. Twc-component ccmpcsite injector.

Page 195.

However, the duplex-fuel nczzles are characterized by the

increased structural/design ccmplexity; their use/applicaticr leads

to the more severe temperature conditions for the work of head, as a

result of the approximaticn/appicach to it of flame front due to the

decrease of the length of the zcne cf atomization.

The propellant compcnent flcw through the monopropellant
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injector is wi-thin thp livits of 30-300 g/s, and for ths dupx-f,-l

nczzlrs it can reach 2.5-3 kg/s. Friphsral fuil nozzles usually

fulfill with the grrat er range even small~z tc by 20-30c/o

expenditure/ccnsumption in ccmpariscn with the basic injectcrs.

Expenditure/ccnsumpticn through the oxidizer nozzlas,

arranc;d/lccatFi on thp r;.rirhcry cf hr.ad, is ilsc less thar its

xperd4-dtur%/ccnsunpticn through the nasic injectors.

All injectors examined ahcve havp the invariable area cf nozzle.

For the engines whose thrust it is necessary to change over a wide

range, use injectors with the variable area the nozzles on which it

is possible to withstand/maintain an approximataly/examplarily

constant drop/jump in pressures with the considerable decrease of the

propellant component flow. The area of nozzls in such injiectcrs can

be changed with the displacement/acvement of special stock/rod within

the injector along its axis/axle and with the overlaF of blast nozzle

to a cortain degree. In the twc-ccrpcnent slit injector with the

displacement/movement of cnp stock/rod changes the area of the nozzlq

of oxidizer and fuel (see Fig. 12.E). Possibly the use/application of

other constructions/designs of injectors with their variable area it

puffed.

§ 12.4. Heads of chambers/cameras,



p

The hledd Of cha.flL r/ca:nera serv .s for the V U /introductiin .

th.L Sv? n 2 'stri utic. Cf ;rc 1la n'.t : Don-..ts nt ccc.,ir to t.- croSs

section of combustion cha.ler.

Fcr the effective va~crizaticn, the mixirg and the combustion of

t: - '

must ¢ ie

a) the thin and uniform acmizaticn cf propellant compocnets,

i.e., their fragmentaticn tc thq snallest particles, as far as

pcssibIe differing little from Each cther in the sizes/dimensions;

b) the identical value cf ccefficient x in entire cross

secticn, with Pxcepticn cf a hall layer (Fig. 12.9).

The value cf coefficient x in a wall layer, which corresponds

to the excess of fuel, must he alsc in the pcssibility of constant on

the Ferimeter of combusticn chamter.
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Fig. li.9. Graph of a change in ccefficient x in the rad.us of

-7 ;,3 ,- o- . ., ,- -, --'. -'- .;- . ... .. . . ...... " . . -=' . - . .
' '  

. _ L . x " -. " - "; 0

;- -; _". - - --". -f '.:L :- - .-. - -. -,, 2 la'; : ',z - . _c -i ,,-'
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for sat-sfction of these conditions in tha head it is nacessary

by correspondingly to place the greater pcssitle quantity of

injectors.

The important requirement, pr~sented to the head cf

chamber/camera, is the uriftrr specific weight flcw cf prcpellant

compcnants cvr entire crcss secticn of combustion chamber.

Thp average/mean over the crcss section specific weight flow cf

combustion chamber is called the ratio of the propellant component

flow per second to the area cf Its cross section

r= M Ur A 12.2)

For the section of cross section with area of A.f, the propellant
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component flow through dhich is equal to An7,. t local specific

weight flow

-if

The hydraulic lcsses, ccrnected with the delivary of propellant

ccmpcnents to the orifices of irJectcr, must he low. Furtherrcre,

hPad must possess sufficient strength and 7ijility, in sp ite cf

wvakening of its bcttcms hy a large quantity cf cpenings/apqrtur.s

under the injectors, ani tc alsc prcvide the smocth

starting/launching of the chamter/camera (see § 14.1) and the stable

process of burning in it Isee § 15.1).

Most extensively are used flat heads (see Fig. 12. 3). In them

are used the jet injectcrs with parallel or impinging jets (see Fig.

12.4), and also the swirl injectcrs (see Fig. 12.7).

Flat heads are simple by the ccnstruction/design, ars nct

complex in the manufacture and make it possible to provide uniform

specific wpight flow over cross section and required distribution of

coefficient x in the radius combustion 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 between their

external and average/mean bcttems vary ring and radial stiffening

L- ---- I
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ribs, and external base fulfill in the form the parts of the s:here

(see Fig. 12.3).

One of the methcds cf maintaining the necessary conditicns fcr

atomization and stable fusl ccmtusticn in the combustion chamber with

th- si~nificart d:creas _ cf its flc. ratF and in the ivarib' sr=

blast nozzle is the supply of inert gas into tha cavity of h. h =a=

(i.e. it is direct into the prcFellant components). In this casr for

the even distribution and the mixing of th-e lijuid components of

propellant and bubbles cf inert the phase befcre the injectcrs ari

placed special grids.

Page 197.

The construction/design of head in many respects determines

reliability and specific Impulse cf chamber/camara and engine as a

whole. During the unsuccessful ccrstructicns/designs of heads are

noted the following defects cf chambers/cameras and the undesirable

ccnsequence-s:

i) erosion cr the hot spot Cf 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 wall:
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2) t o. . jc: cif th it zna2 su rfa- z f... i tt oc a .7

anzSfc- f it'?~cs to th e 'ffctf:t c-tuSti tr- Ic

cn tnew ;

3) the unstable process cf fuel ccmbusticn;

In proportion tc the decrease cf sizes and thrust of

chamber/camera the effect of hoad cn th= snl.cific impulse and the

stability ci the process cf burrirg increases/grows.

In order to lower heat fluxes into the chamber walls it is

created, as it was shown intc § 11.11, a wall layer of combustion

products with a reduced temperature.

For the excepticn/eliminaticn the erosions of the internal

surface of fire bottom and ends/faces of injectors increase a

quantity of fuel nozzles in tte Flaces for erosion, is used porous

material for manufacturing of fire bottom and housing ef injectcrs or

they will bring in on thes a laler cf theZmo-insulating material.

The processes of the atcmizaticn of the components of

propellant, and also their vapcrization, mixirg and combustion are

.. * s-
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10t vet 3tu", d to SIR>. d j c. tht CIi r - t3 1 ca- i)-

th; v~ aert ot e.r.iz:e it is nec=ssay to c_-ouce tt" s of

se-veral versions of small scale rcdels and full-scale heads,

including firinq tasts cf hqads in the comp:siticn cf chamber/cameara.

cz:)vide c. 7 the moderate specitic impulse, hut t3 - t

rEiabl. This makas it rcssitle tc conuct the tests ef -niins as i

w',,--= in peralil1 with the finishing of h:ai and chamn-er/carera. In

- ccurse of :inishirg final selection falls on the head whcs.

construction/design gives the pcssibility to obtain the greatest

s cecific impulsre during the stable fuel combustion.

In a whole series of the cases the necessary combustion

stability and the reliable cooling cf chamber/camera is achieved only

Dy certai- reduction/descent in the specific impulse.

The adjustment of the ccnstruction/design of head is the complex

and expensive stage of wcrks during the creation of engine.

§ 12.5. Methods of positicning/arranging the injectors on flat heads.

The even distributicn of oxidizer and fuel according to the
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crczs secticn of combis-icn chamLer is achi-ved by the apprc:ia:

arrangement/pcsition of injectcs cr t. had. Thar? are severai

methods of positioning/irranging the injectors: cneckered, ihcnevcc ,

on the concentric circumfarencps a.d group.

Paoe 191.

With the checlered (Fig. 12. lCa) injector gril c: furl ard

oxidizer their quantity is aprcxiately/exexlarily identical: to

one fuel nozzle falls cne (4x/4) cxidizer nozzle. Since mass

oxidizer consumption usually is 2-4 times more than fuel consuimption,

then with the staggered arrangement the flow rates through the

oxidizer nozzles and fuel considerably are distinguishei, which

adversely affects carburetion.

During the honeyccmt (see Fig. 12.10b) arrangement/position each

fuel nozzle is surrounded by several oxidizer nozzles: to one fuel

nozzle fall two (6xi/3) cxidizer nczzles. The flow rates through thI

injectors differ comparatively little, which improves the carburetion

of propellant components.

With the injector grid on the concentric circumferences (see

Fig. 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 c" head, are arran,:',i/ ccatE c f:

nozzIes, which create a wall layer with l-w eZd/_ J#O¢: ,

During the group arrangeirent/Fcsition the in ectors for7 ;rc'iF,

in each ef which is included the sEecific quantity of oxidizer

nCZZ2.CS a"' fu-I(freai, ::atjz 14. :

treir the same inutual ar.angenert.

The duplex-fuel nozzles usually place on th- ccncc-rtric

circumfe. rences.

The distance between the swirl injactors is determined ty the

size/dimension of injectcr itself, and also by the ccnditiors of tha

strength cf head, which is decreased by drilling under the irjectors.

The distance indicated is selected in the limits of 12-30 mm. The ;!t

injectors place at the substantially small~r distance apart - to 3-4

nime



LO

.0

nreads: -i) cn.ece e , d hcn ?yccrb; c) on -he conet'tic

Key: (1). Oxidizer nczzles. (2). Fuel nozzles.
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12.6. Calculation of the head cf chamber/cavera.

For calculating the head must he known fcllcwing data:

1) density and the visccsity/ductility/tcughness of prop.llant

ccmponents at a nominal temperature with which they enter injectcrs;

2) the total oxidizer ccnsumpticn and fuel;
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3) !c d-F c.: th- hfai Cf ch b:/c1:-:: -

c' -r d - z,- '. _  ch t-.z/1c -,:;:a i t - . ua! c t,. -. ,.= -_ -c ua i

ch aTt er

4) the pressure differential cr injectcr fip , 4.e. prt-ssure

Z ::.zus :Ic chamber.

An in-ctor pressure lrcp. usually selacts .n the li mi 3-5 bars

-3-5 kgf/c=Z ], and ir scme ZhSr - to 30 bars [--30 kgf/cm2 X ith

lcw pr.ssure differentials detericrates tha atomizaticn cf propellant

components, and the process of burning becomes unstable. On ths other

hand, an excessive increase in value Ap. ,. without improving

substantially the atomizaticn cf Frcpellant ccmponents, is caused th.

need for an increase in the Fcwer cf feed system.

In ZhRD with the larce range cf a change in the consumption of

fuel m it is necessary tc select large injectc: pressure drops so

that and with the work with the lcw flow rate of m (and,

consequently, by low value Apb) wculd be reached the necessary

atomization of the stream of fuel/Fropellant.

A quantity of oxidizer nozzles and fuel which can be placed on

the head with its prescrited/assigned diameter, is detprminad
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graphically, after selecting the method ot positioninj/arraninJ the

injectors ard the distarce -etween them (z.e § 12.5).

Let us introduce the followirg designaticns:

no. n - , :r£ r cf cx i --: no:zl s an' f:--i

mov.e and , - per-seccnd flcw rate thrcugh the oi-.-z-: no-!71

and the fuel nczzle.

Values n and mn.* deterzine from the formulas
_ .t

where Mon and ts - oxidizer ccnsumption and fuel per second thrcugh

the head of chamber/camera; they ar . Known 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 fluid from the opening/aperture:

w "i 2.3)

m==p-WfQ, (12.4 )
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where W - inJect;.on velccity c£ liqui 2ropellt ccinpo.ent into the

combustion chamber; usually =IE-4C m/s;

- the flow rate Fer second of liquid prop liant component

through the head;

f - total area of 'last nczzles;

- coefficient f flow rate, uhich considcrs jet c-tractior.

and decrease of real injection velocity in ccmparison with tha

theoretical due to the hydraulic resistance.

Thq coefficient of the flcw rate y of th. jet injrctcr deponds

on the following factcrs:

a) geometry of the entering edge of opening/aperture; fcr the

sharp edge, especially in the presence of barts, coafficient p is

less than for the edge with thi bevel/facet cr the saocthly rounded

edge;

b) the purity/finish of machining hole; the large roughrisss of

bore surfaces leads tc a considerable reduction/descent in thq value
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C) t., relation of th lri of njec:cr It t: ea .etr 0:

n c z ize d,, ' r?. s lati¢ I "®/4de.

In the sharp entering PdyP anI relaion tI dS=0,5--IO the

coefficient of flow rate , is equal to 0.60-0.65. iith an increase in

si;nuit '- ::sLy i:e inc- ae. ics--z :z, fictc3n. It is exnu/er;t

to selact n gecmetrl.c charactEristics of jet inji.ctcr, with which

is provided the greatest cceffici, rt cf flow rate. This condition

satisfies the injecticn cFening/apcrture, shcvn in Fiq. 12.11.

For the determinaticn of the area of the fuel injection cr

cxidizer let us substitute in .quaticn (12.4) expression W frcn

fcrmula (12. 3):

m=f/V 2A, (12.5)

whe nce

m(12.6)
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Fig. 12. 11. Fit. 12. 12.

FIT. 12.11. 71. cion oU tn:-ure, w h4C enisures ateatest of

flcw ratc =0. 35-0. 90 eh r Is,,.

Fig. 12.12. Diagram of ccllision cf streams of oxidizer and fuel.

Page 201.

The diameter of blast nozzle usually is selected in limits
d =0.5-3.0 cf mm. The nczzles of smaller diameter it is

technologically difficult to jerfcrm and, furthermore, they can be

obstructed. However, are conducted the investigaticns cf

micro-injectcrs (dc<0,2AdA), of the ensuring better mixing propellant

components and large completeness cf their combusticn. Under

condition d,>30mm with wore difficulty to ctain the thin

atomization of the stream, whic. escapes behind blast nozzle.

After determining by graphic rethoi examined abcve a number of
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oxidizr nczzles and fuel, it is pczsibl6 to calculate the area of

their openings/apertures nczzles)
..foK l._ f --! -t

flO PZt

For the head with the colliding streams cf oxidizer and fuel

angles aox and ar (Fig. 12.12) select in such a way that that

resulting cf stream would te parallel to ixis/axle chamber/camera.

Since the flcw rates thrcugh the cxidizer nozzlis and fuel, an! also

speed of their injecticr differ trc each other, the conditicn

indicated above is reduced tc the equality, which escape/ensuqs from

the law of conservation cf momentum

mo,.$Wo, sin a,=m.,WI, sin a,. (12.7,

By one of the angles they are assigned arbitrarily, and another is

designed from formula (12.7).

Calculation of the swirl injectcr.

The special feature/p.culiarity of ths work of the swirl

injector is the fact that the liguid moves in the injector not over

entire its cross section: as a result of the torsion of liquid along

the axis/axle of injector appears gas vortex/eddy with the pressure,

equal to ambient pressure, i.e., tc combustion chamber pressure. The

radius of gas vortex/eddy rr., is lcwer than the radius of blast

nozzle rc. Consequently, liquid fl¢cs cut behind blast nozzle through

the ring cross-section with thp area

f = .:tr 2-rr .)
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Tho speed of the liq' id, which ascap-s from t hc sw r'.' ,

can be decomposed on the axial ccacnent Va ani tanqqntial ccn-n.n

W1.

Comntcrsnt Wa dtprines flcid flow rata tarou;h th= in-

while constltuting W,. - t h. tcr.icr cf liquii by injector.
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Consequently, volumetric fluid flow rate through the nczzle of

the swirl injector

or

•2

whers o - coefficient of clear c¢ening, determined according to the

formula
2

r2.

mass fluid flow rate thrcugb the nozzle of the swirl injectcr

can be determined accordirg to the fcrmula which in appearance is

analogous the flow equaticn thrcugh jet injector (12.5):

whence

f= - (12.9)

P T;
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The C nt t h . _t:. ,f c:h a.t

or. t ccefficiert of c :ar cpe rirg x, i f, :rom t clear a.a r:

The quality of the atomizaticn of liquid by the swirl injector

of liqui5, but simultarecusly i.-crase/ .-¢c the nsc;.ssary

sizes/dimensions of injectcr.

The values 2a, ; and p of -.he swirl injector dapnd on its

geometric characteristic, which is the complex, which links the basic

dimensions of injector. The gecmetric characteristic of the swirl

injeztor (Fig. 12.13) they designate by letter A and they deteqrminq

from the following formulas:

a) for the injectcr with one tangential cpening/aperture

A= ,rr ;T (12.10)

b) for the injectcr with a cuiber of tangential

opening s/apertures i

c) for the auger injectcr

A E! , i (12.12)

.. . I .. . ... . . . .I . .. . "- i l l I ... .....



DOC i '100,4003 PAGE

Saz the :ea- -: .aa n ;

-1cw area of cne chanrne;

i - number of channels (or the approaches of worm screw);

- - . 'V l: nS e

~ith the increase of value A 'he coefficients 0 arn O arc

decreased, and angle 2a ir.creases/grcws.

In the extreme case (with A--*-) we have

Q,)

Key: (1). and.

Page 203.

The graph/diagram of the dependence p and 2a on the geometric

characteristic is depicted in Fig. 12.14.

Account to the viscosity of liquid. RelationshiFs/ratios

examined above are valid for the ideal fluid. The course of idgal

fluid in the swirl injectcr obeys the law the conservation of angular

momentum, since the moment of the external forces, which effect on
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the liquid in the chambir/car-ra cf thr tcrsicn of injectcr, is 9J:a

to zero.

In the real liquid due tc the Fresence of the viscous forces

appear the frictional forces. Their effect/action laads to the fact

t.hat the momcnt cf mcm-ntum at T h- nozzli znt:y ricvrs tc -c !,Ass

than in thc initial part cf ttr= chiabe:/cimeri of the torsicn of

in3ector, i.e., due to the fricticnal forces is decreased the degr=-

of the torsion of liquid and as a r-sult, increases/grows the

coefficient of flow rate and is decreased -he angle cf the

atomization of liquid.

For the account to the visccsity of liquid instead of th

geometric characteristic cf irjectcr A is used lumped characteristic

Asm, determined according tc the fcriula

Rexrc

Ask= k12. 13)

+ - Rex (Ra1 - rc)
*' 2

The coefficient of fricticr X for the entry conditions into tho

injector is designed from the equation

25,8 12.14'(I). (g Re.1),. -

where Res1 - Reynolds number, determined for the conditions for the

entry into the injector.

I i___iiii i iii____l______ll_____,,_____. ..._____________"_______
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0br . . u i r . ' 5 L

eij

Fig. 12. 13. Fig. 12. 1'.

Fig . 12. 13. 'anential injctcr (cn drawir.g ar5 tersEZ basic

pometric dimer.sions of ir jectcr).

Fig. 12.14. Dependence cf coefficiqrt of flcw :at; an4 angl' of

spray cone 2u on geometric characteristic A.

Page 204.

Value Rx, i s determined according to the expression
41N

Re,.= .4.4 -, . 1.5)

where i ,.s - kinematic viscosity ccefticient of liquid at the entry

intc the injector.

Order of calculaticn. The swirl injector is designed in thq

following sequence.

1. Wde are assigned by injectcr pressure drop Ap$ (see pg. 199)
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( cst fr-711-=nti/lv 1 9o

3. Knowing angle 2a, cn graphs, depicted in Fig. 12.14, w

n. si.. 1>,uati or (12.-), -.e dc-s i:n sct icrn area rf -i-.,-

rczzle . i ther. 'iameter cf nczzle accordinj to formu1a

5. e select sizes/dimensicns cf injector.

A number of tangential openings/apertures or approac.:s cf worm

sCZEw i is usually taken ty the equal to 2-4. An increase in thq

aumber inicated ianprcves the distributicn of specific weight flow

according tc the perimeter of the circumference of liquid jet.

Pelation R.,1,/ they take as the equal to

apprcximately/txemplarily 2.5.

Using equation (12.11), we determine by the selected values of i

and R.,/r, radius r,,:

= iA

I~~~ ~~~ .. .. ---.. . .------ nimili .. '""--
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:Jsuaaly Ia.:-ur -. -E .- ct i i r =,.,25- .,et.M

h. rr-. M:r u.as (12- 15) a 11 (2. 1< - ::s:3r. coe fcient 

i4tiz \, and then in Ecuaticn ( 12. 13) - 1u :pd character - isic ; of

in -ctor ,4 . If characteristics A and A, Iiff r not more than to
5 - -4--

1 f 4- disag:- z-nt f c a _ackristi , s a 1- , , 4: " e t:n w e

taxte for the basis v!.:e A-3., ctaire, in t-- first approximation, and

on the qraph/curve, deDicted in Fig. 12. 14, we determine the

ccefficient of flow rate p taking into account to viscosity, and thon

sizes/dimrnsions rc,Rex and rx ir t hc seccnd a prcxiration/ap roach.

:rcm them we design characteristic A,,, in the second

approximaticn/apprcach. Usually the disagreement of values .4 , of

those obtained with the first and second apcrcximaticns/apprcaches,

is insignificant, so that sizes/dimensions rc, Rex and re,, obtained in

the second approximaticn/apprcach, can be accepted foz the final

ones.

7. Knowing r,,R 1  and r., we select remaining sizes/dimrensicns of

injector (see Fig. 12.13)

Ia=(1,5 -- 3) 2.; 1, =(0,25 + 1 ,.
Pa-ge 205.
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The height/altitde (length) cf injectcr h w acc.pt:

a) h-R,, and more - for the tangential injector;

b) 1/1-1/3 the space cf channel or are mcre - for .hz .

injector. The diameter cf the ctarher/camera cf torsicn is erual to

S,=r,2.

The outside diameter of injectcr is equal to

D,=o D. +28,

where 6 - thickness of the chamker wall of torsion.

Sizes/dimensions 6 and to, are ccnnected. Usually are selected by

6=1.5 mm.

Special features/peculiarities cf the heads cf afterturners.

Depending on the state of aggregation of the propellant

component, introduced inside afterturner, injectczs subdivide into

the liquid ones, the gas cnes and the gas-liquid. Gas-liquid are

called the duplex-fuel nozzles Into which one component enters in the

liquid state, and ancther- in the gaseous.

OIL--
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G-43rator gas inside aftfrturrer is intrcduced thrcugh th -jet

injectors.

The head of chamter/camera 2ERD, that wcrk cn the diagram " gaz-

liquid", can be represented itself grid/cascade with the radial and

rin- cross ccnnacticrs, rcrecvr. windcws -. , ti - injrctcr: '

generator gas, and the irjectcrs cf liquid cciponent arR .lacrd in

the units cf cross ccnnecticns.

The pressure differential cn the jet injectors of generator gas

is small, and pressure ir afterkurrer large; therefore the cutflow of

gas from the injectcr sutcritical.

§ 12.7. Selection of volume atd relative area of comtusticn chambers

(afterburn! ngs).

The combustion chamber volume (afterburning) must provide the

necessary retention time cf prcpellant components in it, morecver

dimensions and mass of chamber/camera must be low*

The combustion chamber volure is designed from its reduced

length Imp and conditional retertlcn time of gas in the combustion

chamber ya.

- w I
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The given (cr characteristic) length comtustion chamber calls

the ratio cf its volume tc azsa c! the critical arosz sacticn

lnp=--K.
I., V

Page 206.

'rvc: *a' or7 ottairqd, a ft~r Iiv ~ T; I.Ss Of si.:'

-..-a:. - inc its : cU :ate pir sgccnd:

disregarding the voluma Cf liquid propellant componer.ts in the

combustion chamber and ccnditicnally considering that gas density in

entire its vcluma one and the same and is equal to Qx, we obtain

m

Let us substitute in the latter/last eguaticn expression Qj from

fcrmula (4.4) and will ccnsider relationshiFs/ratios (4. 14) and

(12.16). Then

S 1, (12.17)

For the prescribed/assigned ccuponents of propellant and

construction/design of head, which is determining the quality of

carburetion, relation P/RT* can be considered constant. Consequently,

the conventional retentic- time cf gas in the combustion chamber and

its reduced length are fcund in the directly propcrtional dependence.

Values Ti. and l, are deterrined mainly by fuel/propellant,

construction/design of head and by type of diagram of ZhRD; for the
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majority of engin.s T5ca(l,5+,0) 10-3 s and top- 1,0-3,5 m. imallcr value

Tyca they correspond tc chaih~rz;/caxaras with large pressure Ps. With

a. ircrease in the reduced len~th cf combusticn chamber

increases/grows the specific Impulse, but simultaneously are

increased the sizes/dimensicns of chamber/camera, which complicates

its ccclin-.

For tFntativr calculaticrs the reduced length cf the ccmbustion

chambers of ZhPD, which wcrk according to the diagram

"liquid-to-liquid" on the fuels/;tcpellants 02.kerosene, FP2 NH3 and

0 2 +H2 , it is possible tc accept 1.5-2.5; 1-1.5-1 m with respect (to

4), (17).

In ZhBD with the afterburning cf generatcr gas the part cf the

propellant components burns preliminarily in the gas generatcr;

therefore the necessary reduced length of their afterburner Is

1.3-1.8 times less than fcr the ccibusticn chambers cf ZhBD, which

work on the diagram "liquid-tc-liquid".

when selecting of the optizal relationship/ratic between length

and diameter of combusticn chamber (afterburning) is used its

relative area I.

Bqsides the shortccoings, noted into § 12.2, with the decrease
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of value Ix additionally beccEcef ccfp1±catic the' cr.--izaticn of ths

effective atomization of Fxcpellart components jaa reduction

in area of surface, over %hich are Flacel. th.e in::trcL.
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Fig. 12.15. Dependence cf relaticn I on value F. when Ee-ioo

,curve 1) and e,=1O (curv 2).

Page 207.

Therefore with the decrease of relative area 1, the specific impulse

of chamber/camera descends (Fig. 12.15), which is noticeable when

Iv<3 (especially when !. I) The effect of the relative area cf

combustion chamber (afterturnfng) cn the specific impulse when 1,,>3

can be disregarded/neglected especially with the high expansion ratio

of gas ec.

Some advantages of the select cn of low relative area JK include

the decrease of the mass cf chamter/camera and the facilitaticn of

its cooling (is decreased the necessary thickness of the combustion

chamber walls and its surface, which it is necessary to cool).

Relative area In can be determined on the selected specific

weight flow cf combusticn chamber from equaticn (12.2), which taking

I+
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into account formulas (4. 14) and (12.1) cai b-3 written in the

fcllcwing fc8m;

Since for this fuel complex 0 can be considered constant, then

with an increase in pressure pm the specific weight flow cf
c- b:u.Ft4 - . chamber also cres/rcws.

Relation r/px is called relative spccific weight flcw an!

designale rp, i..

12.19)

or taking into account equaticn (12.18)

r,-= . (12.20)

If for the fuels/propellants used complex 0 is equal to

1700-2400 ros/kg C--170-210 kGes/kg], then when J]=2-6 relative

specific weight flow constitutes (C.1-0.2) 10-3 kg/(N-s) [-- (1-2) of

10 -3 kg/(kg*s) ] (17].

To the value J, indicated for the cylindrical chambers/cameras

corresponds the ratio of the length of combustion chamber tc the

diameter of its cylindrical Fart /4d,, equal, 1.0-1.5.

-. - ~ A7
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Cha ot er XIII.

?EED SYSTEMS 0? L10IIT) FPOPELLANT COMPONENTS.

Construction/issign of zhD to i consiierable degree depends on

the% system, with thA aid of whica is crqated a pressure, necessary

for supplying the liquid propellaat components into the

chamber/cam~ra. In ZhRD are used in essenci prossurizaton and pump

fq.d systems.

In th. orqssure feed systam the orgssure in the fuAl tanks is

more than in the engine chamber. DU with the pressururized-propellint

feed arR simplq and roIiable, but they have large mass ratio cf

tanks.

Page 208.

In ZhRD with the pump systa cf cimpcnent the fuels/propqllants

: .. - -. - . . . . . .
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from thq tanks arA supplied Lazc Larcil, gi-v- n by gas turbine.

Turbopump aggregatcs ccxj1Zcata ~srcinisq ZhRzD and its

opsration. In the presence ci TNA app-- r tha probl1:ms, connectfed wi h

the work of b*Rr~ngs, packings'sea.s, i3y rotcr talarcing.

Ffw-vAvr, plimp fio systa:ac s::n -34, + tr- -u: I c:

advantages.

1. Necessary pressure in tan~s is small - tisually 2-'s bars Cv2-4

kgf/7m2l. Th-rafor!? DU wizn zhe pump f-ni system have substantially

smaller spqcifi.c mass, than DU with thi pressurization system.

2. Engine power rating can be comparatively easily changed,

changing number of r-evclutiens af shaft of TNA.

3. Is possible crpation of liarge psessurns of propellan,

components with rel-atively low d.ensians and mass TRA.

Propellant compcnonts into tne angine cbambor can te supplied by

lot pumps, or ejectors (Pig. 13.1). rhis system was for the first

time proposed by K. E. Tsiolixovsxi.y in 191L4. In the jet pump the

aressurli of liquid propellant CCML.nant is raised (as a result of

election) by the supplied (carryiaqy) gas. This pump ccnsumes grqatar

gas flow rate par second, than tur~ina of TNA, but its
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construction/des!gn Is sianler and reliability is above as a rssult

of the ahsincq of 5obiAe arzs. Farthirmors, for thc work of jet pump

is rsquirad low crlss'ure in che zanks.

The jet pump, lifting worxing bo4y of which is liquil, but not

qas, usually is tispA as the auxi~iary unit, which makss it pcssiblz

to improve charac r'atics c " nam-Aly to ratse +hc parmissible

number of revolut cns cf sLaZt ot TNA as a rqsl- of a. 4ncr-asa i-

the pressure at the antry into tha cen.rifugal Fumps (sqp J13.10).

In the rocket vshicles with iarge tctal impulse h. which include

the boost-qlide vehicles (space aircraft), use pump feel of

propillant components, while in ;a rocket vehicles with low 1:

(space vehicles an. ships) - pressurization.

During the design cf concreta r3ckat vehicle is selected that

feed system, which with the prescribed/assigned characteristic

velocity or total impulse I: prcviaps the smallor initial mass cf

vehicle and greater relation I:/may. Relations l:t:rn. must be compared

at optimal pressures PH far th;* pressurization and pump feed system.
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Fig. 13.1. Sch~mat.c cf -4et puna (blector)

llr-ss,,r- fc ,-A systeam 3.t is ec;,di-nt te is -  at ccmnarativ--:ly !cw

pressur-s Pm - 'isnl!y 20-25 cars [z29-25 kgf/e7*a2 -, also, for thq

prop=llan componnits wit tiae increased dansity (F2 +N2 H4; F2 4NH 3 ;

OF2 +B;,H6 , etc.) and alsc with 'hb ralatively short cperating time of

sngine. In cqrtain cases are selectei the pressure feed system in

view of its large simplicity and tnc reliabill.ty, in spit= of the

lower value of the characteristic velocity of rocket vehicle.

Into the feed systems of che components cf the propellant of

4.nqin installations enter difierant valves, chckes/throttles and

regulators from description of wbich it is expidient to begin the

examination of the systems indicated.

J13.1. Valves.

Valves are intended for discovery/opening or overlapping those
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or lae of t m ai_-- cf en,4ina in- llaticr ant -n t.I .ajlrity of the

casPS ha7 - '4n -Ppra+ 'r Eositrcai: "it is ccen= 'd" and "close ! '.

To i.h. valves DU present thbb ollowing tasic rpquirem-nts:

I) ~ r '- h ;a" 1- of c r t4 :n,

2) low power npcqssary tor tne -osraticn;

3) small hydraulic resistance;

4) complet,? airtightness in tne closed pcsition.

Fig. 13.2 depicts the valva ol the simplest construction/design,

which consists of thrt hcusing, disc valve and spring. In the absence

of pressure or at a low Fressure at the entry into the valve the

spring forces disc valve against sdddle, in this case in the place of

contact is devslopqd the necessary spacific pressure, which ensures

the airtightness of valve in the ciosed pcsition. With pressure rise

at the entry into the valve, for example during engine starting,

grows the forc., which effects on the disc and equal to the proiuct

of pressure on the flow Fassaga cross-sectional area of intake

connecting p4.p- 1 wth diamst-ar a. Wh-n this force exceeds fcrce of

compression of spring, disc will move away frca thq saddle and valvc.
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ts oen:-?d/Ii.sc'.osp. T!-is vaivi is call.d rpverso-/inv'srse. ThR

aff~ctactjo r -'~3 valve IIes i.n the fact that with an increase

* in the line pressure at the 3ut~ut/yiell frcmi it (in connecting pi-o4

11) or with lowsring 4,, the prassurp in th- ccnrect'rg pip- I valve

is closqd, wthou a11cving/assuming the flcw of liquid or gas in ths

aotosite directinn.
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F. 13.2. Th ochok valve: I- ±natake connecting pipe; 2 - saddlo; 3

- =aoru!-o Lu - '~r; 9 - housing; o - spr='.g; 7 - b-4rg gi:dsl: 9 -

cov-:/cap; 9 - nly: 10 stcck/zod; 11 - output ccractncin i-ipe.

Page 210.

Valves can bq classified according to the follcwing sq4gns.

1. on kind of medium: liquid valves (amcng them it "- necessary

to isolate valves for cryogenic components of propsllant and working

m-d 5 um/propillants) and valves cz nct and cold gas.

2. on normal position of valve: "it is normally opened",

"normally-closel" and "normally paztially openod". Normal is callsd

this position of thq valve in which it is locat-.d in the absencA of

any effact on it from without (ie. without the pressure, without the

supply of control current, etc.). Lheck valve examined above is the
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-xanDle of th - ncrmallv-clos~d vQivi, and also thq -xample of th-

uIu .11d valve, ThA ncsiticn of caLck v.lv-s is *.1tgrmj.ns3 by the

oressurR of componanf ct propellant or working medium/propellant at

the entry in them.

"' ... aj ," ' - f valvZ.s i_- c t- ]ldj~. th-v hiv,- ona -)r

1.npr th d- V 1- .Jch at -taz :6uir-%d mc-rnt of timF% can fcrcqdly

(inkp~nd~no -- line rrEssura on wnich is astablished/installed the

valvR) to creat- the force under aifqct/action of which the valve is

cpenad/dgsclesei or is clcsad.

3. According to typo of driva:

a) valves with electric drive; force, necessary for opening

s!th~r closing of valve, it is created by *lctromagnqt, or sclpno!d:

b) valves with pneumatic drive; such valves have control cavity,

into which at rqquired mcment of %ima is supplied any compressed gas

(air, nitrogen or helium);

c) valvaqs with hydraulic drive; into control cavJty of such

valves is supplid under pressure any with liquid; for this purpose

frequpntly splqct/takm small part of enR cf tasic components

vropellants (usually fuel) fro. main at output/yield frcm pump;
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d) vpiv-s w!'"i the pyrocscaaic 1rivs (py~ctechnic valves) ; the7

are op~ni-d/d;.sclos: d or an.: closcd by the fcrcac f preassure of thc

cases, which aro generated wita the combustion of a small guantity of

pyrotechnic charge in the contrCl cavity.

4.* In numher of o~eratioas: vd1vqs of one-timz and rep:?ta I

opqration.

Th-- valvas of one-time opirazt.on include ths pyrotechnic valvs

and th? mam!branes/diaphzagaS. Arw distinguished the

membranes/diaphragms of the free breach/inrush (burst open by the

pressure of propellant ccmponant itsalf) and thq membrane/diaphragm

of forc-4d breach/inrush.

Valv'3s with P13ctrical, paeuaatic or hydraulic drivo arp the

valves of repeated operation. Aftez the cute ff /disc cnntaction of

feed/supply of electrcmagnet oc compression release from the control

cavity the spring rqturns valve to the initial positicn, after which

it can again operate/wear duriag tu. supplying cf control signal.

Page 211.
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S5. Accorling to -1esijariun/jur:)ose: rfverse/invors.p,

start In1/1'v-, (7-i'ctf, 3a;. tuc~l, drairagr, drai'l-resery-1,

Startini,'launching call taa norually-cloeod valvos dsirinq

an-'ers the main or wbich t.a trs rzt lse/ntlll

Cutoff ar-4 "- rorxally open valv~s, which rapidly cfovar mai

ani ceasing thcereby the entrinca ox comaponent of propellant or

vorkirg ibodium/provellart into thea aggregate, befora which tbhiy ars

sstablished/inslalle d.

In a numbqr oO cases or funczioning ths s~arting/1aunching ani

cutoff valves it can porfcra cue valve. Such, in particular, are thi

main faial valves, adjusted oa tka DasiC mains of coupenints cf

propellant (from tho tarks to the 6ngias chamber).

Drain valves are intendad for drainag" (i.e. letting out,

throw-out into the eavircnaent) of the comacnents of prcrellant,

thq4.r vapors and so forth.C~a drain valves of the system cf cocling

mains D)U with thie cryogenic proellant comFpflents are

o1.en~d/dA SCl0S4 4.n +ha proc&ss Of Cooling (in this cast valves on

the 'gntry into the chamber/cantra and ZhGG ari closed) and are closed
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~ir~1vbeforoe ngine startxrtj.

D0i -ro servo valves (DPKI art zistablish-O/nstall~d t- th

tanks, irli also on the sain fc: ta sxcspticn/ieliminat4.cn of thT

excess of the orescrib~d/assjga.d rssure in them.

.13 t'~q sttrting/launc~iag, cutcff, ia'.n ani drair vallvz - -

possibl.! to us- valve!s bitil naumatic, nyydra'ilic and pyrco.,cc'nic

dr' vit.

Drain-raqorvs valves ara actually the check valves, which by *0
of trial and error of the corr~ionding spring adjust to the soncific

pressure (pressure of adjustaent) ; with its oxcess the valve is

openpd/iisclosei, and everpressure bronzes frcu the tan~k or the main,

which prtevent s their dostructioc or other Inadmissible consaqu~nco..

The constrict i.on/design oi t~d membrane/d 4 .aphragm cf fr*'s

breach/inrush (Fig. 13.3) andi its zest-inincy in th'2 joint must prov~i-R

the guaranteed str"Agtb and airtigattess to thes required pr-essure.

and w~th tho oxcess cf design pressure the membrane/iapbrage must be

torn. For facilitating cf explosion and decrease of spread the

bursting prqssures on the membrane/diaphragm make cut, usually in the

form of arc. with this tcrm .3f cut 1.s vliminatti the~ possibility of

the broakaway of tho. lct4/1'zj af tue m-3abrane,'4iaphraqm: tht
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mc ib:an=/iahraqm bursts opa cr. th :.it, .c:,cvsr ftrm.d thq

lob 'l, of t t-hbranf,/diaphram i3 aalefnt b' -h4 fluid flow or

qas.

Valve wv.th olqctric drive more fraquently is

mst0 1.g. /ins'all-i in - mt.ns oO_ jas; slich vilvas a r al! . -

elecrizi ir oppra tel vall-ir3s [Zi)A).

Pao. 212.

Let us examine operating pricipl3 .PK with drainage (Fig.

13.4). During the. supplying of direct currint to th. coil appqars tho

maqgetic fieli, which is strenjthened by yoke (core) frem soft iron.

Armature is a~tracted/tIghtened to the yocke, and the ejergent

qfrmt/forcv thrcugh 'he stock/zod opens/discloses foot valve and

closes overhead valve, in this case the gas can flow/cccur/last

through the valve. During de-enargizinj of coil, i.e., after the

disappqarancA of magnetic fiell, the sorirg returns thi systfs of

valves to the upper position, ac t nat the iuct cf the gas through tho

valve ceases. Since cvoctead valve is 3pened, then gas from the

cavity or thq main bronzes tarough the drain holes into the

env ironment.

E?K with 4rainage extensive1y use in the mains of valve contrcl
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-411h th-4 pneum'imic drive (Fi. 1J.:)) . alve is closed by the forcp cr

t - ionzpr.,ssd spring and oy ti~ z-assire o! prop-llant, ccxFcn ,nt cn

*-I, iisc. of valve. Duri-rg tha jupilyinj of the centroll ing/gi-4., -

qas thm force of pressure on tat jiston opans/disclcses valve ani

holiR tt in th: opin ptsition. Uita thi compression raloaso from thi

,,eA,7, cav!2-v, ffor oxaiF10- ay7 c-zati) F!"< with *rair w-, h

is a~airl closed. In this valve thti control cavity is lzolit ? from

thco li-~Tid nionpllan+ ccmpcnant bi tt* cavit,--, which .s con,.iinicat, i

With thq environmont, but spring dcps act ccntact wi.th the prop-!lnt

component. The control cavity on tste piston and the cavity of li-lull

compon,4nt on thA stock/rCd are ternotically sqal*4 by rubber qaskets.

Th% oxamoll, of naln fuel valvibs are the valves which in tho

no3rm!Ll position are clced under tae affect/acticn of sprin(I

stringth, and with the work of engine ire opened/disclosed under the

effect/iction nO the increasinj prtesurs at thpir antry and are

closqd during tho supplying the gas prassuras in the control cavity.
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Fige 11. 3. 4-nrniffPpr mo r--J eehi;. 13.

F4 q. 13.4. Schqma*4 .c of *.l~ctricai a4.r Dpe'ratsd valve (EPK): 1I

spring; 2 - lowor saddle; .3 - output Connecting pipe; '4 - uriper

saddle: 5 - yoke of alectroaagmet; 6 - aagnat coil; 7 - armpaturse; 3

Stock/rod: 9 - lra4.yt hcos; 10 - ovsrhial valve; 11 - intake

conniebcti.nq p4.po. 12 - fcct valve.

Page 213.

Valves with the pyrctacbn.c dtiv. (pyrotechnic valves) are

fulfild by tho sa by Dormaiy CPGLC-1 and fcrually-clcred.

mormally oper,?d by cutoff pyzctecanic valves (Fig. 13.6)
ionteists of housfn~g v44,h the saddia, vilva and -xplosivq charqo.
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*J~~is helA in the open rositicn witsi th-- ail cf the

izhran,/daphragm; fcr this purjio~ it 4-3 Fssil 4-- us-- aloa

t~.Th3 clirrart, %ov-ewrg tarouigh th-3 Lot wire, heats it and ignites

4,h- 4 rflainabla pyrotechric ccmlosi~ion, pliced around thi- filament.

The for'ued flamq priming charge of the : xplcsive charge (Fig. 13.7),

-' i~~~nnrol'1c~s cf 'waich tear ti bot-6en o" hcns.-i~ inel ac.

-,n v~iq snini12-, sharrly iucviaq it. Thi d~isc of valv'7 is

the imlle, hermq*4cally saaiing VhIVa afte r its operal on.

The normally-cIlcsed starting/au.zhifg pyrot: chnic valva (Fig.

13.8) 4.9 tho nambrane/diaphragm cz forcad bro2ach/-inrush. Such valv,3s

usually aro establisbo.d/Jinstalied in the entry in ths main of Pngine.

Yalvs opprates/wears during the suiplying of current to explcsive

charge 5. The combusticl products cf tha charge of explosive chargi

act on diaphragm 4, -In this case it is deflectsd and movtbs kniftt 2,

which shears tags 3 and cuts through tie membrane/diaphragm 1. The

9mbrane/diaphrag' is urtent under tha pressure, of the propellant

component which enters tha maia c± sngina.
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?g. 13.5. Schematic of valve wita pneuaatic drivq: 1 - intak .

connctng pipz; 2 - output conntuciag pipe; 3 - stcck/rod; 4 -

oiston packing; 5 - ccrnectiag pip*. of isliv-qry cf

con4trolling/guiiIng pressure; 6 - jston; 7 - spring; 8 -

packng/spal of stock/rcd; 9 - saddle; 10 - ferrule; 11 - disc.

Fiq. 13.6. Diagram of normally CpeL cutoff pyrotechnic valve: 1 -

qxplosive charge; 2 - rembrane/diajhragm; 3 - stock/rod; 4 - disc of

valvo: 5 - intake connecting pij.p; 6 - saddle; 7 - cutput connecting

Ppeg.

Page 214.

Such valwv*s in cortrast to tn& membrane/diaphragm cf frse
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breazc/inrush operate/wiar a;- tht Le:Iuird .ucmqnt of ti.i rin -

supply 4 na of th-i corr spcrding cci.and/zraw, what _ -'

advantage.

13.2. Regulators, chokes/throttles and sersors.

T -?h. ro -rulators and tee c x s/th o4tl7s c.rry such a q--;r t

of atitomation with tI4 aid of aic. change tha parametmrs )J or

rocket vehicle as a vhcle on preueterminel prcgram or flowina sigrals

of cortrol-systft ,quirzent. with the aid of some regulators ir th-

known limits arp maintained tha pressure or thA flow cf gas or

liquid. Regulators DD are, for example, pressure reducers of gas.

Regulators and chokes/throttles must possess operating speed, i.e.,

timq from thp d.livery cf the ccmaand on them to its accomplishing

must be low.

Pressure reducers cf gas. When must be constant pressure in the

tank, from which continucusly is expended/ccnsumed liquid component

of the Dropellant (or liquid it is workirg body), sc that the volume

of gas cushion/pad 4 ncreases/grows, is used the pressure reducer of

gas, adjusted betwemn the gas ccntainer high-pressure and the tank.

Pressure roducer provides with the low error (to C. 15o/o) the

or-scribed/assi.gned gas pressure at the output/yield from the

rwtuator iespite th- fact that the pressure at the entry into it
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~iv~1yfalls as P rasulz ct th) OutflCw Of gas fram tha

ta'nk/billo',n, Th-a gas Fressure :a V.- --ank/alco in th - begiarir.;

o- -bhe work of engine oust ba sua.stantially hig;hcr than thi rsquircl

or-ssuro qas in ths tark. Toward tkte ra of th work cf 4eng4ira the

*ias pressurp on tho entry inzc the reductor must to certain valu~z

2 xcpe.! nressur;- a+, t1 e cut-.ut/jieLc fro-. th ~h-o an!,

cors!uiirtly, a1sr pr, ssuzs in za tar.,,. 3;as pr 7ssuz drop cr t;,

nr I.ctor i4s nsc-ssary, since pr~cisely via different dpqrez cf

thro)ttlinq/c'cking (breaking) la-4 is p::)vidid thei wcrk cf r^od-icter.

in ornportion to d-co:mpressijn cf gas in the tank/ba1cen thf 4"?g:-r

of thrttling/choking ccntinuous-iy is decreased.
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Fla. 13.7. F" a. 13.3

F;q. 13.7. ?xpins v charge: I - cttoi; 2 - c-a_-7- 3 - h.usina; 4 -

piv; 5 - nut: 6 - .nsulator; 7 - .flamaol- -P3.ur ; - 'hot wr..

Fig. 13.8. Mormally-clcsed staz:tag/launching pyrotechnic valve

(membrane/diaphragm cf forcEd oredch/inrush): 1 - membrane/diaphragm;

2 - kni.fp; 3 - tag; 4 - diaparagm; 5 - ixplos 4 v- charge.

Pag - 215.

Throttling/choking gas in the rductor is accomplished/rsalizel

in transit through tbr thrcttling cross secticn, which is the narrow

annular slot between t e valve and the saddle. With the dacrease of

size of slit the degree of tarottlng/ahoking gas is increased, and

its prassure after t.e tbrotzlinq cpaning/apertura 4s decreased, and

vice virsa.

Deondinq on that, In waich dir cion relative tc the directicn
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ef tie incticn of gas is opeaad/diil3sed the valve of redactors, t'

ar- subd.v4A-.! inl 'f relucto:s cf tha dract and rev'qrs-/-nVE.

effaft/action. In thr reductor ci th lirect effect/action the valva

is openced/disclosel in the diractLcn of tha flow of gas, while ir

back-action rpductor - in tha oFiosite iirqcticn. Mcr . frequent in OU

In thD pressure reducer ot cick-action (Fiq. 13.9) it is

Dossibli to isola+. three cavicies: tha cavity rf high ;nd lew

oressure and sbmembrare cavity. Lf adjusting screw 1 is

established/installod to suca pcsition in which on the

me-mbran/diaphragm 3 does nor acz the fdrce or this force is low,

then ths valve of reductcr under :te effac+ of cressure in the cavity

of high prossure and fcrce cf ccmiression of spring 6 is closed. So

that thq reductor would enter the effect/acticon, i.e., it prcvidad

th- constant prescribed/assigned izpssure at the output/yield from it

with the decrease of pressure at the entry, it is necessary with the

aid of the adjusting screw to adjust spring 2. Mcbile system tho

membrane/diaphragm - stccx/rod - valve at each given mcment of the

work of reductor occupies such Fositioa in which the force of spring

2 is balanced by the su2 of three forc3s, wh4ch -ff-c* in the

opposite direacticn:

a) the force of pressure of jas on tha membrane/diaphraqm in
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b) the force of spring b;

c) the force of pressure of 4as from the side cf hiqh-pr!?ssura

-itv '-t y

Th.4 solec+-4n oF +his cox ressin spri.ngs by h-.e. adjusting

screw, with which at the output/yield from the reductor is provided

the prescribed/assigned gas pressure, call tI.e adjustment of

r.duztor.

In tha process cf the vorx o± pressura reducer of gas in

high-preissur f:avity centirnuously is dacreas.d, which leads to the

distarbarce/brakdowr cf equilibrium of thp fcrces, which affect on

the anbile system; therefore it ib c~ntinuously mcved unwari,

increasir. area throttling openings/apertures and providing the

constant gas or-ssurp at the out ut/yiald from the reductor by

decraasing the degree cf throttling/choking.
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Fig. 13.9. Diagram of ptessurs rtaucar of gas: I - adjusting screw;

2, 6 - spring; 3 - M~ 4ran6/Qia~nragI; - output ccnnqcting pipe; 5

- i.ntak! coni4ectlng pipe, 7 - stock/rod; a) high-pressure cavity; b)

throttling opening/aperturc; c) low-prassurc cavity; d) submembran .

cavity.

FIg. 13.10. Schematic of chcje/trctrtl with shaped naedla: 1 -

intake connecting p4.e; 2 - :istoLr; 3 - connecting pip,. of delivsry

of control1inq/gu!1..ng Fressuri; 4 - spring; 5 - stcck/rod with

shaped needle.; 6 - output coanacting pipe: a) cavity cf propellant

component; b) cavity of ccntrc112n/guiding pressure.
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Fig. 13.11. Fig. 13.12.

Pig. 13.11. Pequlator of pressure constancy cf supply of propellant

compon.nts: 1 - connecting p.Lp oi dalivery of controlling/guiding

gas; 2 - spring: 3 - bt1lows; 4 - s ocic/rcd; 5 - intake connecting

* pp; 6 - valvq; 7 - outFuz af ccnnrctor; a) cutput cavity: b)

throttling cross secticn; c) driiiing in stcck/rod; d) intake cavity;

e) cav'ty, ccnnacted w.th cutput cavity; f) cavity of

controlling/auidir g gas.

Fig. 13.12. Diagram of signal indicator (relay) of ;ressure: 1 -

conngcting pip" of delivery of Frossuri of ccmpcnent of propellant or

gas: 2 - membrane/diaptragm; 3 - push :od; 4 - lever; 5 - spring; 6 -

electrical chains; 7 - ccata,ts a) dynamic cavity; b) static cavity.
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Pag. 217.

If on any _ kason the gas pres ur- in icw-pressure cavity

4aviats frcm the orpscribed/assi nal valuo, than disturbs balance

:self 0f t4 $, orcps, wich ffect on :.-t- 7,cb1 sv t *

time in the case of decreasiag ta4 pcassur? at the o'tput/li31 z:2

thr _,:iuctor is l creascd tha -czce of orersurq cf aas cn th-

membrano/iiathragm ard fcrce ct ccapression cf sprirg from the si

of aljusting screw moves mobi11 syhtam upward, which leads to the

rpcovry cf requirid pressura, and vic3 versa; consequently, the

roquired pressure at the outpuz/yiell from the reductor it is

ma4.ntained by constant automaticaLly.

The adjustment cf reduczor car. be changed both before engine

testing and with its wcrk. In the lattar case to the adjusting screw

it must be connected any leaa (for exaiple, electrical).

Pegulators and chckes/taratties. Lnto composition DU enter the

actuattng qlempn4s of the systans which change in certain range, and

also maintain with constants the fluid flow rate or gas, coefficient

x and other parameters.
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7h'4 f7_1 41 'lCw ta',-" oz jIa car. na cnan17*1 Witn chok'/thzcttl2-

of n~eIle chang~es flcw atea jetwcez, th i1 arlI +Che valv,* an!,

corsaqu~ntly, also fluid flow rate cr jas. 4"il? can be movesd und~r

tho gas pressure or liquid, dhicn effacts en thq viston from the silp

if~ -X,- -cntrol cavil-7. 1'Jsin3 :.iz t 21

flow ratq or gas.

Fir tho saf, guard cf ccad.~L-;r x=ccsnt or cherge cf coef fici~ant

withr some limits install cacKk/throttle the systqms SOB ir main

Cf cfl@ n! the arepellart ccmponents, which during the supplying of

control signal change@s tc tha mscassary degrea the

qxpenditurq/consumation of conpcnant.

FQOTIOfE t. S09 - system of tha byricaronous emptying of tanks.

ERD FOOTNO Tg.

The regulator of the pressure constancy of the supply of

componant of propollant (?ige 13.11) provides its constant pressure

in the output cavity at an invariable ?ressure of gas in the control

eav ty. The compcnent througa ccnnectig pipe 5 enters ths intake

cavity 4 and throlt~h the throttle cross secticn b - into the output

cav.ty a. Regulator has tase mooile systam. which ccasists of bellows
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3, stock/rod 4 with drillinj c vd.vp 6. Drillinq c connects cavity a

with cavity 4.

Spring 2, bellows 3 the area cf vtAlve 6 can bm selected sc that

in thq case of changing the prassuip in cavity a, i.e., pressure at

-h: out'1t/yreld frm- +ne reguiator, disturbs bal-nce itself cf th

forces, which iffect cn tne mooii4 sys.a, and it is moved toward of

decreasR or increasq.in the thrzctzing crcss section b, as a rcsult

of which the prescribed/assignad iessura in cavity a is ristored.

Sensors of systems CU. In slstpms DU are included the sensors,

which supply into the ccntrcl syscEm the signal about the achievement

of the upper or lover allowed vaiue 3f the parameter (pressure,

temperature, the number cf revolutions of turbine, etc.) or the

signil, proportional *c the value cf the mpasured parametar.

Page 211.

The signal J.ndica cr (raldy) of pressure (Fig. 13.12) has two cr

three pairs of the ccntacts whica are connected with the aid of the

transmission gear through the pusn rod with the meuhrane/diaphragm.

Under the pressure of liquid or gas th3 membrane/diaphragm is

deflectad, which leads tc the closing of contacts (for the siqnal

indicator with th- ncroally op-an contacts) cr to breaking of contacts
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(for the signal indicatcr wita nocwalil closed 'ontacts). lith

liqcompr-ssior th- cor'ects res,?ectivaly ari trcken cr are clcsed.

113.3. Fpqd systems with the gas stcrage tank cf pressure.

The gas st-raz tank of j;rassure (AG) ccnsists e: -k/ l cof

with the compressel gas, pressure reducer of gas and valves.

Fig. 13.13 depicts diajram iU of one-time inclusion/connectior.

w.th AD gas. The tank/tallcon AL jas they service high-pressure by
I

compressed gas through valve 3. angias is included ty valve opening

4. Gas passes through the pzesscre reducer by 5, where its pressurs

descends to the assigned magnitude, or3aks through the

membranes/diaphragms 6, are opaned/disclos-4d chvck valves 7 and it

enters tanks, as a result of wvaca the pressure in them

incriases/grovs. Upon reaching c! zha pr9scribod/assigned prissure

they arq closed thi contacts of pressure indicator by 8, in this case

nasses the commani/crew to the discovery/opening of main valves 10.

The prescribed/assigned mode/ccditicns of vcrk ZhRD is provided

by the adjustment of reductor 5, and the required fuel component

ratio - by tuning disks 11.

Engine is turned off/disconnected by the coverage of valve 4 and
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vain valv%s 11.

Th% &Phranas/diapnraqus o, Lajusted i" th- cor-j4."s/2anif.^ls,

which supply gas in' tbe tangs, daAiunato the contact of fuel anI

ozdizer to angino s~artiny, and canck valves 7 fulfill the same

U3,iallv s',st-, ms with A.) jas supuly ja irt I " ks

continuously ,tirin. ontire operatinq tilie of s Uoa.a.* such

systms can work also In the puisi&a Lparaticn, in this case is not

required the prossire reducer. Ia this case in the conduit/manifoll,

which supplies gas fre. the tank/alloon into the tanks, is installed

thp valve, and on upper hottoa of ore 3f the tanks - two pressure

indicators.
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Ftca. 13. 13. Diaarau TDU with th1J jas st',ragi tank Cf thea pro ssuro?: 1-

4rain-roiseirve valve; 2 - tanx/La~.clon 4ith the compressi gas; 3-

fillini vaitvR; - Ctjtcff valij; i -Pr~zssuze :sducgr cf gas; 6-

burst 114a Iaq - - 7 -chmc k vaj. v I; d -pre ssuras indic ator ; 4 - Val Ve

with th,% qloc+'ruajn~t; 1U - md1 ValVis, which have the system of

Iriv* frcu eno contrclling/guirq~ pis:on; 11 - tuning 11isks.

Pag. 219.

One siqnal indicator it is aij4ST.*d on minimally, and another - to

tho max5.uum parmt.ssiile PrESSUrd ILL thi tank. With decomprqssion in

the tank to that thp eOnizaly psrmattid they arm closed the9 contacts
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of pressure iniicator and passes comnad/crew to valve cpeninq.

Pressura in thi tanks tegins tj %r(w, il upon reaching of the

maximum permIssible value on tne closiag of ccn-:ac-z off ophor si47.al

indicator valve is closed and ac forth.

Flz-l qv5 - d4-h AL jai gCsa~ss high reliability ar u' -

s~mc!iJity, it is i-st finisaai and ?-x:ensivelv tha y arr es-. Fc: ,J

with the. gas storaga tank of pressurz is sufficiently simnl th:

safeaui r of multiplying of anjina and a chanaa in its thrust.

However, systems with tae jas storage tank cf pressure possess

the relativily largor mass of jas ani :ank/ballocn (as a result of

tha hilh initial gas pressure) and ace used in essance for the engin9

installations with the stall tarust ani the lcw total impulse.

The system, which uses as tnt pressurizat4_cn gas air, is called

system with the air rressure accumulatr (VAD).

in the engine installations with TAD with the preheatina (Fiq.

13. 14) th. air, vhict enters tao tanks, is heated by the heat, which

is isolated as a result of reactian th3 burning of liquid fuel anl

oxyqen, which is contained in the air. Por the reliable work of th.

fed system of eoxdizor intc its tanx iust net entcr unburned furl.

Is possible the us/anrlcaticn or eth~r uethcds of heating the
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displa-airg gas bafor- its suptl5y i~ --he tank!T.

S: lc~in m an 4.ratial stra - p:;ss 2:e ani of th- .:yp? C~

DrPssurization eqas. For decreasing the volume of tank/t~tllcor it- is

desirable to select large initial as 3ressurp. Furthermori, with an

'-criasi in 4'h' cas prossir- t - caztai liniit -

ap~rx'~lv/~~plr~ytc 3JO bars Fz350 kgf/cmzl - is prcv-ida

qa- n *ho Mass of tank/balloca. Th3 Irea4-ar gas possur,4 tc us-~

intexnelipntly, sirce slmultaneocsl wizih the dqcrpaso, of thsh velum-

of tark/balloon to the ncticeaole aegrie is increased its wall

thickness. Usually tIo initial Fresszr) of pressurization gas 5.n thp

tank/balloon is select-*d in the Limits from 200 bars (.200 kgf/cm2l

to 350 bars rx.350 kgf/chl]. For tun convenience thf%

irranoeuonts/positions in the rocx~t vumiali in certain cases use not

one, but sqv-ral tanks,'tallcons with tx.a compressed gas.
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Fig. 13.14. Diagran DU with VAJ with taa preheating: 1 - small tank

with the auxiliary 1iquid propaliaa* component: 2 - tank/balloon with

the zompressed air; 3 - cutoff valve; 4 - pressure reducer of gas; 5

- priheating chamber of air.

Ko-J: To ~be

?ace 22().

As the displacing gas cf the kras ur. accumulators sarve air,

nitrogen, helium or hydrcgen. If prcpellant ccmponents can react with

oxygen, which are contained in the air, and is absent the separating

device between the comfcnents of propellant and the compressed gas,

then instead of the air (cheapast working m*ad.um/prcpellant) are used

the inert gases: nitrocen or halium.
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CD ~ I,,s '4 'I' *, cft air z., z :7e1s the la'tr ar.- coc '=-, iri

con-la in1 a-: iiscsclved in tn :.iel/ Frr) eIlan~ r cc eqxlrce of

which the flo oO th disiaciaS jas is ns' =szary to incrgass.

Tho -3rf ra cryog-nic com~cnen:s it i.s pzofitabli to displace7 ty

W. 1 iS 1n oS siul 0 o r-

-i:, I c Z z ae is a _-_in f n c rc y C qE.-.c

DrOD:v Ilant c omTonPs, siice ar. oui, i I th, samm vc1tnm- ,,-

tank/talloon anA orqssure in it, as a :asult cf the le!ss 1rinsitv c!

h-lziu, it4s nac s:sary lrass is dpprcxJ~al-tely/exrmplar::ly 7 -_Ixes lcwtr

tian th- mass of nitrcqen.

The additicral advantage of hallu3 ov-r air and by nitrogen 1iis

4-n th fact 41hat the tauperatuza cz hs-Iium durin~g the

th_-ct-tIrlg/cok_ nq ir the pressura rgd icfr -ncr-asis/grows, while for

ai~r aird ni-trogon It is decreased. Theraforp ut~lizatior oA; h-1i-um

instial of nit:'ogen cr afr givas a considerable reduction/descent in

tho mass of fsfd sys'ter. Scm~j saortcomings in helium are its high

cost/valuo. and great tendency -coward th'e leakages.

613.4. Fpeed system~s with the liguidanml solid-propellant gas

gen erators.

In thq DrOSSUre feed sy.3tais ara isad monc- and di-compcnent
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Zh("G,; is ps-)sibht the utiiiticn uf taree-ccmrnern* Z*-fl,'.

Thea di4splacing gas in DUJ oith ons-comccnenit ZhG3G is formied as a

result if *hp decomposition af auditional liquid component of th,:

vrop-illart (for axarnpl., p-aroxide of hydrogan iio_, cr hydrazia

-3uppl'p' to t~o Cai gin-jratcr f='3 the S7"i S7;111 tink.

FIg. 13. 1S shows the scaeaic of ernqin, lnstalla-tion wit',

di-comp-nent Zh(GG, astablishal/installed on the uppor bottoms of

tanks. Ir ZhGG of thp fuel tanx ocf com~onint ths fusels/propqllants

are supplied by splectirg tha turing disks with ths excess of fual

(a.-,3-,4), while in Z' GG of cxidizsr i:ank - with the excess of

nxidiza: (ac,=3-6), so that tha temeratire cf. th, iisplacing gas would

not gxcqqd the values, Fermitted tor tie material of the walls of

tank. Therefore temperature in ZkiG%- ioas not exceed 1300-1500 0 K. ThP

shiield, placed in the u~rer part ox gao-h tank, dpcr- asss the~ sff, cm

of the stream of coibusticn products ca ths surface of prop-Ilan-

components in the tanks.

The dtsplacemant cf propellant coiporents of both tanks with the

aid of on-R ZhGG is dantgerous to thosa :hat in one of the tanks occurs

the afterburning of coxtustion pioduzts, which can lead to the

qxplosion; for oxample, combustion prolucts ZhGG, which contain the

'mxcass of fuil, aftqr the ancrance inti th , oXid 4.zr tank will burn
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out in it.

Page 221.

In thq systems witb tna sclid-uroellant gas generators tho

oombustien proluicts of sclid-prcpeilant grain.

Engine installations wi:h TUiG (Fi;. 13. 16) start by th- suD~lv

cf electrical siqnal tc tha igniter of the charge, plac:d in g .s

generator 2. Generating cc:mustica proiuc+s tear the

membrane/diaphragm 4, which nerseticilly seals cavity TGG, and they

fall into the units of input/introdu:tion 3, placed in the gas

cushion/pad of tanks. During tae press-ire buildup in unit 3

ooerates/wears check valve, and combustion products begin to entt.r

tank, in this iase they zove in essenc3 in parallel to the surface of

prop:.llant componant, exerting criy small influence on it. Check

valves in units 3 divide the gas cushions/pads of tanks from each

other, including after engine cutoif, which is especially necessary

for the self-igniting fuels/proFaliants. Upon reaching cf the

areszribed/assigned fressure ia the tanks they are closed the

conticts of pressure indicator by 5, a3 a result of which passes the

command/crew to the discovery/apening ) main valves of -ngine.

.4
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Fig. 13. 15. Fig. 13. 16.

Fig. 13.15. Diagram DO with two-componant ZhGG: 1 - %hGG of fu~l

tank; 2 - shc-ld: 3 - tank vita auxiliary propelant components: 4 -

ZhGG of oxidizir tank.

Key: (1). In the chamber/cam3ra.

Fig. 13.16, Diagram DU ith TGG: 1 - drain-eserve valve; 2 - TGG; 3

- unit of input/intrcduction o. combustion prcducts TGG into tank; 4

- mebrane/diaphragm TGG; 5 - pressurs indicator.

Key: (1). In tho chamber/camera.

:h
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Usually solid fuel has an excess 3f fuel. Thereforq

gas arneiat:s it -s axT4d 4 ! f. o r t'

pc 3 nt cf fuel. The dispiacaL.;zt of cx~d z, - c: mcnoprcusllant

by the combustion prcducts of cbargp of TGG is langerotis due to th-

oossibility of their afterburnirg in the tank. Therefore for the

tari.e incr-as,s in tho reliability :f DU for the displacement of

oxiiizer use seoarate TGG with the solid-propellant grain, which has

the excess of oxidizer, or provide for separating device.

However, in certain cases it is pissible to allow/assume

afterburning in thq tark, if this doas not decrease the reliability

of the work of engine installatic4, since in this case is decreased

tho nocessary !low of the displacing gas. In thp axtreme case the gas

cushion/pad of tank can serva as peculiar liquid-gas generator, if we

suDply to the surface of liquid compcnent fu-l into the oxidizer tank

and the oxidizer into the fuel tatk.

of all types of pressururized-pro.ellant feed greatest

structural/design simplicity possess the systems with the
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solid-propellant gas generators. ?urth3rmor., TGG provile the rapil

output/y. oId of engine tc the 3cmi al zating, for which together with

the basis is used starting/launcirg of TGG with the solid-propellant

grain. which has high rate cf ccmousticn. The combustion products cf

the chargq of starting/launchinc C rGa priming charge of basic gas

gtnprator and they rapidly inc¢eaze pr-ssur. in the tanks. .Vlitio!..

advaatigp of TGG in ccalarison witL tha gas stcrage tank of p rssurA

and ZhGG is the abssnce cf gas ccrtainirs high-crssurz: since th!.

complete hermetic sal,.rg/pressurizeti-)n/szaling, r.cessary for tb .?

rocket vehicles with prclcnged Feriod if stcrage or flight

(especially under conditions of outer ;pace), presents difficulties.

How-vr, feed systems with TGG possess the number of

shortcomings in compariscn with tae systems, which use a gas storage

tank of pressure and ZhGG. 7o maia disadvantages one should rslate:

1. The complpzr.ty of tha adjustmait: it is in particular

difficult to ensurq stable (ncnjulsatiig) burninq in TGG (the

shortcoming indicated jcssess systems jith ZhGG).

2. Difficulties, which appear witi power change and upon

multiplying of engine.

3. Dependenco of engine cbaractristic on ambient temperature,
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which affects ratp of ccmbustion of sclid fuel. For ;ximple, the

Pngine thrust v.th an nr-creasa iz the ambient tcmppratu-re

respectively increas es/grows. The shortcom'na indicated can be

excluded, if on the upper bottcr of tanks to place drain-reserve

valves and to supply i rtc tha jas cushions/pads of tanks the greater

ern.dotfre of proiucts cf combtsticr how -A. 4S ruir: . for the

creation of the prescribed/assigned pr3ssure in the tanks. But excess

exprardturq of comblislicn products (it jrows wth an increase in thq

ambi;%nt temperature) bxcnzes thicugh D?K into *ha envircnrmant.

Therefore the mass of system with TG: aroves to be more than the mass

of syst~m with ZhGG whcse characteristics only to the lw degree

depend on ambient temperature.

The smallest mass have feed systems w.th ZhGG, but they are

fairly complicated, especially during the utilization of

two-comoonent ZhGG, and they are asel rarely.

Page 223.

413.5. General/common/tctal characteristic cf pump feed system.

in the pump feed system prcpyllan: component are included the

following systqms and the aggregazes:
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a) turbopvnp ,n-,t (Fij. 13. 1/)

b) th? syst-m, which craate. cFctain excess pressure cn *nt.r.nq

the pumps;

d) th-. nowor-supply systam oi turbina by qasqous vcrking

m-liJum/proop! L[ant-,

e) branch system cf the exhaust (crushed) gas.

TNA is intqnded for increasing the pressure of the components of

propellant and their supply intc the chamber/camera and ZhGG. Gas

turbine TNA dqvelops pcwer during the aupplying to it of the gas

flow, which possesses sufficiently high temperature and pressure.

Pumps of TNA consume tHis power and ire used it for increasing the

prossur, of tho compcnents ci propellant and their supply into th-3

chamber/camera and ZlGG.

Into the system, which craatas 3v3rpressurq on entering the

pumps enter the aggregates of the supercharging/prossurizaticn of the

oxidiz~r tanks and fuel, and also the levices, which additionally

raise the pressur. of prcpellant compoient at the inlet into pump.

Such levices include the jet and auger series-connected pumps which

are considered in §13. 10.
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Page 22'4.

Starting system of turbine can encompass the cartridge starter

(starting/launching TGG) or smail tanks with the starting/launching

propellant componqnts; it wcrks cnly ia the period of the

starting/launching of turbi.ne, after waich the latter changes to the

feqd/supply from the basic system (from ZhGG). Starting systems of

turbine are examined ir §14.1.

In the power-supply system of turbina by gaseous working

medium/propellant are 3ncluded ZhGG, the regulators and the valves,

and also the conduit s/ranif old s, wbih supply propellant components

to ZhGG.
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Branch systam of 'he crusnea ,asc-:as wcrk4ng c ur/orop .lan -

of turbine is exhaist pi e for Zh3a wi:h the throw-out cf th. workirg

medium/proppll~tnt indicated into tar eaviron.ment anI cas ccn_ ictor

.for the engines, which work on tue dim lran "gas-liquid" nrr

"gas-gqas".

Exhaust pipe connect up to tne 3ixhaust ccllectcr=!tinas wi-

the a.3 of the flangqd cr weided jdat. Exhaust pipe is the

thin-walled condui*/marifold, wbich is endid by divergqnt nozzl-; its

exit section they usually placa at the level cf nozzle exit section

of the main engine chamters.

Gas conductor of ZhPD, whic, work on the diagram 'gas-liquid" cr

"gas-gas" (latter/last type onjiLes have two gas conductors), is tho

thick-wallel conduit/manifold, waich connects the exhaust collector

of turbine with the head of chaxoei/aamara.

J13.6. Ganeral-arrangement diagrams TNN.

Depending on the mutual arzangment/positicn of pumps and

turbine are distinguisbed single-shaft and multishaft turbopump units

(Fig. 13.18),

In single-shaft TNA the pumps of oxidizer and fuel, and turbine

L __.lei
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alqo place on ono shaf4.

In twin-shaf+ Tl N cc cns sant ari arr3r" d/!ocatld th' FIrOs cf

oxilizer and fuol, and cc ctaer - tu:bine or cn onp shaft the. placq

the tuol pump and turbire, aad cn cthnr - the pump cf ovidiz r.

In thr"e-shaf' TNA eacn puxy an! tirbine assemtle on the

spparatR shaft.

Simplest censtructicn/dasigr. nes 3ingle-shaft TNA. However, it

posscssas the essential snortcomany: th- number of revoluticns of the

shaft, on which are placed tae turbine and pumps, is limited by one

of the aggregates (usually by the Fump of oxidizer), so that the

number of revolutions cf shaft ;zov.s to be opt.mal cnly for it, and

other agqrogates, in particular turbina, they work cn the

lovored/riducpd relative to optimal number of revoluticns.

Page 225.

Multishaft construction/design of TNA makes it possible for each

aggregate to select the number of revolutions, which is optimal from

the point of view its efficiency and low dimensions and mass;

however, multishaft TNA has ccmklex construction/design. The

kinamatic constraint between all shafts of TNA provides train of

jI
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maslb 0o TM4, as a result of tha ortimal number of ravol,tiszns

tur'O nst and isac!h pump, can ba azouyht to tbht miiwi due tc thp larqe

mass of reductor, systems of its .lubrication and ccrc1inq.

LM9
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Fir th, oump fe~c cf pri~iant cimpcnqnts in ZhRD in essence

use the cantrif,ii1. Fumis, waicb j cssess 1c-i sizes/dimensicns arid

ansst1 hiih aft 4 -c'Pncy.

In cqntri ',q&1 ru,!r F2 1j. 19) are inclul-i housini th

into.111r, shafl-, !,'earzircs anj PaCK'v~s/seals.

Ii punt) casing it is oss~io +a isclate int&K@ Pine; tAcavity

in which is placeti t'^q ispelier; vclulta'snail and liffuser. Through

intako, pipo -ho liqvuil is suip1ied to t.,e 4 ntake nart of the

ima@llar. Thm 4-orsion of the liqu.&a befort the imFqllr is gliminatgd

by dividing wall, cast tor one wboja vi th in~ta~d- Pip#. With the
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cantilevpr arrariqqmont cf thn* )um,; 0f the ccm~or.e;nts of

fuPl/propellant it Is su~plied alrrg t~i axis- of shaft, In th is cas-3

intakei pip- has s~ nplart form (csally thF form of truncated ccng

wifth smallest area at the inlat iatc ta-) j-mpellar). Howev-r, from th.:

designs frequently usq the deliverl of piopellant components at anli?

of 400 to tho ixis/a xle of pum- "~~ ~ his cas'e t-

irtake op-;pr b'qc-:mes cnTE1icazzj, asreci-ilJ'i -f through it- is rassoe~

oumno son-1tp. ~roJl~ opnirflois arcund about thq sha."r ani

4lso it is siipolied to the inta~e srt of th; mele all its ovr

ci rcu mf %renee.

The liquid, which esca~fa/ansues at a high spoiad from t:hq

channels of impeller all over circumfearence. is assembled into the

volut: /sna.! and i.- movss in it towaris diffus-r.

Pago 226.

The =ros3s-s,?c4!.oral aria of vcluta,'nail duiring thq mcticn to ths

sido of diffuser ccntinucusly increas~is/grows. Kinetic ensrgy of

liquid is convearted into the 1fotential prepsure energy in thp

diffuser, so that groat pressure a liquid has at the output/yiqld

from the diffusqr.

For high-pressure cttaiaing cr, output/yield of thi pump instead
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of tha I-scribpl above sinqia-stagtr ar-r ued th- two-stage pumps

(?Ig. 11. 21), - hich arc twc saics-cznlict-d s5ngl,.-stag4s pump,

usually arranq!/1ora-4a d on ona aau th.! same shaft.

Pump casing usually consists cf strictly housing and covsr/cac,

lecant-d Frcm al.,vririT alicys an conrct/(inf to'.cthV: b

P
flange joint. plimp casing, waich czrat-s high pressure, th7'y cast

made of stp1.

Impellers most frcquently arw mide by castirg. Ther~fore all

elements/cslls of impeller are tai unit fcrming its internal cavity,

nivided by blades intc several identical channels. Usual impeller has

not sore than eight blades. Liquid enters the intake cavity cf

imopll3r, and thAn 4.ntc the channels between the tlades.

: - .. IImm m |n lln u , m -'ii nlm I alln 'l'il
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F ,a. 13. V)9. Fig. 13.20.

Fig. 13.19. Schematic of centrifugal pump: 1) !ntaka pipe; 2)

impellr; 3) cover/caF cf housing; 4) volute/snail; 5) diffuser.

FicT. 13.20. Schematic cf two-staga pump: 1) pump of first stage: 2)

siccnd pump.

Page 227.

The wall thickness of impeller exceeds 5 mm. To the shaft, cn which

on the splines is fit/mcunted the impeller, is fed power. Therefore

impeller is rotated and its blades exert pressure on the liquid, as a

result of which the velccity aad the pressure of liquid during thp

motion in the channels ccntinuously increasing. From the impeller th:

liquid enters the vclute/snail ci housing. The impeller of the
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les cr;h ' censr-7t c n/desijn is call d close].

Th:.y frolu-ntly use, 3speciaily into ZhRr Cf 1cw thrust, open

imDollars, whoso cov-r/cap is iDsent. For them are characteristic the

increased power losses tc the overilowing of propellant component

'r'I hi Th--P SS Ur- gvt V (at : CG lut out/y .-' Irci thQ ln !!:-)

:.ntc !ci-osur- cav.ty (at t.i irlat intc tha imo-1r)

Distinguish impellers wta tae 3ne-way (Fig. 13.21) and

bilat-ral inolpt liquids. Impellers with the bilateral inlet (Fig.

13.22) are two singleflcw iapeilrs connected by rear surfaces and

decanted together. Such iapellars make it pcssibla to increase the

parmissible number of revolutions of pump spindle and due to this to

lowor mass TVA (see §13.9).

The efficiency cf jump to a considerable degref depends on fluid

flow rate, which flows from n4i -iressure cavity in icw-pressure

cavity. For reducing/descending tac expenditur. indicated are used

thn slot, labyrinth and floating packings/seals of impellers.

Slit gaskets (Fig. 13. 23a) dacr,3ase the overflowing of liquid as

a result of low radial clearance 6 between the graphite ring,

sacurely fastenod in tta grcove of pump casing, and the cylindrical

annular groove of impeller.
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Fig. 13.21. Sinqieflow impeller 1) cover/cap: 2) housinq; 3) blade.

Ytew A
Key: (1) A (cover/cap, pcs. 1, are not conditionally shown>

Fig. 13.22. Centrifugal pump wita impeller, which has bilateral

x.nl-t.

?agge 22B.-

Lossis to th- ov~rlew~ng during such packirngs/seals compose

approximately/exemplarily 15o/o of the general/ccntmcn/total

extpenditure through the impeller.

Labyrinth seals (Fig. 13.23b) are mcre effective than sct

since labyrinth grooves impede the ov'rfpowing of liquin.

y~~1
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Th q floating pack!ngs/sdais (F. 13. 23c), which ccns.s'. of tho

sot of th4 alternatirg disks frcm a cluorine-ccntaining polymer or

aluminum, maka It possJble to Lcwar the cverflowing of liquid to the

insignificant value (nct more than 5o/o of the general/common/total

exp-nditure through thbe impellec).

So that the liquid, whicn flows through the packings/seals,

woull n3t d..sturb the course of taa main flow cf liquid at the inl.t

into the impeller, in rump casing is providad for the spqcial

deflector, which is gpidld the flowing liquid in the direction of the

main flow (Fig. 13. 23b and c).



DOC =PAGE

pig. 13.23. Packings/seals of the impeller: a) slot; b) labyrinth; c)

flcating.

613.8. Bas'.c param-tirs cf pump.

For calculating the pump basic are thc, follcwing parameter3.

1. Volumetric fluid flow rate through pump i. It is determine4 ,

according to the mass piopellant component flcw i, found from the

thermal design, accordirg to tae formula

Q

wharn p - density of-prcpellanz component at an inlet teqpratur"

into thq pump.

The rate of the mction of laquid in the pump, and thersfore,

also the volumetric flc rate cf the directly proportional to

number of r.volut-cns ef its iapeller:

Therefore for changing the i'luid flc rate through the pump it is
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necessary respectively tc chang2 tne numher of rvoluticns of

imo _I ..

Paq 229.

2. Prrssuir, H. Te_ Fressurs, cr-sated by pu!t, :s an inc=-4as .

energy of ono kiojran Cf tbe I iquid, passing *h:ough th,7 piM. If wo

consider that the velocity of li4 uil at tho inlet into thq pump is

equal to outlot valocity frcm it, then pressurq is expressed ty ths

formula
H --- P__-Pax 13.1

Qg3

vhers psx and pswx the Fressure cf liquid at the inlet into the pump

and at the output/yield from iz respectively;

g3 - acceleration of gravity at the level of sea, squal to

9.80665 */sZ ,

Pressure R is expressed in tae meters of liquid column, and ths

pressure increase, prcvided by Fuap, depends cn prassure and density

of the liquid:

& Piac = Pool - po Htg.

Pressure is directly proportional to the square of number of

revolutions n and to the square or cutside the diameter of impeller

mt.p:

m2

HT2D'P
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F'or an :.rcrias- r 4"" resSur3 It Ss -vcessa-v to raise the iumloef

of revolutions of impeller 0= to 4kply imp:;ller with the 1irqi

outside diametsr.

11[?cessary prassnrp .-;or ou::ut:,?i.cA' '-r, pt~i7 *h:

1osiqn4- frr-m *!-, 4'^rmula

whibrs .Xp, - all typs cf hydraulac 1--ss-s on tho -main of ths

corrisodi'. prop-llart compcaent fromu th- pump to thi injoctcrs of

chamber/camera.

3. Nfumber of revcluticns of sk~aft n. If we designatq th, numbar

of revolutions of shaft per mi-aute n, ani angular vqlocity of saaft -

W., thcen the relat5.onship/ratic trzer tham takes the following form:
2an
60

4. Useful liftirg pcwer NM. Useful is the rower, transmitte-1 by

the pump of liquid, i.e., the powez, spent cn tho criation of real

prqssurs with that determined VCiLuzetric flew rate; it is detarminei

from thi formula

N, = ;Hog,

or tiking !.nto account eguatica (1j. 1)

Nj~=V~p~ji13.2)
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77 ,3230.

during thq rpcord.ng in taa torm of equaticn (13.2) nqt powqr

ioes not depend on the density cf liquid p.

5. f cump Tha Ie ffi?rncy of r'i~r ,

- f losses 3.n t and it caa Di writt-n in the fcl _cw'I I-czm:

11HAC = 11 6:,'rKA, Ie,

whers ,: r,, anid n,, - vclusetzic, hyvdraulic and mechanical

qff 4ci-ncy r.sp-ct4.vly.

Volumetric efftc-ency oG charactirizes the losses, connected:

a) with the ov!rflcwiag cf 1xuid from the cavity at the

output/yield from the imFeller intf- th) cavity at the inlet into it;

b) with the leakage of liuid int3 the drainage cavity, from

which it is abstracted/rmoved outside.

Du to the presonce of the lossas indicated (let us designate

thir Ar,,) fluid flow rate tnrouya impillcr I"i it is ucre than thq

ex.penditure through t1e pump:

The volumetric efficiency of pitmp is designed from the aquation

_ _ _ _ _ _ 1'
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.9 V

V - VVT

for the larga/coar.e r s Cf 4hRD to =0.90-0.95,

Hydraulic efficiercy nru= is tho charecteristic of hydraulic

lcss's 4.n th-? Orlmn which include:

a) less to fluid friction against thr walls of channel and

losses, connected wl.4h irtarnal flu-Jd fricticn as a result of its

viscosity/ductility/cughness; let us designate the losses

indicateid Ahr;

b) the losses, cennected witn the nonconformity cf the

directions of the fluid flow and caarnals in the pump: loss by shock

and flow separation at the inlet into the impeller, the diffuser, the

volute/snail and the exhaust duct; these losses let us designate Ahn.

LosSeS to tho fricticn are proportional to the squara of

expenditure or velocity:

Key: (1). or.
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ind iri r-movAd/tak~n during tha i!du-ticn in area cf int-rnl canal

surface of pump and an i zcvamznz in the purity/finish of tI-3ir

orccissing/trea#ment.

Losses Ahv= have the small value with the work cf pump in the

non na1I rat~, ,*.l , wher mhr e '<;-,w'i~

!viatior of the mode/ccnditicas cz th3 work cf pump frcm thi

nominal, loss Ah,. increase/groi.

fydraulc losses lead to certair increase in the temperature of

liquid with its passage through the pusp. For the pumps of ZhRD Tl=

0.7-0.9.

Page 231.

Nechanical efficiency Timex characterizes power losses to bearing

friction and packings/seals, and also :o the friction of the

nonoperative (not creating pressure) surfaces of impeller agairst the

liquid. For the pumps of ZhBD ?le,=0.85-0.98, the high values lm,

corrmsponding to the pumps of greater power (large sizes/dimensions).

Thl overall efficiency of puajs of ZhRD 111.=0.5-0.85.

For supplying the volumetric tlid flow rate with the density
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p unier pressur- H .t is necissary * tha .) Fvn sp.r, IlI to siFpcv -h-

po.r, a, gs. from th'e ejuati n

.\' tH t3 ' -

Efficiency Tac it is possitle to determine acccrding to the

'ii. of tosi' taC r 'W .. r , "

:nzasura valules of , !_, a. 1 , n ais snaa: 13- -aa

In terms of known values 3.1r ard n it is nossible to dqtermini

consu mqd lifting power:

" 60

Since e-n and F-n2 , the., .\'cf 3 .

513.9. Selection of the number ct zevolutions of shaft TNA

cavitation.

The important stage of Jesiga cf TNA and -ngine installation

with ZhRD as a whole is the salacticn af th. cptimal numb.r cf

rqvolutions of shaft of TNA.

The need for the selectica ot the optimal number of revolutions

of sinqle-shaft TNA can te explained by the fcllowing. with an

increase in the number cf revolutions increases/grows the .fficiency

of turbine with its invariable sizes/diaensions cr is decreased the
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necessary o0-2sir~e dia~rter Or Z~rc4.ne (and1, ccnsejulEntlv, itE nass)

with th- nvxirlabl-z -ffici...nzy. 4u'c~ca s Aqcrqasvl * h

necessary ou~sile liameter c-- zami and itS maSs. But wi- An ircr:ease

in the number of revcluticas iacraases/grows the ve~locity -3f lq

at the inlet into the lape.1lir, waJich can lead to the inadmissible

/~io ins of t ::r C u~ I r tais"

incrQas-~ t~x*e pressirre ot ii 1 .ii~i at tr- -,.iAt i'r' *1- If th

mrassur- *:n4catvl is --ncresei by incraasinq t1-1 bcost :)-.ssurQ :'-

tho tanks, then appqars tha nead tor thickening their walls (with the

aopropriato increase cf their naass).

Is not admitted the worx at pump in the mode/conditions of th?

so-call-ld cavitation. Cavitat~ion lzrom the Lati~n word cavitas -

vacuum) is th' Drocpss of formizy oubblaes of steam in those% zones o!

liquids in which the static prassuxF is less than the pressure of thq

saturat-id steams (i.p., tha tedj~erdtura of li-quiti qxce-31s the

temparature of its bei-ing), and also the process of the subsequent

filling of the bubblas indicatad wit*h liquid during their

incidence/impingeu-en+ irto tala 2CnA Of elevated pressure.

Pago 232.

Thq ;pressurf. of liquid suall ia thro area of the flow arcund the

intake :idges of blade cf impller; therafore cavitation appears first
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,3f all 4.r th c-:oss Foction at tne . alt intc thc i.p!lhr.

Arl d.s tlnqu4shed the modicGrndit ions cf partial and ccto!.ete

cay i at ion.

Diirinq th,: mnli/ccnditionz cz pirtial cavitatior. tho for-I

bubblas c' stzam managr to ca fi l ir. th- intak- part c,- th

i-npall'-r: they are filled at a vYez high speed, hich leads to th-

hydraulic impacts on tle internal canal surface cf impeller and to

their zrosion. With thi ccntinicus cperatiin in. the mode/conditions

of pirtial cavitaticn the erosion of caaal surface cf impeller

considerably decreases its strength and it is possible to lead to the

destruction vana. But the oparating time of pumps of ZhRD is

rplativaly small, and .herafori tne mcla/conditicns of partial

cavitation is parmitted. Here it is possible to attain the

Perceptiblo gain in the mass of tanks due tc decompression of thoir

supercharging/prssuri zation.

If bubbles of vapcr do not manage to bo filled up with liqui.d in

the impeller (i.e., thrcugn tha impeller goes nct liquid, bat the

mixture of liquid and vapor), then begins the mode/conditions of

complet, cavitation, which is acccmpanied by a sharp lcss cf pressur.

and fluid flow ratc. thrcugh the jump; this modp/conditions of the

work of pumps ZhRD iradaissible.
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A chanqcj' ir thq ptimF n, d witL dez: mpr-ssicr at '-n t

the i-mppller is estimated by sa.~aration cav;ta':Jichocn ~ s~

(Fiq. 13.214). It build fcr thle crcss secticr at thi inl4?t into the

impeller on the basis the spills of pump at ccnstant valu~s ct n. ani

imoreovpr ':irst prav- de jr-3at pressura :m ~ h r&i7~

th- ~urn, and thfrl w4.*,. eaca sati,.jenc spill k1'1 D~zs=-

d-creasq and thqy firish to tb3 value, At which a lcs-- cf pn~ssur-t

composes 2-3o/o. This Fressure designata PnxI.I<

Working conditions for noacavitation. can be written in the form

optimal number of revoluticns at the prescribed/assignad

prissure at the inlet into tae Eump is the maximum t~prmissiblq numbqr

of revolations flmazaou- It are designed from the formula which

establishes thoo bond between values H11, H5, and 1, moreover

Key: (1). and.
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Fig. 13.24. Separation cavitaticn characteristic of centrifugal ou-n.

?aqe 2 33.

Vhe formula indicated ta(s rnP f lloWing form:

vhprl? C - constant ffr this pum value (cavity ccefficient, or the

coeffi:ient of Rludnv) . Tha nigher the coeffjcicnt cf C, the ratter

the anticavitation qualities cf jump.

Coefficient C depends cn the desi~n features of impeller and is

determined experimentally. For the usuil centrifugal tumns

C=800-1100, and during thp utilizati:n of blades of special shapi? in

the impe.ller it is increased to 2200.

The affsctive methcd of increasinj the anticavitation properties

of centrifugal pump is the installatioa of the low-pressure jet or

auger spries-connected pump at its ialat. Fcr example, during the
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installation of hslical-typa pumjp w5th the sufficiently larqp length

of blalis +he cavi.ty crefficien-: C Tncr.as-s/grews to 3500-4CCO (301.

From qquaticn (13.3) is aviaer.+ taat to increase the number of

revolutions of Dump (and to respect-vely dicrease its

isin n ip~ cssiLIe (i c'es an incrsz irn thm cl vi

coefficient of C) in the folwi;.n c~as:

a) with an increase in the Fressure at the inlet into pump Px

(pres sure H.,);

b) with the dscrease of tae pressure of thi saturatpd vapors of

liquid pi (pressur-? H,) and volumetric fluid flow rate through tha

impeller.

Pressure Paz can he increased by increasing the boost pressure

of tanks: howqver, this way is least alvantageocs due to the need for

an increass in the.r wall thic~nes.ps.

Thp pressure of the saturated vapors of liquid p, depends on

type and temperature cf liquid. Due to high values p, for the

cryogenic propellant ccmionents it is lifficult to ensure the

noncivitation mode/ccnditions of tLP work cf pumps at icw pressuras

P31.
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The volumetric fle' rate thzcugh ;he impeller can he decreased

by the utilizat!on of impellers with the bilateral inlet (see Fig.

13.22): fluid flow rate througa each itpeller is decreased 2 tim-s

and in accordance with fcrmula (1j. 3) it is pcssiblq in j _'-,t1.4 the

tina to rais- ' .ui c- o: rvclut4on3 c4 push, af- -  . ,IV .

invariabl- pv~ssur- PBX. Since vciumptriz oxidizer ccnsumption is

usually morq than the vclumetric tiew :ate cf fuel, then during 'h

single-shaft construct,cr/design ot TNA the maximum permissible

number of revolutions is limited ty tha pump cf oxidizer and impeller

with the bilateral inlet it is expedient to usq first of all fcr it.

$13.10. Systoms of pressure increase at the entry intc the pump.

The necessary pressure at the inlat into the pump is created

with ths a4d cf the pressurized system of tanks and special

series-connected pumps.

Page 234.

Prqssurized systams of tanks. TinK pressurization consists of

the maintenance of the ccrrespording overpressure in their gas

cushions/pads by supplying in them the gas. Therefore the pressurized
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syst-s of +arks in many respects art aaalcqcur to thc crassure fed

svstims of propollant ccmponentz wi*n ine differencc: the bocst

or-ssurA of tanks usually suzs a.aall less thar pressure in the

tanks during close suply is 2-4 oars 'z2-4 kgf/cm2 l and in certain

casas it only reaches 6 tars [6 kgf/cza].

Arq distinguishal two types ci tan< pressurization: by cold an.4

hot gas. Thnk pressuri~ation oy hct ga3 (for examnpl;, with the aid of

snoecial ZhGG) causes certain compilcation of engin- installation, but

provides a noticeable reducticn/desc.nt in its mass and therefore it

is extensively used, especially in the large/coarse carrier rcckets.

Liquid-oxygen tanks, lijuid hydrogen and nitrogen tetroxide can

bp fnrzid via select.cr at the outiut/yield frcm pulp and

vaporization of their small portion in the heat exchanger which

usually is arranged/located on the lin3 of exhaust gas, i.e., after

turbine, including in its output cclleztor/receptacle (sep Fig.

* 13.17).

Sunercharging/prossurizaticn by c3ld gas is

accomplished/realized ty a system with the gas storage tank of

pressure. For the initial secticn cf missile trajectory, passing

through the sufficiently dense layers :f the atmcsphere, it is

Possibli to use cold tank prassurizati3n, using the incident airflcw.
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*Installation of ti-c Friccanectmi ?umn a+ +-I- i--lct inito th-i

Dump. kre listinguislhed the jet anc auier s;-r-_es-connectI CI1TfDS.

The jet series-ccnnected cumlp (or ejectcr) by

* constrict in'Thsi~ia anI accor iir.,: t-);~~ ~- i na! Io:is

tt"I~ F't D UO M n M, ~ 7 di- C~ f 7 rt c 'r, ir t'

for tha- work of +h; jot series-ccar.,ezta! pu~p is ussi not gas, but

the small part of the vrcpeliant ccmporiant flcw, s, lected/takqn at

th;; output/yiqldI frem the basic pump.

ThR jqat soaries-cc rnected pumps ir3 installed in thq

coarse-wv-rt/coarse-ccnductor, which supplies propellart coranocnent, to

thqr olim. Thq uso/aoplicatica -zf -rhr jit skzries-ccnriected Duints is

suff4 .ciintly qffactiv-, with wa thair low eff4.cipncy to a

considerable dqgreq is purchased oy Io4 mass and simplicity of

con st ructiorx/d-sign.

Auger (or booster) series-ccnnectad pump is the variety of

axial-flow pump and are most frequeentli two cr threR spiral blades of

tranezoi-dal form with the constanz space and with the angle of ascent

of *3-70. The auger series-ccnctad pump possesses substantially

higher anticavitation Fropertias, than a centrifugal pump. This Is



r DOC PAGE

-xDnain~d by thu following factors.

1. Pressurg difference berhuaa wo:king (creating pressure) and

nononerative sides ,f lade ior axial-flcw pumc is less than for

centrifugal, i.,., lead cn Dlade of axial-flcw pump is less than to

! of cqntr 4 fuca! t,,r.

?aae 235.

2. In c-ntrifug%.l pump liui moves in the direction cf

iffect/action of centrifugal fozces which break away liquid from

steam bubbles, whi.ch ccntributas zc coarse ef cavitaticn.

In tho jot pump the liquid aoves in Essfnce over its axis/axle.

If vane channels have sufficientlj large length, then the cavitation,

which arose in the initial part oz halical-typp pump, can not have an

effezt on its work, since buoles cf vipor that are generated on thq

peripheral part of tte tlade, are compressed by the liquid which is

ejectei by centrifugal fcrces frca blala reot tc its periphery.

Th" pressure, created by the auger series-connected pump,

composps 3-20o/o of the general/common/total pressure and is limited

to the fact that the efficiency oi the pump indicatqd are less than

the afficigncy of centrifugal pump, an,! also the fact that with an
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increasp in th- vrssure, criamed by t.i3 auger s-ries-cornctad pump,

4.., with an incrqasp in the ioai on the blade, 1-teriorati its

anticavitation prooertiEs.

The outside diameter of worm scr-w is determined by the diametqr

o the intak9 jipQ junction of ceatrifi~jal ur-. T"! inner i t~r

o: wor, screw must ba smallest, s inc dith an increase in the surface

of blades is decrqasvd Icad an ta.m and are improv,1 the

ant.cavitation properties of tae auqger series-connected pump.

The number of revc¢uticas of the series-connected pump and the

centrifugal pump can be one and ti same cr different. In the first

case is provided large simplicity cf construction/design of TNA.

However, decreasing the number cf revoluticns of the series-connected

pump r9lativa to the numter of revcluticns of centrifugal pump, 3t is

possible. to decrease te load on the blades cf worm screw and thereby

to additionally raise its anticavitation properties; this

series-connect-d pump needs special drive. It is most expediant tc

usp for this purpose of hydroturbine, which work on the heated

component of propellant (for example, on the propellant component,

selected/taken from the coolant passige of chamber/camera) [i.

Thp auger series-ccnected pumps, especially with the

hydriturbines, inc-easp mass of TsA anl complicate its
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construction/d'sign, hct theiL 4z qiv thi sercetibla =-:2ct in

connaction with +he pnssibill-j c: !a3 ipr4ssicr in th'? tank

oressurization.

$13.11. Construction of turbine.

rn *urbi.n- (Fig. 13.25) ara 1i.clu3d:

a) the housing, wich consists :f the covyr/cap in which 4s

place.d nozzle cascada, and exnau~t ccllector;

b) blade wheel;

c) the guides of tlade (for the double-staged turbine).

d) shaft with the clutch.

Page 236.

Gas entsrs the ccllector/recepticle of nozzle cascade, and from

it - into the nozzles, in which it is accelerated/dispersed to the

large vilocity (1000 m/E and more) and it falls to the rotor blades.

rf turb4.ne is two-stage, then between thq rotor blades of first anin

second stages place fixed guidas of thi blades which turn gas in
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orier to brinq i* t.r rctor r.1aaes -f the z zn- s-:p/stie at the

requlird angia.

Prassur. and thp tempezaxe cf cush:d gas (at thp output/yield

of the rotor blades) is substintalily 13ss than at the inlixt into the

=Xha' C 4  CC r. ... . 1: cc € Ct

lozzle cascadi 4s The wellidnr, which distribu*tes the apclied

aas ir tho circumfirc.nce ct ruri~e ini feeding it %ith the high

v-lccity to th? rotor tUades. it gas is supplied to the turbinq rotcr

blades all over circumference (degree )f the admission of turbine

E=]). then the nozzles cf nozzle casz~aa place evenly all over

circumfirqnce of -urhire. If tae uegree of admission is lower than

one (e<I), than nozzlo assemtiy is a ri.g segment whose length in the

circumference is propcrtionai tc the degree cf admission. The axis of

the symmetry of- nozzlas is locatea at iediuz altitude of rotcr

blades. Nozzle cascade is the mcst heat-stressed unit of turbine.

Turbine disk has the th.Lcxeaei hub (for the fastening to the

shaft) and the thickened hcop (for the installation of rotcr blades),

which are connzcted between thamswlvas by the shaped part of the

disk.

Turbin, rotor blades consist of fiot and shaned part (fcil),

made for one vhcle.

........................ I II........................
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Fic., 13.25. Th- schematic of the sirgla-stage axial-flow turbine: 1 -

inlet manifold: 2 - nCzzle cascaae; 3 - rotor blades: 4 - disk: 4 -

exhaust collactor/rc ceptacle.

V" A. -
Kay: (1). 0 lvopment/scan on plane of cross-section at the diamete4

(2) cross s-Actlon.

Page 237.

Foot fastens blade to the hcop ct disk; are distinguish d

inarticulate and scarf jcints of blades with the hccp of disk.

Inarticulate are welded and sciared Icints. Tc cup is used

wel el joint (Fig. 13.26a).
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From the locking cnes are most dilely used the ccnnecticns with

the T-shapc ! lock (sep Fig. 13.26b).

The guides of the klade of double-staged turbines are fastened

to thq srgments which ere coanac:o wi:a t'irbinp casing by flanqa

(Fi a. 1 3. 27) .

eThe exhaust collector cf turaias with its cantilever arrangament on

the shaft is the welded hcusing whIch is fastened tc turbine casinq

v.+-h thq aid of the flarged or welded joint.
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a)

t . 11.2-%. E. 27.

F 13.26. Tvs ef ccnnecticns of ldos wit]' 4 urbin disk:

welded: b) with T-shaDed locK.

Fig. 13.27. Schematic ct flow area of two-stag, impilse turbine: I -

nozzle cascade; 2 - rotor blades o± tha first stage; 3 - guide

blades; 4 - rotor blades of seccad steo/stage; 5 - axhaust collector.

J13.12. Classificaticn and tne operating principle cf turbines.

Turbine must possess low dimensins and with a mass of: the gas

flow for the creation cf the prescribed/assigned shaft horsepower of

TNA, if must be also lewest possle.

?or the examination of the prin:iple of tho work of tirbinp it

is exppdient to isolate the following cross sections of its flow aroa

(see Fig. 13.25).
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1. Cross i=c.r C -in s zc tC r/ czz1-

casca 1 at inl't .,c 1-s tnozzles.

2. Cress siction I - at nozzle our-let cf nczzle cascade (at

3. Cross s-ction 2 - at outjut/viild Orcm rotor hialss, i.e.,

.xhaust ccllector.

In thm cross spcticn 0 ai poss&ss thq gr-at.st enthalpy. With

the flow cf gas along the nozzles cczuzs its expansion during which

the part of the enthalcy is ccnvertei into the kinetic energy, in

this casp the oressure and tae tzn epcatire cf gas are dscreased, and

its velocity incraases/gzcws.

Pag: 238.

Gas, flowing out behind tae aczzl3s with large speed, enters the

rotor blades and during tne actica in the channels between them is

given uD the largs part cf its aneigy to rotor blades, which leads to

the origination of circumferentai force to the blades and creation

of shaft horsepower of turbine.
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On thc special features/pecuiacities cf expansion gis duri-.'

its motion along the flcw part distngiish active and reaction

turbines.

I.n ~ irn~os~ Ds 'Irbines tna 4as is exnandc TrinCn th-

.nc-on al. thp nozzl!.s cf aozzia cascal1 , an tho flew cf _f

bewenr1 +h rotor blales cccurs ir a constant prossure.

In the reaction turtines the gas is expanded bcth in the nozz!-s

of nozzle cascade and durinj the motioa between the rotor blades.

Fig. 13.28 depicts the sect;.cn/:ut of flcw area and the graphs

cf a change in the parameters it tne flow of gas alcng flow area cf

the active and reaction turbines.

In the imnulse turbine tha gs enthalpy during the moticn alcng

the nozzles of nozzle cascade is decreased, and during the motion

betwepn the blades in the absence of losses it remains constant.

However, due to the losses to the friction and the vortex fcrmation

enthalpy during the motion between the blades somewhat

incrsasqs/grows, and relative gas velocity (gas velccity relative tc

blades) is decreased.
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In the reactior turbine tae gas e:thalpy is decreased durinq th
motion both -n thp nazzlqs of nczzi- casca a and durirg th ctio
between the rotor blades, i.e., as anthalpy is decrpassl in th t
reaction turbine just az its pressura.
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IFI

V 13.2. 9 n4.a r a m cf flow araa ar.d t-ie graphs cf a changs in th

uaramet-rs of gas in its lengta A "cz th3 active (a) and

reactive/reagent (b) turbines.

Key: (1). cross section.



13. 13. -9asic parameters of turtine.

1. Ava la ,e power cf turti e, J. -pi o-r cf turbi-ne cn -. s--

it must be equdl to sum cf pCkers, consuzed by pumps of oxidizer and

fuzi, and also by pumps cf auxiliary components of pzcpellant (in

presence of latter) , i.e.,
Ny --- N.c , +- N,.c r + N,. MC,

and is determined frcm fczxula

wher ni- overall efficiency of turbine (see § 13.14);

rn- ;as flow rate Fer second, which enters from turbine;

L.-- adiabatic work of expansion I kg. of gas, designed from

formula

L.=- R[--((-".

PO1
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2. Pressure differential cn turbine (expansion ratio of gas in

turbine), equal to ratic Jo/pz. Are distinguished high-gradient

(t,/p 2 =15-40) and low-prpssure (Fc/Fe= 1. 3-1.E) turcines. Prsssur- Pa

is called ccunterpressure.

Th? i~h 7.-di -nl cncs rc !- 2 th: tu t.-in z_2 it: - t hr'-

of crushed gas into the envircnrert; in ths nczz1ts cf thrir nozzle

'ascade is op4rated/wcrn supercritieal 4as prcssur drop. Fcr

increasing the power cf turbire it is desirable to ensure the greater

expansion of gas; at the invariable pressure F. of this it is

possible to attain, decreasing pressure P2. But so that tc the

mode/conditicns of the ucxk of turbine and, ccnsequently, also TNA as

a whole would not affect a cherge in the ambient pressure, pressure

Pa is necessary to select more thar aaximum ambient pressure:

P2= 1,3 ph ma (taking into acccurt to the possibility of the work of

Laval nozzle turbine exhaust under the conditions of cverexpansicn

[17]). In this case on the nczz] cf turbine exhaust is provided a

supercritical pressure differential, as a result of which thf nozzle,

as it was noted into § 9.1, develcps certain thrust. Specific impulse

/yA of the nozzle of exhaust pipe is less than the value lyt of

chamber/camera, and with the increase of the gas flow through the

turbine value I, of engine descerds. Therefcre the

prescribed/assigned power cf high-gradient turbines it is expedient

to cbtain with the lowest possitle gas flow through them.
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Page 240.

For the turbines ZhFL, which wcrk on the diagrar thr. "gas -

liquid" cr "gas- gas", is characteristic the high gas flow: fcr

xi , f c: t. h d*.a :aT " :a -L ,i d"_ i - is us J;v :ual t

zcmpleta flcw ratF of cnc cf -t he ccmtpcnsnts c.f prop-llant and certain

part cf the flcw rate cf anctrer . Therefori fcr such ZhD are used

the turbines, which develcp sufficient power with a subcritical

pressure dIfferential, i.l. icw-Exissure turtines.

3. Turbine inlet gas temperature To . Temperature TO together

with the expansion ratic cf gas determines the adiabatic work of

expansion 1 kg. of gas, which ircreases with its increase. Depending

on material of blades and duraticn cf the work of engine temperature

To is selected in limits cf 750-1iCCOK.

. Number of revcluticns cf shaft of turbine n. Number of

revolutions n during the single-shaft construction/design of TNA is

determined from the condition fcr the noncavitation work of pumps,

and during the multishaft constructicn/design - from the condition

the greatest efficiency cf turbine and its smallest dimensions.
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In calculations t-' turtlrc-. u--s U, iuhra. t c, U - s uid

of the point, n 7dcat- iu altitu!" c: tlade (at

diameter Drp), ir .- case

60 CN

13.14, Ef ci~ncies. Tu:binEs ani se-Icti.on cf rel ation UVc,

With the work of turhine occur ths lcsses:

a) in the nozzlss cf nozzle cascade;

b) on the rotor blades;

C) with outlet velccity;

d) to the friction cf disk against the gas and ventilaticn;

e) mechanical.

All forms of the losses indicated considers the overall

efficiency of turbine.

Losses in the nczzles of nczzle cascade and on the rotor blades
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depend on *he degree of th _ perfctir. of flcw -:.,-a cf t. turLbi:-,

including cf th0 finish cf st'i:l=c- o z a^ "

ard cf their Profile/ai:±cil.

Losses with outlet velccity are Axplained by the fact that gas

At the prescribed/assiangd values of the gas v-Flccity cl and

argl. of the slcpe of velcci.tv vectcr cg to the plan. cf turt-ni disk

a, .nimum spe-ed c. and, ccnsequent!7, also smallest lossgs wit'h

outlet velocity reach at ratic U/c, which is determined frca the

fcr mula

_ c os a1.__.
c1  2

Page 241.

Usually in the impulse turhines TNA of al=15-20 ° and th- speed

c,=1000-1400 m/s, in this case the necessary peripheral speed U.

designad from formula (13.4), is cbtained inadmissibly to large; in

particular, sharply they are increased dimensions and the mass of

turbine, Therefore in the high-gradient turbines frequently

peripheral speed U is selected in the limits Cf 250-350 m/s, and

L ..... -
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ratio U/c,=0.1-0.3, which conditicrs losses with cutlet velocity.

At the low values of ratios U/c,, which it is expedient to use

in the turbines TNA, efficiency cf dcuble-stated turbine

substantially higher than in single-stage.

If losses zc tae friction cf disk aiainst the Qas are inherent

in each turbin, than wirdaaa lcsses - only partial, they

ircreasing/grcwinq in arcrcrticn tc ths decreasE of the partiality of

turbine.

The overall efficiercy cf ligt-gradient turbines is within the

limits of 0.3-0.7, and lcw-gradient turbines for which U/ct=C.4-0.6,

aas higher values.

In essence in ZhRD are used the axial-flcws turbine, in which

the gas moves in parallel to the axis/axle of shaft.

Specific to constructicn/design the so-called radial-flcw

turbines in which the gas moves cver the radius of disk to the

axis/axle of shaft (inward-flcw turbine) cr from the axis/axle of

shaft to the periphery of disk Icentrifugal turbine). of the

radial-flow turbines greater use/ap.lication found lcw-pressu-_e

inward-flow turbines.

: . . .. ,|1 ' ' . . . .. . I - _ . 11 . . . . . . . . . .' . ... . . .. . . . . . I~ ll .. .. . . . .. . . . .. - " " . .. ....
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§ 13.15. The liquil-gas gneratcrs.

The liquid-gas generator of the power-supply system of turbine

of TNA produces the gas, which pcssesses sufficiently high cn-s by

pressuire ard by temzneratur5.

In ZhPD are used mcnc- ard twc-component ZhGG, which, as it was

shown into § 9.1, can wcrk bcth on the bases and on the additional

propellant ccmponents.

Most extensively are used the two-component gas generatcrs,

which work ca the basic propellant components. In ZhFD with selection

of the exhaust gas from the turhire into the environment for the work

of two-component ZhGG at the cutput/yieid from the pumps is

select3d/taken small part (usually 2-3o/c) of xhe

general/common/total consumption cf basic propellant components.

The temperature cf generatcr gas does not usually exceed 1200 0 K.

If we supply to the turbine gas with th3 greater temperature, then

the strength of material cf blades ncticeably descends or occurs th

fusing of the blades and cther elements/cells on the main of

generator gas. The required temperature of gas of twc-component ZhGG
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Zs jrovided *it1 t c sijrifict , <c ss cf oxlizer cr fu (see §

9.1) .

Are distinguished also cri-regicn and two-r-gion ZhGG (Fig.

13.29).

Page 242.

In one-regicn ZhGG PntirE rrccqllant component flcw is suopnlied

from the side of head, i.e., just as into the basic chamhrr/campra

ZhRD.

In two-ozone ZhGG the part of excess proellant component is

introduced inside ZhGG through the additional belt/zcne of injectors,

situated in the middle part cf the generator. In such ZhGG it is

possible to isolate two zcnes: the high-temperature (2000-35000 K)

zone (from the head tc the cross section, in which it is

arrazgad/located the additional belt,'zone of injectors) and zone with

substantially the lower temperature (from the belt/zone indicated to

the output/yield from ZhGG).

Two-zone ZhGG structurally/ccnstructionally more complex than

one-region ones and are used whvr in the one-region cnes does not

succeed in ensuring thi stable prccess of burning or their length is

Odo
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large 1lIe to tha 'i~~1 ct iv, rc

For %(ual4.zaticn. of tsm z(-ratui' fi d ;it t cutput/yic li f rcm

ZhGG, whic has high valuq fcr thc cxcsption,'Pliminaticn cf fusings

Us=ua2.ly ZhGG hava exterral flcw3.ncj ccolinq, --'-;ch prcvi d- s th-ir

relia:)ility and prolorngEd rsscurce/2Lfstim-a of work; at a relatively

low temperature of generatcr gas the necessity for this cooling drops

off.

Onn-ccmpcner~t ZhGG. In a numter of cases it prcvas tc ti more

wcrthwbi.lTh to use rot twc-com~onsnt, but on.s-ccmponer~t ZhGG, in whi.ch

zn the. presencs of catalyst is acccffplished/realized thf.

de-composition ofL One-cOmFcnent liquid propellan-. (for e-'xample,

peroxide of hydrogen) with the litcration of heat and the focrwation

of gaseous products; this deccmpcsition is called catalytic.

Can be used both solid and liquid catalysts, moreover the latter

must cortinucusly be supplied irn ZhGG (this gen--ratcz is actually

two-ccmpor~pnt). Solid catalyst they place dirsctly in ZhGG in the

fcrm of burdle (Fig. 13.3C). Gerrerators with thrz solid catalyst

simpler by the constructicn/design are ise! Mcre widely.
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a) CV

Urnccc!=--4 ::- .;cr.; v: t -e_ cccl~d w-. c ,-:=ne

Page 24 3.

The bundle of solid catalyst fcr the deccmpcsition of peroxide

of hydrogen is grains of the sclid tasis-carrier (gypsum, cement,

etc.), impregnated with the catalytically active salts (for example,

K:nO4) , or pressed grids from tte reactive metal (nickel, mcnil

metal, brasses, etc.)

As catalyst for the decompcsition of hydrazine can serve grids

from the metals of platinum grcup.

The temperature of the generatrices of the decompositicn

products of peroxide of hydrogen (mixture of water vapor and gaseous

oxygen) increases/grows with an increase in peroxide concentration of

hydrogan and with the 8C-C.o/c ccncentratior composes 720-10300 K. Thq
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tempEratur cf the d-cc.TFcsitcz z:rcducts of hyliazic can hc

obtained withir. th- limits frcm 9150 *C 147511, char.inj 'l-e

retention time of hydrazine in the catalyst tEd ail cnanqe Lr

length ZhGG (by control cf the degree of the daccmpocsiticn cf

hydrazine).

C .a 4n s_z.j _ cf the :un ... cf solid c-ata I y z z us "J *
fcllcwing specific parareters.

1. Specific catalyst surface area - area of surface area of

catalyst, which falls per unit volume. For the scries/numtr cf the

catalysts used the specific surface area compcs3s 8-80 cm2/cT.

2. Specific load of catalyst - maximally allowable ccnsumption

of liquid propellant component, which falls cn 1 kg. of catalyst,
$- .-- t . K  KZ '¢ei

Key: (1) . kg/s/kg.

For example, for the solid catalyst, which ccnsists of

permanganate of calcium CaenO, and chromate Fctassium, during the

utilization of 80o/o percxide of hydrogen value s composes 2.5-2.6

kg/s/kg.

With an increase in specific surface area -nd specific lcad cf
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Page 244.

Chapter XIV.

Starting systems, change in the mcde/conditiors and disconnection

;hR_. Svsk ms cf the crealion cf ccntrol forces and romn .s!tcrruss.

14.1, Starting systems 2hR,.

Starting system ZhRD must ircvids suffici'ntly rapid, but soft

(without large fluctuaticns ct Fressure px) and reliable output/yield

of engine on the nominal rating cf work with the low unproductive

expenditures of fuel/prcpellant.

The conditions of reliable starting/launching of ZhRD they are:

a) the absence of cvershcot cf pressure pot over the permissible

value (it can be caused by the accurulaticn of a large quantity of

propellant components in the chamter/camera before their

inflammation); furthermore, must he excluded the formation of

explosive compound in the charher/camera;

b) the low level of the pulsation of the pressure of combustion
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products ir the chambc-r/camera and th. gas genera-or;

cl the saall deviaticn cf ccefficient x in the chamber/cam,:;

and ZhGG frce computed values.

Enginz starting is th. ircst ccirlex and critical prricd of its

work. A great quantity cf emergercies of engines occurs pracissly

during this period. The Farameters in the chamber/camera and the cas

generator at engine starting ccntinuously change, and engine passes

through many modes/conditicrs, check and the study of each of which

it is virtually impossitle. Therefcre the adjustment of

starting/launching usually causes the great difficulties which

increase/grow with an increase in the sizes/dimensicns of

chanber/camera.

8othods of launching of ZhRC. Are distinguished two methcds of

launching of ZhRD: stepless (smoth or "gun") and stepped (Fig.

14. 1).
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N Jp. 1 z

-. 14.1 * A c .an-q, ir ti-, thrust M._-!ss1:es with , i. :

z: star_-ing/!aunchir.g and disccrnc-icn o Zh D: 1 -(" un")

startin;/launching: disccnnecticn withcut the final str.p/stag-.; 2 -

starting/lunching with the prelimina-y stage; disccnnectior. withcut

the final step/stage; 3 - starting/launching with the preliminary ar.,1

intermediats steps/stages; the disccnnection through the final

step/stage.

Key: (1). s.

Page 245.

with stepless starting of engine the propellant compcnent flow

into the chamber/camera increases ccntinucusly smoothly (smocth

starting/launching) or sharply ("gun" starting/launching).

The smooth increase of the propellant component flow is provided

by the special chokes/thrcttles with electrical or hydraulic drive,
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adjusted in the mains cf propellant components.

Durina the "gun" startina/launchinj taere is a danger of the.

emergence cf hydraulic imracts and inadmissible overshoet of the

pressure of combustion prcdacts. Therefore this starting/launching in

-nu-,u f.r iz, -.- t usc-". The use/arplicati.-- of stqrlisss

st-r:t, -/l!uncziJj s:i l±f±.s diacram and ccnsZ.-ucticn/desig9 Cf

engine, reduces to the mirimum rcrprcductiva expep.diture of

propellant components and the laurch delay of rockrit vehicle (time

from the mcnnt of supplying ccmmantd/crzw to th- start of apparatus)

Stepless starting/launching is used in essence for the engir.es of low

and average thrust with the fcrced and pump feed.

r ZhRD of high thrust wit, the pump feed in a number of casqs is

used the step start, acccuplished ttrcugh the preliminary or

intermediate step/stage. The preliminary stage is characterized by

the fact that bsfore the supply of the complete propellant ccmponent

flow into the chamber/carera is suFplied their low consumption with

hydrostatic pressure and boost pressure of tanks, with this TNA it

does not wcrk. In this case in the chamber/camera is formed the

reliable flame of burning.

Intermediate step/stage is characterized by the fact that TNA

and engine before the outrut/yield cn the ncminal rating for a while
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work r. the incomplete mcde/ccnditicns; this can be r~mquirad, for

example, fcr a decrease in the velccity of the increase of the

propellant component flcw intc the chamber/carera.

For the starting/launching of ZhRD with the turbopump unit it is

necessary to preliminarily untwist rumps, for which to thc turbine

supply auxiliary gas and force the tanks of propellant ccmpcn.nts

with the aid of any peripheral Izessuriz.ed system (usually its own

pressurized system of the tanks cf engine installation enters in the

effect/acticn cnly thrcugh several seconds after command/crcw on

firing of engine).

Preliminary tank pressurizaticn and firing of TNA the

first-stage engines cf rccket can be produced from the ground-based

starter, and the second ard subhtquent steps/stages - from the

preceding rocket step/stage. Hcwever, frequently more effective prove

to be starting systems, included In the ccmpositicn cf DU of the same

rocket step/stage.

For the starting/launching of turbopump unit to its turbine they

supply:

1. Gas (helium, nitrcgen, air cr hydrogen), placed in the

starting/launching tank/kallccr.
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Page 246.

2. Combustion products of two starting/launching prop9llaa.t
compcensts or decompcsiticn prcducts of one starting/launching

compor.ent, which ars gonerated in basic Zh;G. S.artinq/la. -:'.

p:cpellant components a:e supflied into the gas generator f:rcz tr.z

starting tanks with the gas stcrage tank cf pressure. This sy ,Am cf

sufficient is effectiv.; it makes it possible to ensure sultirlyinq

of engine.

3. Combustion products Cf solid-propellant grain, placed in

powder start, or starting/launching of TGG. It rely on the burning of

charge during short (to I s) sufficient for thq output/yield of TNA

to the nominal rating. WIth the turbine boost by starter the pumps

create the necessary pressure of ccmponents of the propellants which

begin to enter ZhGG. Gas generatcr goes out tc the nominal rating,

and turbine automatically is suitched from the feed/supply from the

starter to the feed/supply from ZbGG.

The combustion products of the charge of starter usually are

supplied to the basic turtine. Bogever, thsy are used by ZhRE with

the turbopump unit in cc.;ositicn cr which is an additional
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stazting/l.aunching turbinq, which wczks only during cnirne starting.

The cartridge starters in essence are used icr the

starting/launching of ZhBc with the cne-time inclusicn/connection.

The schematic of engine in this case is simpler than during the

ass/arpolication cf licuid starling/launiching Fr.op.-; _irt com.ucn,;nts.

4. Products cf ccmbusticr cf Lasic propellant ccmponents, which

enter from tanks under hydrostatic Fressure and pro-cprational boost

pressure of tanks. In proporticn tc the formation cf combustion

products in ZhGG and their ertrances to the turnine begin to enter in

the work pumps, which leads to an uninterrupted increase of ths

propellant component flow into the gas generator. If during entire

starting/launching the available Fcwer of turbine is more than the

pcwer, consumed by pumps, then as the final result of ZhGG ergine as

a whole they gc out to the rcsiral rating of work. During such

starting/launching (it they call self-starting mechanism) is provided

greatest simplicity both cf cne-tise and multiplying of engine.

For the starting/launching TNA of auxiliary aviation ZhRD it is

possible to use an electric mtct'.

Special features/peculiarities of starting/launching ZhRD under

different environments. Engine starting system depends substantially
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r the takeoff ccrAtcrs: on the", atL/g:3unrI, at tha h4 jh altitud.

in c'iter spacs, etc.

During &ngine starti.g on the sarth/ground in the case cf any

abnormalities it it is pcssible tc turn off, if the engine thrust did

2?i . _ Ch r: :. n. - c k~,1z d d c . A

Page 247.

It is possibla to hold rccket in the startar and with the
A

engines, included to the complete thrust, by special captures/grips

(lsvers) or by the explosive tolts (latter are torn upon reaching of

the prascribed/assigned engine thrust). To shcrtcomings in this

starting system should te related tte high unproductive expenditures

of propellant components pricr tc the start and the impact loads on

the lower bottoms of tanks at the moment of missile takecff.

Especially high requirements present to the reliability of

engine starting systems cf the second and subsequent steps/stages of

multistage rocket, and also the engines of the space vehicles which

ars included under conditions of high vacuum. If engine was nct

launched on any reason or was broken upon the inclusion/connection,

then was unavoidable the emergency cf rocket (KA) . Fcr example,
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reiterative guiding a satellite into orbit with thce aid olf the rocket

"Europa" were Pnrded by failure as a rpsult of nornstarting of the

engires of upper stages.

The evenness of engine starting under conditions cf cuter space

I-erds on the whole series cr factors, first nf all from the

pr-cssure, with which prcceeds the prcp:?-l-ant !ynition, an-d also frcm

the temperature of its ccapcnerts, crifices of inrJector and

combustion chamber walls.

softer starting/launching and reliable propellant igniticn is

provided in the presence cf ccn'busticn chamber pressure. Therefore in

the critical cress secticn chamters,#cameras usually install the

silencer/plug which retains atmcs~heric pressure in the

chamber/camera to engine startirg. qith the pressure increase of

combustion products the silencer/plug is thrcwn out behind the

nozzle.

The tpmperature of the orifices of injector and chamber walls

must be such that would be eliminated the freezing of propellant

components during engine starting, which can lead to the explcsicn cf

chamber/cam era.

The evenness of staxting/launching affect also the properties of
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propellant comFcnents and the crder cf their Qntrarc., the

construction/design cf the head Cf chamber/caze-a and c:-he f:-.

For example, the hypergclic fuels nfust possess the sh:- 'ric , of

the dilay of spcntaneous ccmbustio.

StartJ na r: the erai-s of the spcord and u :n

steps/stages of multistage rocket deends on th-e CZ' of

separation. Usually the stagp.s cf rccket rigidly ccnnct b

themselves by the sxplosive bclts which ar3 underTind hy si l!ying

on them the electric current at the required mcment cf time.

Is distinguished ccld and is hctter stage separation. During the

cold separation main engine of uFer stage does not work;

steps/stages are separated/liberated from each other by the trake

motors of lower (mastered) step/stage or by starting motors cf upper

(subsequent) step/stage.

Hotter separation is provided ty the thrust of main engine of

upper stage, which simplifies diagram and constructicn/design of the

rocket (it is possible tc manage without brake and starting motors).

However, 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 system.
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For decreasing cf perturbing fcrces and moments/tcrqups durin'

the hot separation it is possible tc use a step start of main ergine

of ths upper stage: first engine wcrks in the low-red/reduced

o. =_/ onli~i n , ! I's !F i= 1 d i t h " i a a ! t --

s parat icn.

With the hot staqe separation it is necsssary to abstrac-/-' ove

the combusticn prcducts cf main engine from the secticn between the

steps/stages; furthermore, is required the additional heat shield cf

engine.

The ergines of satellites and space vehicles must reliatly be

included under ccnditicns of high vacuum and weightlessness after

endurance flight in orbit of satellite or interplanetary flight. For

engine starting with TNA under ccnditions of weightlessness it is

necessary to raise the pressure cf Fropnllant components on entering

the pumps. Together with cther methcds fcr this purpcse use

(especially in the large/ccarse rcckets) starting motors. ZhRE,,

working on the cryogenic propellant components, under conditicns of

weightlessness can be included by supplying their vapors from the gas

cushions/pads of basic tanks intc the chamber/camera, i.e., to use

the vapors indicated as the starting/launching components.

ITT,_
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String/!auchir.g ZhRD with the Pressururiz-i-propeliart fesd

under :cnditicns of wjightles!rass presents szailr difficultis. In

such engines for supplying the Ercpellant ccmFonents intc the

chambe*r/camera in the liquid state, but not in the fcrm cf etulsion

::snair~qgas usi sF Ia:at>l V.ZS

It is mcst difficult tc ensure repeat-d cr multiple starting of

the engines of space vehicles, especially if an interval between the

starting/launching prolcnced (but it can reach several years). If

upon the first firing cf sngin_ in its chamber/camera, hermetically

sealed by silencer/plug, is an air Fressura, then upcn the subsequent

inclusions the internal cavities cf chamber/camera prove to te in the

vacuum that is changed thq character of tL* mixing ct prcpallant

components.

Construction/design and schematic of engines with repeated and

multiplying unavoidably become ccuplicated; i. particular, one should

consider with the fact that after engine cutcff the heat is

transmitter from the chamter/casera and ZhGG to the colder

aggregates, causing their superheating which makes impossible the

subsequent firing of engine. Beat fluxes are especially great, if

there is a nozzle of nozzle with the radiant cooling. In the
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chamber/camera with the external flcwir.g cooling can bcil over the

acolant in its channel; if tht varc¢s of coolant do not manage to he

ccndensod tc ths following starting/launching, then its reliability

also cannot be guaranteed. Therefore for the condensation of the

evaporated coolant time interval tetween the disconnection and the

enain- restart nust be sufficifnt tc largn ones; otherwis4 :t is

ne-essary to blow thp coclant passage. For decr.asing the transfer Cf

heat from the chamber/camera tc the cclder engine accessories it is

possible to use adapters from the ricn-heat-conducting material, and

tc also decrease the engine thrust in the last seconds of its work.

Page 249.

The chamber/camera of pulse of 7hRD, which work on the

hypergolic fuels, does nct usually have the ccolant passage; main

valves of engine perform with electric drive and install directly in

the head chambers/cameras, which provides the short duration of th3

transient operating modes and the creation of the very low st.ering

impulses., With the decreass of the volume of mains after the valves

indicated is shortened the time cf the output/yield of engine by the

nominal rating during the starting/launching and the

impulse/mountum/pulse ct consequence during thq disconnection.

ra order to avwcd the freezing of propollant components after

MOM i • .. .I I . .. II II Ii - t -"I.. .
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engine cutoff (as a result of tie intensive ccolinIj in oUteL space)

to the conduits/manifclds and the. "ad :f :ha-bc:,'c-era will be

applied a layer of heat irsulaticr. Fcr tair.ai.nnj thi temperature

of propellant componente bithin the requirad limits the engines of

space vehicle can have the special shields, which shield ther frcm

t-he solar heating.

Propellant components can freeze after r-.gina cutcff wJth the

certain degree of the ncnhermetic state cf valves (cc the saddlq):

the filtered ccmponent under conditicns of vacutim bcils; the

expenditure of heat for vaporizaticn depresses the temperature of the

component lower than t.arerature cf its freezing.

Upon the reclosig cf engine under conditions of space can

sharply be raised pressure pv, and cause the destruction of

chamber/camera. The reascn the pressurp increase can be the

deposition of the propellant compcnents, which were evaporated from

the cavity of the head of chamber/camera, on its walls after engine

cutoff; therefore it is necessary tc maintain the temperature of

chamber/camera after engine cutcff within certain limits.

The analogous phenomenon is cbserved upon the reclosing ZhRD,

which work on the hypergclic fuels on basis of NzO, (N2O ,+l.G,

N24OLNDt1G N20, aerozine-50, NZC,4N2 H) , under conditions of outer
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space and is explained by the fcrmation of interz.diate dagerously

explcsive products in the chamber/camera :- thq period, which

precedes inflammation. It is fstatlished/installed, that the

temperature of the compcnents cf Frcpellant and chamber/camera before

the realosing ef engine must to nct low4r thar 294 0 K (21oC) [I].

7or the safeguard c. sc.t -tartin /auc..i - Zf hP, hich work

on the hypergolic fuels, under ccnditicns of cu:-r space arp

effective different additives tc them.

The starting/launching Cf cne-ccmponent ZhRD has its special

features/peculiarities. Fcr example, 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

tetroxide. After the warm-up Cf catalyst the engine stable wcrks cnly

on hydrazine.

Page 250.

systems of cooling the mains ef engine. If the temperature of

the components of the propellant (fcr example, cryogenic) lover than

ambient temperature, then befcre engine starting is produced cooling

its mains (pumps, valves, conduits/manifolds, etc.). otherwise before

the entrance of liquid prcpellant ccmponents into the chamber/camera
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ar.d ZhGG i ent-ar their va.crs, and then mixti:e cf vapcrs with th3

!ivid cn'.cr.sr.ts. As a resil -I11 ha 1ec:e.-:at-d the output of

ergine to the nominal rating, ard cr.fficient z substantially will

deviate from the nominal value.

r-:. .. cha -, -I ca' a ... can. e : nr D .  -i 4 -n -, Jt. " ,. c .

r:maction products, inclined tc th'. :-.onaton: !_na-icn is possible

in the vapors of propellart ccmcnents. Tha phenomena indicated can

lead to th.' explosion of chamtpr/camora cr ZhGG u.Cn firing Cf

engine.

Cooling the mains of engine is necessary also in order to

exclude tho cavitation cf the pumps of cryogenic propellant

components.

It is most simple tc cool the mains of engine by the

transmission through then ef prcpellant comporents; they enter from

the tanks under the hydrostatic pressure and the boo-t pressure, they

flow/occur/last over the mains of engine and through the open bypass

valves, established/installed on the entry into the chamber/camera

and ZhGG, are abstracted/removed cff of rocket vehicle. If is

required to cool the main of one Ircpellant ccmponent, then it it is

possible tc pass directly into the chamber/camera; liquid component

flows out behind the nozzle of chamber/camera, vaporizing tc a
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certain degree. io;ee, in this systam is izcrzased the unpoductiv

.cpellant ceemcner.t flc,.

It is possible tc use the sFecial systems of cooling the mains

in which are included recirculatirg pumps with the separate drive;

prc'r-l~aat ccxzcn-:r.t 4-s ru~ped frcir tha tank ianto tne mair, -i:

c-cled it and ::eihth. .. en ypass valve a~ain it nte: - tin.e

System is connected by several riutes before *angine startin-. Afta:

the completicn of cooling thyass valve is clcsed ard is givfe command

to engine startlng. Since the ccmxcr.ents cf fuel/proFella-t i.th th3

course on the main of engine it receives heat fluxes, it must be

preliminarily supercooled.

Time by cooling of aggregates and cor.uits/uanifclds is

shortened with coating cf therec-insulati.4 materi&l (for example,

plastic) on their surface, which is contacted with the cryogenic

propellant components.

Page 251.

order of the entrance of propellant components into the

chamber/camera. In the piccess cf the adjustment of engine is

selected this lead/advance of the ertrance of one propellant

component into the chaster/camera relative to another, with which is

i
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provided scft starting/launching. Valvo.6 .ust operate/wear at the

strictly defined moments cf ti.- which can be lifferent for ths

valves of cxidizer and fut.l,

The selection of the crder cf the entrance of propellant

componants into the chaon=:/ca-Era :-s o ."e ty ': of ccx orn.t.

Fcr exa.Mple, it is sta .shci/±r.tall ai, .a-t -.he case cf work on

fucl/propellant the red !uninc nitric aci4 * UD.M'i shoull t.

oxidizer supplied into the c amter/camera earlier than the fue!;

smcoth engine starting is Frcvi.ed ty ingress of heat, which was

isolated in the initial phase of turning, by excess quantity cf

oxidizer.

In hydrogen ZhRD for this Furpcse thip fuel (hydrogen) 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 blcw by the inert gas (nitrcgen or

helium). Fer example, in Cxygen ZhFC usually Llow the mains cf liquil

oxygen of chamber/camera and ZhGG, and also packing/seal of the pump

of liquid oxygen. Scavenging eliminates the incidence/impingement in

them of fuel, which can lead to the explosion of engine and it

prevents the accumulaticz ef a large quantity of propellant

components in the aggregates indicated.

lI
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During the launchi.ng cf rccket frcm th_ grcund-based starter the

scavengi.ng can be corduct-d frcm the ground-bassd tank/ballocn with

the ccmpr~ssed gas, and in the engin.s the seccnd and cf the

subsequent steps/stages cf rccket - from the tank/balloon, placed at

§ 14.2. Igrition systems.

In ZhRD, which work cn tle ncnsucntaneously ccmbustible

fuels/propellants, is used the special 3ystam, which at the rcment of

engine starting supplies beat tc the first portions cf the propellant

components, which enter the chanher/camera and ZhGG, as a result of

which occurs their inflamsaticn.

All subsequent porticns cf prcpellant components enter the

stable flame of burning and are Ignited by the combustion prcducts of

the preceding portions.

For the reliable inflamuaticn cf propellant components under

conditions for the wcrk cf engire (in the Earth, in cuter space,

etc.) the ignition system must isclate a sufficient quantity of heat

in the greater possible volume cf chamber/camera or ZhGG. Witb an
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.reas e in the qiantity nf heat tIE igniticn dzlay is dtcrre.as-d,

which 4l ,rnat.s ths. pcssibilit Cf the accumulaticn of propellant

compcr.ants in the chamer,/camera ard ZhGG luring engine starting.

The igrition system ZhRD of multiplying must prcvide the

ra i. cf llr- cc.rcr- -.- rccoss of each z.n -

stzrt.3], which coplicat-s its cctruc-_i/sign.

Page 252.

Tn selection of igrition system depends on tha properties of

the components of propellant, ccastruction/design of engine and

conditions for its operation. Are distinguished the built-in and

ir.sertable ignition systems. F.rst type systst build in in the

construction/design chauers/ca-eras or ZhGG and they use usually in

ZhRD of multiplying. Seccnd type systems introduce into the

chamber/camera from the sido nczzles, moreover they are the part of

starter or are installed cn the strut, attached in nozzle throat, it

is possible to use them cnly in the engines of one-time

inc lusi on/connection.

Ignition system must enter in the work to the entrance of

propellant components inte tho chanter/camera and ZhGG. In a number

of cases is used the blocking, which makes impossible the entrance of
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propellant components intc the chambpr/camara and ZhGG, if ignition

system on any reason does nct cperatn/wsar. Int'.rlock system

eliminates missile takeclf with cre shut-down engine in the enginp

installation, which ccnsists cf several engines, cr with cne

nonwcrking chamber/camera in the clJtichamber engine.

In ZhGG of the engines bcth cf oni-time an! muitiplylr.; it is

necessary tc usa igniticn systfI cf built-in type.

Is distinguished +he pyrotechnic, chemical, electrical, thermal

and comoined ignition.

Cartridge ignition. The system of cartrid;s ignition creates

flame in the chamber/camera and ZhGG as a result of ths combustion of

solid-propellant grain. Fcr an increase in the quantity of isciatab!p

heat and increase in the reliability of ignition system it is

possible to use several sclid-prcpellant grains (Fig 14.2).

The system of cartridge igniticn is characterized by siffplicity

and high reliability; the electrical power, consumed for operating

the explosive charges, that replace solid-propellant grain, it is

small. Howver, this system has the limited field of application (for

ZhRD of one-time inclusicr/ccnrecticn) and requires the observance of

the precautionary measures tc avcid its accidental operation during
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the engi.e checks.

Hyperjolic igniticn. The system of hyp.rgolic igniticr creates

flame by supply into the chamner/caaera and tc ZhGG cf the components

of the starting/launching hyp.rcclic fuls; into the chamber/camera

they t-r thrcu; . -_ tS hoa ° !r thrcuh .. t: 1 z devic-,

introduced frcm the side c: nczzle.

In the system of hypergclic Ignition frequently is used the

liquid starting/launching componert which will be ignited with the

contact with cna cf the tasic ccmFcnents cf propellant (Fig. 14.3);

3uring the build-up/growth of their pressure in the period cf engine

starting are ruptured the memtranes/diaphragas, in the volume between

which is placed starting/laur.chirg fuel. The Filct 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/camera, must he sufficient for

the reliable inflammaticn of tasic components.

Page 253.



DOC B1009004i P AGEF

For ZhRD of multiply..y starticj/launching propsilant ccmponent

into the period of startirg/laurchin of thq special small tank on

the conduit/manifcld thrcugh the cpdn valve enters chamber/camera.

Then valve is closed, ard conduit/manifold is blcwn ty inert gas.

' ,rcn h rir1/lunchin funl is used

- : vialun um " o-z g-: I a. c :c: - whIch ig r-;  rpcntaneously with

the contact with liquid h;rcger.

The system of hypergclic ignition provid.s multiplying cf engine

and its rapid output/yield to the ncminal rating; it is reliable,

sufficiently simple and extensively it is used in contemporary ZhRD.

Shortcomings in this system include the utilization of a

dangerously explosive and toxic starting/launching component and thq

presentation of the increased requirements for its valves during

their inclusicn/connecticn and disccnnection for preventing of sharp

starting/launching and explosion of engine.

Electrical igniticn. As the initiator of inflammation can serve

starting/launching spark plug.

The system of electrical ignition allows/assumes multiplying and

can be used after prolonged storage of engine; it is sufficiently

i
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sirn1e a..2 3af: i -.- _r.v-rs:cr. jIcwev.r, tlh -izi-..-sicnsi- of

thr iritintcr cf inf1anraticn (s ark) ar: low, the ccr.tacts of candl

can b; ccntaizated ard give shcrt circuit, and also rapidly be

charred. Furthermore, for the wcrk cf this system is reuuired

electric power source sufficiently large power.

Tn =-al 4ritiin. If oxiz'izar is parcxide of hy*3:cgen, then for

the propp!lnnt igniticn it is Fcssile .o use the prcducts of its

exparsiors which are formed in the Frecombustion chamber. In the

chamber/camera first are supplied the decomposition Frcducts cf

peroxide of hydrogen, and then, after their Fressure increase to the

assigned magnitude, combustible. This ignition is called thermal. It

excludes th. possibility of the accumulation cf propellant components

im the chamber/camera during enaine starting and is the safest and

reliable method of ignition.

'97

dldimil-'t iM 6I .. -
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j . 14 2. Camber/ca mira with tE n -s:=tab. S ,m of c-tr. -
-] 

ItiOn 
of: 

rropellant 
ccmpcnEnts: 

o 
yrocarr 

" 
-; 

s' -l,

silencer/plug; 4 - electrical leads.

Fig. 14.3. Chamber/camera with system of hypergolic igniticr cf

propellant components: 1, 4 - weatrane/diaphragm cf re@

componen 9 '.t.

breach/in'rush: 2 - filler PiFE; .3 - starting/launcurin prcpellait

Page 254.

Combined ignition. That ccmbined is called the ignition, with

which the small part of tasic ccopcnents cf fuel/FroFellant (or

starting/launching components) in the period of engine starting is
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-t supnli d irto the recczmtusticr chaxber and will hz iht-,- in it

with thp ai-. of any ignition syster (for exam~l-, electrical).

-en:ratir7 ccmtusticn prcducts enter chamber/camera and icn4te basic

part of the components (Fig. 14.4). Th3 prssence cf the preccmbusticn

chamber, which creates tte pilct flame, in a number of cases lightens
tric~ conditJrS. ..it io ns.

Most *rsquently, especially in the high-thrust engins, us-1 th=

systems of chemical and cartridce ignitior, and in aviation cf ZhRD -

systems of thn electrical and combined igniticn.

§ 14.3. Systems of a change in the operating mode.

If engine is not equipped by special systems, then it gc.s out

tc the nominal rating with the larger or smallqr d-viaticn cf

combustion chamber pressure PR and fue9l component nitio x (and,

consequently, thrust) frc computed values.

The deviations of pressure Pm and coefficient x from the

nominal values are not identical fcr different samples of engine duo

to the effect of a number of factcrs: change cf the density of

propellant components in the dependence on the ambient temperature,

spread of the pump perfcrmance and hydraulic resistance of mains,

effect of the linear acceleraticn cf rocket vehicle cn the work cf

,, , .... .. ........ . . ._ .,: -- .-- .i



.- . -' ., -wI i: ; sa' n e ft *ect the gs

vcluecs, wr-c. a:. :zrosa. ir rcpellant compononts during

servicin-i ct tanks ir as a resul' ct their saturation by the

C -47 1, !- -- c-4s tan ks)

The er -_rust can chance tc~n an the commands/crews of the

systam cf ccnt_-:'t of rocxst vc.icle and it is spontaneous. By the

reason for spcnta..ous change ttrusts can be, in particular, the

decrease of the flow area cf the tain of feed/supply of turbine the

wcrking medium/propellant (gas) as a result of the precipitation of

the solid particles of the scct cn the walls, the decrease of the

flow area of the coolant passage cf chamber/camera as a result of the

depositions cf the particles cf the decomposing ccmtustible cn the

walls channel, etc. As a result cf this change the ccnsumpticn of

fuel ; and coefficient , which leads to a reducticn/descent in the

specific irpulse, the increase In the finite mass of rocket vehicle

(rocket step/stage) and cther urdesirable consequences.

On the special features/peculiarities of control systems the

engines can be subdivided as fcIlc.
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r ON

74 a 7 C'-.- - .'c:-7 a with th ccmb .".i- i -ni.4 en sYst:tt C

ccmccrnts cf the fue/ rcpellart: 1 - precombustion chamber; 2 -

elactrical sparkplug.

Page 255.

1. Engines with control systems, which depend on special

features/peculiarities cf flight cf rocket vehicle. The

mode/conditions cf the wcrk of such engines changes cn the signals of

the sensors cf the system of cortrcl of rocket vehicle (ca the

so-called flowing signals SU) cr cr the signals cf program

transmitters according tc the Fredetermined program (on the

programmed signals SU).

2. Engines with control systems, which obtain signals only from

sensors, entering engine. Such ccrtrcl systems call internal engine.

They maintain nominal engine power rating.
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3. Engines, nct -qui.ppd ty any ccrtrc systsais. :"- mcz c'f

their operation in the initial rer4cd is fetr:'inEd by adju rat

durirg assFmbly but in tha prccess cf furth-r work it can

spontaneously change (see pq. 254). So that ths deviations of

pressure Px and coefficient × from the ncminal values wculd be

lcw, produce thz soil. f th- mains of fed/skiJiy of cha /

and ZhGG with propellant cc7ocn-ents and install in main lintz

indicated in the output/ y±ld frcm the pumps tuning disks. Changing

the pra-sure differential on the tuning disks, it is possible to

ensure the identical (with the lcw error) hydraulic resistance of the

mains of all samples of engines cf this type.

Control systems imprcve the engine characteristics: are raised

reliability and servicp life cf engine, are decreased thq losses of

specific impulse, are ccm~enseted inaccuracies in the manufacture of

different samples of engines and effect of envircnmental factors

(acceleration of rocket vehicle, amtient temperature, *tc.).

In control systems are included the follcwing elements/cells:

1) the sensors, which measure the monitcred value or the value,

proportional with it;

2) comparators, which are determining displacement from the
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prccracmied valuA or from the value, produced by SU of rocket vahicle,

and salient control signal;

3) the actuating lenents, which ensure a change of the

monitored value in the depsndence cn the sign and the values cf

ccn-rol. signal. Ac- ia-irnq eihnert _" can b _  bet th =-gin--

whole and its regulatcrs, ccntrcllsd by special electric _iv- .

In the engine installaticns cf rocket vehicles are used thq

fcllcwing contrcl systems: system EKS, system of SOB, the systmn of

the maintenance of constant pressure p,: or number of revolutions

TNA, etc.

Control systems, ccnnected with a chanje in the consumption of

fuel m. System of RKS. If engine is the actuating element of control

system, then the engine thrust lust change with respect to its

signals. Thrust of ZhRD is determined by the propellant ccmpcnent

flow i into the chamber/camera.

Page 256.

Consumption m can be charged, changing:

a) with the pressururized-prcpellant feed - pressure in the
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tdah.6 of coiojnents of the prcellant (howeve: it should be noted

th-t as a rasult of ths large gas vclumes in thc tanks thr rressurp

increases/grows or descends very slcwly);

b) with the pump feed - Lutber of revolutions of shaft cf TNA;

z) with the pressurizaticn ard pump faed - the pressure

_iEr~ntial on the chokes/thrcttles, established/installed cn .hc

mairs of the engine befcre the chatter/camera and controlled by

electric drives. with increase cr decrease the pressure differential

on the choke/throttle as a result of the displacement/mcvemert of its

moving elements/cells charges the Fzessure cf propellant component

before the chamber/camera and, ccrsequently, also its consumption.

Chokes/throttles must provide variatle/alternating (among other

things it is sufficient large) pressure differential, which leads to

the increase of the required power cf the propellant feed system into

the chamber/camera.

The possibilities cf a pcwer change are limited, if the

cross-sectional area of klast nczzles and nozzle chambers/cameras

remain invariable; with the decrease of thrust is decreased an

injector pressure drop, which leads to the undesirable consequences:

fuel combustion becomes mcre unstakle (it is displaced to the

unstable zone) and by less complete ones (is decreased coefficient
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(T) an sc fcrth.

r.'a basic ccnditions of tt.e safeguard of a stable and ccmplete

process of burning with a reducticn/descent in the engine thrust are

the simultaneous retenticn/preservation/maintaining cf an injectcr

Zr ss,i-r" ,Irc: (_No =ccn s4)  an _, t.h. crassurss of Frh:~i n lucts

in chamrer/cam::a (p,=ccr.st) ; seccnd condition pK=const to

perform substantially mcre difficult.

Condition Ap$-const during the creation of different thr'ist

can be ensured, changing:

1) a number of injectors, through which the propellant

components are injected into the chamber/camera (head with thi

variable number of working injectcrs);

2) the flow passage cross-sectional area of each injectcr

(injector with varia.le SCmetzy);

3) the degree of saturaticr cf propellant components by gas

(degree of their aeraticn);

4) the duration of pulse (for Fulse of ZhRD);
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5) ccrfficient x.

In the heads with thp variahlr num.nber of working injectcrs th.

latter are divided/marked off intc the groups and for decreasing the

thrust is included one or the other number of groups of injectors by

closing valves on the lires cf .thpir f-d/su,')r .

Injectors with variatle ge.mnetry are examined into § 12.2.

The openings/apertures of the jet injectcrs can be ccvered to a

certain degree by the angular rctation of disk with the

openings/apertures on the head cf chamber/camera.

The use/application cf chaffters/cameras, equipped by in~ectcrs

with variable geometry, rakes it pcssible tc decrease thrust in

relation 10: 1 and more.

Page 257.

Fig* 14,5 depicts the diagram of chamber/camera with

simultaneous scaling in the area cf blast nozzles (number of

injectors) and throat area, which provides constant combusticn

chamber pressure and invariable injector pressure drcp with a

reduction/descent in the thrust.
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:-iizer flcws/cccurs/list cvEr the coolant paS-saqe of

chamrer/caT-ra and through the in~ecticn openlr.gs/a.pertur-s in th-

internal wall enters cevusticn cbaiber. Fuel is supplied into thp

irternal duct of needle 4, it tlcws/cccurs/lasts over its ccclant

tc , . ol f ne-d.o it Ertez cavity a, and from there - through.

th=- t.:! injection cpaning c intc the combustion chamter. Nrdlq is

rigidly ccnnected with FIstcr 3 ard tag 2 and can be moved tc the

right under the effect cf pressure cf the liquil working

medium/propellant, introduced thrcugh connecting pipe 1, and to the

left under the effect of pressure cf combusticn products cn the

piston.

with the displacement/movement of piston and needle

simultaneously changes tctb the quartity of injection

openings/apertures of oxidizer and fuel and the throat area.

Therefore pressure Ps with a change in the thrust remains ccnstant.

One of the methods cf changing the flow rate of ; is the supply

of special gas in the main of the engine before the chamber/camera cr

in the cavity of its head (i.e. it is direct into the propellant

components).
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Saturatior by gas (a:-:at-4c:) d-qcr;=asas tIp d sity of pgCpejlan,-

ccmLoonents and their mass flcw rate into the chamber/camera with the

ret~znti on/p rqser vat icn/ma int ain ing cf the conditions for atowization

2rd sustained ccmbustion. For the klewing-in is used inqRrt gas

tark/tallcrn or be selactil/ta.: n from the tank/-iflo o: th-? gas

stora-i tank of pressure. into the fuel., besides Inert gases, it is

pcssiblo tc blast gaseous hyvrcger. Gas for thq saturaticn can be

selectel/taken from the tasic gas generator or obtained in additional

ZbGG, which works on the hasic ircF6llant components.
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Ow

7 5. amber/cana:a with sia'!, Z Z Cal i -c

clast nczzles cf the ccxcnen.s cf :c1 !ant -

ccrnrcting pipe cf the delivery cf the ccn=:ci/ uidn !i4ui

working medium/propellant; 2 - tag: 3 pistcr; 4 - neeJls: a) cutout

ir the chamber casing; b) cxidi2er nozzle: c) fuel nczzle; d) the

cavity before the fuel nczzles; e) the ccclant passage of needle.

Page 258.

Increasing the expenditure ef gas fcr the aeratior of pzopellant

components, it is possitle to decr-ase the enginr thrust in tne

relation from 10:1 to 30C:I.

The average/mean (cn the tire) thrust of engine, which %crks in

the pulsed operation, it is pcssitle to increase or to decrease by a

change in the duration of pulse (frcu the fractiors cf a seccnd to

tons of seconds), or by different Fcrosity, i.e., by the work of

engine luring the different time uFcn each inclusion/connecticn.
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Change thrusts with the safeguard of condition A*r.=ccrSt Ilse

4n essenc- for the engines c! ccaparatively lw thrusts.

The different values of the thrusts cf some ZhRD ob'ain by

changing the coefficient ?. icr example, for c--a - or 1ec:=i.;

t.. thrlist cf oxygen-hydrg*n ZhbE J-2 cf American ca.ri": :cc,.z

"Saturn-5" ccefficient is changed froM 4.5 to 5.5, i.o., to

+-I0c/o of the nominal value, fcr which the part of the cxygen flcw

will pass from thc main at the cutFut/yield from the pump tc the

entry into it. This methcd makes it possible to rapidly change the

engine thrust and to the low degree it only makes its characteristics

worse Jue to the displacement of ccqfficient Z.

If different thrust of ZhPD with the pump feed is provided by a

change in the number of revcluticrs cf the pumps cf components, then

turbine TNA must have a system, which control s/guldes its pcwer.

Found use temperature, the expenditure and mixed methcds of chazging

the power of turbine TNA.

By temperature methcd is used for two-component ZhGG and it

consists of a change in the temperature of the generator gas,

supplied to the turbine, for which cn one of the mains the
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fad/supplies of gas genr:atcr install the sp.acial chck/thrcttle

with the electric drive, 411ich makes it possibla tc increase cr to

decreasq flow rate of cne of the ccmaonents in Zh.;G, consequently and

ccefficient "× of generator gas.

_..__ .,: ..ir m-th - :U cf a change in th, gas flow th:li'h
': ir i. &:,-nj th- .a ce cf ins cns-n": tempera-urn. Th- s

method can be used for Zh 3 with mcnc- and twc-component ZhGG, and

also for ths engines with -the gas bleed (for example, hydrogen) from

the coolant passage of cha =ber/camera for the drive cf turbire.

With the expenditure method changes of the power of turtinq in

ZhRD with the two-component liquid-gas generator chokes/thrcttles
install in both mains cf its teed/supply, in this case coefficient

x of generator gas is maintained by constant. For this purpose is

sometimes used also the special stabilizer, which ccntrols/guides the

choke/throttle, established/irstalled on line of one of the

ccmponents, and is changed its flow rate in the dependence or the

flow rate of the second ccrpcnert sc that coefficient x of

generator gas remains ccrstant.

With the mixed methcd of changing the power of turbine

simultaneously changes bcth the teifferature ard the expenditure of

the gas, supplied for turbine.
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?a ze 259.

Contrcl systems, ccrnected with coefficient ×. System Cf SOB.

In § 2.4 it was shown that the lass cf the remainders/residues of the

- , of he proellint cr rockt vs.ici. (:-ccet "t/,s1.-

.:u~t . 2.: In th: abrsnc c: szecial ccnt: z are aib

the casss with which the deviaticr cf coefficint x from thi

prescrioed/assigned value causes increased flcw rate of one cf the

propellart components. As a result cf this one compcnent cowr1etely

will be consumed before rccket vehicle will achieve the

prescribed/assigned acceleration (Cr its decrease during the

braking), while in other tank remains unused a large quantity of

another component. Sc that this it %culd not cccur it is possible to

service into the tanks a greater quantity of Fropellant components,

i.e., to increase their guaranteed remainders/rsidues in the tanks.

They increase/grow with an incrEase in the error, with which is

maintained prescribed/assigned ccefficient '. and they lead to a

reduction/descent in the characteristic velccity of rocket vehicle

(rocket step/stage).

With the deviation cf ccefficient z frcm the nominal value is

decreased total jet firing and the characteristic velocity of the
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rcckat vehicle (operating timv. cf c ngir. "" t :

mass quantities of oxidizer and fuel in ths tanks has the great valis

with the strictly proportional exFenditure of Propellant components);

furthermorr, is decreasad specific jct firing; however, this decrease

is insignificant due to th a lcw slcps of curve characteristic A==w

With coefficient × are ccnnscted two types of control

systems:

1) the system of the maintenance of constant ccefficient x

=const) ;

2) the systems of the syrchrcncus emptying of tanks, which

change to a certain degree coefficient Y sc that the

remainders/residues cf prcpellart ccmponents in the tans up to the

cutoff of engine would te smallest (to 0.1o/o cf +he charzged/filled

quantity).

The schematic of the system, which ensures condition x

=const, is depicted in Fig. 14.6. In the main of oxidizer and

combustible are established flou meters 1 and 2. As flow meters can

serve the Venturi tubes, fcr bhich the flow rate Is directly

proportional the pressure differential at the entry also in thi
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narrowest cross sr-cticn. 'he signals, Do0ot4r.al tc ths cxiaizer

consumption and fuel per s-ccnd, entir f:r fcom n ::s 1 and 2 into

comparing instrument 3. In it the actual va of coefficient X is

compared with the given cne, and in ths cas;; cf disagroement/wisnatch

overhangs command/crew tc the electzic driva cf chcke/throttlg 4.

F:rctric drive, acting on choi/thrctt!z, 1crs.-s ,-;:- -

f1cw area and is removed the d-via-icn (f cc,!fici:zt f

cornmputed value.

Page 260.

The szhematic of system cf SOE is shown in F g. 14.7. Its

sensors are the sensors of level, adjusted in the tanks, in

particular, the capacitance pickups, which are twc ccncentrically

arranged/located tubes frcm the heterogeneous metals (for the

safeguard of temperature compensaticn for a change in the density of

propellant components). The clearance between the walls of external

and internal tubes is prcvided ty indices from the plastic.

System of SOB works together with the system RKS. With

disagreement in the emptying of tanks enters in the work the system

of SOB, changing coefficient X, and consequently partly and engine

thrust. If in this case the measured apparent velccity of rocket

vehicle differs from prcgrammed value for the given moment of time,
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then enters i- the dork s~stem RKS and respectively is changei

thrust. In this casi can change cc.fficient ×, that causes th .n:d

for tha work of system SCE, etc.

Above were examined the autcatic systems of a changi in

and rculatinc 1'1-- 'ngines. Airolanp -ngines ind

irair s :anned s~acacra:t have in addition to autcmatic en-s

the manual rimcte-ccntrcl system cf engine, which makes it pcssible

to change E -- ins pow-. r rating by changing the propellant comFcnent

flow and coefficient X, and alsc to include and to switch cff an

engine.

§ 14.4. Systems of the criaticL ef control forces and

mcmen ts/torq ues.

If in flight in the atmosphere rocket vehicle analogous with

aircraft can change the directicn Cf its flight with the deviation of

the aerodynamic surfaces (air vares), situated on its housing, then

in the rarefied layers of the atscsphere and cuter space of analogous

target it is possible tc attain cnly by jet deflecticn.

The system of the creation cf ccntrol forces and moments/torques

must possess low mass and to it is possible the smaller dagrese tc

complicate the schematic cf engine installation and to decrease its

specific impulse.



4P

wi.. -h- zo l-c ,-7

.7 stant -Ia!iU-- co _fcii. - , - lci - n Z'. , nai' o:

oxidizer: 2 - flow meter c- the muin of fuel; 3 - comparing

irstrumant: 4 - chcke/thrcttle cf fuel with the electric drive.

I-

1-

4

Fig. 14.7. Diagram DU with system cf SOB: I - capacitance pickup of

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 ccntrc fcrcrs and mcmnts/torqucs they ca.

be used:

1) the moving elem-.nts/cflls, adjusted into the flow of the

combustion products, which escare behind the rozzie cf

chamber/camera:

2) chamber/camr-ra cr the crgines, adjusted on tha hingod or

gimbal suspension;

3) auxiliary (steering) engir.es;

4) the rotary nozzles of turbine exhaust;

5) the redistributicn of the flcw rate of the wcrking

msdium/propellant cf turbine (after its operation in thc turtlne)

through several fixed nczzles ef its oxhaust pipe;

6) liquid injection cr the blcwing-in of gas Into the nozzle;

7) a change in the thrust, created by different engines (for the

engine installation, which consists of several engines).

Moving elements/cells, adjusted into the flow of the combustion



DOC 81009004 PAGE

products, which escape h~lind the nczzle of chamber/camera. 7o the

mcving elenmnts/cells which install in thf flow cf prcducts tha

combustion in nozzle exit secticn, relate jet vanes, deflectcrs and

trim tabs, diverged with the aid cf the electrical or hydraulic

control actuatcrs. They change the direction cf the flow (Cr its

Fart) of the comrusticn tzcdJ:cts, u.ich =sar-.c- t: rczzlq cf

chamber/camera, an! hy t1is arc created cz.-trc! forces a..

mcmer.ts/torques. Jet vancs, dEflectcrs and trim tats dccrase

specific impulse of DU, since ttey trake the Fart of the flcw of

combustion products, and have the limited rescurce/lifetime the

works: the moving elements/cells indicated wash ty the ccmbustion

products, which have at tte ncz21e cutlet high speed and

comparatively high temperature; therefore from they make from fever

and erosion-resistant materials (graphite, the special types cf

plastics).

Jet vanes (Fig. 14.E) gear dcwn of tho part of tho! flcw cf

combustion products not crly with their deviation, but also in the

initial position (in parallel tc flcw); therefore jet vanes in the

ccntemporary rocket vehicles are used rarely.

Deflectors, either rctary rings, install in the nozzle cutlet of

chamber/camera or exhaust collectcr of turbine. Deflectors can be

cylindrical (Fig. 14.9) and spherical (Fig. 14.10). Cylindrical
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deflector can be turned cnly in cne, and spherical - in two Eutually

perrcrdicular planes.

more complex, but also more eccnomical is system with the

use/application of trim tabs, c¢ I¢uler flaps, which are cutstanding

L- . h? flow cf cor-iisticn crcducts only with thA scrasncp cf need

the cont.rcl forces or the mcirents/torques.

Page 262.

Diverged chambers/caferas and engines. Chamber/camera cr engine

as a whole it is possible to install in the hinged or gimbal

suspensions and tc diverge to a certain angle (usually not mcre than

100) from the nominal position. Articulated suspension makes it

possible to diverge chaiber/camera cr engine in any plane. If DU

(engine) consists of four established/installed on articulated

suspension engines (chambers/cameras), then their articulated

suspension can be attached cc the cverall frame, in this case the

axes/axles of suspensions intersect in its center (Fig. 14.11). This

device of engines (chambers/cameras) makes it possible tc create

efforts/forces and moments/tcrgues for the ccntrol cf rocket vehicle

along the pitch, the course ard the bank; for example, for its roll

control all four engin.s Ichamber/camera) they must te turned to one

side in the circumference.
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IL

Fig. t oe. of DU with the jet vanes: I - missile body; 2 - nczzle of
.... ....3 - Ss.tem c t o.. jet vanns; i - ax- of

C'. at C5r -Va.-

-3

= 4

Fig. 14,9. Chamber/camera with cylindrical deflactor: I - nczzle of
chamber/camera; 2 - contolling/gulding thrust; 3 - axis of rotation
of deflictcr; 4 - deflectcr.

Fiqg. 14. 10. Chamber/camera with spherical deflector: I - nozzle of
chamber/camera; 2 - ccntrclling/guiding thrust; 3 - spherical nozzl.
of nczz1; 4 - spherical deflectcr.
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Fi3. 14.12. Diagram of installaticn of chamber/cam-r:a on gimtil

suspe rsion.

Page 263.

More effective, but alsc mcre complex is the gimbal suspinsicn

of chamber/camera (or engine) (Fig. 14.12), with which the

chamber/camera can be diverged simultaneously in two mutually

perpendicular planes, in this case the longitudinal axis cf

chamber/camera can occupy any pcsiticn in certain cone.

With cardan mounting of cne engine it is possible to create
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e fcrts/ferces fcr thr ccrz.-cl cf rcckst vehicl- cn tn pi':ch and tho

ccurse. ?ol.7 c-c'.trol is F::v-deJ ty separate syst-m, fcr zxaxcla ty

the cold 4as roc-et eni.i, which has sev-ral nozzles; th' y ari

lccated in th- planf, perindicular to th- longitudinal axis cf

rocket vehicle, and can create acnert/torque tor its rotaticn. 4

If tw: ernzizs cf DU a- -sahlished/instaild cn -h' -i.rca

suspension, thsn with their l.viaticn are created qfforts/forces for

the ccntrol cf rccket v. 4 cle a]cra th. pitch, -:he ccurse ard the

bank.

Average/mean and large engines diverge with the aid of the

hydraulic control actuatcrs, %hich gcssess low dimensions and mass

and those using as thq g ergy scurce a feed system of basic

propellant components; mcst frecuently for this purpcse is

selected/taken the small part of the fuel consumpticn per yiell frow

the pump of TNA. The system cf the deviation cf engines can work from

autonomous TNA. Small engines car he diverged by the control

actuators, which work frcm the separate electric pump, cr by

electrical control actuatcrs.

Hinged and cardan mounting cf ZhRD provides simplicity cf its

diagram and constructicn/design ard to the low degree is decreased

the specific impulse (only as a result of the daviation of engine).
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Hode -,r, for dav4at r ci c.,- t-r a- z-3 o n a r

is necessary lazgo pcwer. C-3r .a " ! :hi -!:.y rasenti alsc tre

delivery of Frcpellant ccrpcnfrts 'c th. 44ivqried chamber./ca'ptras

ard the engines.

;--rrnier engines. Yair e r .ces ca:. oe fas - a ct.icr ' Z I

ir. the erg_ ne irstallaticr arE Filct angir.4 , -juzt'i 'Is'i".: _

symmetrically outsidp the tail spcl-icn of the rocket vehLic l -n the

hinged or gimbal suspensicn (Fig. 14. 13) . Such eng;nes (thsm they

call helmsmen, who contrcl/guide, cr vernier) can be diverged to

certain angle and thereby to create fcrces and mcments/torques fcr

the control cf rocket vehicle along the pitch, the course and the

bank.
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n a a

' - r r .. 3 - articulated s u~ens2ion cf vernier

KEy: (1) Fcrm.

Page 264.

VPrniur Enqines can wcrk bcth ccntinuously ani in thp pulsed

operation; for their wcrk it is icst expedient to select/take certain

consumption of basic prorellan ccmponents at the output/yiell from

the pumps of TNA of main engines. This diagram is used, ir

particular, in the engine insta.laticn of the first and secori

booster stages "East". Hcbever, vernier enjines can worK, also, from

their own TNA.

Vernier engines ccailicat . diagram and ccnstruction/design of

engine installation, tc a certain extent Jscreasing its rsliatility.
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SF-.pcf ic im 'cu .se DII X.inc tic- utiliza.A'.On Of v--rlier enn-( ; s

d 1 Ea s' d --r. z i r jfic a 2Y

For oxample, the verrie:r cnginc-s Cf thne first and scecord bocstzr

stages "tast" decrease specific irrpulse WI Fez 1 fl.s/kq [--1

Rotary rnczzlzs. Ccnt:cIl frices and~ mo nts/tozuucs c-i.- cr-=o*!

alsc the steering nozzlcs, which crlzrat- on th- gasr-cus wcrkinq

medium/propellant. of turbire TrNA hir ZhRD withn selecticn of th

working medium/prcp, 12ant of turtire aft~r operaticr in it int.'t>

ervircnnient) , in this case the charter/camnera and the snagine as a

whole are installed in the rockEt vehicle mctionlessly. Are r-cssibl4;

the fcllcwing v-3rsicrs cf such, rc~zleS.

1,* To exhaust cclleactcr cf turtinp connect up c-xr.alis- ips

which a:9 anded iby fixsd rczzlt:. (Sep Fig. 2. 15) , -noreovqr t~eare

two n~zzles of pitch, twc nozzles cf course and tuo Fairs of n-zzlcs

of barK. Er. the line cf each Fair cf nozzles is estatlishvd tha gas

distributor with the electric drive. Control forces are created by

redistributing the gas flcw between the si4milar/analogous nozzles.

2. one or two turbine exhausts are ended by nozzle which is

fastened 'to branch ccnnecticn with the aid cf hingad or universal
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#j

j . it.

L 2uii :n -cticn cr th - cwi inj-in of las. Fc: tae c:eat ion cf

ccmnarativ-ly small ccntrcl fcrces and momets/torcurs it is pessible

to introduce working body (tc inJnect liquid cr :c blast gas) intc tha

:::,.t ir:secti.of of nC2ZI-- <Ac2(25 th _ jo: -i~ ,-,:_.z - '{-e _',

s-_tltatc- in rnozzle !in. cr, th. equal d*is'arcE ir t e

circurfr-rce i its ary cross secticn (Fiq. 14. 14). A rumb~r f

nozzles can he from 4 tc 24 and mce. i.-. in each quadrant cf -th

cross section of nozzle are placed one or several nozzles. Four

nozzles it is sufficient in crder tc create lateral forces for pitch

control and course. The nczzles cf each quadrant enter in the work

after valve opening, estatlishod/installp-d on the conduit/manifold

which supplies liquid or cas.

Page 265.

During the input/intrcduction cf the workinj midium/prcp.llant

through the nozzle the gas or vapcrs of liquid penetrate the flow of

combustion products. In the place cf the input/intrcducticn cf

working medium/propellant is installed the front cf oblique shock,

and increases/grows pressure cn the nozzle liner cf chamber/camera.

As a result of this appears the lateral force, directed to the side

of nozzle, through which is introduced working the body.
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Lateral force ds¢cnds net cnly on the flcw rate cf the

intrcduced working mediux/Frccellart, but alsc on the nozzle cant

angle to the axis/axle cf the nCzzle of chamber/camera, or cn

quantity of nozzles, area and fcrm cf their cross section. Th. angle

indicated can b.: evial frcT 900 +tc 450 , mcrecvrr in t- lattar caso

working body is introduced towards the flow of combustion prcducts,

and is created large late-al icrce.

circular nozzle ccnfiguraticn is more effective than slct type.

With an increase in the nuwber cf nczzles beccmes complicated the

construction/design of system, tut for the creation of one and the

same lateral force is required the smaller flcw rate of working

medium/propellant.

The appearing lateral force depends alsc on the ccmpcsition of

the introduced working medium/prcpellant and the basic products of

combustion.

For decreasing the quantity cf heat, selected/taken frcs the

flow of combustion prcducts by liquid working medium/propellant, its

heat capacity, the boiling pcint and heat of vaporization must be

low.
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From the systems of the Llcwirg-in of gas of mcst effective,

frcm tae pint of view of the creation of lateral forces, simrlicity

of the diagram of engine and reducticn/descent in its mass, is the

system of the bypass of ccmbusticn Frcducts from the combusticn

c- frc.: ths tap.r.ng crticn cf the nozzle in-c its div _,

section; hcw,';,-r it is rct used de to the difficulty of selecting

the high-temFeraturc (strength) matarials, esFecially for the

regulators.

Systems with the input/intrcduction of wcrking medium/prcpellant

into the nozzle, as it was ncted above, can create the relatively low

control forces and moments/tcrgues.

However, these systems have advantages:

a) an increase in the engine thrust as a result of the

input/introduction of additicnal wcrking medium/propellant irto the

main flow of combustion Froducts;

b) large reliability;

c) short time lag.
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DisagreemPnt/mismatch of the thrust of enqines, which fcri car

of DU. If we change thr thrust cf diametrically ar:an-ed/!cca-ted

engines, which form Qat cf engtine instaliaticn, tn.n it is pcssible

to create the coutrolling/guiding fcment with respect to the center

or mass of rccket vehicle an,! "s turr in thi nit . - " -.

ccurse wi+h 'hr rigid afflxinu U , :ls -

sufficiently simple and causes cnly the lcw lcsses cf specific

impulsa of DU (caused only by te daviaticn of engine power rating

from the nominal rating).
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F. 14.14. Cham :r/camera with four nozzles for tlhe

_, ?ut/inr....ducticr. cf the ccr.trclling/guiding workirg

mejium/propellant into the bazic rczzle.

Page 266.

§ 14.5. Systems of disccrrectior ZhFD.

The system of disconnecticr ZhFD must provide:

a) the most complete producticn cf propellant ccmponents;

b) the low impulse/mcmentum/pulse of consequence;

c) the evenness of inclusicn/ccnnection;

d) the possibility of the utilization of an engine (after its

bench test);
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e) th- required order of engine cutoff in DU, which consists of

several engines:

f) the emergency engine cutcff, which ensures in a number of

cases the -cssibility cf its further uitilization;

g) repeated disccnnectior (fcr ZhRD with multiplying).

to ensure simultanecus ccmplete consumption of both propellant

compcnants is very complicated. Therefore use this order engine

cutoffs, with which completely is produced one of the components,

usually oxidizer. i.e., engine is turned off/disconnected with the

excess of fuel on the signal about the complete consumption cf

oxidizer; signal puts out sigral indicator with the decrease of

pressure at the output frcm the pumE of oxidizer or sensor cf its

remainders/residues, mounted in the tank.,

Some engines (for example, ZbEC for ZUR and scme meteorclogical

rockets) work to the ccmplete prcduction/consumption/generation of

components from the tanks and dc not need the system of

disconnection.
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ith an increase in tne i[uise/momentucm/puls-- C-: cOnS;--qu=ec=

ircrpas~s/grows the. absclut-z valiie cf Its spread, -"n ::Ea3iL -:

error in the obtained firal sjeed cf rocket vehicle, -zn

ccnseguently, an error in its hit, injection into ortit of satellite,

etc.

T i ulss/momertua/Fulse cf ccnsequenz. -i he eciDe

a) by the translaticn/convsrsicn of engine into the: finlvI

of the work before its disconnfcticn;

bi by the setting uF of cutcff valves as close as possitie to

the cavities of thep injectcr assestly of chamter/camqra and tv their-

rapid operation;

c) by drainage cf prcpallant components from the cavities,

situated after the cutoff valves, into the environment;

d) by the setting up of insert/bushing into the head of

chamber/camera.

The impuls./momentum'pulse of aftereffect in the case of sagine

cutoff through the final step/staqe is substantially less than duing

the disconnection it is direct from the nominal rating (see Fig.
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Io'). If ir enqine installaticn are included vg:nicr -hin J ',,a,

the impulse/momar.tum/puIse cf ccnzuence ccn-- larabl-i 4s !4_=C:asE,

4i first ir proporticn tc apprcxiiaticn/apProach to gin sr:e-d c.;

rocket vehicle are turned cff/d.sccrrected main engines, and upon its

achievement - helmsmen.

2age 2b7.

Cutoff valves in the feed lines of chamber/camera establish in

such a way that the vcluze cf prcpqllant compcnents frcm the val-is

to the injectors of chamter/camera %culd be as less as Dossitle. If

chamber/camera does not have the ccclant passage (for example, in

pulse ZhRD), then cutcff valves place on the head or within it.

In the chamber/camera with the ccolant passagp of cutoff the

valve can be also placed directly before the head and in the main cf

the propellant component, which takes placs through the chanrel (Fig.

14. 15).

Propellant compcnents bronze from the mains after the cutoff

valves into the environment durirg the opening of the drain valves,

established/installed on the mains indicated, which substantially

decreases the quantity of components, which enters the chamber/camera

after the coverage of cutcff valves. Insert/bushing in the head of
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chamber/camera also decreases quartity of ons of th= cempcnerts cf

the propellant, which enters the c amber/camera in the prccess of

ergine cutcff: in order tc lower the mass of chdmber/camera,

insert/bushing is prepared frcm the material with the low density.

. evernness cf -rinq cu'cff dpends cn . 'rib

ccverage of cutoff valves. Ccamand/crzw to thei: ccvera.: car bs

suFplied bcth simultanecusly and at difer=rnt mox*;,ta of time. The

off time cf engine i.e., a decrease in its thrust, is usually small

(not more than 2-3 s); it is determined by the time cf the ccverage

of cutoff valves. If the time indicated is small, then the

impulse/momentum/pulse Cf consecuence is also low; however the very

sharp coverage of cutcff valves is inadmissible, since appear the

hydraulic .'mpacts in the rains cf engine, which lead tc their

destruct ion.

main or cutoff valves after ccverage with the engine cutcff must

be hermetically sealed cn the saddle. Otherwise of ccmponent the

fuels/propellants are leaked thrcugh ths valve, which can prcduce the

explosion of chamber/camera.

The cavities of the fuel cf chamber/camera and gas generator of

oxygen of ZhRD during their disccrnection blow by the inert gas

(nitrcgen cr helium) in crder tc avoid throwing of hct combustion

. . .. . . ----
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troducts irto the fuel nczzlEs and their fusing. This scaven~ging is

especially n-scessazy for Zh~o wi4tb repeated or miultiplying; in its

abso.:nce the fuel can remain ir the cavity cf tn2 fuel of

chamber/camera and ZhGG and upon the reclcsing lead to the explosion

of chamber/camera or to the inadmissible excesses of the temperature

7.hG ; which are esusciallyv darccrciis fEr Zh- wit- theat--iri.

of generator gas (can bE 2ama~ed tts blades of tu:riin'e TNA).
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Fig. 14.15. Chamber/camera with the valve, established/installed or

Page 268.

The system of scavenging must he carried out in such a ;ay that

the quantity of fuel which is displaced by purging gas into the

chamber/camera and ZhGG after engine cutoff, would be low.

Upon the inclusicn/ccnnection ZhRD with the pump feed, besides

command/crew to the covirage cf cutcff valves on the feed line of

chamber/camera, must be given ccamand to the coverage of cutcff

valves on the feed line ZhGG. In certain cases additionally is

opened/disclosed the valve of the bypass of generator gas around

turbine.

Distinguish the follcwing types engine cutoffs:

a) normal and emergency;



DOC = 81009004 PAGE

b) manual and autozatic;

normal engine cutcff is rrcvided! for by the Fro.::32 i .

ccntrol system. The engine of the latter/last step/stage of tallslsic
-:s~~_ a r.a --

-s i s d La_ ctc: : s, vs - -e U a

rEduction/drscFnt in its s=d alsc to th' ass - .ii:i.

Emergency engine cutcff (AVE) is produced durin j the dets~ction

of any abnormalities in ths pLCCEES of its startinu/launching. In h'e

composition cf sngine 4is ccnnected the spgcial acquisition systim cf

emergency situation. Its senscr- geasurs the parameters whose

deviation frcm the ncrm cr frcm the programmed value is accepte1 fcr

the emergency situaticr: height/altitude and flight speed of rocket

vehicle the pitch angles, course and bank; the vibratory acceleration

of chamber/camera or pulsaticn in the mains of engine; th. number of

revolutions of shaft of TNA, etc.

System of AVD makes it pcssi-le to provide thE safety cf '-ngine

by its disconnection tc the exercence of destructive vibrations,

pulsations, etc. For exasple, the sensor of Vibratory accelerations,

mounted on the head of chamber/camera, can with its large vitration
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give out s,,jnal to the engine cutcf. In this case the engine iuring

thtk- .ncii test cr in the ccmpcsiticr of DU of first stage of

multistai= rocket prior tc its -ta:t is retainel au d car, he newly

used, if we remove the reason, -hich caused the increased vitration

of chamber/camera.

Th- manual shutdown Frcvi-'s it tal :=nch. test c : - i th.

operator, which conducts tsstirc, ard for th- .nqine of spacecraft -

member of his crew.

However, both normal and emerqency engine cutoft more friqusntly

it is accomplished/realized autciatically.

As the example it is possitle tc give the system AVD, in which

they are used by timer and presfure sensor in the chamter/camera; -:

in the preset time engine did nct leave to the required mcde cf

operation (in particular, pressure p. it did not achieve the

assigned magnitude) , then timer gives command/crew to the engine

cutoff.

Page 269.

Systems ef AVD must possess very high reliability; in

particular, must be excluded the pcssibility of th - disccnnection cf

the n~rmally started or normally cperating engine.
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Page 269.

Chanter T7.

STABILITY O THE MODE CF OPERATIuN AND DIRECTICN CF THE PERFECTIC".' fF

A
ENGIN1E INSTALLATICNS WITH ZMRD.A
J15.1. Stability of tho mode/cona.t4_ons of the werk of the engin .

installations s ZhRD 9.

FOOTNOTE 1*. For greater detail, sae [7]. ENDFCOTNOTE.

During any mcdes/ccnditicns ct wok ZhRD (amcng other things in

thp invariable mode/conditicns) tat prissure, the velccity and the

consumption of liquid propellant comocnents in supply lines, and also

thp analogous parameters and tae zempqrature cf ccmbustion products

in the chamber/camera and the liquid-gis generator do not remain

constants, but they cscillate rslativi to scme average/mean values.

These oscillations/vibrations, and any others, are characterized by

form, amplitude and frequency. If simultaneously there are two or
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wlial- tase thev are fctird ralativE to each zt'.r.

The form of the oscillations/vibrations cf the parameters ZhRD

can be lifferent: frcm the simplest (sinusoidal form and the forms,

C In Sj to 41) 40tt> ac -C a2~ C I- a on -3. iW4' th- p

front of buid-up/grcwth a.i :,.d sub 3auenl srcc-h l-crea

The amplikiide of cscillaticns can be frcm s .v~:a! cnes tc 1000/0

of nominal value of the rarameter.

The frequency of the parameters also can be very different: from

several hert+z to several thousand and even tens of thousands cf the_

hertz.

The oscillations of the paraAdtars of engine determinq thk

stability of the mode of its operation: the less their amplitude, the

higher the stability.

The oscillations cf the pazameters with the low amplit~ide take

the olace in all ZhRD ard Virtuall- they are not reflected in their

charactqrist4 .cs. But if the amplitudes of oscillaticns become

sufficiently large, and cscillatioas themselves acquire periodic

nature, then the ncrmal work of enyine can be dEstrcyed; in certain
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cass 2.s dpstrovad 4-1-s chamtzn ,-:a d ~ach I-ads tc tha amr:I--

o: rockit v~~e

The stability of the worrk c., angina avalual-e accordini tc - r

aMolitud-Ps of oscillaticas tae ca pressurr'-s in ths ccmbusticn

Paqe 2701.

Clsarly sxpr;,.ss,-d unstaDla eagine ?owar rating is characterized

by th-q larqe arnulitulqs cf fluctuation. of the gas pressure in the

combstion chamber and ZhGG and it leads to the fcllowi4ng

inadmissible phencmena:

1) considcrably is inczaased angina vi bratiecn and CU as a whole,

as a result of which can cccar :nae daprassurization of detachable

joints, a breakage 4-r the conduits/nianifolls and other assemblias,

the ?xplosion c4' thi chamber walls, ZhGG and so forth;

2) they increasq/grow haat fluxes into the chamber wall 1.5-2.5

times in comparison with the work in the stable operaticn, which

causes its hot spot-,

3) is destroyel chamber/catera or ZhGG; destruction by nature is
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analoqous with their Pxilcsion.

Arq most dang-rous hih-fzeIutrcy )f oscillaticns cf pr;ssurq of

gases with thp largo amplitude in L-e combustion chamber and ZhGG.

Y' 4~v;r,17re not ad:it ed suc.. !Instabl! .nai:- Dcwer ratings

which Io not lpai to te ds-rucmtLr, zit impair its characteristics

(in particular, they dcrease s~ecific impulse and reliability); for

-xamnle, during large fluctuaticns ef pressure p, the nczzle works in

the off-dasign conditions, whica causes the oscillaticns of thrust,

which adversely affect the roc~at vehicle as a whole.

The stabilization cf work ol engine installations with thermal

R D in any modjs/condit~cns (incluaing starting/launching and

disconnection) is most important, uut simultanecusly most difficult

task; the need for its scluticn in a number of cases leads to a

significant increase in period and cost/value of the finishing of

engine; especially this relates, as is avident based on the example

of the creation of American ZhRD F-I with thrust by 6.8 mN r--680 TI,

to the engines of large thrust.

General/common/total characteristic of the oscillaticns of the

parameters of engine installaticn.
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Thc osc.1aticns cf hre iaramttars of DU car be classif.ad

accordinq to thq following signs: a) by th mechanism of thl

maintenance of oscillaticns; b) ov:r the frequency tand and c) in tha

dirzt.ion of rolls of eggregata (icr example, c.ambfr/camera cr

ZhGG),

Unstable eng4.gn- pcWer rati4 cr OU as a whcl, at which aro

maintained the Deriodic cscillazicrns, caa be caused by the mutual

effect:

a) processes in the chaaber/camera or ZhGG and the supply of

prop lant compcnents;F

b) the oscillaticn cf tnae gas pressure in the chamber/camera or

ZhGG and the fuel ccmbusticn.

frequencies f can be subdivided over the ranges:

f=1-10 - very low frequency;

f=10-100 - low frequency;

f=100-500- mediur frequency;
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f=500-100nO an! mc:e - hi;i -: y.

Coarsely frequently aze eexaziLpd 1iw- re;uency cscillaticns

(NCh- oscillaticn/vibratica) and n..gn-frequency oscillaticns
Vch -

(hirh-frequency osci.llations)
4

Pac7e 27 1.

It is known that the period of cscxllaticns T and frequency f are

connected with the rplationshic/ratio

7=-.

The wavelength fluctuatica of the pressure of combustion

products is the distance to dhich is propagated the ccmpressive

disturbance during the cscillatcry period. Therefore assuminq that

the disturbance/perturbation is pzopagite1 in the combustion products

with a speed of sound of a, thn wavelmngth

a =T= - *
f

Knowing value a, it is poss.Die to determine wavelength for each

frequency.

calculations show that thd wavplsngth cf NCh-

oscillations/vibraticns exceads thb 3izes/dimensions of ccmbustion

chamber, and the oscillatory perica - :etsnticn time of combustion
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oroduc-'s in it. Thqr-fcri tha pziissur3 of ccmhiusticn prodacts chan is

lur.nq the oscillatory 3Yic P -ntirz combustior. chamb.: e

virtually simultaneously at All @ornts.

The wavelength of high-tre4uncy 3scillaticns usually is

cc-"aistion, 1-,,- 4-') th Zhl sa--zz o~i i o - r -ici -;s r do,.s not

manaqe to chanye in er.tira ccmiust;.on ;aamber vclumc: in it is

propaqated pr-ssure wave, moreoiez pressure, d0.nsitv an cther

parameters of combustior, products in taa diffo.rent Farts of the

combustion chamber ari diftera -.

Usually NCh- osc llatioas/vibrations occur not only in the

combustion chamber, but also ia tae f~ad system of components of

propellant (in the tanks, tha conauits/manifclds, which suFply

propellant components to tae Fumps, to chamber/camera and ZhGG and so

forth). High-frpquency cscillaticns ari frequently cbs-rved only in

thp combustion chamber Cr ZhGG and do aot apply to the feed system of

components of fuel/propellant.

In the direction the propagations relative to the longitudinal

axis of chamber/camera or ZhGG distinguish lcngitudinal and

transvarse vibrations; the latrer can 38 propagated cn the radius cf

chamber/camera or ZhGG (radial oscillations) or tangentially to the
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circumference of their cross saction (tangsntial oscillations).

Con liti-,ns, which call the instizDI.Lity of the mode/conditions of the

work of ongine installaticn.

The osci!!a+5.cnF cz; t-ia nra '-- Zh7D cr the sngins

ins-allation as a whclc apper, it the -= ara:

1) any initial im~ulsa/h&ciantum/pilse, which derives/concludes

thi aode of opqraticn cf ajgrejate DU (for example, chamber/camera)

from steady statq;

2) the energy source, w~icn suppl3ments vibrational energy in

proportion to its scattering;

3) a specific ratic betwean tregu3ncy and phase of primary

oscillaticns, .e., the cscillAtacns of the parameter, which are

initial impulse/mcmentum/pulse, and secondary oscillations, i.e., the

oscillations, which are the reaction of engine or DU to the

im ulse/mcmentur/pulse indicata d.

Page 272.

As initial impulse/momentum/pulse can serve one or ancther

I
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accidental factor, which changas tge pcopellant ccmponnit flcw "nto

th- ahamber/camxira or ctha: parametars. For o.xam. !, ths prsenc: cf

gas volume in the liquid propellant co.aponent dscreases the flow rate

of the latter and, ccnsfquently, also the gas pressure in it.

Fluctuations of the gas iressurG in thi combusticn chamter can be

caise.d Also by thc fact that tne pzcc3s of turninq in the liferqnt

volumes continues not equally.

The energy source for maintaiLning fluctuations of the gas

pressur% in the combusticn caaser ani ZhGG is the burning in process

of which is isolated the heat.

The necessary condition of maintaining the oscillations is

resonance, i.e., coincidence in frequeacy and phase of the

oscillations, which arp initial iapulsi/momentum/pulse, and the

oscillations, which present system response- tc it. For example,

fluctuations of the gas Eressure in th3 combustion chamber can be

maintained (but in a numker of cases aad be strengthened) , if they

coincid in the frequency and zbe phasa with the fluctuations of the

liberation of heat in the pxocess of fuel ccbustion. If there is no

this coincidence, then the oscillations, caused by initial

impulsi/muoentum/pulse, extinguish.

Instability of duct/ccrtcur "fed system - chamber/camera (ZbGG)".
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Low-friqu.ncy osckllatcns.

For the exilanaticn of the mechanism of the oscillations, causi

by thp rpaction of th - feed system of 3ropsllant components and by

th. nrocossqs, wh.7 ccclir in : ch r/c~r ' f.) , i T .s

necessary +o examine syste:3 recnse of the supply and tha ;:cc~sses

inl 4 catid to a chango cf the gas pressure in the cobustion chamber

(ZhGG). Consequantly, initial iapuise/iomentim/pulse (initial

disturbance) we will ccnsider a change of the ccmbustion chamber

pressurR or ZhGG.

Ths feed system cf propellant components answers to the

compressive disturbance cf gases in th3 combustion chamber not

instantly, but after certain priou 3f time, called the time of

delay.

In this period it is possitle to isolate:

1. Trans.4.t time of pressure wave with the speed of sound from

the injector to the end cf the mains, which supply propellant

components to the chamter/caaera (agaiast the flow), and backward

wave to the inJector. lie change in th injectcr pressure drcp SPs,
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caused by compr~pssive distar:iace in ta? Ccrnstion zrae:-bc:

cnly aftar t-hp arrival cZE ;cdz wava at th-? -- ;ctcr-. :h:=efc:

the ti~mq 1?q irlicat'd v.e will j*s...: 4.- 4- -,nds on.

1;nqth -ir.1 configuration of th-a ma.;.ns, which snrrly orocellant

cominnnts to th- chamnler/camaza, and also freti their type, srecial

?ai'4 273.

2. Time batwpen mcment/tcrqua cf 3ntrance of liquid propellant

compone,:nts into combustion chaknrex and momont/torque of their

transformation into ccmtrstion izoaucts, with literaticn of heat. This

time, is aqinal to thc time of dalay aftar which a change in tt~e

injpctor presslirq drcp wilJ. laid tc a change in the quantity of

formed Tprcducts of ccmbustion and isclAtablq heat. Sherefors lot us

lesignate the timp lag T3.p,-Q adi.cited i.t i.s encompassed the time of

the course of a whole series of the processes, which precede strictly

fu-l combustion. suich Erccesses includa:

a) injection, atovization and the mixing of liquid propellant

cc tupo ngn t

b) heating and their vaporization drops cf liquid;
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c) thq displac-men o1 vacrs cf ?rop,?llant compcnents tetween

themselves and with thF combustica prolucts.

It should be poirted out that the prccess of burning in thi

chamber/camera ZhRD is in essence uiffusicn, i.a., its velocity is

*t r-ir by th- v!,ci*t1 ct .e -rc css of -i<-- but not t-

chemical rqaction r3ts.

F)r the liquiA prcpellant ccmponents the larg,4 nart of t timl

lag T.,,4Q falls for such sicwly elapsiag prccess -s heating and

vaporization c! drops cf liquid. I: ona or both .:opellant ccmponents

are supplied into the cbamber/camera in the gaseous state, then

slowest process will b the process of mixing.

To the velocity of the enumerated above processes affect the

fol, wing param-ters: pressure Pw. tempzrature T,,, injection velocity

of liquid propellant ccmpcnsnts into tae combustion chamber (this

velocity determines thinness and nomogeneity of their atomization)

and coqfficient x; during the period c. fluctuation of pressure p,

the! to a certain degree they differ from ncuinal values. Therefore

time lag r,.Q during the oscillatory period continuously charges,

which, as it will be shown below, can b4 the independent reascn for a

VCh-instability (in the absence oi cscillaticns in the feed system of

propellant componants into tns chamber/camera).
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3. Time bitwp-n mcment/ta.rxua cf changing quantity cf prcucts

of combustion and isclatable neat and .,omaent/tcrque of greatest

cha ge in ;ressure PK, time which is necessary fcr propagaticn of

gasps from combustion zone by entizp cimbust-on chambser volume.

~ thce A-m lag indcat-i I.t Is possibl? *c isjgnnte "oi

Q-P daonds on tl-q cczuusticn cham)er volume 7'

Pag# 274.

ThL instability of chambaz operation can begin with the

coincidence of frequency and paase of the oscillaticns of pressure

P, and fluctuations of the lib3ratioa of heat Q. This conditicn can

be written in the form cf tha aquat;.n

whArs 1 - period of fluctuatioas cz thi pr.ssur, of ccmbusticn

products in the combustion caamter.

Page 274.

In this cass the maximum of the liberation of beat synchronizes

with the pressure maximum of combustion products, that maintains

(whil . in a number of cases it strengtaens) fluctuations of the gas

_____ -- .. ... :L- * 1'* r
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Pressure in the ccmbust ca caamrez, i . occurs rsonanct examin 4

above.

One should ehasize thxt in the ibsence of delays in system

resnpnse of suo17 ard frocessas ia th3 chanber/camera to a change in

:)r - su 53 Ur a CV I ',ill t'--

conditions for na.-!airinj tti cscila:ions.

Ac'nally/rallv, in any ra sn prsssire D - incrp.asps, thqr in

the absence of delays Ir.stantly aecreaases an injectcr pressure drop,

the propellant ccmponent flow through them, and also a quantity of

isolatable heat, which instantly leads to the decrqase cf pressure.

p.,the pressure indicated will be redu-.ed.

The oscillations, caused oy the r~acticn of feed system to

processis, taking place in the ccmbustion chamber, are low-frequency.

.echanism examined abova :f the miintenance of NCh-

oscillations/vibrations makes it izossiile tc base recommendations

regarding IS fir excepticn/eliaination, and also regarding the

suprassion, if they are revealed/detectad in the course of developing

the ang.n". First of all is necessary largq disagreement/mismatch cn

the basis of the phase cf the asclllations cf pressure pr and caused

by them fluctuations of the liaeration of heat in the chaiber/camera
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C-_ -.I is t-; n. r7r 't1 iS i t i's a EC as a r to0' ca n e t c a Ce r ai.n .3?r

th~e following rnaram-tsrs and :he c&-,.a:ater4iSti.cs c'- e-gi,- an2 of:-
X.

as an whole; pr~sslira Pjf; ta, ! of Procellant co cnents: An

inieator re-ssur- rcp cf cxidlizez aid furil: t~-o riducad length fcr

combustion chamber and the langth cf tine mains, which supply

Thc stability of -the wcK ctre~ach tvzne -fl4ino to a consild;-abl-

deqree de-pands on the nmcde cf its coariticn, iatqripined by the

consumption of fiuel i ard oy coefrf-ci~at X. By conducting t soecial.

tejStS it iS Dossible tc ccastruct th= Iraph, cn one axis/axle of

wh ich to plot the values of coafticien: ;,, ind on another - the value

of the ratio of the rpal expanditurr ; (or actual pressurA PO4 to

nominal expenditure mlom (or tc nca.inal pressure P- sosy)at each value of

coeffiCient -g -it is pcssijole tc selec, such prqssure px, higher than

which the mode/conliticrs of caamuier ooeraticn becomes stable.

Therefore the field cf graph will1 rovi to he dividqd into two

rsq!.ons: thea rqgion cf stabla ones and the ra-gion of unstable engine

powder ratings (Fig. 15.1). The vork of engine separately frcm the

rocket vehicle and in its ccmposition in the region of unstable

mod-es/conditions is nct allowed/assumei.

Page 275.
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An incroas- in -!redtr cz m aad Pr-ssurR P1( leads tc th

,.ncv~ase of fr-q'iency and tha rediction of thi amplitud of the

oscillaticns a,' 4--- Parametar inui.catel. on the contrary, with a

rciction/descan- ir axienditurs of ind orc-ssure ~ with the work

of enqine under the corditicns ci the reduced thrust, the amplitude

Saffects tha rzecaiF-cy cf cressuri. to thl loW

! (rA hut as noted aL-ove, frCm cc-fficient :'and qxpcenhiture m

(pr,-ssur- P,+) to a consi-deratie dalzra depen~ds th-e statility cf nqine

nover rating.

For the work on the igniting spontaneouisly propellant ccmponents

are characteristic more kigh frceyJarzi)s and smaller amplitudes of

fluctuatiocns of pressure PR, taan cz thse ccmhusttnq

!onsnontanqously. CRAn incraasa in tha injectcr pressure dIrop

produces the increase of the frequency of pressure Px. and it also

decraasis systqm response of sujpLy to fluctuations of thg prassur,

indicated.
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Oith an itncrease in th'e reducid langth of ccmbusticn ch'axtb-mr

(anP.d consequ-ntly, wit"-h an increase in its vcilimp) frequpacy and

alaDlitude of fluctuaticns of pressura 0- are decreased.

'he *ecr-as' of the leangta Of a'' -nains C:f th'r deiiv-ry Of

propgllant cornpcn,:nts tc tiie cadauFr/c-iaera usually decraases the

stability of work of_ DO.

A nuimber of mos+ -flective method3 of the supressicn of nCh-

osciljlaticns/vibraticns includas:

1) an increase in the iajector pr~ssure Irop;.

2) the decrease of time lag r"P,)- by the changes of

constructing/dssigning the headi, which ensure an improvement in th,

atomization and mixing ard the inzensificaticm of burning;

3) an increase in the time lag TQ-pM, by an increase in the

combustion chamber vclune.

Tntrachamber instability.
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Efigh- fraquqncy osdlIla'icas.

,7nller specific ccnditioas taie oscillations can appear and he

!na~ntanpd only duta to the Prc~esses, which take place in the?

cotmhusti;cn chamber. Suct oscillaticns -iave high frpluency: they ars

was ihown Ihat a charac- cr tne- LLi:ssura at thje differrent zo4xrt3 :

combust-'on ch-zr'urr he i.j-frepi.~ncy cscillations occuirs

~s~I~an~os~y, :th hase sluf-x.
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PaTe 276.

L-t us qxplain the mechanism of iatrachambqr instability. In the

contustion chamber vclufe it is j ossible to isclate a large guantity

cf volume al=bmints; tho ccnditicn tcr its stable o neraticn is the

?quality the exponditure of the mcss, ihich enters each volume

elem-int, and the Pxpenditure cf mass, which d sqrts this volume.. Vhen

the examination of time lag T, ,-Q notad, which the velocity cf all

procassas, b-g.rning frcm the injection of liquid propellant

components to their ccrtustion inclusivaly, depends cn the pressure

PK and other parameters cf combustion prcducts.

When fluctuations cf pressure are present, P. the velocity of
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the coursa of the prccessas indicat-d in the d.f fer-nt volime

alqments will be different, ird taeref)re can be created conditions,

with which the .xp-nlitura of tte mass, which qnters the given volui

elemant, and expenditure of aass, which deserts this volume, they

will be also distinguished, i.e., ara :reated conditions for the

onsat cf csc.'. t.cns of =x e il c , s_'t'i "ta". c .r

Daramestrs in the combusticn cnaaor v3lum,7.

I *hR orc.senc a_ of the r-escnancq of the cscillaticns of cressure

p, and fluctuations of the lbaadioa :f heat accidental change P,

(initial impulse/moentum/puise) can rapidly be strengthened and,

after achieving significant ax~lizudes for the short time interval

(during the fractions cf a second), cause the destruction of

chamber/camera.

The oscillations, ccnnec-ad with the pressure-wave emission in

the gas with the speed cf sound, call icoustic: they depend cn the

q-omstric dimensions ard the conftguration of ccmbustion chamber, and

also on the properties cf ccabusticn products.

Any accidental longitudLnal oscillaticn cf pressuri is

propagated along the axis/axle ci chamber/camera in both directions

and £s reflects4d from the head ana the tapering portion of the nozzle

to a certain degree, which depends on the coefficient of wave

i
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absorption. Thqrefore it is aecessdry :o examina tho process cf

aiding straight/dir-ct and raflected pr:3ssure waves.

It is known that as a rasult of ailing straight/direct and

backward waves can be fcrued tne sc-called standing waves. They are

charact:rizLd by cf +he traveiaug wav:s fact -hat their

oharacteristic points (antinada and units) for zach this

chamber/camera occupy the ccmpletely 3pacific and constant placa. Lot

us racall that antincde is calied the poirt cr surface with thq

greatest amplitude, and by uait - point or surface with the zero

amplitude, i.e., in the Eressure acdas remains constant. In the

section from the unit tc the antiacde the amplitude of oscillations

increases/grows from zerc tc saxiaum.
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Fj-4 13.2. the dis ribut f i:z s:r z2 . o i tae 1rgn th of

combustion cham ber dur-rj --h icAgltuliaal oscillat-cns of the first

moDe.

Paqe 277.

In Fig. 15.2 solid line snowed the distribution cf pressure

along the length of ccrbustion chamber at the moment of time v, and

by dotted line - at the moment oi time r4T/2, where T - period of thq

longitudinal oscillaticns of tao jas pressure in the combusticn

chamber.

If at the length cf comuustion zhimber is stacked one half-wavq

(number of units z=1), then oscillations call the first mode (or the

fundimental harmonic). At the len~th of combustion chamber can be

stacked two, three and mcre nalf-waves (number cf units z=2, 3,

etc.). In this case of csciliaiian they call the respectively second,

thiri mode (or the seccnd, third narmonic), etc.

'.6
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If wq count u.!r in nna coiL is cn cha o f ur'Ifcrm, th at

the lorgit~idinal scillaticns of ;r-ssure ths -ra:ameters of mc-ium

(ccmbusticn products) frCm one cross sicticn to another chanqe, but

in qach this cross section taey are iientical at its any point.

Lcnqitu --i al onc- _.- -

!or( conbusio , chamars, iaoreovor with ar. incrasi in t lenath of

Ih- latter -rjuarcy 4s decraased.

Longitudinal oscillations strongly affects the tapa.ring portion

of the nozzle. With thr decrease or the angle of taper of the

tapering portion ef no2zle and length of combustion chamber the

stability of its work increases/4zows. In the chamber/camera with

several nozzles (such chambers/cameras are used, in particular, in

RDTT) is reached the large staail.lty cf the operating mode, than in

thq chambor/camera with cne nozzia.

The stability of chamber operation izcreases/grows also with an

increase in thq coefficient of wave absorption of head. During the

radial and tangential cscillaticos also appear the antinodes and

units. During the radial oscilla-ions of the surface of units are

arranged/located on the circumferarces (parameters cf gas chanaq
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alcng the radius), while w3.a chm tai jential cnes - at the diametsrs

(parameters cf qas charge along tar circumference). oscillaticns cf

both forms have the greatest aspiiudi in the cross sections noar the

heal; in the measure apFrcximation/approach fcr cross section at the

nozzle nrtry their amplitude is decriased.

Ra3ial oscillaticns more t:aeuetly appear in ths large

combustion chambers (with large ralation di'[l.

Ia the process cf uork ZhRD izequently simultaneously are

pre-sent swevral modes cf longiculinal, radial and tangential

oscillations. The theory of acorstics establishes that with an

increase in the frequency of oscillations increasps/grows the

scattered enargy ard, ccnsejuently, also the energy, necessary for

maintaining the oscillations.

In connection with the conditions of chamber/camera ZhRt the

smallest energy is required fcr maintaining the first modes of

longitudinal and tangential oscillations and a somewhat high energy -

for mainta.ning the first mode oi radial oscillations. Therefore most

easily are excited t'e first cdes of longitudinal and tangential

oscillations.

For theo evaluation of tae stanility of chamber/cam-era tc the
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hiqh-frequency oscillaticns rraiuantly proves to be sufficient +he

account only of the first mode ct ionjitudinal, radial and tang~ntial

oscil laticns.

Page 278.

Th- conditions cf the raezyaac! of th hi,;h-fraquency

oscillit4tons, ca'is=d by the reictcon If fluctuations of pr.ssurp with

tho pr gcesses in *hP ccmbustioa caamber, ars determined by the

rilatic-iship/ratio, analcgous ro aquation (15.1):

'a% .Q - (I , , , ,15.2)

wh-ra T ani f - poricd and tae frequency of the first mode of

acoustic channel

VCh-oscillaticns/vibraticas are maintained (or they are

strengthened), if fluctuations cf pressure p, are found in the

resonance with the fluctuations oi the liberation of heat when the

combustion zone is arranged/located in thq region with the greatest

change of the pressure , i.e., in tue region of antinode.

'If we, for example, expand on way or another combustien zone

along the length of ccabustion chamb3r, then the liberation of heat

in a whole series of crcss sectioas, in the first place, in the cross
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section where ars located units, aot :-iy i will nct maiita-n the

longitudinal oscillatics of pzasur p,. iut cn ths contrary, it will

Ie9priss th ., lamp.

Timq 'TaP-Q has a basic efec- . on intrachamber instability, and

-6 ffet of ti T P Tr... I v- ~

Mt-chanist ainnd above of ta, rmaintonance of hiqh-frequency
oscillations makes it possibla to oasq th fcllcwing condtions for

their supression:

1) the exception/eliainaticn of the rescnance of the

osc_ .llations of pressure pK and libration cf the h.at:

2) the stretching cf the pzocess cf burning in the time ani the

spacq.

The resonance indicated is eliminated by a change in time Tj-o_

and significant dimensicts and comoustion chamber configuration.

Per.od Ta 0-Q it is pcssible to az.ect, changing the quality cf the

atom~zation of propellant components, introducing in them these or

other additives, etc.

The strotching of the proce--s of burning in th- time (i.s. a
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component flow) and in the zraze (with tlm -Qc)s foz a1

compositp/compolind ccmw~cnfart r-irts of* -,e rrz':-1lant -(-nonrnt floa.

;.s orovirAed by construction/dasign an 1 paramtr c f h-id, i.ncluding

by utilization of thcb sirl in]jEczors with the different anqies of

The head of chamber/camera±, a-i it das shcwn into 512.3, has t.h-,

dIcisivq -ffr-ct cn thi stabiiiy cz thi Process of fuel ccmbustion.

Pago 279.

HI.-f'requ,;ncy escilJlaticas iz the chamber/camera it is possible

to supDross, secting fcllodiag structural/design data and

naraietirs of the oengine:

1) type and the ccnstruction/design of irjectors: in a number of

casss it is possible tc ensare the stibility of the process cf

burning, using injectors with uaitle plate (see §12.2) or with the

fan atomization instead cf the injectors with the circular

atomization;.
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2) a number of injectors, tne orler of their

arrangent/pst-.cn on the plane of haad, and also the displace n-nt

cf the ends/faces of the in~ectcrs of one orcr!lant component

relative to fire bottom (in particular, their submerging in the

bottom)

3) an inj bctcr 7ressure dzcr; usually with its incrlease th-

amplltude of .!,ic+,iak5cns of crassurp p,: it is dacreased;

4) the relationship/ratio of injector pressure drops of oxidizer

and fuz.l, and also vplocities of Qaeir inje.cticn into the combustion

chamber; for example, fcr oxygen-hydrogen ZhRD the pressure

differential on the hvdrcgen in-ectors and injection velocity of

hV'.roqe.n it must be considera.iy more than for oxygen (injection

velocity - 10 t-lms and mcre).

The increased reliahility possess the chambers/cameras, the

supply of components intc which is produced both into the

precombustion chambers and it is direct into the combustion chamber

(chamber/camera with the two-stage combustion). The process of

burning in snch chambers/cameras proceeds most completely and it is

dpcreased the danger of thi emeryence of unstealy ccmbusticn,

including with the lowered/reduced expenditures, since the dominant

role in the fragmentation and the Luixilg perform the combustion

- - - - -- - - -
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products, which enter frcm tae drcobiscion chamb-rs.

The possi.b 4lity of the ameaezncP 3f h!gh-fr- ju';ncy osc4!!a.rions

(as ICh- osclla.tions/vibraticns) aep-nds on e.gine pcwer rating:

exo-nditirq 4 and conn-.cted with it prssurs Pm and ccaffici.nt z in

-I- -i ol of th -tar+i rJ/ia ncnin w en 6 i= -- r pr:ss,,r oz

is still low, enqine wcrks lesi stably than in th nominal rating. if

w incrasp. pr-ssur- PM y reducrlen ia arpa fy. than tho sta'lity cf

tha work of enqina is raised.

The stability of the work ot tngiae depends sutstantially cn the

type of propellant ccmpcnents; ty of taeir correct trial and error

and in certain cases by the addiricn of special additives (in a

quantity to lo/o) it is possible rc avgid high-frequency

oscil1aticns.

The stabil4.ty of burning affacts the temperat'irl of compcnents

of fuel/propellant, with which thel ara intrcducel into the

chamber/camera: with its reducticn/desccnt the burning becomes less

stable.

?n a number of cases the stability of burning in the

chamber/camera is achieved by the sptting up cf the so-called

acoustic partiti-ors/baffles cn the fir3 bcttom within the combusticn

chamber perpendicular to it (Fig. 15. 3).
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Fig. 15.3. Chamber/camPra with :na acoustic partitions/baffles in the

ar-Pa c::f '- '; - I~~:'~: -

nartitio" s/ba ffl [s.

Paqe 23.

Such partitions/baffles, demarcating th-Q cavity of combustion chamber

near the fire bottom by several various volumes, decrease the

tangential oscillations. Furtharmore, partiticns/baffles increase

rigidity and strength cf cnaaaar/c nm.ra; they can be both cooled and

uncoolad burning. If fcr the stabl. chawber ogeraticn is sufficient

the nresence of Dartiticrs/tattles only with the starting/launchi.ig

(tangential oscillations frequantly apaar precisely during this

piriod), thqn 4.t is expedient to use the burning partitions/taffles.

For damping the acoustic asc.lations it is possible to use the

acoustic damper- parforated/puacned cylinder which is astablished

within the combustion chamner, so that between the cylinder and its

wall is formed the rescnance cavity, which can be tuned for tho
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specific expected frequencie.s of dcoustic oscillaticns. Oscillations

arq lanpqd as a :,sult cf ":hi :ierrlowing of co bisticn products

through the opanings/apertaras and tha interference of tha

straiqht/direct ani reflected 4aves.

Lat us examine tha tasas of diraction, on which is conducted the

imnrovPment of 7hRD.

An increasp in the spacaic iapalsa ZhRD is achieved first of

all by the selection cf most effective fuels/propellants. Such

fu"Is/propellan~s include 02+H2, F2 H2 and other fluorine-bearing

fuel3/prcpellants, and also fuels/propellants three-component and

with thq fuel ccntalning metal (see §10.9).

Promising is the utilizaticn of a mixture cf supercooled liquid

and solid hydrogen ("sludge").

Specific impulse hRD is raised also upon transfer to the more

advanced diaqrams (diacas "gas- liquid" and etc.).

An increase in the stability of work of ZhRD is provided with

the air! of the measures, examinid in §15.1.

-IL -
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Ths dAcrease of the diaansicas of engine can be achieved/reached

by transit.ont trarsfor tc hijh3r jrqssures p,, rational layoit of

engine, by improvement cf the ccnstruction/desiqn of its aggregates,

in particular, by the utilizaticn of chambers/cameras with the inner

body an.i so for+', thp usA/appiication of the la~tr becemis rcssiblo

in conniction with the craatic.a of new structural materials,

4 herwo-insulatirq coatings and development of the effective metho.s

cf cooling tha walls.

Is very promisirg the engine of large thrust, which consists of

the large quantity (24 and mora) oi combustion chambers, located on

the rinq around the commcn nozzle with the inner body.

For reducing/descending the mass of engine they are used:

1) structural materials wita the high specific strength

(titanium, aluminum, magnesium, beryllium and their alloys, plastic

and the combined materials);

2) advanced tecbnclcgy of the production: vacuum casting,

welding by electron team, elactric spark and electrochemical

treatment, treatment by lasers, diffusion welding sc forth;
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3) the intensification of the processes, which take place in the

engine accessories, in this case is decreased net only the mass of

engine, but also its dimensions and volume.

Pa7p 2;1.

One of the trends cf dewelcpment of ZhRD is an increase in their

thrust. Utilization of ZhRD with tn large thrust in the enqin,

installation of the first booster stages significantly simplifies it,

since is decreased a necessary guantity of engines and is facilitated

the task of their simultaneous starting/launching.

In a number of cases for axpanding th. possibilities of

application of in series made ZhRD appears the need in an increase in

their thrust without any structural/design alterations or with their

smallest quantity (first of all can be required changes in

construction/design TNA and ZhGG), for which usually is increased the

propellant component flow with the appropriate increase in pressure

P.. ZhRD it is possible tc boost/force on the thrust also by the

addition of high-energy comFonant, for examFle by the addition of

flucrine into oxygen. 1he important direction of perfection ZhBD

are the safeguard of simplicity and convenienco in the operation, and
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also the safeguard of readin~ss or eigine fcr the immeiiatq

launc hi.rg/star ting.

For Prpanl.ng the regicn of the possible use/applicaticn of

engine cecisivq importarce have it.s following special

1) largq raliability;

2) the possibility cf mulrilyiing, including in the vacuum;

31 the possibility cf large caaages in expenditure of a,

prqssure O and coefficient x and, therefore, change in the thrust

over wile limits, with the retantion/preservaticn/maintaining of

sustained combustion and high value T.

4) the reserves fcr the development of ccnstruction/design, in

particular increase in the service lif3 of work;

5) efficiency of afterward diffarant (ameng other things

prolongad ones) time intervals between the inclusions/connections;

6) creation by the engine cf control forces and moments/torques;
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7) the admissibility of prcicaged storags In that chargqe/fille

of stat4.s;

8) th- adnntabili-y of engine to changes in the envircnm4ntal

paramptqrs. Fr)m th.s rcint of view ara effective

a) t4 -niins whcse chamj.r/caiara is rquipp-d with th mcbilq

s-ction c_- nczylg,; b) 4 he engines, which have nczzle with the ir.ner

body, and c) the Pngines with the nigh-altitiide nozzle, ccntrclled

and work at tha lrvPl cf sea,

Reduction of cost/value and the time of the development cf

anqines and their prcducticn is the most important problem,

%specially for the first-staga engiras of rcckets.

, ...... ... _:g - w ' "
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Page 282.

C'-aver XVi.

SOLID-PROPELLANT ROCKET ENGINES.

§ 16. 1. Device RDTT Csclid-propellant rocket angine ].

The simplest diagram and the principle of rocket thrust-chamber

firing of solid fuel are examined in § 1.2. The characteristic

feature of RDTT is the fact that its housing is simultanecusly

combustion chamber and peculiar tark for positicning/arranging the

fuel charge, in connecticn with which drops off the necessity for the

propellant feed system.

RDTT consists of housing with the nozzle, fuel charge and

aggregates of different systems (ignition, the creation of ccntrol

forces, disccnnection, etc.).

Housing most frequently has a form of cylinder, but it can be
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spherical. On the front/leadinrg bcttom of housing in the carter

usually is placed torch igriter. Eack plate is frequently pezfcrm=_.4

together with the nozzle.

Essential effect on the ccnstrcction/design of RDTT exert the

spsciaI f:turs/peculiarity cf the arrangement/posit.ion of :,i=l

charge in the housing.

Page 283.

Are distinguished the depcsit ard fastened fuel charges. Depcsit

charges are manufactured separately and they insert in the hcusing in

the form of one or several cylinder grain. The case-honded charges

usually prepare via drenching fuels/propellants in the liquid state

directly into engine blcck. After hardening this charge provides

strong/durable cohesion/ccupling with the walls cf hcusing and

possesses certain mechanical strength. The usually tcnded charges

have central channel.

Fig. 16.1 and 16,2 depict diagrams of RDTT with deposit and

case-bonded charges. Depcsite charges are fixed by the end/face of

rear bottom and by the resilient spacer in frcnt/leading bottca,

which makes possible the thermal expansion of charge both during the

storage and with the work cf FDTT, Ceposit charge can lean also on
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tr. dia.ragm with the claninus/arertur,s, adjusted cn the rczzle

a-.rry. The case-bonded charges are ccnnected %ith the walls cf

hcusing thrcugh the layer, which receives the loads, causqd by

different temperature exFansicn cf charge and housing with thq

storage and the work cf BUTT. Ftxtbermcre, the layer indicated

s -c-id!s th- walls cf hcusinq :rcm . tkarnal !II

Fcr the contraction the lerqths of RDTT us4 th4 so-cal-'eJ

courtersunk nozzle (Fig. 16.3), wh.ch, besides the fact that

focreshortened length of BrTT, cssesses the series/number of tha

advantages in front of the usual nozzle, namely:

1) are decreased mass and cost/value of engine;

2) is decreased necessary effcrt/force fcr deviating the nozzle

(for the system of the creaticn of the controlling efforts for rocket

vehicle) ;

3) are improved working corditicns of the coupling assembly of

the unit of housing with the nc2zle: in the area of the unit

indicated is formed the stagnatic zone of combusticn products, so

that heat fluxes in it are decreased.

Nozzle can be submersed into the housings to 40-80o/o, and in

=now".
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certain cases and com!eteiy. Hcuever, -ha greater thi valkiw cf th-

imarsion of th'e nczzl . (it i it Ecssible tc charactariza ratio

I i: s9e Fig. 16.3), :hf gra-at-.r degres. to which is decreased

sF-cific impuiss.

i i specially tor PL-T1 -ith lig! pressure, several n -z-=s gFi.

16 .4). However, in this case due tc the additional lcsses so-cific

i.pulse PDTT also descends.

In RDTT with the depcsit charge housing they ccnnect with the

nozzle with the aid of the flanges cr the thread (see Fig. 1E.2)

while in PDTT with the case-bcnded charge - the welding (see Fig.

16.1). Housing can be prerared tc~ether with the nozzle, for example

via the coil/winding of tape frcs the fiberglass to the mcunt/mandrel

of the required profile/airfcil.

The axes/axles of hcusing and nozzle must coincide precisely for
\

elimination of eccentricity of thrust. In certain cases according to

the designs of RDTT in the ccspcsition of the flight vehicle cf

nozzle it can be inclined at an angle to the axis/axle of housing to

450 (Fig. 16.5).
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Fig. 16.1. Fig. 16.2. Fig. 16.3. Fig. 16.4. Fig. 16.5.

Fig. 16.1. RDTT with depcsit charge: 1 - pinwheel igniter; 2-

front/leading bottom; 3 - ply; 4 -wall of housing; 5 - depcsit

charge with armcring coating; 6 -nczzle.

Fig. 16.2. RDTT with case-tonded charge: 1 - wall of housing; 2, 4-

layer of thermal insulaticn; 3 - case-bonded charge; 5-

insert/bush'ing from high-temperature (strength) material; 6 -nozzle.

Fig. 16.3. RDTT with countersunk nczzle.

Fig. 16.4. Housing of RDX! with fcur nozzles.
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Key: (1). Form.

Fig. 16.5. RDTT with nozzle, estahlished/instaill-d a,: a.-ie j to

axis/axle of housing.

Page 285.

Fcr example, this deflecticn cf nczzle for RDTT cf Ih;. rockets, hurtj

to the wings of aircraft, creates t~rust in the direction of tha lift

of wings and eliminates the effect cf combustion products cn them.

§ 16.2. Requirements for FDTT.

RDTT is chemical rccket engir e. Therefore for RDTT by analogy

with ZhRD must be provided the high values of the set of the

parameters p, specific pulse IJ% and density of fuel/propellant Qi.

However, to RDTT is imposed a number of specific requirements,

moreover the main thing amcng them is the specific

(prescribed/assigned) and stable law of rate cf combustion. The law

of rate of combustion is called a change in rate of combusticn of

fuel charge in the operating time of engine (dapending on pressure

PK and other parameters).

i
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Rate of combustion cf fuel charge is . ual to th- i

passed 'n 1 s by flame frcnt Frgendicular tc bur.ing surface. Th:

speed indicated they desigratG by letter U and tht'y express in .m/s.

Therefore the law of rate of combustion is defendence U=f ().

T,, law of rat. cf ccmbus ticr. , - .:-s tc:._h-: w 7
para-et,irs cf charge thE rass Ic' ra-. : seccas s cz - --t

products. The surface area, cver which burns fual charge, called

burnina area and they designate by letter S. At rate of comeustion U

and burning area S the vclume cf the fuel/proFellant, which Vjrned

dcwn 1 s, is equal tc prcduct US. ith the multiFiication of the

product indicated by the density cf fuel/propellant vr we obtain the

formula of the mass flou rate Fer second of ccmbusticn products

,=USQ,.

Consequently, the mass flow rate per second cf combustion

products m is determined by speed and burning area, and also by

density of fuel/propellant.

Flow rate m determines the mcde of operation of RDTT, namely

pressure in chamber/camera p, and thrust in vacuum P,.

Actually/really, on the basis of equations (4.14) and (5.10)

16.2)
/:Q o'- . . (16.3)
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If wa_ provide pr.scrited/assigred the ina cf rate of ccmbustion,

.hen parameters p, and p. at the crk of DTT i t a vacu1im are.

ccnstant. These paramet.rs at the ccrditicns inicated are called

nominal.

De'liatiors PR anfl P: frcu the rcminai values make

charact~ristics wcrse PBCI and rocket vehicle as a whole on the

following reasons.

1. Housing RDTT rely on st:reEgth on the basis of nominal

pressure of products comtusticn Pxxom. If the actual pressure of

combustion products p,.A to the ncticeable degree oxceeds value PK.HOM,

under condition P,.A>Pxi.om can cccur the destruction of housing RDTT.

Under condition PF.;<P.nom the characteristics Cf RDTT

deteriorate, since:

a) increase/grow losses to the dissociation;

b) is not used the available safety factor of housing; if

condition PK.j<P1.,u, occurs during entire operating time of RDTT,

this then means that it wculd be Fcssible to attenuate of wall and

tl, .. . "
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mass of housitg, aad this in the case in question is not done.

2. Thrust of RDTT, as any cther type of rocket engine, is

determined flight conditicns cf rccket vehicle. If in the process of

verk of RDTT its reaction force tc the noticeable decree differs from

zcM._,al valure, then thr c.:2aticr cf the reliat1e system of f2.!hk

control of rocket vehicle h.icers.

Rate of combustion cf sclid fuel in the process of wcrk cf RDTT

must to least possible degree tc differ from the prescribed/assigned

law.

Rate of combustion cf solid fucl affect in essence the. fcllcwing

factors: a) pressure p,, t) the initial temperature of charge Taaq; c)

the composition of solid fuel and d) the speed of the motion cf

products along the burning surface.

The dependence of rate cf coibustion of solid fuel on pr-ssure

Pm can be different, but most frequently this dependence they depict

in the follcwing form:

=Pr--- c, I rwcP. (16.4)

where U,7 - rate of comtusticn at the arbitrary values of the

pressure of the products cf combustion and temperature of sclid fuel;

• . ..... . - ;.' ".- . u - l , - i,.- .1, I
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P.Wa- rate of combusticn at the initial p:-ssure of ccmbustion

products (for example, with 1 bar) and at a a-um temperature of

fuel/propellant;

v- the constant index, Mhich _oSnj. C l tyr -y

sclid fuel.

Copfficient v is determined 4xprimentally. Its value is within

the limits from 0.2 to 0.8 (scmetizes to 0.85). The analysis of

equation (16.4) shows that with the decrease cf coefficient v the

dependence of rate of ccwtusticu cn pressure Ps is decreased.

Page 287.

When v>0,85 the solid fuel is very sensitive even to the lcw

deviations in technology cf the varufacture of fuel charge and

therefore it is dangerous in the inversion. In the case v>0,85 a small

change of the surface of turning leads to a sharp increase in

pressurm P., which, in turn, increases rate of combustion of

fuel/propellant.

The temperature effect cf sclid fuel on the rate of its burning
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is es:imat-d at the invariable pressure by the rildtionship/rdtic

: , ,r = U, * r. -€r- ..

NC? HeXNCB-1TT. 1

where B - temperature ccitustior rate coefficient of solid fuel. For

many fuels/propellants it is equal tc 350-450.

But as a result cf tha low thermal con . .. ... y of solii fuel

thr trmperature of fuel charg* %itb thr wcrk cf .:DTT remains the same

as it was before its inclusicn/ccnrection. The-fcre rate cf

combustion depends on the initial temperature ot fuel charge.

With a decrease in the initial temperature of fuel/propellant

the rate of its burning is decreased. In this case in acccrdance with

equation (16.1) is decreased the flcw rate of combustion prcducts ,
and consequently, pressure Px and the thrust cf RDIT. The period of

combustion of fuel charge (and, ccnsequently, the operating time of

engine) is increased, but tctal ifulse is decreased only to the low

degree (due to the decrease of thrust coefficient with decomrressicn

With an increase in the initial temperature of fuel/proFellant

rate of ccmbustion, pressure Ps and thrust of RDTT are increased, and

the period of combustion cf fuel charge is decreased; the total

impulse increases to a small degree (due to an increase in the thrust

__ _ _ _ _ _ _



.it an increase i.n ..- ssur p).

r. ordEr t.c 1mcrpase th. evffct of amnicnt temperaturp cn rate

of ccmbustion of solid fuel, fcr Fr7T is created the so-called

microclimate. Fcr example, rcckets cf RDTT can be stored and employed

;cntroi .nakez it possile tc ia te temiz.rat r- of scli.i fue

in thl rarrow range, which cr.cvi1*s th_ stability cf the engine

characteristics. Var-aticrs cf the teiemrature of ?DTT during the

arrangement/position of rcckets ir the launching silo, and also in

the starting/launching well of the sutmarine it is substantially loss

than on the open starter.

The spread of characteristics cf RDTT at different initial

temperature of fuel charge can tt decreased by change of area by

replacing of nczzle (in the small BETT) or insert/bushing in the

critical crcss section.

The rate of cosbusticn of solid fuel depends on the rate of the

motion of combustion prcducts along the burning surface; this notion

occurs, for example, for the fuel charges with the internal duct, the

rate of combustion products in FrcFcrtion to approach toward the end

of the channel of charge increasirg/growing.
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Page 268.

The dupendrnce indicated can te written in the fo:m

UW ,

vhere U - rate of combustion, designed from fcrmula (16.4);

'w- zate of comtusticn in the presence cf the oticn of

ccabustion prcducts alcnq the bcrning surface with a ra'e of 4.

Rate of coebust.orn cf solid fuel affect also cther factcrs,

including: a) technclcgy cf tke manufacture of fuel charqe (size

of the particles of the ftel/prcFsllant, the quality of their mixing.

the ccapacting pressure, qtc.);

b) the linear acceleraticn cf rCcket vehicle (due to the

emergence of stresses/voltages in the discharge and the efect of

acceleration on the particles, which are located cn tne burning

surface);

cl special additives in the fuel charge, the increasing cr

gearing down burning (see § 1E.3).

It is possible to ensure tke wide range cf rate of combustion of

the solid fuels: from 0.25 to 2!C ms/s. Pate of combusticn cf the
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most trequently used solid fueis n- from 1 to 30 mm/s.

The parameters of RDIT are mutually connected with each other: a

change in one parameter leads tc a change in ancther, and the lattfr

can, in turn, change the first Farareter, etc., this dependence can

cIusF t-e significant !rviiti,- cf -h ral mcie ,: c:.-riicn of P77-

frcm the nominal. For example, an accidental InczeasE in flcw rato cf

; calls an increase in rrcssurc P,: in this cas . it ircreases/grows

flow rat" ;, which, in turn, leads to increas4 p, ind so forth.

Another example to this dependence: an increase in the initial

temperature oi solid fuel causes ar increase in values of U and m, in

this case increases/grows pressuze N. and consequently also U, etc.

Bsasidos those indicatid abcve, to the solid fuels and the fuel

charges of RDTT are impcsed alsc the following requirements.

1. Low low pressure limit. Lcw pressure limit is called such

pressure py. lower than which the turning of sclid fuel becomes

unstable. This limit depends on the type cf sclid fuel.

2. Good combustibility and stability of burning.

3. Reproducibility of characteristics of fuel charge in series

production RCTT.
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4. ?hysiccchemical stability cf fuel charge. It is characterized

by the rrs.stance of fuel chaxg* tc thr inittien of cracks,

volatilization of the separate ccffcsita/compcund ccwponent parts of

the fuel/propellant, absctbticn cf soistura and aging in the process

c! pro gn -- -f up to scriir-3 - 7-% iE clCl !d :r-. -

ccndition.s of oscillating the =mp.ra.u:i, fcr -xamplq, from

213 0 K r-6o0 ci 4o 333 0 K +fCOC ' .

Page 289.

Solid fuel is most sensitively tc crack initiation with they are low

temperatures. The presence of cracks can cause a sharp increase in

the burning area and pressure Pi. which can lead to the decompcsition

of engine.

Solid fuel must possess the smallest hygroscopicity, i.1., it

must not absorb and hold zcisture. Ctherwise considerably become

complicated the manufacture of charges and operation of RDTT. In

order to exclude the effect cf mcisturo' on the fuel charge with

storage of engine, the cavity of tte chamber/camera, in which it is

placed, it is hermetically sealed with the aid of the silencer/plug.

It is installed usually in nozzle throat is thrown cut by the
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pressure of co3bustion rcducts during angine starting.

Aqing fuel charge during the storage is explained by the course

of tho slow spcntanacus precessos cf decomposition and is

characterized by a change in the structure, by the disturbarce of

- -.' - ; s -ing-.h char-acter -- -:
. s  of

:usl cnage; the:afcr- the rcticeatle ai.n of f'uel charge I-S

i.almWssibls for :DTT.

5. Sufficient simplicity ard safety of technology of prcduction

in fuel charge, transport and storage of RDTT. In solid fuel as much

as possible there should nct enter danercusly explosive and toxic

substances. It lust be lcb-sensitivity to the effect of friction and

impacts/shocks.

§ 16.3. Compcsition and the prcFerties of fuels/propellants Cf RDTT.

By the chemical ccmcsition the solid rocket propellants (TRT)

subdivide into the colloidal onCes and the mixture ones.

Colloidal solid rocket pro~ellants are the solid solutions of

the uniform homogeneous substances those molecules contain

ccmbustible and oxidative elptents/cells. most frequently as the

collciial solid rocket prcpellant is used the solid solution in vhich
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it is contained by 50-75c/c of ritrccellulose and 43-25o/o of

nitroglycerin. With an increase in the. contant of intro-glycErin i.

the solid rocket propellants is increased the sp-cific impulse of

RDTT, but deteriorate the mechanical properties of charge, is raised

explosivenrss and dotericrates the physicochemical stability cf

fue 1/ ropR . lant.

Charges of the colloidal solid rocket propellants providi thi

sufficiently high values cf specific impulse, possess good mechanical

properties and low low Fressure limit of 5-10 bars [--5-10 kgf/cm2 ].

Their shortcomings include:

al by fire and explosiveness during the manufacture of fuel

charge;

b) the increased values cf index v;

c) the insufficient elasticity, which eliminates the possibility

of the fastening of charge with the walls of housing.

Page 290.

Due tc the noted sbcrtccmings the charges of the colloidal

fuels/propellants are used in esserce in comparatively small ones of



DOC = 81009005 PAGE65

engine.

!'xturj. sclid rcck-t .cro ellar.ts, being mechanical mixtures of

oxidizers end fuels, call also letErcgenic (heterogeneous). The

oxidizers of mixture solid rccket propellants are the incrganic

NH*CL04: acre rarely are used ctassium perchlorate KCI.0 4 , scdium

nitrate NaN03, oF :.... c4 rctassium KNO 3 and nitratp of ammonium

NHNO3 . Tharefcre fcr creaticn cf fuel charge with required

mechanical strength ore cf the ccmbustible mixture solid rocket

propellants must possess the ccrrecting/cementing prcperties: a

comparatively small quantity cf fuel must be sufficiently in order to

conrect into the strong/durable charge a large (to 88c/o) quantity cf

crystal oxidizer and second combustible mixture solid rccket

propellant (powder-like metal). In this case the composition cf solid

rocket propellant to the greater decree approaches stoichicretric,

which increases the specific impulse of RDTT.

As the fuel-bonds ¢f mixture solid rocket propellants serve the

synthetic polymeric organic ccmpounds: polysulfide, polyurethane and

polybutadiene natural ruthers, etc. As the second fuel the solid

fuels which is intended for an increase in their energy properties,

use in essence powder-like aluminus, less frequent - beryllium and

magnesium.
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In the ccr.tempozary rixturs sckid rockat prcellants it is

usually contained by 60-76c/c cf cxidizer, 15-25o/o cf fuel-bond and

10-20c/c of aluminum.

T o a r umber of ; 9" s cf t .e .ixtirs solid rocket

.:z pellants cv.r cc Xal cnes tbey relate:

e) greater specifc ±mpulse:

b) very low low pressure linit;

c) the wider permissible range cf initial temperatures cf

charge;

d) the high density cf fuel/Frcpellant;

e) large thermal statility and more prolcnged permissible period

of storage;

f) the ease of fabricatien of fuel charge and RDTT (possibility

of drenching directly intc engive tlcck).

a!
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t, to tcccmpcsicnc ccllcidal and mixtura sclid rocket

rropE'AIats usually are intrccuced the additives, which make 'with the

pessifbr-:

a) pre-ssing charge, delay/retarding/deceleration or the

ac9~rc' ca: :E (fc': th::2 fi: e~/ro: l-Iants)

and so fo~th (technolcqicald1 a.ditives):

b) prolorged storage ct charge (stabilizers)

cl an increase to silt a decrease in the velocity of burning

(catalysts and the stabilizers of the speed of combustion), etc.

Composition and characteristics of some solid rccket prcpellants

are given in Yable 16.1.

_________________1__ILI
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Page 291.

Tatble 16.1. Characteristics of scTe soli rocket uro~ell.ants (2].

ti) THn TOnlauaK.~iI~ ,5)C~c~1

(MapKa Tormmna IJN(CLIA)l Hl (CCCP)~

CONSa Mon1nBa B ~ 1K
110 Macce J1O3a -31 4.jlu3a-)J,0 fl-11vpCf1aH 1 A 2V

IHO jj THAPT3- ChlHlITPOT0-
aar-3,25 I vn- l"

2,25 ITOp H TteXHO-1

ripcaJII(-

4,0

Q Ci~jg 1610 ~ 690 1700

U0 upm P"=~ J-m/Cle 16,.5 7,3 ,6 12, 0
=70 6ap H g

Teiaueparype
293o K

v- 0,69 0,60 U3 t1.-'

T, 0K O 2O 3600 330

QD1960-=25 1960-2205 26000

12600

200-230 200-225 265 26,5

-Y7-'. fa 3 4 >1 1 >1
M-le OK 243--33-24-2 ____

Key: (1). Type of fuel/pxcpelJlatt. (2). colloidal. (3). Mixture. (14).
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5rand of fuel/propellant. (5). Ercrllant ccmosiicr ir. o/o by mass.

(o) . "Jitzoceilulose. (7) . Polyurethane aluminum. (a) . Polybutadiene

aluminum. (9). N1itrcglycerin. (IC). CiethyiphthalatE. (11).

Dinitrotoluene. (12). Additives. (13). Stabilizer and technological

additives. (14). kg. (15) . with. (16). and to temp':rature. (17).

:-/.. ( ? . };' . ( 9) . kg~ . (2 ) . 1l -we; r-lu-s.

FOOTNJTE . 3,p - temperature of charge solid rocket Fropellant.

E NDFOCT NOTE.

Page 292.

§ 16.4. solid-propellant grain.

The construction/design cf sclid-propellant grain must Frovide:

a) filling of housing of RCTI %ith fuel;

b) exception/elimination (as far as possible) the contact of the

hot combustion products with the %a]ls of housing for facilitating

the working conditions fcz their;

c) the invariability of the cgecmetric fcrm of charge with the

Icads, which appear with the transport of RDTI, and also with its

i:i
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work whien on charge act axial (c19-120 93) and ldteral (1-7.5 g3)

fforces, iZ4t-E:SiV8 vibration in ths wila frequancy spactrum -Ad

prcssurg of hct combusticn prcducts;

d) the smallest remainders cf the unused fuel (toward the end of

T'-. -crntric form cf soiid-prcp~llant grain 4is determined by

re'quiral ~t"hge-in-thrust pattern by time and by technology cf the

manufactuze of charge.

On the basis of equations 116.1) and (16.3) the thrust cf RDTT

for this type of solid fuel under ccndition pK-coflst is directly

proportional to burning area.

Depending on character charges in the burning area during the

wcrlc of engine distinguish the fcllcwing types of charges (Fig.

16. 6) :

a) with the constant burning area (with the neutral burning);

b) with the increased burning area (with the prcgressive

burning) ;
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c) with the decreased area cf ccmoustion (with the degressive

burning):

d) with the burning area, which is changed according tc

prescribed law.

Fi.. 1o.7 depicts the graphs cf a chanje in pressure p, in rhn

operating 4ime of engire durirg the neutral, dI.gressive and

prcgressivc burning. The same charges of solid prcpeller.t can be

subdivided into tha geoaetric special features/peculiarities cf

burning surface into the fcllcwirq types:

a) charges with the endburning (see Fig. 16.6a);

b) charges with the comprehensive burning (see Fig. 16.6b) ;

c) charges with internal burning (see Fig. 16.6c).

In charges with endburning the time of ccmbustion is determined

by the length cf charge, while in charges with the internal turning -

web thickness (the wall thickness cf the cylinder of charge). The

surface of the charge cn which must not be burning, shield by the

armoring coating (inhibitcr). Charge is wrapped with tape frcm

inhibitor or glued with sheets cf inhibitor with the aid cf tho glue.
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To preferably use charges whose inhibitor does not wash by the

products of ccabusticn, in particular case-hondsd char s !hcs:? as

inhibitor serves a layer cf thrrmal i.nsulation cn the internal

surface of the wall cf hcusing.

Page 293.

Charges with 4nd burning are used in sssence for RDTT with low

thrust, the lcng ope.ratirc tire ard tha fu,!/pronpllant with the low

onergy characteristics. Shcrtcomings in such charges they are:

a) the large dry mass of housing; its walls undergo intensive

heating with thr work ef engine; ttereforg it is necessary tc

increase their thickness fcr the safeguard ct sufficient strength;

b) the displacement of the center of sass of engine with the

burning of charge.

Charges with the ccmprehensive burning are used comparatively

rarely.

The greatest advantages pcesess the case-bonded charges with the

internal burning. They burn over the surface of internal duct;

thereforp hot combusticn products dc not come into contact with the
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walls of housing. Solid fuel, as already mentioned, possesses the

v.ry low coefficient cf the:gal ccnductivity. Therefcre the

case-bonded charge prctects tle halls of housing frcm the d.ffect of

heat fluxes, which makes it pcssible to create ?rolongedly operating

RDTT without the extrral flcwu.g cccling.

'ur -hermo'e, !he fastened char-e: .- '/e the Czl!-:

nties n conparison -,ifth the inserted.

1. More effectively is used vclume of housing, since ther9 arl

no clearances between charge and wall of housing and aie not requiral

additional supports for charge (it is held directly by walls cf

housing).



r
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a)

2

Fig. 16.,. Fig. 16.7.

Fig. 16.6. Types of fuel charges: a) with constant burning area (with

endburning) ; b) with increased Lurning area (with comprehensive

burning); -) with decreased burning ar-Ra (with internal burning).

Key: (1). Armoring coating.

Fig. 16.7. Graphs of change cf fressure cf prcducts cf combustion in

combustion chamber in time fcr charges with degressive (1), neutral

(2) and progressive (3) burning.

Page 294.

2. Are increased rigidity and strength of thin-walled engine

block, since charge suppcrts housing during transport and other
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operations/processes with rccket, and during flight it is Able -o

abscrb some mechanical lcads, caused by effect/action of i -a

acceleraticns and pressure of ccrtusticn prodccts. Tharafcr. Trira

the utilizaticn cf the case-tcndEd charges the necessary wall

thickness is decreased fin the case of applying high-strength steil -

--3 mi), which dcc:rases th -ass cf RDTT.

3. Is simplified technolcgy cf manufacture of sclid-crcr=llant

grain (Pspecially large-s.ze charges).

4. Is decreased possibility of appearance of cracks, since

case-bonded charges, prepared directly with drenching into hcusing cf

RDTT, are polymerized at low temperatures and possess plastic

properties.

The example of the case-tcrded charges are the poured charges

with the internal duct in the fcru of the 7-ray star (Fig. 1E.8),

which ensure constant burning area. Their certain shortccnin-

is the fact that the end of the burning there are forred the

nieces in volune 3-5o/o of the total voluy.e of charge w!hich

either do not burn or ther burn out at the reduced pressure,

which leads to the decrease of snecific impulse of ID.

Fig. 16.8 depicts also cther charges with the internal turning:

a) with channel in the form of !-ray star and b) with four
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lcngitudinal slots; they are usually turn ed tc nn s-.de of nczzlq;

the prasenca of such slits prcvides the required law cf burning.

Between the case-hcnded charge ani th; wall of housing is plac.d

a layer of thermal insulation. Eetween a layer of thermal insulaticn

a.- a c'-a::e it can be lc_2 layer cf =.ih.sive cluster (-_c: -

synthetic resin), which fastens them between themselves.

Charge, layer of thermal insulation, layer of adhesive cluster

and wall of housing must he rEliatle connect/joined together. The

presence of laminaticns cc the tcundaries (for example, due to the

oscillation/vibration of temperature at the prolonged storage) can

lead to the emergency ef engine in the process of its work.

Difficulties presents the drenching of the case-bonded charges

withcut the fcrmation cf air cavities in them; as crack, they are not

admitted, since they lead tc an increase in the burning area, which

can cause the decompositicn of encire.
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a)t

Fig. 16.8. The types of the fuel charges: a) with the internal duct

i.-. . , . . c: 7-r%' S - . -3-

rays/beams cf slot fcrn; c) charge wit.-, tP:r.r:a. Ji:- and fcur

icr.gitudinal slcts cr. the cart cf the !,rth c- ci-a:g.c; I - 4nscrt

fror the i.rert matErial (fcam plastic).

Page 295.

For simplification in tchnolcgy of manufacture, contrcl/chsck,

transport, storage of large-size charges and reduc:icn in the

ccst/value cf the manufacture cf large/coarse RDTT a:r used s'.cticral

fuel charges.

Secticnal charge (Fig. 1b.9) ccnsists of sevsral consecutive

parts (sections) of housing with the fastened fuel charges, which

have interral duct.

RDTT they assemble from the sections on the starting or

intermediate positions cf sectictr they connect between themselves



OC 61009005 P AGE

with the aid cf the d3tachable (fcr example, flanged) or perranent

(welded) joint. Welded jcint pzcvidis the best airtightness and

smaller mass of RDTT, thar flanged, but ars produced the specific

itconvpnie.ces with the assemtl cf RDTT cn the launching site.

Tn vanta,; of s-cticnal cha-j=z ccnsists alsc :f -.hc- fact

that, anving one standard type cf sections, it is possible, us--in;

their different quantity, tc cttair th-se or cther values of thrust

and cperating time of engine (i.e. to change the total impulse of

thrust of RDTT over wide limits).

In order to decrease the difficulties, which appear during the

manufacture of large fuel charges, and to exclude stress

concentration in the sharp angles cf charges, are used segmcntal fuel

charges (Fig. 16. 10). They ccnsist cf several segments which are

divid3d frc each other cn the surfaces of ccntact with the layer, an

employee by the simultanecusly arzcring ccating and by the resilient

spacer.



DOC = I1009005 PAGE

IA

Fig. 16.9. Fig. 16.10.

Fig. 16.9. RDTT with sectional cbarge: I - flange joint; 2 -

cover/cap Cf nozzle of ccuntirthrust with explosive device; 3 -

section of charge with upFrr tcttcu, 4 - middle sections cf charge

with sections cf housing; 5 - section of charge with back plate and

nozzle.

Fig. 16.10. Segmental fuel charge: 1 - segmental grain: 2 - armoring

coating.

Page 296.

With the constant secticn of the internal duct of fuel charge

LLi
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tne rate of comLnusticn rcducts In roporticn to

apprcxinazicn/a~prcach tc a nczzle, as alr..aly was indicated,

increases, which can lead to the srcsicn cf canal surface. Fc: "

exception/elimination of the pherciencn indicated rhe channel can be

performed ty conical, with the exparsicn to the nczzle.

Fcor a ccns.-ab! rt: c tmes an mo-=) ::2:rThsc in :atn Ci

cc.niustion of solid fuel it is Cc.sibl tc use . un1ifor7,

arra rg mPnt/pcsition cf short Iat cc'.urting 4-ire3 f rcm co':r,

aluminum, silver, magnEsium cL tungsten on the volume of fuel chaz;a.

During the arrangement/pcsiticr cf the wires indica-ec perpendicular

to burning surface the rate cf ccubustion is

apprcximately/exemplarily twc times more than during thair raralal

arrangement/positio n.

Into tte fuel charge it is pcssible to build in icn;

lcngitudinal wireas and different wire constructicns, in this case is

increasid not only rate cf cczbusticn of solid fuel, but alsc the

mechanical strength of fuel charge. The utilizaticn of metals in the

solid rochet propellants complicates the resolution cf the problem of

the protection of the walls cf engine from the increased heat fluxes

and the errosive effect cf prcdccts cf ccmbustion, which contain the

condensed particles.

_____ i
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The dstermination of gecmetric diminsions and fcrm cf charge of

RDTT precedes the thermcdynamic calculaticn which in many respects is

analcgous to th. ccrresFcr4ing zalculaticn of ZhPD, but it is

nctizeably mcre complex it; this is sxplained by tne more cciplex

compcsition cf the prcducts cf ccrhustion of charge cf RDTT, which

As a result of r , c c !culati±n is d-termined t+-

specific impulse of RDTT ir. vacuur I., aftr which from

prescribed/assigned value P. it is pcssible tc find fuel consumption

per second i
lPa,

The tctal ngcessary quantity of fu-.l/proFellant rn is equal

where r - prescribed/assigned cperating time cf engine.

'lost simply is designed the turning area of end type fuel charge

(it is corstant during entire cerating time cf RETT)

and its length S--- Q-

ae2.SQ

Page 297.
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For the fuel charge %ith the irtcrnal duct _-t is necessary to

calculate its initial fcra and area cf cross section j, and also

the length of chargjr !ap, ohich determin3 primary surface of ths

burning s= fK,,'aa,.

Weh thicknrtss of cha:'_:, wich ensures tha -c:-z e/sij-

operating tiae cf engine,

Grgatest difficulty prtsents calculation of rate of comtustion IT

(see § 16.2), especially if ir the trocess of burning area S and,

therefore, values m and p changE.

With volume and mass of fuel charge are connected the following

characteristics of RDIT.

1. Solidity/loading factcr of FDTT, equal to ratio of vclume of

fuel charge V ,p to comtustion chaier volume 1',

Vaap

This coefficient deFends ca fcrm and type of charge and is equal

to:

a) 0.8-0.97 - for the charges with thq endburning;

b) 0.8 - for the depcsit charger with the internal burning:
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c~C/ - f Cr t r Z:-.~cu. c: -W jt I h.~ ir: r2 n a 1

2. Copfficient of mass cr -TT, wiich is ratio of mass cf

fuU!i/propllant to mass cf enire:

.n

eq1ual 3 Dro imat .i/ex.:n:Aariv 2.75, anil for T T with

case-bc-ded charge -0.8 - .9 5. Val Ie Km incrEases/ tows durin- thm

utilizaticr cf mater als ith -, sh .,3h s,:zif ic st r gth. W a.

increaso in mass coeffici¢nt cf FETT si.nultaneou-l y increases/4rods

relation rn/rnIa, of rocket vehicle (rocket steF/stage)and,

consequently, also its characteristic velccity.

§ 16.5. Comparative characteristic "DTT and ZhRD.

The type of engine (SnTT or ZhFD) fcr each ccncrete rocket

vehicle can te selected cn the characteristic velocity, in this case

must be taken into considaeration the special features/peculiarities

of both RDTT and ZhRD.

To a number of basic special features/peculiarities of RDTT due

tc which in a number of cases by it is given up the preference over

__ __



DOC = 31009005 PAGE

Zi D, r-! K.e -he foilcwirg.

1. Sc c-r cQl. strijction. iic'.ever, it is racessary tc nCt = tha,:

i. prcpcrti~cr to parfc-ctcn cf FCTV it gradually teccmuis conplicated.

2. 3maller ccst/value and shcrter tin= c dsvc-lcpment,

especially lar.Je/coarse RCIT. Sith incre.asr_ in the ccmpilexity and

tzansition/transfer to the mcre effective sclid fuels/propellants the

advarntaa- cf RDTT indicated over ZbED beccmes less ncticeable.

3. Large reliability, explained, first of all, by simplicity of

constructic n/design.

The engine installation, which consists of

several PDTT, to more simply create, and it tc a certain extent more

reliable than the installaticr, which consists of several ZhRD, since

each solid propellant engine in DU is independent variable.

4. High density of sclid fuel, especially in comparison with

liquid propellants in which as fuels serves liquid hydrogen. Usually

the starting mass of step/stage %ith RDTT more than with ZhRC, but

its overall dimensions is less than for the step/stage with ZhRD. The

high density of solid fuel partly ccmpensates main disadvantage of

" ° . .. - . ... . 'l i . . . . .. . .. i . . . ... -- .. .. .- '-
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RDTT in comparison with ZhRD - relatively lcw specific impulse.

5. Simpler starting/launching, especially under low-pressure

conditions and all the mcre sc ir. ,acuum (in cuter space), and sc

under conditions of weightlessness. In particular, fcr the

starting/launching of RCI under the conditiors indicated is not

required the crsaticns cf artificial accel~ratior.

6. Large simplicity and safety of operation. For the launching

of rocket PDTT is required a less complex laurcher and a smaller

guantity of service perscnnal, than for the launching of rockets with

ZhRD. On the surface and sutmerced tcats of rccket RETT to employ

more safely than rocket with ZhRC. The explosiveness (among cther

things explosiveness frcm the detcnation) of many solid fuels is

relatively low, while fcr the series/number cf liquid propellant

components it significant. The tcxicity cf solid fuels weak, and many

liquid propellant components are tcxic. Curing the operation cf

rockets RDTT in contrast to the rcckets with ZhRD dces not appear the

problems, connected with the va;Cri2ation of propellant components.

7. Relative simplicity of storage, including under conditions of

outer space. Solid fuel Larely exerts effect cn the metals, while

cryogenic liquid propellant ccmpcnents add to metals brittleness, but

the series/number of liquid propellant components causes the severe

k~1
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corrosion of inany metals.

Nevertheless the wide arlicaticn of 4DTT is significar+!v

impeded by their follcwing sFecial features/peculiarities (in

comparison with ZhRD).

1. Noticeably sma~lr specific impulss. Eowev:, in prc c¢tin-

to the development of mcre effective sclid fuels the specific impulse

of RDTT increases/grows.

2. Substantially smaller pcssibilities of changing in thrust and

repeated or multiplying cf engive.

Page 299.

This special feature/peculiarity cf BDTT is explained, in particular,

by the great difficulty cf chanScig the flow rate per second of the

combustion products of solid fuel. Furthermore, with a

reduction/descent in their ccmbusticn pressure, as has already been

indicated, becomes unstatle, Lut at lcw pressures sclid fuel can not

at all burn.

3. smaller resource/lifetime cf work. Usually it does not exceed

150 s, especially for RDTT of high thrust, that use high-energy solid



DOC = 81009005 PAGE '1

fuels, due to tle difficulties cf te ptotaction of :ozzie liners

frct ta. h-at flux-s.

4. Dependsnct of characteristics on ambient conditicns,

especially on ambient terperature, %hich determines temperature of

'... :i, c -2 : -S C" 2 f ... Ssu:r '

ccmpariscn with ZhRD (see 16.2). The :emperatur- :-ange in .hich

RDTT reliably works, is less than fcr ZhRD. In ZhRD the ambient

temperature affects ir szEerce the density of liquid propellant

components, hut this effect can be ccmparatively easily ccnsidred.

5. High cost of solid fuel (in ccmparison with usual liquid

propellants: by liquid cxygen, kercsene, etc.). For manufacturing the

fuel charges (special of large cnes) are required powerful/thick

plants. It shculd be pointed cut that the cost of solid fuels has a

tendency toward the reducticn/descert, and high-energy liquid

propellants (flucrine, hydrogen, etc.) are sufficiently expensive and

almost inaccessible.

6. Difficulty of transpcrt cf completely equipped rockets of

RDTT (especially large rc¢kets). ficever, is Fossible servicing

rockets cf RDTT with solid fuel cn the spot of start (for space and

other used for the peaceful purposes rcckets) or comparitively nct
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fa: frc.t the p aces of utilizatic cf ?DTT (on the inter -. at.

bases)

9 16.6. Special features/Feculiarities of the protection of walls

3DTT from the heat fluxes.

nc z'- li.ers arn bcttcr cf tha "o'isin 4 r- :.j .': :

Drctectd frcm the heat fluxes %ith the aid of th, arlaticn ccoling,

and in the area of tho thrcat irstall nozzle insert/bushing cf

graphit:?. Greater thermal and errcsive resistance possess the

ir.sorts/bushings, prepared frcm the high-c-3mperature (strength)

materials: molybdenum, tungsten, etc.

Effective is the following laminatgd construction/design of

nozzle liners of PDTT (Fig. 16.11). mqtallic power wall 6 is covered

with from within several layers fica different materials. The

greatest thickness has a layer of Fyrclytic graphite (pyrographite)

3, which possesses the significart anisotropy of the properties:

thermal conductivity in cre directicn is clcse to the thermal

conductivity of copper; in the perpendicular directicn the

pyrographite is virtually non-heat-conductive.

Page 300.
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This property of it makes it possible to abstract/rswcvi "heat fixes

from the area of critical crcss section to the less heat-stressze

sections of nozzle. A layer cf Fyrcgraphite is the base layfr, which

absorbs heat fluxes.

To the pyrcgraphite .ill bp brought in thin theruo.-.sa-t

*layer 1 of the tungsten which siaultaneously shields pyrcgrahiz,

from the orrosive effect cf ccmtusticn products. Between a layer cf

tungsten and the pyrographite is placed interlayer 2, which pr-vqnts

the diffusion of carbon into a layer of tungsten and

reduction/descent in its mechanical properties.

A metallic wall and a layer cf pyrographita are divided between

themselves with a layer of plastic 5 and with a layer of ceramic

insulation 4. The vaporization cf plastic and other physicochemical

processes in it absorb certain part of the heat fluxes. Ceraric

insulation decreases the heat fluxes into a layer of plastic.

§ 16.7. Special features/peculiarities of systems RDTT.

Ignition system of fuel charge. For inflaming the fuel charge it

is necessary to warn thcrcughly surface layer to a temperature at

which begin the processes of deccmpcsition, inflammation and

combustion of fuel/propellant, and tc also create in the comtustion
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chamber the 1,ressure, at which fuel charg: stable burns. :.Jiticf

system must prcvide the su.ficigrtly short an! stabiy :prod cible

ignition delay cf fuel charge (usually 5-45 ms) an(4 eliminate

overshoot of the pressure of combustion products during engine

starting.

In RDTT is used the pyrctechric, pyrojc-nic and hyergo.i

ignition of fuel charge. Ihe elemerts of ignition syvstm are

assembled in the front/leading tcttcm or the.y install in the

silencer/plug of nozzle.

Cartridge ignition is prcduced by the pinwheel igniter which

operates/wears from electric fuse with the bridge of incandescence or

with the explcding wire bridge.
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la'vEr of plastic; 6 - external r ezz!e linr.r
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In the system of pyrogenic igniticn is used ignition of TGG, which is

actually the sclid-prc¢allant rccke.t enging of _-elativr-l-y low

sizqs/limpnsions. Thc- hypergolic ignition of fuel charge is

accomplished/realized by supplying the startirg/launching liquid or

gaseous oxidizer (CIF3, BrF5, etc.), which ignites spontaneously with

the ccntact with th . grain surface.

System of a change in the thrust. Before exaining tha methods

of changing the thrust, et us rcte that even

ratention/preservat6ion/maintaining cf the invariable mode cf

operation of RDTT presents difficulties in connection with the

.... ..zs ir . .Th-y r olc i iil ...... .....cha.. ge i s...
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i:eSur 7 U r~ j.2).

The invariable nmcde cf c~ceraticn of RDTT can Le maintalnrei only,

if with the £robable deviaticrs cf Fressura p, frc' the ncminal

FLP"u: p, a lin i s ,.J -: , . ., :..- .. . h : - . z ible "c

achi v3, if v<1. Cur vp 2 (Fig. 1E. 12) chiracte:izFs the flow cf the

7ases, which are qenerated with cc¢busticn of solid rocKet tropellant

(,) , dhile curve 1 - f¢i of the gasss, which escape behind nozzle

(¢). the invariable mode of cperation of RDTI is provided under

condition ;1=1z morecver flow rate m. it is determined according to

aquation (16.1), and flow rate M, - according to equation (16.2).

. .

With Mr>Mr or mz<m, is disturbed the state of the equilibrium

between the flow cf the gases, which are generated in the combustion

chamber and which escape from it. Eor example, with an accidental

increase in pressure pn(pxA>Pv.,,o), as can be seen frCm Fig. 16.12,

will cccur relationship/ratic ; <;,, which will lead to reduction

Pi (PR.z"P.Nou.)

Analogcus ones by consideraticns it is pcssible to show that

under condition v>1 the ir.variability of the node cf operaticn of

RDTT becomPs impossible (see Fig. 1E.12).
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A charjS; in th t"IZUs4 C: F171 in. tY :i: : .

systeir of cc ntrc I c.' -CC KE'Vk vrJC I- tc A COrS 1rI t E

hindered/ha m FEred (sfe § 16. 4). T~a ref orc i~se t -e vic'tIsiV

selective (programmed) stpped cr smooth change the tthrus,!s (it is

nec ia v c -irr t , -re ,s.e i i 7 -
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Fig..~ 12 raphs m-,f'p.i 1 f flcv rate of the comnjustion or~ducts,

.iith +- coirnustion ct scli2 Lc'-c I nK.~ x .

flow rv cf: tae coLbusticn urcc'2ctn, w~i4'. ar-.:erat-I wiJ4

cc-atusticn cf sclia rocket r ~

Page 302.

Thrust can be chan~ged, sElectiJrj one :z tn-? cther ,ecmot:ic :czm

of the fuel c~ar,;e (svF § in). . c: usir.; 7om cs.tc-,/ccmpoun.i charges,

i.e., the charges whcse indiv:aual Farts (.ayc-:s) ar-E pr,?:rE.I -:rc:-

the tue1s/Frcpellants with litrferent rat of combustion. Fer ixample,

in the composite/compcund charge u.4th the internal buzrning it is

pcssible internal and skins tc Frepare Ifr-c3 the fuels/prope.llants

with different speed of turninc, w hich ;ivqs thr.ex6cess of thrust of

RDTT in the starting mcde/conditicrs five-ten times in ccm~ariscn

vith the th~rust under oporatir9 ccrditi.ors.
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S-1 -I.,r o" .1 - -. cr i n C- control c:Cr-. - ' : c ticn- Of

7:c,.trc I ff ceS - T.Z " Cr. s c s syz2 7 1 .so a n A

A'!Zo lijutid injection (2n i Etc.) into th- e'-%an ing sicticr of

nozzle.

za-S "" S; t: ~' LCa f '1i-4 C 7 C t -4 n C n -13 Z' Z- 1he.4 z i '- c

ntil butrns dcwn alcst e ntirE fuel chargz. iisccnnsction of RDTT at

he r q,,ied mcrent cf time is achieved by a sharp increase in the

a:a of thF- openings/apertures, thrcugh which occurs the cutflow of

ccibustion products, i.e., critical cross sect-Lon. Fcr this purpose

are opened/disclosed the additicnal nozzles (are jettisoned their

cover3/caps, for examDle with the aid of the tlasting cord) cr basic

nozzle is disengaged hcusing.

With a sharp increase in the area of critical cross section ars

decreased the pressure cf ccmtusticr products and heat fluxes from

them tc the burning surface, as a result of which are disturted the

conditions of the course cf the reaction of burning.

If additicnal nozzles are placed on the front/leading hct.om,

then during their opening is created counterthrust, which can be used

fcr the department/separation cf the mastered rocket step/stage from

the upper stages; engine it %ill nct produce further increase in the
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c- c rcckft, ir. si_- c- 4.", fact ht it stii cc5plet .iy 'i- ncd

- xff_ (it cont 4-' ; z_  s t' crEatE csrta in th:jst) . For this it i-

ecessa-v simultaneously .ith the dlivsry of ta, commard to the

ergire cutcff to taar its m,chanical tcnds with tie upper stage cr

the rose section.

... .. c e: to _I- c:=_ aSE - - ai--. c . nu ed fue- and .. tc

reluce the time of dr:c c.- thrust cf VDTT with tha charge, which has

crhannrl in the form cf stmr with the fact or another number of

rays/beams, are used the rcds of the inart material with the low

density (for example, fcam plastic)which place on the periphery of

the charge (see Fig. 16.8h).

§ 16.8. Stability of the icde of cperaticn RDIT.

During the adjustment of sclid-propellant rocket engine can be

revealed the instability cf tha cperating mode, which leads tc its

decomposition or to the iradmissitly large vibraticns of engine and

rocket vehicle as a whole.

Depending on whether does correspond the frequency of pressure

Ps tc the acoustic modes of the ccbustion chamber vclume or not, is

distinguished accustic and ncnaccustical instability [10).

S
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Page 303.3

.'cnacoustical instability is~ cz: :'&: v: :-e fact that It--S

frequencies are considerably Icwer than the acoustic odes. The

instability indicated is cbserved when the ratio of the free (not

C - ih fA U 'El c ar g .q) CCtIusti c:c:.-:- -I- . V -?

t...roat area &, is less that certain, critioal value-. -c sical
instability is cbserved in esserce i the ;:ll 3DTT; t is pcs.ible

to avoid it, respectively increasirg. rilatic 1,;,,:ft

Acoustic instability is ex~lain.d by the presence of the time

between moments of the effect of pressure wave on the grain surface

of solid rocket propellart and by the moment/torque of an increase in

the flow rate of combusticn prcducts (dslay).

The source of the energy, which feeds oscillaticns of the vclune

of ccmbustion products in the ccfhustion chamber, is the heat, which

is isclated in the prccess of burning of solid rocket propellant.

Acoustic instability can appear both when the external (with

respect to the process of burnirg) impulse/momentum/pulse of

disturbance/perturbation is present and in its absence (intrachamber

instability).
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SA\n exampie of acoustic i::;stahility with the cxt -nal

in.pul,/nonen.:un/p:se cf :ist::ance/perturbaticn is the

Icrgitudinal ins:'ilit , caiised by abrupt change in orpssure n This

charge ran appear, fer example, at the mcment of the passage cf tha.

separated Dart of the heat shield cr igniter through the critical

cress soctic r. . .- ,ct ef ini5 ..i r 'h! t:-= nczz:. TZ

instability irdicat-d is cbserved esznc in tXe la:ge ratics of

the lencih cf the tre ccatustic. cha~mber vclcmi to its 4iamet.-r

d..,. namely in relation !,id.>IO and for the mixture of solid

cckrt propellants, which ccntain in thi -i ccpositicn alumirum.

Any measure, directed toward the exception/eliminaticn cf the

possibility of an abrupt change in cressure Pi or or its decrease,

contributes to an increase in the stability of RDIT. The same target

it is possible tc achieve by decreasing cf prressure p. or change in

the composition of solid rccket Frcrellant, which leads to an

increase in the rate of its turnirg.

Intrachamber acoustic instability is characterized by a gradual

increase in the amplitude cf fluctuations of pressure px frcm very

low ones to the inadmissitly high values, moreover in essence are

observed purely the tangential cr longitudinal oscillations cf the

first mode. This instability is Frcduced by synchronism of

fluctuations of pressure p, with the oscillations/vibrations of the

MAN"&
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_-1ow rate cf ccmnus-icn products ar,] is d:-ained Ly the character

of Frocases in the ccmhusticr zcr . and by the time cf the ccurse of

the ccrresponding reacticr.s.

For tte excepticn/eliminaticn of acoustic instability is

.rflux, ca'ld by t-e prccess cZ

Th'? lcsses cf acoustic Prrrgy are determined by damping

(absorbing energy) properties cf the products of combustion and free

combustion chamber vclume.

Page 304.

The damping properties pcssess cnly the products of the combustion of

the solid rocket propellants ccrtaining metal, having in their

cCmposition cordensed particles.

All rigid surfaces, with which contact tha combustion products

(surface of fuel charge, the surface of front/leading and back plate)

also possess the damping Ercperties to a certain degree. The

properties of the surface of fuel charge indicated are imprcved with

an increase in its elasticity. The same purpose serves the setting up

of antirescnant rings or disks %ith the openings/apertures cf one or
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the othar form in Doth Lcttoms, arCI also the iettinj ul- of

an.ircsonant c-ous rcds in the central channel of charg.; ir th.m

cccurs thP anscrption ct accustic energy.

Taking measures indicated atcve, including changi.ng the

co~'isi~r*::~r~ c-.::::. -i, r com.s.tio- cf S01id rcc'-?Ft

rcpella-., it is poasihi. tc ra_. the stabilizy of :he o; o.

operation c f qDTT.

§ 16.9. Main trends of perfecticn cf RDTT.

Effectiveness of RDIT to the high degree depends on the type of

solid fuel. Therefore special attention is paid to the creaticn of

high-enargy sclid fuels.

Contemporary solid rocket propellants, on foreign specialists'

views, possess comparatively low rate of combustion, and their

characteristics to a strcng degree depend on ambient temperature. By

selecting the compositicD of solid rocket propellant and technology

cf its manufacture they attempt tc ctrain high-energy

fuels/propellants with a good reprcducibility of mechanical

properties, the lowered/reduced sersitivity tc the temperature and

the moisture, by resistivity tc aging, by the wide speed range of

burning and by the increased alicwed values of axial and transverse
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accelerations.

Aralcgcus with fuIs/ rcrullants cf ZhRD the pronising c~idizers

of mixturo solid rccket propellants arr tha fluorine-baring

compounds. A number of high-energy fuels includes the fuels into

Tolcule cf whicr, ir.st' aJ c 7 cc ii .

Thi decrease of the mass cf ccnstriction/dlsiin of RDT7 is

achieved by reduction cf Fresturi. p, diirirg thql utilizaticn cf the

case-bonded charges with the internal burning, by applying new

technology of the manufacture cf hcusing and nozzle (for exaarle, by

coating of metal on the fuel charge electrolytically), and also by

the use/application of materials %ith the high specific strength:

titanate and aluminum allcys and glass-fiber-reinforced plastics. To

the promising materials fcr the hcusings cf ROTT relate the

glass-fiber-reinforced plastics, reinforced by fibers on the basis of

boron, tungsten, carbon and beryllium.

For changing the thrust cf RDTT without an essential

deterioration in its characteristics it is pcssible to use the

following methods.

Page 305.



:,,- = C 81009005 PAGE

1. Change Lai :l.roat area by displacing inner body along

axis/axle of :czzi cr by suFlying wcrkirg mrdiun/crcpellart (liquid

or -as) :.no critical crcss section through annular slot cr kelt/zone

of openings/apertures. Gas for this purpose can be selected/taken

frcm tho combustion chamber. Tha utilization of the methods indicated

----'c--h- -- 4,cr-'o fr *h work cf i- r o ani by

the relatively low value cf a chiarge in the thrust -n the cas of th-

irout/inrrduct.orn cf wcrking medium/propcllart ir.to th critical

cross s action.

2. Input/introducticn of chemically active liquid (F2, CF2 ,

ClF 3r CIF 5, N20,, etc.), which igrites spontaneously with solid fuel.

Changing fluid flow rate, it is pcssitle to change the engine thrust

in the relation from 20: 1 to 50:1. Strictly sgpaxing, this crgine is

no longer solid propellart enginre, hut occupies the intermediate

position betwean RDTT and RDGT, differing from the lat-tcr in terms cf

the fact that the liquid (liquid component) dces not exert e

substantial influence on rate of combustion cf solid rocket

propellant: furthermore, the engines indicated arp distinguished by

the ratio of the flow rate of liquid component to the flow rate of

the combustion products cf fuel charge; it for RDTT with the liquid

component is equal to 0.5-0.6 and for RDGT - 2-5. In RDTT with liquid

compot.ant is simplified the problem of the cooling: using external

flowing cooling, it is pcssihle to use high-energy solid rocket

l IImh,,, - . .. • :, t -- i 
'

t )-,
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propellants and tui ch.arges ith the andourning.

3. Change in rate cf comrusticr of solid rocket propellant by

changing in its temperature cr tlcwcut of burning surface by

additional gas. The temperatures cf charge it is possible to change

i- s -!- c- 1bus -ic-rc-iuz-S

throuqh the tuoes, uni4craiv arrarncd/Iccated i:i the charge.

4. Incrsasle in burning area cf charge in any forced manner, for

example by decompositior cf armcrirg coatings charge by chemically

active liquid component.

5. Utilization of ccmpensating charges. If we in the housing of

RTT, besides the main fuel c.arge, place several additional

(compensating) charges, then at lcw pressure px, caused by a reduced

temperature of the main charge, it is possible to include the

compensating charges therqby to decrease the spread of

characteristics of RDTT with the york under different temperature

conditions.

For an increase in the operating time of RDTT during the

utilization of high-energy solid rocket propellants it is possible tc

use internal (among other things porous) cooling, moreover by coolant

can it serves liquid (awmcnia, hydrccarbon fuel, etc.) or gas (for
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exa:'Ie, t-% ccmbusticn prcdu cts cf '-c charge, of special rG3G).

Effectively porous ccoling with thi us2/applicaticn of oili

metals (Li, Na, Mg, Zn, Cu, Ag, E) cr their hydrides (LiH, etc.) as

the coolant.

?2 - 306.

Fcr the rpalizaticn of this cooling the nozzle all over longth or on

the subcritical part is supplied with two walls, moreover internal

wall is performed from the porous high-temperature (strength) metal,

fcr example tungsten. Betbeen the walls is placed the coolant. with

the work of RDTT the coolant, receiving the heat fluxes entering, is

heated, is melted and vapcrizes; the forming vapors pass through

pcrous diaphragm into the flcu cf ccmbustion products. Porous cooling

can be used and only fcr nozzle lining.

For repeated connection and disconnection of RDOT is necessary

the system of the repeated inflastation cf charge and its

extinguishing. For the repeated inflammation ef fuel charge it is

possible to use a hypergclic igriticn system, while for the repeated

damping - supply of special wcrkirg medium/prcpellant (liquid, gas or

the sublimated powder) tc the burning surface of charge. Working the

body indicated must not impede engine restart. As liquJi for the
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damping of charge can crve ',ater and aqueous soluticns c: al. ali

salts (latter .ave icwer zzeezing Ecint).

Onr cf thr dircticns in thc. developen,?t of solid-prcp.l1ant

rockst eng-.'es is an increase in the.ir thrust to the very hich values

6.o m and thrust 16 MN (--Ink2 1), th. luraticn of tests rzachini 135

S.

A reductior,/descent in the ccst cf RDTT is achieved by the

method of simplification in technclcgy of the manufacture of charges,

research of the ways of reducticn ir the cost/value cf solid fuels

and by the repeated utilizaticn of housings and nczzles of FETT.

_______
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Page 307.

Part 17.

N NC E-1ICAL ROCKFT ENGINES.

To the nonchemical rocket engines together with thermal typq

ERD, elctrostatic and electromagnetic belong as is irdicat-d in §1.6

YaRD, SRD and gas RD 1.

FOOTNOTE 1. Chapters XVII and XVIII ara written by whcle based on

matqrials of foreign sources (5, 0, 4), 50, 51, 52]. ENDFOOTNOTE.

Besides cold and hct gas engines, can be used the engines,

working medium/prepellant cf waich i3 :he supq.rheatqd water, which is

located in the chamber/camera under the large pressure and which is

converted during the mection along the nozzle into the vapor. For the

work of such enginqs just as for ccld jas RD, tbere is no necessity

to have a source of heat on bcazd the rocket vehicle. For the work

other nonchemical therval RD (iaRD, SR3 and thermal type ERD) this
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source necsssary (sif 1.a •

T5i. hat, a.lDon-.1 tc the crK.r4 .ediui/propel!int in YaRD, SRD

and thermal type ?RD, prcduces difteret processes (melting,

vaporization, sublimaticn, ionization, etc.), as a result of which

ol c.-ates thrust.

Dis4gn paramettrs and the typt of working meium/prop-ll ants in

all types RD silect frca tha conditiDn of obtaining the maximum

characteristic velocity cf rocket vehicle. Therefore it is necessary

to consider not only specific impulse RD, but also mass of DO; in

particular, .t is important so that th3 source cr the receiver of

orimarv energy of engine installation *ould possess large specific

output power, i.e., by the output kower, which falls on 1 kq. of

the 4 r mass (mass of sorrce or the rpceiver cf primary energy).

Important characteristic of DU with nonchemical thermal RD is

their efficiency Y, which is the ratio of the power of the stream of

working medium/propellant Ne to the thermal source power of energy

Sie.

or duri ng the replacement of absciuta powers by specific ones (on 1 n

or on 1 kgf thrust of RD)

. . .(" ".1 )
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With an increase in tne et.icienc! of D is decreasel t -

nec-ssary thrmal cf the sourci powor if 9nargy fcr the creation of

":.= - th samm th.-us , an-' 4o-~ .-: y s 1 ce Z i t ...

.A3 workinq rn d4.im/ron-i1ants r n.:hemical therrral RD car ,r;--

th i ,i a substancos (H2, .ldj, Nail,, -44, C-349, etc. , i iio

inert gasqs (Hq, Ar, 42 , etc.), l11 uid metals and their hydriies (in

particular, Li and LIH), the sublizatal substances (fcr example,

camphor), otc. Gas engines work ca nit.-gen, helium, cxygn, argon,

hydroqen and otha. r gasqs. In the rccae: engines arq piloted

spacecraft it is possible to use as the working medium/Fropallants

products cosuonau+s' vital activities (in particular, Ca2 ).
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~ xvii.
,u a r -rockll I f.J.nS

In th- cheiical reactioas particiaate only the electron shells

i-!~ " 1 i~i~~2~b i i re -

riiii'iV low 1'.anrtities of heat, .ii;h is isclati in th- cres .e

itf li7.-ical ro-ic icrs, and thd law valu~s cf soac"fic im.Fus'

w h. .stanti!!v hi br specitlc imiulse can bl cb-ained, if to

use f'ssicn reactions or nuclear £usioa special of the substances

(se- J1.6). For example, for fissicn riaction of uranium the heat,

due to I kg. of fissiorat1a jaErial (taking into account "mass

defect"), 3.7-10S once is more than a juantity cf heat, which is

isolated in the presence oi tha zost p~werful/thickest chemical

reaction on 1 kg. of fuel/prOpallaLt.

In heat exchange YaRD tae heat, waich is isolated as a result cf

nuclear fission, is usEd for heating of wcrkirg medium/propellant.

Behind the nozzle of such engines rlow out the pairs cf working

medium/propellant. tfissicnable material it remains in the

chamber/camera, ard its mass decreases only as a result of nuclear

decomposition. Heat can te transm.Lttel from the fissionable material

to the working medium/prcpeliant oy convection and ly

.. .. .. • 1
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radi3 ti3n/emijssion.

?xhaus4, i-4- of mixture iaRO is t h- mnixture of decay prol~irts ar.1

work-n iu/:ce7at

~r-lk~),liquil or caseous.

ill tvrv-s YaRD tc the gre~t-'st degrpe- ire f-inishai A

o;xchan~q enginls with sclid rajioi.sotopes (:alicisotope RD) and. YaRD

with). thR reactor, in which is iccomplished/realizqd th-a division of

solid nuclqar fuel/propellant.

As working redium/Erop'ailant YaRD with the reactcr divisions can

serva li;quid(, and radicisotcpa - L.quid ani sclids.

Page 309.

$17.1. Special !eatursFeculiarirt1es of requirements for the working

medium/propellant YaRD.

For obtaining t1~e large saecific impulse YaRD it is necessary tc,

A.nsuri the h3,gh Anthalcy cf vcrkia ; neium/ptcpallant. at tha nozzl*

;!ntry. Therqfor? in acccrdance w3.ci equation (4.20) at a select'il
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axiaum Dermissible temperature, ,hizh does nct call the fusion of

fissionablA mat-r.al (25C0-30UJ0 K) , aost Effectiv; is wcrkin th

bniv, which posspssis large aei capa,-ity cp (taking into acccunt t -

fffct of tho rpact_ cns cf d1sacciation) . Valu- c;. tc a certain

deqrse is determined by sclecular %ight p. Therefore, cthar

---- ----- s z.iz ''ial, i Y2J to 7jre orefer blv use "'I -

wi-h thn low va.l,'i of molecular weight, primarily hydrogen. ;t high

t_ ?nratirs , claracteristic for YaD, the =clecular hydrogen.

dissociates to the atcmic. With tnh hijh content of atomic hydroqgn

'n thp composition of workinj aedium/propellant its mclecular weight

approaches a lowest pcssible valua - to the atcmic mass of hydrogen

jlH=l,00S). Therefore specific ia3ulsa YaRD with the solid fissionable

material can reach 8000-E500 M4s/cg C--800-850 kg-s/kgj, in spitp of

the fact that the temperature of working medium/propellant in such

engings lower than temperature of combusticn products chemical RD.

The dissoc4 .ation of working edium/propc.llant not cnly decreases

its molecular weight, but also absorbs heat, what for YaRD is

positive factor (see §3.3), since in tais case is simplified tho

problem of its cocling. As for ani thermal RD, _n tHis case it is

desirable so that the process of axpanling the working

medium/propellant in tle nozzle woull be eguilibrium.

Cioling is one of tha lost coiplex problems, which appear luring
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creation cf nucl.ar erginas. Tnez.icre workirg tcy of Ya7d mus:

possess good cooling prcperties; iurthrmore, tc aici3 th

inadmiss-bla sup-rheatirg of any parts nuclar -ni- must be vr--r

thoroughly ,esigned as beat exctangec.

hydrogzn. Reat capacity c, ot jasecus adrogen at :raz:Jrs,

charactiristic for YaD, is 5-10 zzmes vior than +" h combus'ton

prcrducts of usual chamlical fuels/ rcpeliants, which in os-nrc.

determines the high specific impulse of hydrogen YaRD.

A3 working mpdium/ropeilant cf YiRD can serve also other

substances, in this case the mcst important requirements, prosented

to them, are high dqrsity and at~ity 3asily to dissociata at high

t9moratures. Such liquid suastarces iaclude hydrazoic fuels (NH3 ,

IH4 and etc.), the water, alcohois ani hydrocarbons (CH, , C3 HE,

etc.). They provids smaller speciftc inpulse YaRD, than liquid

hydrogan, but they have substantially high density and are pcssible

the cases, when their use/application proves to be more sffective.

$17.2. Radioisotope engines.

Simplest type nuclear ED at* zadi~isotcpa engines.

*0;7-4
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w_thin h chai1r/camara cz radiiisctcps vngina (Fig. 17.1) is

olacad the capsule with th6 radicisctoes., mcreover between the

chambar wall an! 'he capsule is rau-'al clearance into which enters

-4T:- z:.j -6-h--4 *n-'~ k taa . . .u is :-

aiqlh-;i.oerature (strength) setais, in particular Mal? C:

tun ri .

Bisi;c requirc.ments for tha radiisotopA.s, utilized in the
engines, they are:

a) thq greater possible quantity if heat, which is isolated on 1

kg. of tha mass of ralicisotope;

b) the sufficiently larje period of the half-life (time, during

which lecays exactly tl-e half atcxic niclei thq substances); the

half-lifeq period designate rlz;

c) the insignificant lewel of 7-ridiation (for

reducing/descqndirg th. mass of nilogical prctecticn).

In proportion tc the nuclear dezoaposition of radioisotope the

quantity of heat, isciated data Dy th3 mass of radioisotope,
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continuously is decreased. However, whan selecting cf radioisotope

wi.th the corresponding period of nalf period the specific impulse of

onaine, although it desceads, camdins dithin the p,:rmssibl- limits.

The most completely indicated aboie r-quirements satisfy the

.-ai- isotopes I- polc.-ius (P0210 )  ad :13i 2 J ) { l~r l

indicate the atomic mass of isotupe). )he kilcgram cf mass Pcz1O an!

?123 a allots 5-10 al .Ie1Jd :n kil,-jole e n -- resoectivaly.

Period of the half-life for o210 0.378 years, and

for Pu2 3 8 - 86.8 yqars.

Radioisotope is placed intc the capsule not in the pure form,

but in the cornsctien with ozh~z substances, which makes it possibl'.

to raise the temperature of its meltinj and in the reguirad digree to

lower a quantity of isclatable heat in order not to allow/assume the

fusion both th- isctctp and capsule.

By the sp-cial feature/pecuiiarity of radioisotope Rngins is

the impossibility of ccntrol dsccmuositicn/decay of radioisotope that

it limits the possibility of changing in thrust and specific impulse

of the engines indicated.

.adio4.sotope engines it is most expedient to use for the

creation of low thrusts. DU 4ith such angines pcssess smaller

..................
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specific mass, simplr by tha ¢;cstruc:ion/lesign cen bp i-v2!cpel in

the shorter tjin thin DU wita the e czrical rccket engines, 't t'o7

are inferior to the latter ia the val u cf specific ipuise.

Ail&_
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Fig. 17.1. Chamber/camera radioisotope Of RD: 1 - shell of tha

caps u : 2 - -',9'sc tc_ je: 3 - caa.: mall, -,- .. .i:in .

Page 311.

§17.3. Processes in the fissioa-tipe n iclear reactor.

In the rocket engire with the fission-type nuclear reactor must

flow/occur/last thi controlled cnain raacticn of nuclear

dqcomposition. more easily are split tie atcwic nuclei cf

elements/cells with the large atcmic miss, since with an increase in

the Itom4c nuclear mass they beccEs less stable. To a number cf

natural elements with the graatest atozic mass relate uranium and

thorium.

As fissionable materials fcz YaRD can serve U23 s , pU23 and U233

the, period of half-life of which is eqial to 8.8 10'; 2.6,10' and

1.6*105 years respectively. sost widelf as the fissionable material

they use UZ3S.
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In natural uranium it is ccutainel by 99.82o/o of isotore U2 3 8

and 0.712o/o of isokc a U23 5 . Pu 2 3 9 is formed from the atx:iral

!.sotopA q2:3 by thi effact cn it O neitrons, and isotope U23 3 - thus

from natural thoriuM 232 (Th2 3 2 ) C.28].

Nuclei 'f2 3 5 spli* via taeir neutr)n borbariuent. Thq

inc.enr/impingemen, cf neuaror into the nucleus causes its

art. fizia! excitat.cn, in this case th? energy cf nucleus is

incr;as .d so, that it becomes unstable and decays with the formaticn

F Lotof new neutrons, nuclei with tne suallar mass and the liberation of a

large quantity of heat. If after the n iclear fission, caused by

neutron capture, at least one of the nawly neutrons being prcduced

causes the decompositicn cf new nucl.us, then nuclear reaction will

ma~ntain itself; therefore this raaction is called chain.

Chain roaction in nuclear reactor YaRD must be ccntrolled: the

power of nuclear reactor, determined by a number of nuclear fissions

per unit time, must yield to control according to predetermined

program. The uncontrcllatle chain reiction, which is accompanied by a

sharp increase of a number of nuclear fissicns per unit time, loads

to exolosicn of reactor.



Depending on the energy l3iva of nautrcns, the gen.rar-rcos

Auring thp nucliar fission, suudivida into the rapid ones, tle

int-rnd(iate oi .s an. the slow cnes (taermal) . Slow neutrons possess

the smallest energy, ccupared witn t-ie .inetic enerqy of the

mo!p:ul~s of gas. Such neutrons providi the nuclear fission cf

Since iurlnq thi r uc.lar Zzsszon )f icctcp- Uss ar . isolated

fast neutrons, and for maintaiainj thi chain reacticn are required

slow neutrons, is n~cessiary tha dalay/-etardinq/d.celeration cf fast

neutrons. For this purpose on cheir day place the special rttarderr,

as which can sqrve the substances, which little abscrb neutrcns. The

possi.bility of a a'crease in tre velocity of r.eutrons makes it

possible to control/guide chain raaction. The additional advantage of

tha utilization of a retarder is in increase in the surface, through

which the heat .s transmitted frca the fissionable material tc ths

working medium/prcPollant. Paja 312.

As retarder can serve substances %rid elemets/cells with a low

atomic mass of: graphite, heavy water, beryllium, oxide of beryllium,

etc. The less the atomic mass of ale~st/cell, the sore rapidly slow

down thq neutrons iuring the aot-ion in its medium.

The quantity of fissionaDie satarial, necessary for heating of
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working medium/propellant to taa aicassary temperature, is very

small. The quantity cf fissionacia matarial, 4hch rust Da plac3I in

the reactor, is srllct.d frcm othar coisid-ra'icn, 4n assencp frcm

tho corditicn of obtaining taa critical mass, and alsc frcm the

condition of sufficient surfaca area, through which the heat is

med 3.u m/pr cppllant.

Critical mass 4s called tae lIast quantitv of fissionable

material, in which is pcssible tae maintenance of chain reacticn. For

the pure/clean isotope U23 $ the critical mass ccmposes sphere by

radius into several ten zillimezers and mass cf 20-30 kg. During the

utilization of a rstarder the critical mass increases/grows to

hundreds of kilograms.

Due to the 1mitaticns, ccnnacted with the cri.tical mass, it

cannot be created YaRD cf lcw thrust with the reactor, in contrast to

they are radioisotope ergines.

J17.4. Dqv..ce and th. specific paramet-rs of solid-phase reactors.

Fission-type nuclear reactors ace distinguished by the type of

active reg!cn/eore. Active regicn/ceri is called the part of nuclear

reactor in which 1s located tha fissionable matorial. Active
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region/core can be solid-pzldse, ii.,ui phase and gas-phase. This

div~sioi is conver-ticnal, araU~a , x:nv1yt is USSI.

Let as exvine ah device c-, nucle)ar r9r4 eacter with the

sol-phase acti-vq regicn/core ca the thermal neutrons. This reactor

is oac-?l within the Pn ,FJ ; si. 17.2 ItS acic

rteg4_or/corq .s sev-ral rcds of -.a :r'azder (fcr oxampla, grar- A.t)

L, d~iah even~ly distrihttd :l'a rssiorabl- "nitqrial.
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F5.q. 17.2. Chambpr/camera YaRD wjn thi solid-phaso reactcr: 1 -

cOntro r=' _4_ t . ive: 2 Z'; : t -_. 9.! c - .

fuel alempnts: 5 - coolant passaj of -aamber/cam.ra.

?aq 313.

For achievement of the hijh temperature in the reactor core it

is nec.ssary to use fissicnabla matprials with possibly the higher

melting point: the lioxide cf ulanium UO z (T,=3075K), uranium-tunast-n

and uranium-zirccnium alloys, the sclil scluticn of carbide of

uranium and carbide cf niooium UC-NbC (T,..=35OOcK) and etc. During the

utilization of thp latter the temparatire of active region/ccr* it is

possible to raise to 3025-30750K and to heat working body to 27750K.

Around the r;actcr core is placai the reflector, which is the

shield, which returns the neutrcns, which left the active

rqgion/cors, conversely. Consequently, reflector contributes to the

r.tantion/preservation/maintaiaing neutrors and decreasing the

critical mass of fissicrable matarial. Fcr the rpflector are used the
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same nat rials, as fcr the retaruaz.

Thi hpat, 1.itrated by rods (Zuel flements), is transmi--tt1 tc

the working meliunm/propellant, which takes plac- in the space between

the rois.

Mul1ea - ripct-: must -a -iu~jlnj b' t-e cortro! system cf the

rata chiin f.ssion rcaction of rucloi, in which theY ars inclurudd:

a) thR sensors, which maasura th3 neutron flux density in the

reactor;

bi the control rods which actively absorb neutrons;

c) the electromechanical davices, which ensure a change cf the

submersion dopth of tho rods iadica'ei into the active rggion/corq.

Density of netutrcn flux ia taa active rigion/ccre determines a

number of nuclar fissicns per unit time and, consequently, also the

power of reactor.

The controlling/guiding and emergency rods are prepared from the

substances which to a ccnsidararla degree ahscrt nsutrons. A number

of such substances includes cadmiua, boron ani carbide of borcn B.C.
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If neutron donsity in tae ac. .va regicn/core )n any zeason

becins to bq incroased, then c. cie signal of th7 s;nsor, moun-d in

the active region/coro, is givez ccmmand for ths greater immersion of

control rods into th- active r.4hca/core.

In th'is cas3 the riutrcas azo aoso-ted asc to the qreater

1er~e, which leads tc a redact cn/descant in the -c,4r of ractor tin

to the prescribed/assigned level.

Emergency rods are used ia tae system of the emergency

disconnqction of the reactor: in tne case of spcntanecus sharp growth

of the powpr of roactor emergeacy rods sharply are intrcduced into

the active ragion/core, Eroviding zapid attenuation of chain

reaction.

The outer covering cf nuclear raactor is protective shield,

which protects other parts of the engine and service personnel or

crew from thm nuclear radiation: I-rays and fast neutrons. The

absorption of 7-rays occurs oniy auring the collision with the

electrons. Therefore tte shields, which shield from the 7-rays, it is

qxpediant to prepare frcm the alements/cells with the large atomic

mass (tungston, bismuth, the connections cf lead, etc.), the nucl3i

.. ...
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of which contain a larce -uaaz..:i f electrcns.

Paqe 314.

Neutrons best anythinj ara seize! by matearials with thi low

oron.clion from -h. fas: nEutrc.7 bbstanc.s hith :- ar , i -e nsi y

of the 1.tcms of h7r g'n in In- MO!',l! : 'HF , H"! ar i'uiT'

hyiroq:!n. It hizh tira-ires 2s ruest eff-ctive hvyride of lithiu.

Li H.

Thus, for thp protection frcm th. 7-rays ard the fast neutrons

i is nicqssary tc make shields trom a thick lay-r of elqmint/cell

with the larqe atomic masEs aad a layar cf material with the lcw

atomic mass.

During the utilization of graphite as the retarder basic problem

is the destructive effect of tan i.ow of hydrcgen cn graphite, which

leads to corrosion and carry-off oz its surface layers. In order to

avaoA this, to the surface cf grapnitq will he brcuqht in the

protective coating (for examla, a layer of carbide of niobium).

Sol2d-phasp call nct only raactors whose fissicnable material is

found in th. solid state, but ilsc reactors with the fuel elements,
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under solid shell of which is Idced fissionable material in the

licuid state.

Diaaram YaD with tha solid-pras - reactor is examined into j1.2.

In a,,Iditicn to Fig. 1. 3 it is aecessa y to indicate that the

t-- --- t re o. th _ki- m i ,;, 3zri~r , --= -ct d/ _kefl behin'

-he nozzle for the Irive c- tum; , :ust descend by means of

disolazoment with thr ccld wcr.in3 -eilium/proFllant. The ocwr of

turbine changas with chcke/thr.,ttle with electric ,rive, aljl:st-i cn

the feed line of turbinE by workin iedium/Fropellant.

Let us determine the values or the specific powers YaRD based on

thi qxamplq of ' ngine with tne sol;.c-phase reactor, mcreover let us

accoot lyx =8000 l-s/kg [--dO0 cges/kg I and p.=900 kn [--90 T].

In accordance with e4uaticns (1.22) and (1.29) the specific

powpr of exhaust jet of enjine in the vacuum
n (()2.)

e.7A.U 2 m [ -'0 K M/I (r].

Key: (1) . kW/N. (2). kW/kg.

If we taki as for the work in the vacuum thermal efficiency 1t,.

equal to 0.8 and to disregard/neglect all other losses, then taking

into account equation (17.1) tne secific and absolute heat cutput of

n'icl ar reactor and ongine as a wnolp are equal to
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~~~flyAU 5K6m/FI [ 5O n-6MK1

Key: (1) .kW/N. (2) .kWikq. (3) Md

lirnn- 4h- v-llum of activ-i reglzcn/cor-A and th-a mass of rctmr.

lor t'43i plirpo ari used the tCllowing sp-cifi-c param~tars.

Pa ac 3 15.

1. Spocific volumetric aeat output of reactor Nva,, i.eP. heat

outnut, which falls per unit volume of reactcr Cor? Va .3:

Tsrtatively it is POSSiDla to accept Nva3.,=zO.j0G kW/,. As is

avidant, on I m3 of the volumae ci reactor core falls very larqe

Dove-r.

2. specific (on 1 a3 of active r-agion/cori) mass of reactor

aa.s

where mqiP -mass of reactor.
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In the approxima41 com itionE of the mass c; tractors YaY.

with the thrust in sevczal hindzad Kilonewtcns rs v=ral t. -

forcss it is possi.bl- tc acc-i: mraa em!M3

617.5. Special featurqs/peculiarizips yard with the liquid phase and

~~-!h3SOre:actor.

If we use a fissicrable 3aterial not in the solid, hit ir the

liq Ad or qasaous state, thea it is possible to incrpas

substantially the temperatura o active region/core and working

mqdium/prcpellant and tc attain a significant increase in the

specific jet firing (for YaSO with the gaseous reactor - to 2-5*10A

Nos/kg f--2000-5000 kgos/kg]).

In many types of liquid paase and gaseous reactors in contrast

to the solid-ohase cres borking tne body is mixed with the

fissionable matcri.al. Heat from the fissionable material to the

working medium/propellant is transmitted in the liquid phase reactors

by the convection path and radiation/emission, and in the gas-phase

reactors - in 4ssence by radiazion/emission. The

departments/soparations (separatioa) of working medium/propellant

indicated from the fissicnable aterial, moreovpr precisely the

problem of the retention of fissionabl4 ma terial in the liquid phase

onqs, and especially in the gas-phase 3nes, the reactcrs presents
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gr:-atest diffic ul'y. The taraw-out of fissi cnzic ana- rial tcgc.t-h

w-.th th working msdium/propalla..t iainissihi, since_ in th's cast:

a) dpscanris th . pcwer of zzactor ind the ergqni thrust:

more accurate the cost/vaiue o- Its teptirg)

c) exhaust jet, which contains fi3sicnable nmatorial, it cais-s

radioactive contaminaticn of th3 surrcindirg space.

The stability of the course ot chiin reaction in the liquid

phase and gas-phase reactors is providad with the aid of the thick

layer of a reflector-retarler, placed on the poriphpry of reactor.

Page 316.

One of the possible diagrams of YiRD with the liquid phase

reactor is depicted in Fig. 17.3. The liquid fissionable material is

held by centrifugal forces ia the dalls of cylinder from the porous

matprial. Thq cylindor indicatad with the work of engine is rotated

with the aid of the special system. Working body passes through the

pores of cylinder, coo]ing it, and then through a layer of the liquid

fissionable material it is heated to the high temperature.
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ThR liquid fissicnable mal-arial cir. be used in th puri. fcrm cr

in th! form of mixture with tha suDstance, which possessas very hiah

meltin- pcint. ?or exazFls, as the liquid fissionable material can

serva carbide of aranium UCC in mciten form (Ta., =2575"K), and also the

7ixt'iri o! carbile cf uzani,., iitn cac-bil~c '-73- - irOi

carb.d: this mixtur- can D used ir th r:aclz: at a tF:praturq

about 4675oK.

Anumber of viry icza¢sinj YaRD includes the engines with the

gas-phase reactor.

Are most investigated theoretically and experimentally two tyces

of the gas-phass reactcrs:

a) with the rotaticn of fissionable material (in particular,

with the utilization of tha rotating magnetic field) and the radial

motion of working medium/prcpellanz from the periphery to the center;

this type of reactor in many resFects is similar to liquid phase

reactor examinid above:

b) coaxial type reactor (Fig. 17.4).

I
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Pig. 17.3. Chamber/camera of YaRD with the liquid phase reactor:1-

c~ : ~:-cl w,.6.1 A-, 'Irive; 2 -:t' cylin'I, r w ith , o'

d14aph raqgn; 3 -liquid fissiciaa~e niatrria1: 4 -reflactcr: 5-

ChInb~r Wall-, 6 - rCt-Cti_7a saieid.

FirT. 17.4. !niagram of ci.amber/camera of YaRD with~ coaxial type

gas-phase reactor: 1- ccuduit/mai~fold of delivery of iiquid

fissionabla matarial frci saparatcr;, 2 -conduit/manifold of delivery

of working medium/prepellat frcw tank; 3 - retarder-reflector: 4 -

air intake from porous zaterial; 5 - conduit/manifold of

branch/rcmova1 of mixture of fissicrabla material and working

medium/propellant into separator; o - nozzlq: 7 - cenduit/manifold of

delivery of vcrking mpdium/propiiant from tank.

Pags 317.
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In coaxial type reactor fissionaril material (for exa:n-7,e Pli2:;

or U235) it is suoplied in tne liquid stat--. irectly in -- actcr

as a risult of 1.q ccnrse Of nucledr reacticns :issionatle material

is 1 qated to the high tezmerature, it changes into the gaseous stat.

and it moves along the axis/axie of reactor, being mixed cnly to the

low i 'ar: with tl-.- wctkinrg asiium/pr rop 311ant =S' ' Cc;'( -11..'l

with the flow of fissicrabie material (outside it). The stram of

fissionable material rqccvers :) the air intake,

establishid/irstalle.d at th3 nozzle sntry.

In the air intake the fissionable material is cooled and is

condensed with its mixing with the cold working medium/propellant,

which enters from the tank, it heaas for the separator, and from it

again into the reactor, etc.

In connection with the high tbmperatures of working

mp-dium/prcpellant in YaRD with the liquid phase and gas-phase reactor

it 5.s nqcqssary te use the porous cooling of the walls of reactor.

J17.6. Difficulties of designing YaRD.

In spite of the fact that works on creation YaRD are conductad

i.ntensively, the engines, suitable for utilization cn the rockets or

KA, it .s not ygt lsvelcped. For example, the flight t.sts YaRD with
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the 3olidI-phase reactor and ja thrust 3' kn r -3 are epecte? in

thi 1nSA nct prqviously sulfurdi the 70's.

Significant difficulties iurirg t~a rreaticn YaRD produces the

need for protection frcm the y-rays and the fast neutron flux, which

ann-irz iron lcyv of the nuclei c: fissionable material. The lar-e

mass of this orotncticn fo fa3L, utilizad in tho ccket vhicle, 4=

not admittid; at the same time tc its effectiveress, escecially fcr

tha anq.nqs of thA manred spacacraft, aZ3 presented quite hiqh

require ments.

Operation of YaRD is sign.Lficantly mors ccmplex than the

oueration of other types of rocket Pngines. The presence of the

service pqrsonnel about YaRD is adwissible only before his first

testing, after which all operazicns/processes, including taking apart

from the stand and transort fzcm the stand, must be performed

remotely/distance.

In order to exclude the contamination of the atmosphere and

larg% earth sections by radioactive deciy products with the

emergencies of rockets with YaD, especially at the mcment of start,

such engines can be used only in the upper bocster stages, and also

in KA and spacecraft.
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During ths 1ivelcrnient of YaR it is necrssary to solve numbsr

of complex problems which inclade: provision cf heat transfer in

nuc!iar riactor ani rsliabli coclinq of its e.imcnts/cells, the

selection of materials cf active regioa/core, th.

exceation/plimination of iaaduissioly high thermal stresses, etc.

Construiction/desian oz YarD to i . ~oni:eraL! = degree becc.Ies

complicated by the presence of the auto.iatic systems of control of

the moli/condii.ons cf the work ci raaztor and angine as a whclq,

moreover the serips cf elements cz the systems indicated, placed

within the reactor, they work anrez conditions for acute irradiation.
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Page 213.

Chapter XVII1.

ELECTRICAL ROCKET ENGINES.

The ilictr~ca! rccket ancrzs incluJ.e by thermal typi EED, tS

elactrostatic inl epctzicmagnatic engias (see R1.2, 1.6, 3.3). Th

listinctive special feature/peculiarity of engine installations with

ERD is th-iir larga specific mass au to thP prosence cf the scurce cf

electrical energy. Therefore the tzrusr-weight ratic I cf rocket

vehicle with ERD (10-1-lC "4 ) is substantially less than vehicle with

ZhRD or YaRD with the reactor of division (1-10).

?OOT!OTF 1. Thp thrust-weight ratio of rocket vehicle call the ratio

cf t.rust !.ts engine installat cns to :he weigh+ of vehicle at the

level of sqa. ENDFOOTNCIE.

This gives rise to the low accelerations of vehicle which can ensure

with ERD (usually no+ mc¢e than 1U"2-10 -S g3 ), and worthwhileness of

their use/application cnly for the upper stages cf space vehicles,

and also for KA.

\> . ."
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7": can providq an cptimaI (-r. icczdanc' - th ' r-;ir;-

of _1!iht) changp in tle thrust, ti. sF cific ..--is and cperatr -

tima ov,.r wida limits bith small CLr)_r. "rhrrmal tve E-4 most

Sxpp-Int to use in the stabilzaz;.cn 3yst-!ms and orientaticn of

satellites and KA. Electmostatic and electrcmagretic ID can he

icpli - as t e sustainer enjin s cz? A, in ':ei for t'--

loni-l istanc-l f!14ghts (tc eiars, 4jujitez, -Sat-: alnI oth.= - z_-t-

For electrostatic and electrcmaqnitic PD arc characteristic the

following spec.al fea.ures/peculiarities.

1. Very high specific impulse (3e Table 1.1) unattainahle for

RD, in which working body is acceleratad by transformati ., of heat

into kinetic energy, mcreover it is reichad at lcw (usually not mora

than 50-1CO mm Hg) pressure of werking medium/prcpellint anI at its

rplativ3ly low temperature.

2. High specific primary pcwer (t3 500 kW/N [--5000 k4/kg]) (see

pg. 25) .

3. Low thrust (0.1-500 MN [--0.01-50 gj) with the possibility of

continuous (over the lcng term of up to several years) operation.

4. Impossibility cf applying external flcwing cooling due to low

...... ........... .. ... ., -". -2 I
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of qxt.ndit'.zr of working :gdi/. .slan,.., are col ='. b7

radiation into ,,t .raca. rhrtfcr, in srite cf low heat fluxes

from thA plasna tc th, .alis alzcitizal ftI, their cccling presents

great difficulties.

?ava 21 q.

3y this -.s nroducad thl. neiad for u z/applicaticn ir sui-:h Anhs of

the exro.nsive f.ever and erosicn-rasistant materials.

In connection with the low expenditure of working

msVium/proppllant in the engin3 installations with ERD it 3s possible

to use not only the usual pressure fe-i systems, but also feed system

with the utilizaticn of forces cf surfize tension. For example,

liquid cesium frcm the tank in EtO can enter undar the effect/acticn

of capillary forces cn the EoroLs nickel rod.

J19.1. Thermal type ERD.

A number of type electrical beat 3angines includes the resistor

and irc-jet engines (see §1.o), ana also engines with the exploding

thin wires (s(e pg. 44).

For obtaining the high-teajerdture working medium/propellant

" - .. ... ...." .... .illll l ll lllll~ I m i~i i~l I -I III ,,,,,,, ...
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rens*itor of ~Dtis necessazi to n-at thn- surfaci of rosistcr tc,

possibly the hi',her tqlperatirs. The~efore resistcrs are Made from

the hiqh-tenicerature (strength) mterials, in r-articular fr- h

*ungstcn ani the rhenium, wh.icn cdi. wozk at a termperaturi 2000 and

24~000K (e$QS42c+tJeIj.

Th basic arm?::=.sisto : DuSUalIV 1r lcat-z 4 -,

following range: P,= 3 -0 n C-1) kf1 ,. 500 -8500 N 9s /k q

r--150-890 'kqes/kgl; t~e efficiency of aenginp - to 55c/c; suecific

haa~outut *en.~ 35 50 ki/4! L--3-50 krA/kg 1.

Rqsi4stor engines have sufficiently simple construction/design

and DossrSS lthce significant service lifa cf wcrk.

Eli.ctric arc RD create thrusz as i result of the outflow of

hiq.-taiierature plasma. The tameiature of plasma in immediate

proximity of the arc can reacn 4eIU'K, bit mean temperature of intire

mass of olasma does rot usually excid, 5000 0K. As a result of the

high temperature of plasia tas spacifi- impulse cf arc-jet, enginqs

has gr-4at value cf all types thierial RD.

Are givqn below the ranqaa of th3 typical values of thp tasic

oarameters electric arc HD: p,=0,0I~-10O n [ -- 0. 01- 10 k f 1;

I,=(7,5--25j 103 '4.s/kg [--750-2500 kgos/kg]; thp efficieancy of sxngine
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- 40)-610/o; V,..,.YA6-32 k /N '60-323 c-qJ/k~j.

It is possible: tc increase spjecific imipuls-, raising the

tefuoqratura of nlasma, tut ia this case3 it is decroas~d by t1~e

ifficieicy of engine it increases/grows N-era i.e. they are

i~~c~ ~thp -i-c-?ssarv ex: en i t,.zEs :) th, pcwr: ,4-h t~~C

cf iaau-- ccndiuctivitj cL 1-)tl'S 44t ctCrDS

,d-,-hez plasma con'iuctivity, akich calses an incrsase of t'he ohmic

losses in the internal resistance of tae source of electrical energy

anl ;.n theP suptlY4ng Plctzical cnains.

Thq servic-!: lifa cf the work cf electric arc rccket+ engines is

llmital to the erosicn cf electrodes.

Paqe 320.

To a numb-r of positiva jaaiitias alectriJc arc R4bsdshigh
soecific impulse, should be relat~a sufficiert simplicity of

construction/dasign.

J18.2. Electrostatic mctcrs.

Exhaust jet elqc4rcstatic RD i.s tae ionic- flow or colloidal

particles; tho lattgr eiffer fzcm ions in terms of the substantially
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smallier value of thn ratic cf par;ic.J I chargs . tc its mass m;

theriforp elactrosta+ic SD auDiivid a into *ha icnic cres and the

colloidal ones.

Most intensively are develcpad/pr3cessed icnic RD. They are

listinquished by the .,-:=hcd of thi ionizaticn of workinq

•nadium/propollant tothE ergin3s ditn tae centact icnization {ions

are formed with the contact of wo:kia.' medi.um/propellant with any

warmed up surface) and the engires with the vclumetric ionization, in

which the ionization is provLJ3d cy the high-frequency (to 200 MHz)

fieli, which affects working tne ocdy, or as a result of its electrcn

bombardment.

To the greatest degree are f.Lnished RD with the contact

ionization, in which wcrking mediu/propellant is cesium (Fig. 18.1).

It is supplied from tark I into vakorizer/evarorator 2 with the aid

of the forces of surface tension. .th the passage of vapors cf

cesium through ionizer 5 are foruco the ions, which are

accelerated/dispersed with tne electrostatic field, which appears as

a result of a potential diffarence between the ionizer and

accelerating electrode 7., As icizer usually serves disk made of thR

porous tungsten whose temperature by electric heater 4 brings itself

to 1150-1350o K.



DOC PAG3

So that on housing cf KA would not appear electric charge, which

w'3u! lead tf, I riucticr/dascent 2r the inglnq thrust, -xhaust j *

of ilactric motors must te nauzralized; for this purpose into the

escaping ionic flow are introdaced with the aid of the electrically

h.atqd grid (emitter) *b electrcas.

=MEOW
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4 5 6 7 8

.C.

Fiq. 13.. Oi-rlt al*ctrostatic aD with the contact ion4.lzton (Is

working a body- cesium) : I - tark with casium; 2 -

vaoorizer/.vDEorator of cesium; 3 - heat shielding; 4 - electric

ha4'*r of ioni:.r; 5 - icnizer lade Df the porous tungsten; 6 -

focusing elqctrodq; 7 - acceleratina elsctrcde; 8 - neutralizer; 9 -

exhaust jwt (mixture of ions and *lPstrons); 1 - length of the

sectlon of the acceleratlon of lons.

Paq-% 321.

Ion bean consists cf the mutually repelling Farticles.

Therefore, in order to avoid scatterinj of burdle and connected with

this effect of .ho particles of tae bundle on the engine cosFonents,

in its construction/design is prov2.ded for focusing electrode 6.

The examination ef the equat.Lcns, vhich characterize

electrostatic RD, shows that tae= specific impulse it is possible to

incrqas% increasing relation mit for the particles of the vorkinq

-- -
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medium/propellant, but in this case simultaneously it is necessary to

raise tho strength of electrostaz¢c fild; howevor with its .ncreasq

.ncraass/grows the mass of thd corresponding transformers of

electrical energy of DO; furthermore, it can arise by the electric

arc test/sample between accelerating electrode and ionizer.

Jptimal rela'ion mie for tne larticles cf the working

m!dium/nropollant will increases/rcv in proportion to the perfacticn

of the transformers of electrical enar;y of DUo At present relation

m,,- close to the optimal, provide ions of such wcrking

medium/propellants as cesium and mercury.

Shortcoming electrcstatic RD is the low thrust, per unit

cross-sectional area f. If we designit3 this specific parameter

throuqh Pf, that
p P
I

Due to low values pf the diameter and the mass of engine are

sufficiently large.

J18.3, Electromagnetic engines.

Thm plasma of verking m4iua/ropallant electromagnetic RD 3.3

created by electric arc and it In ac:elerated/dispersed with external

or proper magnetic field. in contrast to the electrcstatic field the
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maqnetic fiell can accolerate alictrically neutral plasma. Therefore

for qlactromagn'qt!c .'D there is no regi for bcth in the prelr-inary

separat4cn of nos.tivAly and ngativalf charged/lcaded particles and

in the subsequont neutralization of 3xhaust jet. Due to the atsence

space electric charge electromagnetic ID can develcp higher specific

i!mwulsi k hn q.actrcs~atic. dowev~r, electrcraanetic ?D ar: infericr

the lq c trostalic in value e.faczencia3 (process of

disnersinq/accelerating the plasma by iagnetic fiel is less

effective than the process of dispersing/accelerating the ions by

electrostatic fiel) and, furtaermore, they have large mass.

The s.mplest example of elecromagnetic ccntinuous engine is the

engine in which the plasma is accelerated/dispersed with the

intersected electrical and magnetic fields. In this engine the

channel over which moves the plasma, is rectangle, mcreover its twc

opposite of wail are magnet Ecles (electrical or constants), and

other two walls - by electrodes.

ME
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Page 322.

It is knowin that un-r the ef-act/diti)n of l-ctr 4 - #1! is

.!ffarinq chr.-qad/leaded cf partici- t.13y movc -c ccpcsite si ks. r-

w on *h& alect.-ric field superimposi perFen.d4clar to it .manetic

!ielI, th.an on particles cf oath signs will ac* th . forces , %hich

have ths idantical direction, perpandizular tc the direction cf

particle motion in tke electric field.

In the pulse engine with the coaxial electrodes (Fig. 18.2) is

not required external magnetic field. in this ergine interactinq with

each other electrical and magnatic fields, and also plasma are

created by one and the same electric arc. Chamber wall and

arranged/located along its central axis/axle rod are coaxial

electrodes. working body (gas) is supplied into radial clearance

between the electrodes. Mith tat discharge cf capacitor/condenser to

the electrodes is created the electric field, as a result of which

extrneely rapidly the svelling current, causing the icnizaticn of

gas. As a result of the course ef the current through the plasma

appears magnetic field and under its e.fect/action the plasma is
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compressed until sots ir the eiuilabi'a botveen the pressure of

plasma and the pressure which is created by the effect/action of

magnetic field. As a restlt of tue process indicated the plasma is

heattd to thhe very high temperature an-I flows 3ut behird the nozzle,

creating thrust. The pteromencn the ccaprpssicns of plasma with th"

ciirse throuah it ct e1Ectric --urrent call Finch effect. .ft-r -ach

i)?u1sa/mcme.ntum/pulse cf thzust tae cipacitcr/ccnd.nser is charged

from the so,,rcq of electrical evergy how engin-, it is prepared for

the creation of the fcllcwing isruls./momentum/pulse.

The examination of the thecreticaL dependences, which

characterize the dispersal/accaleration of plasma by magnetic field,

shows that for obtaining the high efficiency cf engine are necessary

the high values of the coefficient of plasma conductivity and

magnetic induction. As vcxking uadius/propellant electromagnetic RD

can serve lithium, argcn or hydrogen with the additions of potassium

or sodium, etc.
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pig. 18.2. Diagram pulse electrcmagnetic FD with the coaxial

-l-ctrcil-es: 1 - taik/ballocn with th3m dirking mdur/prcpellant

(gas) : 2 - valv--r-ducer; 3 - chaminr wall (extsrnal .lectrode); -

internal electrodr; 5 - nozzle; b - cao-citcr/ccndenser; 7 - source

cf electrical qnqrgy.

?ago 323.

18.4. Sources of el-ctrical 3nergy (power unt.).

Creation of effective DO with the electrical rocket engines in

many respects is limited to the low values cf the specific parameters

(fi.rst of all, the specific power) of the sources of electrical

energy, or of power units, to tke explained in principle low

efficioncy of the power units (see pg. 25).

The classification cf power units is shown in 7ig. 18.3.

AccorI.inq to the type of primary energy of power unit analogous with

RD it is possible to subdivide into the chemical ones, the solar ones

- -
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ind thli nuclear cr.ss (radicisorcpe and with the fissior-type nuclear

rqactor).

Th.e chemical povor units include electrocheamical storage

batteries/accumulators (or chemical batteries) and fuel cells. In the

;*D-ctroc'eica. storag-e ~4tr.sdc1uaosiv

6hchr mical a.iargy, accuaulated with aair charging .fc.r th,

fllight frc tho gronnA-tasid source of -.ec.rical energy.

In the fuel cells proceeds %a6 process, reverse/inverse to the

electrolysis of the water: to the porous electrodes, between which is

located the electrolyte, are sulplaad jassous oxygen and hydrogen

(Fig. 19.4), as a result of electrcchemical processes on the

electrodes appears a pctential difference and is formed water, which

after certain cleaning/purification from the dissolved gas can be

used by cosmonauts for the drinking.

-7_ _ _
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Fig. 18.3. Classificaticn of tne pcwar units of rocket vehicles.

Key: (1). *With the direct transformation cf primary energy into the

slactrical. (2),* Chemical. (3). Electrochemical storage

batteries/accumulators. (4). Fuel cells. (5). Pcver units. (6).

Machine. (7) . Solar. (8).* Radiolsotopq. (9) . Thermal. (10) . With

nuclear ractor. (11). With nuclear reactcr.

Page 32(4.

in the solar power units (cr sclar batteries) are used the
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photoelectric transformers, wh.Lckl jroduce electrical energy with

thei.r illuminati-or by sclar rays/atams. If the service lifq Cf

chemi~cal paver units is limited (usually it does not exceed several

weeks),* then solar batteries can work long time (of up to several

yars).

Thqrmal pov-r units are sutdividad into the machliz onas

(turbogenerator) and t1~e uachine-f.ere ones.

In the machine-free power units therral energy directly is

converted into the electr ical. Fig. 18.5 shows the diagram of

radioisotope power unit with the thecmicnic converter, which are the

battery of the thermcccu~les whcse onq weld is placed into the zons

of the liberation of heat - intc the capsule with the radioisotope,

and another 1-s ccnnected with tohe lcw-temporature zcne - radiator.

Radiator throws off oxcessiva eaz ±ito cuter space. This power unit

also can work several years.

In the machine power units (Fag. 18.6) are an olectric generator

and a closed duct/contcur of tne working medium/propellant, into

which enter the turbine, radiatcz-capacitcr/condenser, the pump of

working medium/propsllazt and auciar reactor. The vapors of working

mediuu/prcpellant frca nuclear reactor enter the turbine, giving its

and connected with it electric generator in the rotation, and then



DOC PAGE

into capacitor-radiator, in WhicA the vapcrs cf workirg

medium/propollant arm ccndensed. The liquified working body is pu.mrd

into nuclear rl-actor, qtc. Machine power units especially with

nuclear reactor) are capable of creating large power during the lonq

ti.me (of up to s.v4ral years).

ii
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Fi', 1a. -za a -P. Cf -a fuji cc~ 11 - r C S !Ct 7 S:

al zctro! Ytq,

F4g. 1q.5. niaaram of radioisctcp6 power unit with thsrmienic

converter: 1 - capsule with radicisotope; 2 - internal (hot) shell; 3

- elements/cells of semiconductor thermionic converters; 4 - outer

covering (radiator).

Fig. 18.6. Diagram of machine pcwer unit: I - nuclear reactor: 2 -

turbine; 3 - electric generator; 4 - radiator-condenser; 5 - pump of

working medium/propqllant.

Paq 325.

&ppendix 1.

Most frequently used units of the measurements of the system of SI.

* - ~ -- - -=
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Unit of mass - kilcgram (9.) - the mass of one l.ter of th,

dist!llrd water at a temperature 1770 .15K [40CI (1 1=1.000026 dinJ).

Unit of force - nekton (N) - the forco, which comimunicates to

the body with a mass of 1 Xg. the accileraticn, equal to I m/s2 ,

j. ., 1 N=I koi/S2.

Unit of pressurp - tar - zte evqnly distri'.114- pressurs at

which on 1 mR acts normal tc surface the forcq, c--,'i1 to 10S N, -. ,

1 bar=10s T/m 2 .

Unit of work - joule (J) - too work which accomplishes the

constant foTce, equal te 1 H, witn the displacement of the ncint of

the application of this fcrce on I m over its direction, i.e., I J=mA

Unit of power - watt (W) - toe power, at which in 1 s is made

tho work, equal to 1 jcula, i.a., 1 W=1 J/s.

Unit of specific teat - I J/icg - quantity of heat, which is

containe~d in 1 kg, of mass.

Unit of heat flux - watt (k) - the heat flux with which through

certain area 1 s passes the 4uantJ.ty of heat, equal te 1 joul2.

- -
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Ulnit of hqat transter rata (aeat-flux density) - -/a boat

transfsr rato, with wh5.ch tbrouqh the area, equal tc 1 r2, is

transmitts4 the hpat outrdt, eqjual. to 1 V.

.1pocndli 2. Rl~ationshi4 rs/razios Dewaen n'est frequiently used iinity

af thie m~asuramc~n-s ef differentc sistlms.

I m=0,1019716 K-,cI I r9,065H
(3A 6ap =1,0 19716 icx 2  (VI KI/C.1t=0,98O665 6aP
ZI 6ap=O,986923 Ou3. aTM '&, (NI 4u3. aTMu=I.01325 oap)

~16ap= 750,062 JAM pT. cT. r-) el M" pr. cr. =1,33322.- 10-3 '4ap (1)
( u, Hceic/,ca=0,101976 KiC0. cKce(7V Icf ceK/1e =9,80665 '.w

it -ce~c/Jg3 -101,9716 Kr -ceic/A (Y) I icr -ceK/A= - !

I~o~x0,23844 xA rJ3 I e1.u -9,806658 c* (
()I dx/gzc-=0,238844 ,cxaAI/Kc 0~ icaA =4,1868 axt (V
(.14 BouuO,1019716 Icr-.McexQ0, cV ,caA/Ke=-4,1868 KaXc~c "MC
I ICT-1,35962 A. C. W0b N3 Icr-*M/ceK9,80665 eT<
1 aT0,238844 KaAfCexc (/4) k, III i c -0 735499 x8T9 TMC2 - 0,859845 ,xaA1/('I - A--)( 1711VA K e=4.1868 a8 (

I IcicA(t. 2) -1,1630 ST.j12

Key: (1) 9. (2) kgf. (3) bar. (4i) phys. atm. (5) mm Hg. (6) Nos/kg.

1 .3
(7) k .os/kg. (8) kgos/L (9) jouid. (1o Nos/mA. (11) cal. (12) kJ/kg.

(13) kcal/kg. (114) W. (15) hp. (16) cal/s. (17) homt. (18) hp.

77771
T77~
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pondix 3. Tabhl of values.

fcf ('c, flp)

S 1,08 1,09 I 1,10 I'll 1,12 11

29 4.3145 4,24.8 4,1787! 4,11381 4,0537 3,9941
40 7,4812 7,3225 7, 1807 7,0372i 6,W20 6,7731

60 10,405 10,164 9,9370 9,7148 9,5040 9,299

80 .13,193 12,880 12,548 12,244 11,959 11,685
100 15,875 15,458 15,062 14,675 14,312 13,961
:50 22,320 21,677 21,049 20,457 19,906 !9,372
200 28,476 27,594 26,779 25,970 25,213 24,486

250 34,442 33,320 I32,263 31,261 30,308 29,394

300 40,270 38,90,2 37,635 36,445 35,266 34,180
400 51,450 49,724 48,003 46,362 %-44,789 .43.306

500 62,359 60,108 57,880 55,840 53,921 52,084
750 88,507 85,077 81,783 78,682 75,75 0 72,937
1000 113,79 109,05 104,66 100,45 95.564 92,770
1500 I 1622 1,9 148,32 142,12 186,16 130,54
2000 208,54 199,10 190,06 181,70 173,66 166.,24
2,0 253,58 241,53 230,36 219,84 210,14 200,74
3000 297,83 283,49 269,90 257,21 245,35 234,30
3500 340,48 323,55 307,84 293,02 '279,23 266.30

4000 383,43 364,06 346,27 329,36 313,75 298,98

4500 425,91 404,22 38404 364,94 34736 j330,60

ac p 1,14 1,15 1,16 1,17 1,18 1,19 1,20

20 13.9374 3,8W0 3,8272 3,7738 3,7225 3,6726 3.6246
40 6,6462 6,5249 6,4097 6,2M2 6,1880 4,0771 3.9756

60 9,1066 8,9200 8,7350 8,559 8,3=2 8,2260 8,0708
80 11,417 11,182 10,916 10,679 10,450 -10,231 10,019

100 13,625 13,302 12,990 12,889 12,401 12,126 11,862
150 18,858 18,370 17,900 17,445 17,006 16,588 16,183
200 23,804 23,130 22,505 21,897 21,307 20,755 20,216
250 28,530 27,899 26,893 26,137 25,405 24,713 24,042
300 33,116 32,103 31,145 30,220 29,347 28,511 27,706
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Np 1.14 1.15 1,16 1.1?1 1,18 1.10 1.90

400 41 .878 40.54 39,257 3 0(,4fs 35,865 33.,74 . -

1000 89,26 85,902 62.7e4 79,737 76,b49 74. 7 .-.

1500 125.8 120.22 1 : ".05 106,78 1o2.7 7 --
2000 159.31 152.60 146.33 140.41 134.& 129, 52 124.43

250 191,89 183.74 175,96 168.50 161.55 153.04 1. S:
3000 223.73 213,89 204.3: 195.77 187,42 179..3 .72 :
3500 234,04 242,8 23..93 2C3 22,C6 Z.2 " :1.- -

4000 285.11 271,86 2 9.64 248,10 237,.:, 2V6,69 2:7.
4500 315.07 300,33 2,650 273,50 261,18 249.67 23b.8'.

1,21 1,22 1.23 1.24 :.25

20 3.5763 3. 32 3,4900 3.4469 .. 4%'0
40 5.8761 .7803 5,68M6 5,5977 5.507

60 7,90 7.7741 7,6317 7,4948 7.3634
80 9,8166 9.5176 9,4271 9.2438 9.0667

i00 11.60 ,360 1I,.22 10,83 '0.669

150 15.00 15,425 15.075 14,731 14,400
200 19.707 19,207 18.746 18.285 17.8i7
250 23,403 22,778 22,196 2 M0 :.087
300 26,94 26.211 25,515 24,837 24,192

400 33,706 32,724 31,795 30,911 0, OWO

50 40,100 3,902 37,731 36,631 .35,87
781 56,075 53,306 51.596 50,000 48,446

1000 09,114 86,753 64,29 62 60.364
1500 u6,3m 91j2 .M, ,2,524
2000 119,72 115,21 110,68 106,6 102,99

250 t42.90 137.30 132,09 127,03 12.2

3000 166,34 15,67 152.46 146,52 140,87

3W0 16.57 178,89 171.63 164,84 1,54
4000 207,95 199.34 191,14 113,36 .7,(.

4500 228.57 218,89 207,29 201.23 i2,95

_______________________WNW___
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AppPD i - iI. Tabl, of value .

1,0o 1,09 i 1,10 I.Ii 1,12 1.13

-7 ,763 . .73.. :,7433 i,734,-
'. ,, .,.O *, ,7974 ;,7669

, 0.8724 1,8d90 i,41 I,38 - 1,8221

's .,g5w 1.9u,2 1.230 1.902 *,941 3,8804

25u 2,0168 I, 1,981), 1,9634 1.9475 1, 36
3uu 2.0M6 2,0196 2.W )a 1,9023 I 1,965, 1.9490
40.i 2.0702 2,0GW6 2,0297 2.0111 1.9026 1.9755

2045 2.07M 2.0617 2,0221 2,0131 t.066
2.1371 2,1134 2,008 2,0691 2.0168

1000 1 2.16 2 2.1409 2.1172 2,045 2.0726 2,0517
150 2.255 2,1784 2.IWS 2.1261 2,1049 2.0m
2000 2.2322 2.2040 2,1764 2.1509 2,1264 2,1032
200 2.2524 2,2226 2.1947 2,1681 2.1430 2,1185
3000 2,2616 2,2361 2,2092 2,1816 2,1357 2,1300
3800 2,2416 2,2504 2.2210 2.19 2,1665 2,1408
4000 2.2931 2,2612 1 2,2313 2.2026 2.1734 2,1403
4 2,3030 2,2709 2.23899 2.2108 2.18A2 2,1 7

1,14 1.15 1,16 1.17 1,is 1.19 1.20

20 I1.623 1.6164 1,6107 IW6o 1.504 1.394 1.5697
40 17167 1,7066 1,700 1,69M 1.M1 I 67M 1,6717

3o 1,7670 1,7371 1,74 2 1,73 1,781 1,7223 1,7144
o0 I 7894 1.7M 1.76 .7 1,7513 11,7

10 1.8246 1.8132 1,8M2 1,7090 1,7617 1,774 1 ,761.50 1,.0675 1,0&47 1.84V 1,8 .mO t 1.6Lg 1 i

2 0 0 .89 6 9 V .8 6 2 2 1 8 9 1 8 6 4 . 4 4 0 . $ =3 o 1 ,S2 1 31
30 ,.9189 1.9023 1.9 1,6754 1,AM2 5 w 1,606I I16
30n :33 1,9186 1,9042 I 600 1,6769 1,664 I1.19



DOC - PAGE

Pago 329.

Continuation,

400 1,9591 1,9430 :,9277 1,9128 -.8996 ,,21
300 ,.98 ', ,96! 9 . -Y). ., 4S..
750 2,0!03 1.992: 1.974 IgS. . .

3000 2102, 2,030 ,9950 1,9,3 20,,.' ".9447 292
150 2,0615 2.0406 2,0'216 2.0028 1,9848 '.9-.... '..9513!.
2000 2:111 2.059 2:019 !:0190 2,00 ,: . ,.96
2500 2 ,0 957 2 .,073,5 2,0 527 -,03 .1 2 ,01 -0 .04 5 :. 976 9!
3000 2,!072 2,094, 2,0531 2,0421 2.0223 2.003z 98

3500 2,1167 2,0936 2,0717 2,0502 2,0300 20: 2
4000 2,1249 2,1012 2,0789 2,0571 2, 0o 2. . 9985
4500 2,1319 2,1079 2.0652 2.0632 2,0421 2,02'. 2.0034

P €' 1,21 1,22 1.23 1,24 ].-

20 1,5648 1,5800 1,5759 1,5716 -.5676
40 ,58. 1 ,6527 1.6467 1.A412

60 1,7067 1,6991 1.8922 1,6852 -788
80 1,7339 1,725 1,7179 1,7106 7034
100 1,7340 1,7453 1,7370 1,7266 723

10 1,7809 1,7764 1,7693 1,7603 1,7518
200 1,8107 1,8001 1,7903 1,7807 !.."7S

250 1,8=57 1,161 1m 80 179 I .4"8 r1
300 1,8401 1,8m87 1.8178 1,8073 1.7M73
400 1,M 1,8475 1, 835 1,248 1,8143

s0 1,7 1,612 1,8492377 ,8266
750 1055 1 ,8 1,8718 I,8504 1 ,8476

1000 1.9116 1,1 1,8868 1,8736 1,.014
10 1,938 t,9205 I, 064 1,8024 1 ,8794
2000 1,9625 1,9341 1,9191 1.9047 1 .8911
2500 1.96m3 1,9439 1,9286 1,9138 8998
3000 1,96M 1 ,9517 1,9361 1,9208 1,q9ng7
3500 1,970 !,9m 1,9421 1,9266 1,912'

4000 1.9778 11,9634 1,9473 1,9315 1,9W7
4500 1.9854 1,960 1,9516 1,9357 1,9207
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